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Abstract

2-D and 3-D physical modelling of lithospheric convergence in the Luzon-Taiwan—Ryukyu region is performed with
properly scaled laboratory models. The lithospheric model consists of two parts, continental (the Asian Plate, AP) and
oceanic (the Philippine Sea Plate, PSP). The oceanic lithosphere has one layer, while the continental lithosphere includes
both mantle and crustal layers. The continental margin is covered by sediments. A low-viscosity asthenosphere underlies
the lithosphere. The opposing Luzon and Ryukyu subduction zones are initiated by inclined cuts made within the PSP.
The subduction/collision is driven by a piston. Pre-collisional intraoceanic subduction along the Luzon and Ryukyu
boundaries results in the formation of a transform zone between them, with two tear faults at the ends. The PSP undergoes
strong compression along this zone. Subduction of the Chinese margin under the Luzon boundary further increases the
compression. Compressive stresses reach the yield limit of the PSP in the arc area, which is a weak zone in the experiments.
The plate fails at the western side of the arc along an eastward dipping fault, the Longitudinal Valley Fault. Underthrusting
of the frontal wedge of the PSP along this fault results in the closure of the fore arc basin and is then blocked. The PSP
fails at the opposite side of the Luzon arc along the westward dipping fault. The failure releases lithospheric compression
in this region and results in the initiation of southward-propagating subduction of the PSP under northeastern Taiwan.
The incipient subduction zone becomes part of the southeastward-retreating Ryukyu subduction zone, which allows the
Okinawa back arc rift to propagate into Taiwan. The Taiwan collision thus includes the following succession of major
processes over time, or from south to north: (1) an E-W shortening of the PSP in the Luzon arc; (2) a failure of this
plate at the western side of the arc and the formation of the eastward-dipping Longitudinal Valley Fault (the transient plate
boundary); (3) a closure of the fore arc basin and a rapid uplift of the orogen; (4) a failure of the PSP at the eastern side
of the Luzon arc partly overthrusting the orogen, and the initiation of westward (WN-ward) subduction of the PSP: (5)
and finally ‘*back arc’ rifting in the rear of this incipient subduction zone (i.e. in northern Taiwan). All these processcs
commence with some delay with respect to the preceding ones and propagate southwards.
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1. Introduction

One of the reasons why Taiwan attracts consid-
erable attention from geoscientists is that it lies in
an area of ongoing arc—continent collision, which
forms an early orogenic stage in many collision belts
but which is still poorly understood. What does an
arc—continent collision mean in terms of lithospheric
mechanics? There is still no quantitative physical
model for this process which by definition is caused
by subduction of the continental margin (or early
continental subduction).

What is the difference between continental sub-
duction and oceanic subduction (or subduction of the
oceanic lithosphere)? Why does oceanic subduction
not result in the formation of mountain belts, while
continental subduction does? In this process, what
is the role of the volcanic arc, which is carried by
the overriding plate and which defines the difference
between an arc—continent and continent—continent
collision? These are fundamental questions of geo-
dynamics. They can be resolved only by a combined
approach based on the analysis of geological and
geophysical data in different regions (corresponding
to the different stages and conditions of continental
subduction) and on quantitative modelling of conti-
nental subduction. Each of these constitutive parts is
separately not sufficient to reach the goal. which con-
sists in an understanding of the mechanism of this
process. The available geological and geophysical
data are far from being sufficient to reconstruct the
evolution of the deformation on a lithospheric scale.
Modelling itself also cannot provide an unambiguous
solution of the problem because of poor knowledge
of the boundary and initial conditions. Therc are
also ‘internal’ technical problems of the modelling,
caused by difficulties in the creation of adequate ex-
perimental or numerical models. taking into account
3-D aspects of the process, inhomogeneities ot the
lithosphere, etc. Modelling provides some physically
possible scenarios (or puts physical limits on the
possible models). which can be tested against and
developed based on geological and geophysical data.
Taiwan is a very suitable site to test both models and
ideas on the mechanical behaviour of the lithosphere
during the initial stages of subduction of the conti-
nental lithosphere under the plate carrying a volcanic
arc (arc—continent collision). The collision in Tai-

wan is oblique and hence propagating. Therefore,
there is opportunity to observe different steps in the
process. Taiwan could be an ideal reference region
to test the models of early continental subduction,
if this process is not complicated by its interaction
with the Ryukyu subduction system, including the
Ryukyu subduction zone and the Okinawa back arc
basin. This interaction makes the situation in Taiwan
(or at least in its northern part) essentially three-
dimensional, so 3-D modelling is necessary to obtain
ideas about the mechanics of complex lithospheric
convergence in this region.

In this paper we report results from both 2-D
and 3-D physical modelling of the subduction, which
adopts but does not reproduce all details of the actual
situation in Taiwan. The 2-D experiments were in
part previously published by Shemenda (1994) and
are summarized here. The 3-D experiments repre-
sent the first quantitative 3-D modelling of complex
subduction. The results from both 2-D and 3-D mod-
celling are used in combination with geological and
geophysical data to develop a first-order evolution-
ary lithospheric scale model for the Luzon-Taiwan-
Ryukyu convergent boundary.

2. Regional geodynamic setting and problems

Convergence of the Philippine Sea Plate (PSP)
and the Asian Plate (AP) in the Taiwan area at a rate
of >7 cm/yr is accommodated along the opposing
Ryukyu and Luzon subduction zones, and directly
along the Taiwan orogen (Big, 1972: Seno, 1977:
Fig. 1). Taiwan represents the northern termination
of the Luzon subduction zone and started to form
only a few to several million years ago, as a result
of the collision of the Luzon arc with the Asian
continental margin (Biq, 1972; Chai, 1972; Murphy.
1973; Karig, 1973; Wu, 1978; Suppe, 1981; Chi et
al., 1981; Barrier and Angelier, 1986; Pelletier and
Stephan, 1986; Ho, 1988; Teng, 1990). Due to the
oblique orientation of the Luzon arc with respect to
the continental margin, the collision in Taiwan (or
the subduction of the Chinese margin) propagates
southwards, incorporating ever new portions of the
Luzon arc (Page and Suppe. 1981; Lewis and Hayes.
[983; Suppe, 1984). The continental subduction is
thus more advanced in northern Taiwan and is in its
initial stage to the south of Taiwan.
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Fig. 1. Geodynamic setting of the Luzon-Taiwan-Ryukyu region (combined and simplified from Ho. 1986, Lundberg et al., 1991 and
Sibuet. 1991). / = Coastal Plain; 2 = Western Foothills; 3, 4 = Central Range (4 = Tananao belt); 5 = Longitudinal Valley with
Longitudinal Valley Fault; 6 = Coastal Range (continuation of the Luzon arc): 7 = axis of the Okinawa rift; & == subduction zone.

The main body of the Taiwan orogen comprises de-
formed and accreted sediments of the Chinese conti-
nental margin (Chang and Chi, 1983; Ho, 1986; Teng,
1990). At first glance, the accretion mechanism ap-
pears to resemble that for the well-investigated accre-
tionary prisms in ‘normal’ oceanic subduction zones.
The only difference seems to be the spatial scale of the
accretion, which is much larger in the collisional en-
vironment, due to the great thickness of the accreted
sediments of the continental margin. However, a more
detailed look at the data reveals that the difference is
not only the size of the accretionary prism. During the
collision a huge accretionary prism approaches the

fore arc basin, the Luzon trough, and the volcanic arc,
that is the Luzon arc, (Lundberg et al., 1995). Both
undergo contraction and uplifting, with the fore arc
basin underthrusting the arc along the Longitudinal
Valley Fault (Teng, 1990; see Fig. 1). This process
is accompanied by local extension within the prism
(Angelier et al., 1995; Crespi. 1995: Yu et al., 1995)
and exhumation of material from a depth of more
than 10 km (Wang Lee et al., 1982; Ernst, 1983). The
mechanism for these phenomena is not understood.
The Manila trench and the Luzon arc are a re-
sult of the eastward subduction of the AP. Seis-
micity (Cheng et al., 1995), tomography (Rau and
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Wu, 1995), marine geophysical (Lundberg et al.,
1991), and GPS (Yu et al., 1995) data show that
this subduction continues to the north under southern
Taiwan. Southern Taiwan represents thus an active
accretionary structure where convergence is accom-
modated along active thrust faults both onland and
offshore, as is attested to by the GPS data (see
Fig. 2a). The western front of active deformation
(front of the accretionary prism) is traced to about
23°N (Lundberg et al., 1991) (see Fig. 1). A regional
plate convergence at near 5 cm/yr is taken up to the
east of southern Taiwan (see Fig. 2a) by a short-
ening of the PSP in the Luzon arc—fore arc arca.
Deformation in this area is also manifested by active
seismicity (Fig. 2b). The AP subduction is slowing
down to the north, with a considerable part of the
convergence (near 3 cm/yr) being taken up by the
Longitudinal Valley Fault (Figs. 1 and 2a), which is
a major east-dipping lithospheric fault. Northern Tai-
wan is also a young accretionary structure, made up
of the accreted series of the Chinese margin (Teng,
1990). GPS data (Fig. 2a) reveals that there is almost
no shortening in northern Taiwan. Seismicity is also
considerably lower in this area. It is concentrated in
a narrow zone along the northeastern margin of Tai-
wan (Fig. 2b). Subduction of the AP under northern
Taiwan has thus ceased, but the rapid convergence
between the AP and the PSP continues. Where is
this convergence accommodated? Certainly, some-
where to the east of Taiwan, most probably along
the above-mentioned seismicity concentration zone,
along the northeastern margin of Taiwan which at-
tests to the intensive ongoing lithospheric deforma-
tion. Focal mechanisms indicate a WN-shortening in
this area (Cheng et al., 1995). What is the style of
this deformation? One can suppose that the Longi-
tudinal Valley Fault (LVF) extends offshore further
to the north and takes up this shortening. However.
GPS data show that convergence along northern on-
land termination of this fault has completely ceased
(Fig. 2a). There is no reason to suppose that it in-
creases again along an offshore extension of the LVE.
Thus, the convergence is taken up further to the cast,
within the PSP. The mechanism for lithospheric de-
formation in this area could be plastic shortening of
the PSP, which sooner or later must be followed by
its failure, and the formation of a new convergent
plate boundary. Probably this has already happened.

The concentration of seismicity near northeastern
Taiwan could correspond, in this case, to the incipi-
ent subduction of the PSP under Taiwan as suggested
by Shemenda et al. (1992) and Shemenda (1994).
GPS measurements (Fig. 2a) as well as seismic-
ity data (Cheng et al., 1995) show that instead of
E-W shortening, northern Taiwan undergoes some
extension in this direction. The extension affects not
only the upper layers, but most probably the whole
lithosphere, resulting in rifting within the Ilan Plain,
which is a continvation of the Okinawa rift (Bar-
rier and Angelier, 1986: Sibuet, 1991; Fig. 1). The
Okinawa trough is a typical active back arc basin
(Letouzey and Kimura, 1986: Sibuet, 1991) formed
due to the southeastward retreat of the Ryukyu trench
(the whole Ryukyu subduction zone). This process
does not seem to be related to or caused by the Tai-
wan collision. The retreat of the Ryukyu zone could
be due either to gravitational sinking of the PSP (pull
force) or excess (superhydrostatic) pressure exerted
by the mantle upon the surface of the subducted
PSP (Shemenda. 1994). Either of these mechanisms
reduce the pressure between the subducting PSP and
the overriding Ryukyu Plate. Low pressure causes
non-isostatic subsidence in the fore arc area. The
subsidence, on the one hand, forms a fore arc basin
(Fig. 1), and on the other hand, causes an intensive
negative gravity anomaly associated with the basin
(Fig. 2c). This anomaly continues up to Taiwan and
then turns to the south, reaching maximal value, of
about 200 mGal, in the corner zone. This extremely
intense anomaly certainly results from the interplay
between the Ryukyu subduction system and the col-
lision in northern Taiwan, which causes a reorganiza-
tion of plate boundaries. This interplay is manifested
by the propagation of the Okinawa rift into northern
Taiwan (Fig. 1) and the above-mentioned bending
near Taiwan of the gravity minimum associated with
the Ryukyu zone. The Benioff zone marking the
PSP subducted under the Ryukyu arc, also seems
to extend under northern Taiwan (Wu, 1978) up to
section 2 in Fig. 3. This observation may lead to the
conclusion that the Ryukyu subduction zone would
continue to the west, onland, in northeastern Taiwan.
However, there is no geological or geophysical evi-
dence of such a continuation, except the Benioff zone
already mentioned. What is the origin of this Benioff
zone? How can the Okinawa rift ‘intrude’ into a
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Fig. 3. Vertical seismicity sections for magnitude M > 3 (updated from Wang et al., 1994).
northern Taiwan which has resulted from very re- 3. 2-D mechanics of arc—continent collision
cent compressional accretionary tectonics? What are
the present plate boundaries between the Luzon and The 2-D physical modelling of this process was
Ryukyu subduction zones and their evolution? In this reported by Shemenda (1994). In this section we
paper we try to address these and other problems of summarize the resuits of these and other similar ex-

regional geodynamics based on physical modelling. periments conducted within the set-up presented in
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Fig. 4. Scheme of 2-D modelling: / = piston; 2 = continental crust; 3 = oceanic part of the subducting plate (the same material as the
mantle layer of the continental lithosphere); 4 = volcanic arc (the same material as the continental crust); 5 = overriding plate; 6 = tank;
7 = low-viscosity asthenosphere. All the lithospheric layers possess plastic properties with strain-weakening rheology and are made of
hydrocarbon compositional systems (see Shemenda, 1994, for the details).

Fig. 4. The modelling shows that the stress state of
the lithosphere in the subduction zone depends on
the density contrast Ap = p; — p, (o 1s the aver-
age density of the subducting lithosphere and p, is
the asthenospheric density), Shemenda (1993). At
Ap > 0 the overriding plate can undergo extension
(during subduction) in a direction perpendicular to
the plate boundary. If Ap < 0 the overriding plate
undergoes compression, which grows with absolute
value of Ap, or with decreasing p; at p, = const.
Such a compressional regime can characterize both
oceanic and continental subduction. The thickness
of the low-density crust increases across the conti-
nental margin from the ocean to the continent, which
reduces the average density of the lithosphere. There-
fore, subduction of the continental margin causes a
progressive increase in lithospheric compression. If
both the subducting and overriding plates are strong
and able to withstand the growing compression with-
out failure, then the continental crust can subduct to
a great depth (more than 150 km), resulting in the
formation of a high mountain belt (Chemenda et al.,
1995, 1996). If one of the plates is weak enough,
then it will fail, resulting in a jump of the subduc-
tion zone to the place of failure and a cessation of
the subduction of the continental lithosphere. The
potential place of failure (the weakest zone) is the
volcanic arc weakened due to a number of factors,
such as induced convection in the mantle. magmatic
activity (presence of the magma chambers and chan-
nels). and increasing water content, which provides
the weak wet rheology of the overriding plate in the
arc area. In the experiments we produced weaken-
ing of the lithosphere under the arc by its thinning

(Fig. 4). During subduction of the continental margin
the lithosphere under the arc undergoes flexural sub-
sidence and then plastic shortening when compres-
sive stress reaches the yield limit of the lithosphere
(Fig. 5b). The plastic deformation occurs through the
shearing along two systems of slip lines (Fig. 5b)
and produces a gradual failure of the material, which
results in a macro failure of the lithosphere. Failure
occurs along one of two potentially possible direc-
tions (faults) coinciding with two systems of slip
lines. The modelling revealed two principal factors
which control the orientation of the resultant fault:
(1) the average distance L between the interplate
surface and the weak zone (volcanic arc), and (2)
the interplate frictional stress 7, (Fig. Sa). During
the subduction of the continental margin at small 7,,,
the overriding wedge undergoes uplifting, which is a
kinematic effect caused by the increasing height of
the subducting plate surface (the dynamic effect is an
increase in the lithospheric compression). If the dis-
tance L is small, this uplift makes failure of the weak
zone along the fault dipping under the arc to the west
(to the left in Fig. 5) kinematically more favourable.
If L is larger than a certain critical value L., then
failure occurs along the opposite direction (as shown
in Fig. 5c), due to the flexure and clockwise rota-
tion (in cross-section) of the frontal segment of the
overriding plate as shown in Fig. 5b. The L. value
depends on the distribution of interplate pressure
and the flexural rigidity of the overriding plate. In
the experiments L. = 2H (H is the plate thick-
ness shown in Fig. 5a). Interplate friction produces
the opposite effect. If t, is high and distance L is
small, the overriding wedge is dragged down as a
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Fig. 5. Summary of the results from 2-D modelling of arc—continent collision. (a to ¢) Initial stages of the ‘collision’. Three possible
scenarios are shown for lithospheric deformation after stage (¢): (¢) — (d). (¢) —» (e), and (¢) — (f). which depend on the model
parameters (see text for explanations). Vertical arrows in (b} and (¢) show directions of vertical movements

rigid block, causing tailure along the fault, dipping
to the east. A larger L allows flexural bending and
counter-clockwise rotation (in cross-section) of the
wedge under the frictional force which defines the
opposite dipping of the fault. Which of these two
physically possible modes of failure corresponds to
the Taiwan situation is difficult to predict because
there are no constraints on the value of 7,. nor on
the distribution of the interplate pressure. As will be
seen below, the geological situation in this region
seems 1o fit the case in Fig. 5S¢, corresponding to
a failure along an eastward-dipping fault, followed
by underthrusting of the fore arc block under the

arc. The fore arc block can subduct into the mantle
either completely (Fig. Se), if it has a mantle density
(or oceanic origin), or partly if the density is lower.
In the latter case. there are two possible options:
a renewed subduction of the continental lithosphere
(Fig. 5f), or a failure of the overriding plate at the op-
posite side of the arc along another potential failure
surface. resulting in subduction reversal (Fig. 5d).
This again depends (in the experiments) on £ and
7,. as well as on the strength, strain weakening,
thickness of the overriding plate, and density of the
mantle layer of the subducting plate. All these pa-
rameters arc not well constrained for the prototype
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(nature). However, the choice between the physically
possible options in Fig. 5d-f can be easily made
based on the GPS data. As pointed out above. these
data show that the eastward subduction of the AP un-
der northwestern Taiwan ceased, with convergence
between the AP and the PSP being taken up off-
shore of northeastern Taiwan. Such a scenario fits
only Fig. 5d.

The evolution of the arc—continent collision in
Taiwan in a 2-D approximation can thus be presented
successively as shown in Fig. 5a—d. These evolution-
ary stages may also correspond to the present-day
sections through the Luzon-Taiwan boundary. start-
ing off southern Taiwan where oceanic subduction
is still going on (Fig. 5a) up to northern Taiwan
(Fig. 5d) where continental subduction has reached
its most advanced stage. This model does not take
into account the process of accretion of sediments
of the Chinese margin, and most importantly. the
3-D nature of plate convergence in the Taiwan area.
Below we present the results of the simplified 3-D
physical modelling of this process.

4. Experimental set-up and similarity criteria

The experimental technique and the facilitics for
3-D experiments are similar to those for 2-D mod-
elling. Fig. 6 shows a scheme of the experimental
model. The lithosphere is initially continuous, con-
sisting of two parts, the continental part (the Asian
Plate) and the oceanic part (the Philippine Sea Plate).
The oceanic lithosphere is one layer. while the con-
tinental lithosphere has two layers, the mantle (made
of the same material as the oceanic lithosphere) and
the crust. The transition zone from the continent to
the ocean (the continental margin) is covered by sed-
iments (Fig. 6). All the lithospheric layers possess
plastic properties and are made of the hydrocarbon
compositional systems as in the 2-D experiments.
The crust and the mantle layer both have the same
vield limit and are characterized by a strong strain
weakening. The sediments are considerably weaker
and more ductile. The lithosphere is underlain by
a low-viscosity asthenosphere which in the exper-
iments is pure water. Convergence is driven by a
piston moving at a constant rate throughout the ex-
periment. To initiate subduction along the Luzon
and Ryukyu subduction zones, we made two oppo-

site dipping cuts through the whole thickness of the
oceanic lithosphere, as shown in Fig. 6.

The following similarity criteria are met by this
modelling (Shemenda, 1994):

o/(mg H)) = const; 01/0. = const; 0j/o, = const:
o/ pa. = const; p/ps = const; p1/p. = const;

H;/H. = const: H,,/H, = const: d/ H. = const;
Vt/H) = const (1

where 07, and p; are the yield limit under normal
loading, and the density for both the oceanic litho-
sphere and the mantle layer of the continental litho-
sphere; p. and o, are the density and the yield limit
of the crust, respectively; p, is the asthenospheric
density; H,, H., and Hp, are the thicknesses of the
oceanic lithosphere, the continental crust, and the
mantle layer of the continental lithosphere, respec-
tively; d, ps and o, are the width, the density, and
the yield limit of the continental margin sediments:
V 1s the rate of subduction; ¢ is the time; g is the
acceleration of gravity.

The following parameter values for the prototype
(nature) and the model satisfying criteria (1) are
assumed. For the original (prototype): o = o =
2.1 x 10° Pa; 0 = 107 Pa; p) = p° = 3.3 x 10°
ke/m®: p0 = p? = 2.84 x 10° kg/m?*; H® =5 x 10*
m; H> =34 x10*m: H), =52 x 10° m; d° = 3 x
10° m; V™ == 7 cm/yr. For the model: 0" = o™ =
28 Pa; 0™ =: 1.3 Pa; p® = p" = 1 x 10? kg/m*;
oM = p" = 0.86 x 10* kg/m*; H™ = 2.2 x 10°?
m H™ = 15x 1072 m; H" = 23 x 10?2 m;
d™ =13 x 107" m; V™ =5 x 1077 m/s. | min in the
model corresponds to about 4 x 10% years in nature.
Superscripts ‘0" and ‘m’ denote the original and the
model, respectively. For more experimental details
see Shemenda (1994).

5. Results of 3-D modelling

Fifteen experiments were conducted, with dif-
ferent cutl orientations (proto-Luzon and Ryukyu
subduction zones), and deep structure of the con-
tinental margin (its width and layer thicknesses).
Fig. 7 shows a typical result. Compression of the
lithospheric model initiates subduction along the in-
clined cuts and their rapid propagation towards each
other (Fig. 7b). The overriding edge of the Philippine
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Fig. 6. Scheme of 3-D modelling. (a) Cross-section of the experimental model. (b) Plan (section A-A’ corresponds to (a)).

Sea Plate (PSP) approaches the continental margin
along the Luzon segment of plate boundary. while
the Ryukyu zone remains in the same position. The
PSP then begins to override the continental margin,
partly scraping off the sediments of the margin to
form an accretionary prism (Fig. 7c). Another (low-
er) part of the sedimentary layer is dragged down

along the interplate zone. The western tip of the
Ryukyu boundary segment merges with the Luzon
segment and bends clockwise, forming a transform
zone between the two segments (Fig. 7d). The defor-
mation of the Asian margin propagates southwards
due to the oblique orientation of the Luzon zone
with respect to the margin. The ‘collision’ is thus
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Fig. 8. Experimental photo of general view of the deformed model corresponding to stage (f) in Fig. 7.

Fig. 9. Experimental photo (zoom) of area A, in Fig. 7f corresponding to the transform zone between the Luzon and Ryukyu segments of
the plate boundary.
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transform zone: 2 = rotation of the overriding corner wedge of the PSP due to shortening of this plate in the stress/strain concentration
zone shown in (a): 3 = trace of the plate boundary at the surface; 4 = position of the plate boundary at depth of a few tens of kilometres

(see text for more explanations).

at its most advanced stage in the northern termi-
nation of the Luzon (Taiwan) segment, where the
accretionary prism is thickest and widest. and the
relief is the highest (Figs. 7 and 8). Starting from the
stage shown in Fig. 7d, a considerable plastic short-
ening of the PSP is observed along the transform
zone between the Luzon and the Ryukyu boundaries,
manifested by surface fracturation (Fig. 7d—f, Figs. 9
and 10a). The deep structure of the deformed model
is characterized by the presence of two opposite dip-
ping Ryukyu and Luzon ‘Benioff zones™ (Fig. 8).
The experiment had to be stopped at the stage in
Fig. 7f (also Fig. 8) because of limitations imposed
by the size of the experimental installation.

6. Discussion of the experimental results

The general picture of the deformed model in
Figs. 7 and 8 resembies the tectonic setting of the
Luzon-Taiwan-Ryukyu area. Subduction along the
Ryukyu and Luzon zones, as well as the accretion of
the continental margin sediments occur as expected
and do not pose any problems. What is most impor-
tant 1s the evolution and dynamics of the transtorm
zone. This zone (its trace at the surface) rotates

clockwise during the convergence. Due to this ro-
tation the overthrusting of the northern edge of the
overriding PSP (corresponding to northern Taiwan)
over the AP has a component perpendicular to the
convergence vector (Figs. 7 and 10a). This effect is
caused by NW plastic shortening of the PSP along
the transform zone, and a NE extension of the frontal
part of this plate. as shown in Fig. 10b. The exten-
sion 18 observed also within the AP (or more exactly.
the Ryukyu Plate) along the southwestern end of the
Ryukyu zone (Figs. 9 and 10b). The orientation of
the transform zone, however, becomes more parallel
to the convergence vector with depth, as shown in
Fig. 10. Simplifying the experimental result, we ob-
tain a classical junction, ‘subduction zone—transtorm
fault—subduction zone’ (Fig. 10b). The specificity of
this junction is that the subduction zones are oppo-
site facing and so the length of the transform fault
is not constant. [t grows while convergence increases
(see Fig. 7) due to tear failure of both plates along
two tear faults shown in Fig. 10b.

The princ:pal discrepancy between Fig. 10b (or
scheme in Fig. 1la which has more realistic plate
boundary geometry) and the actual situation in the
Taiwan area, is that at present. there is neither sub-
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tear faults

Fig. 11. Does the actual plate boundary pattern in Taiwan still correspond to the ‘subduction zone-transform fault—subduction zone’

junction (see text for explanations)?

duction of the AP under northern Taiwan, nor evi-
dence of active shear faulting in (under) northern Tai-
wan (Fig. 11b). As mentioned above, in northwestern
Taiwan there is almost no deformation, while there
are clear indications of active deformation (shorten-
ing) off eastern Taiwan, especially in its northern part
and further to the south along the Luzon arc. This
implies that the PSP has failed offshore of north-
eastern Taiwan, resulting in the initiation of a new
convergent plate boundary (subduction zone) as was
shown by 2-D experiments (Fig. 5). We also obtained
plastic shortening in this area in the 3-D experiments
(see Figs. 7 and 10a), but the existing compressive
stresses were not sufficient to cause complete failure
of the lithosphere, as the experimental model does
not include the arc (weak zone). Unfortunately, it is
technically difficult to incorporate an arc (with a cor-
responding weakening of the plate and volcanic load)
into the described 3-D experimental model. There-
fore, the synthetic model developed below is based
on the results of both 2-D and 3-D modelling, as well
as on the available geological and geophysical data.

7. Evolutionary model for the
Luzon-Taiwan-Ryukyu Plate boundary

The model is presented in Figs. 12 and 13. The
first stage corresponds to intraoceanic subduction in
this region (Fig. 13a). Unfortunatety, there are al-
most no constraints on the geometry of the plate
boundaries before the Luzon subduction zone ar-
rived at the Chinese margin. What is clear is that
once these two opposite subduction zones occurred
(some time before the collision), the plate bound-
aries very rapidly assumed a form corresponding
to the ‘subduction zone—transform fault—subduction
zone’ junction presented in Fig. 10b. This type of
junction is energetically very disadvantageous, and
therefore unstable, as it evolves by a continuous fail-
ure of the lithosphere through the whole thickness
in two tear faults. Such a process causes high nor-
mal compressive stress in the lithosphere along the
transform zone, which further increases due to the
subduction of the continental margin. Therefore, the
lithospheric yield limit is first reached in the Luzon

Fig. 12. Evolution of the Taiwan collision in cross-section: / = continental (transitional) crust: 2 = sediments: 3 = oceanic crust, 4 =
volcanics of the Luzon arc; 5 = core part of the overriding wedge of the PSP (fore arc block); 6 = direction of extension; 7 == zone of
plastic shortening; & == direction of vertical movements; 9 = subduction (inset); /0 = back arc rifting (inset); RP = Ryukyu Plate.
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Fig. 13. Evolution of the Taiwan collision in plan (see legend of Fig. 12).

arc near the transform zone. The arc area under-
goes rapid subsidence, intensive plastic shortening
(Fig. 12a) and then failure (Fig. 12b). This process is
followed by considerable underthrusting of the core
of the PSP’s frontal wedge under the arc (Fig. 12b

and Fig. 13b) and some underthrusting of the PSP at
the opposite side of the arc (Fig. 12b). The subduct-
ing core part of the fore arc block rotates clockwise
(in cross-section). resulting in an uplift of the frontal-
most (western) edge of the block, and an associated
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local extension and exhumation of the overlying part
of the accretionary prism (Fig. 12b). The weak upper
sedimentary part of the fore arc block overrides the
fore arc basin and pushes sediments of the basin
over the arc (Fig. 12b). The eastward underthrusting
under the arc then slows down. The PSP completely
fails at the opposite side of the arc, which initi-
ates westward underthrusting of the western edge
of this plate under the arc (Fig. 12¢, Fig. 13c).
The underthrusting PSP segment bends down, which
causes rapid subsidence and a clockwise rotation (in
cross-section) of the arc (formation of the subduction
trench), with an extension of the upper layers of the
subsiding wedge (Fig. 12d). The eastward subduc-
tion of the AP ceases. The subducting PSP collides
at depth with the previously subducted AP, which
causes a steeping of the PSP subduction. This effect
has two consequences: a considerable non-isostatic
deepening of the forming trench and a further E-W
extension of the overriding orogen (northern Tai-
wan), associated with the subsidence of the eastern
part of the orogen (Fig. 12d). The extension pro-
duced by this mechanism is rather diffuse and not
intensive. It is apparently not sufficient to provide
the considerable divergence required for the rifting
in the Ilan Plain. This rifting is clearly associated
with opening of the Okinawa trough, which seems to
be independent of the Taiwan collision and might be
started well before the collision (Hsu et al.. 1995).
The propagation of the Okinawa back arc rift to the
southwest was blocked with the initiation of colli-
sion, which resulted in a high compression of the AP,

especially along the transform zone with two tear

faults. This compression was released only after the
failure of the PSP offshore of northeastern Taiwan
and the initiation of subduction of this plate. some
I Ma ago (Fig. 13c). The tear faults no longer ex-
ist and the initiating subduction under northeastern
Taiwan is becoming a part (southwestern continua-
tion) of the Ryukyu subduction. Moreover, the whole
northeastern segment of the Taiwan plate boundary
becomes a part of the southwestward-propagating
Ryukyu arc—back arc system (Fig. 14).

8. Comparison of the model to the observations

Information about the Taiwan collision is cer-

tainly insufficient to reconstruct the evolution of

this complex process in a way which would satisfy
all the researchers working on Taiwan geology and
geophysics. That is why there are many different ap-
proaches and schemes explaining the various stages
and elements of the collision, which do not agree
with each other, so that the creation of a synthetic
model, based only on the observations, is a quite
hard task. Our model is based on first-order me-
chanics of the lithosphere in a subduction/collision
environment roughly corresponding to the Taiwan
area. Therefore this model cannot pretend to explain
all details of the geological evolution and deep struc-
ture of this region. On the other hand. the available
data allow us to test some of the principal model
predictions. We will start this analysis with the off-
shore area of southern Taiwan, which corresponds
to the beginning of collision. The first prediction of
the model is that the initiation of subduction of the
continental margin causes a rapid flexural subsidence
of the Luzon arc (Fig. 12a). Such subsidence is cor-
roborated by the stratigraphic records in the Coastal
Range (Dorsey, 1992; Chang and Chi, 1983). Sec-
ond, at this stage, and later in time (or further to the
north), the arc area undergoes considerable shorten-
ing (Fig. 12b). Such a shortening is indeed revealed
by the GPS measurements (Fig. 2a) and is man-
ifested by the intensive seismicity in the arc area
near southern Taiwan (Fig. 2b). Third, the shortening
is accompanied by the formation of a lithospheric
east-dipping thrust fault (Fig. 12b, Fig. 13b). Such
a fault corresponds well to the Longitudinal Valley
Fault (see Fig. 1). A displacement along this fault
results in a closure of the fore arc basin (the Lu-
zon trough) with the formation of a suture zone,
the Longitudiral Valley. On the other hand, thrusting
along the Longitudinal Valley Fault causes an up-
lift of the western margin of the Luzon arc, which
makes up the Coastal Range of Taiwan (Fig. 12c).
Fourth, a rotation of the subducting core of the fore
arc block results in the uplifting of its western edge,
and in a local extension of the overlying accreted
sediments (Fig. 12b). Such an extension is revealed
by GPS data for the southern part of the Central
Range (Yu et al.. 1995) (sec also Fig. 2a). Further
to the north the progressive extension and uplift be-
come more localized (Fig. 12¢). In combination with
erosion, they cause the exhumation of ever deeper
rocks along the eastern margin of the Central Range
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Fig. 14. Present-day plate boundaries and large-scale deformation pattern: 7 = trace of plate boundary at the surface; 2 = schematic
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diffused shear.

(Tananao complex), with a syn-collisional exhuma-
tion depth in excess of 10 km (Wang Lee et al.,
1982; Ernst, 1983). The underthrusting of the fore
arc block is then blocked, with lithospheric failure
occurring at the eastern margin of the Luzon arc
along northern Taiwan. The model predicts the ini-
tiation of westward subduction of the PSP in this
region (Fig. 12d, Fig. 13c, d), which takes up almost
the entire rapid convergence between the AP and the
PSP. There are several sets of arguments in favour of
such a subduction. First is the cessation of subduc-
tion of the AP under northern Taiwan, revealed by
the GPS data (Fig. 2a). Second is the existence of
an intense gravity minimum along the northeastern
Taiwan margin (Fig. 2c), caused (according to the
model) by a sharp down-bending of the PSP un-
derthrusting along an angular-shaped boundary. The
bending also results in subsidence below sea level

of the Coastal Range which now makes up part of
the inner slope of the forming depression (trench).
This depression has no bathymetric expression as it
is filled with sediments (shed from the rapidly erod-
ing orogen), forming a sedimentary basin. A basin
in this area was indeed recently revealed by multi-
channel seismic profiling (Lallemand et al., 1995). In
fact, there are two superimposed basins. The lower
{older) Suao basin is intensively deformed along a
sequence of NW-dipping thrusts and NE-SW-trend-
ing folds. The NW-SE shortening was accompanied
by very rapid differential subsidence of the basin,
which resulted in the formation of the upper (Hop-
ing) basin. The age of the deformation and sub-
sidence is unknown. According to our model this
event corresponds to the failure of the PSP and the
initiation of NW-ward subduction under northern
Taiwan (Fig. 13c).
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It should be noted that the formation of a subduc-
tion zone (the failure of the lithosphere correspond-
ing to the stage shown in Fig. 12c and Fig. 13c¢)
involves deformation and thickening of the crustal
layer, which can be scrapped from the mantle base,
forming a topographic high instead of a depression
(Shemenda, 1994). The depression (trench) forms
later, after a complete failure of the lithosphere and
the initiation of subduction due to the bending of
the subducting plate. Therefore one cannot expect
a simple structure or dynamics of the sedimentary
and crustal layers in the incipient subduction zone
especially near its youngest southern termination.

The third argument which supports subduction of
the PSP under northeastern Taiwan seems to be pro-
vided by seismological data. A supposed subduction
zone is associated with a concentration of seismicity
(Fig. 2b) and with a high-velocity zone observed to a
depth of at least 80 km (Rau and Wu, 1995). Vertical
seismicity sections through this zone do not reveal
the geometry of a subducted plate (Fig. 3). The seis-
micity is diffuse, which implies considerable plastic
deformation in the corner zone near northeastern Tai-
wan. Nevertheless, section A-A’ in Fig. 3 displays
a west-dipping swarm of earthquakes which may
correspond to the subducted PSP. The swarm grad-
ually disappears to the south (sections B-B’, C-C’
and D-D’ in Fig. 3). Horizontal seismicity sections
deeper than 70 km (up to near 150 km) clearly out-
line the PSP, subducted in the Ryukyu zone (Fig. 15).
Shallower sections again show a diffuse deformation.
Nevertheless, a majority of the hypocentres at these

Fig. 16. Principal scheme of counters of the Benioff zone
(shaded lines) corresponding to the subducted PSP (symbols
as in Fig. 14),

depths can still be accommodated within compara-
tively narrow strips (shaded in Fig. 15). These strips
bend to the south along the northeastern margin of
Taiwan. We interpret them as corresponding to the
PSP. subducted along an angular-shaped boundary,
including the Ryukyu subduction zone and the in-
cipient subduction zone along northeastern Taiwan
(Fig. 16).

A fourth argument is that the extension and rifting
observed in northern Taiwan (see Fig. 2a and Fig. 14)
would not be possible without a release of compres-

121° 122° 123°
120-130 km 70-80 km 60-70 km 50-60 km
é 00 a
25° q ‘: o 0 _ ®20 ° o
°° 009058 ¢ D.%ooﬁc'g . :) % & BD @ °
° 9 ° ) o%iﬁ o ] g o’ 0 ® & oc>° % Oo Q!g
° o 2 60 nds o8F o o %0
° 39 ccg% o ° o ®
° o g% 00 o S o o © oo
8 (3 o 0 % S N0 0g 0® o°
o o ° %o ° % o ° o e R 0-800 % o®
24° Ay m 3 o 9 -
[} ® o
ML
® 6 P
® 5 ] °o
3° 4 o 4

Fig. 15. Horizontal seismicity sections: projections on the horizontal plain of the hypocentres from 50 to 60 kin, 60 to 70 km, 70 to 80
km and 120 to 130 km for earthquakes with magnitude M| > 4 located during 1973 to 1995 by the TTSN. Seismicity concentration

sones are shaded.
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sive stresses, caused by the failure of the PSP, and
accommodation of convergence between the AP and
PSP in the incipient subduction zone. This zone be-
comes a continuation of the southeastward-retreating
Ryukyu subduction zone, which allows the Okinawa
rift to propagate into Taiwan. The extension (rift-
ing) is localized along a pre-existing weak zone,
the Lishan Fault (Fig. 14). Thus southward-propa-
gating incipient subduction and rifting. as well as
the whole of northeastern Taiwan. become a part of
the Ryukyu—Okinawa subduction system. A similar
conclusion was made by Teng (1995).

Finally, the present plate boundary pattern
(Fig. 14) implies some overlapping of two oppo-
site-dipping lithospheric thrust (subduction) faults
corresponding to the dying Longitudinal Valley Fault
and southward-propagating Ryukyu subduction. The
overlapping zone (which in whole propagates south-
wards) must undergo a clockwise rotation (in plan)
and/or a right-lateral diffusive shear, as shown in
the inset to Fig. 14. Such a deformation is corrobo-
rated by the GPS data (see Fig. 2a). The latitude of
the mentioned rotation zone approximately coincides
with that of the southern extremities of both the
seismicity concentration and the gravity minimum
along the northeastern margin of Taiwan (see shaded
horizontal dashed line throughout Fig. 2). All these
correspond to the PSP failure front or to the tip of
the southward-propagating Ryukyu subduction zone.

9, Conclusions

Taiwan represents one of the few examples of
an active arc—continent collision or more exactly,
of subduction of the continental margin (continental
subduction) which follows oceanic subduction and
the formation of a volcanic arc. The collision is
oblique and therefore propagating, which provides
us with a unique opportunity to study the different
evolutionary stages of this process, and to under-
stand what an arc-—continent collision really means
in terms of lithospheric mechanics. Our conclusion
is that it means first of all a deformation (plastic
shortening) and a failure of the overriding plate in
the arc area (the Luzon arc), which is a weak zone.
The deformation occurs due to compression of this
plate growing with the continental margin subduc-
tion. The shortening of the LLuzon arc carried by the

Philippine Sea Plate (PSP) is followed by a failure
of this plate which occurs first at the western side
of the arc along the eastward-dipping fault, the Lon-
gitudinal Valley Fault. The most rigid (core) part of
the overriding PSP wedge underthrusts the arc along
this fault, while the soft upper sedimentary layers of
the wedge override and ‘collide’ with the fore arc
basin. This process results in a closure of the fore arc
basin and an uplifting of this whole area. The uplift
occurs due to both the thickening of the accretionary
structure of the forming orogen and the continuing
subduction under it of a progressively thicker Asian
crust. In the model (Fig. 12) we assumed that the ac-
creted series are only sedimentary and volcanic com-
plexes. In fact, the subducting Asian crust may also
be involved in this process by its thrusting and/or
buckling (Chemenda, 1995). Underthrusting of the
PSP’s trontal wedge is then blocked, and the PSP
fails at the opposite side of the Luzon arc accreted
to (overthrusted) the orogen. The failure results in
the initiation of southward-propagating subduction
of the PSP under northeastern Taiwan. Further evo-
lution of northern Taiwan is greatly affected by the
neighbouring Ryukyu subduction system which is
peculiar to the Taiwan collision. This zone retreats
to the southeast, causing the opening of the Okinawa
trough, a typical back arc rift. The western limit of
the rift was the Taiwan orogen associated with the
strong compression of the Asian Plate. The tailure of
the PSP oftshore of northeastern Taiwan, some | Ma
ago, released the compression. The incipient sub-
duction zone forming after this failure, is becoming
part of the southeastward-retreating Ryukyu subduc-
tion zone. The Okinawa rift thus acquires the ability
to propagate into Taiwan along a pre-existent weak
zone, the Lishan Fault (Fig. 14).

To summarize, the arc—continent collision in Tai-
wan includes the following sequence of major pro-
cesses in time, or from the south to north: (1) NW
shortening of the PSP in the Luzon arc; (2) failure
of this plate at the western side of the arc, with the
formation of the eastward-dipping Longitudinal Val-
ley Fault (the transient plate boundary); (3) closure
of the fore arc basin and a rapid uplift of the orogen;
(4) failure of the PSP at the eastern side of the Luzon
arc partly overthrusted the orogen, and the initiation
of subduction of the PSP under northeastern Taiwan;
(5) *back arc’ rifting in the rear of this incipient
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subduction zone (in northern Taiwan). All these pro-
cesses commence with some delay with respect to
the preceding one and propagate southwards.
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