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AB STRACT

Al though it is ev i dent that Tai wan has been formed by the col li sion of the west-fac ing Luzon arc with the Eur asian

con ti nen tal mar gin, there re main a lot of enig mas in this col li sion. The ma jor ones are: (1) a trans form fault pres ently

con nect ing the Ma nila and Ryukyu Trenches in the Phil ip pine Sea - Eur asia rel a tive mo tion di rec tion is miss ing, and in stead,

the Ryukyu Trench ex tends near off shore E. Tai wan, (2) the west ern edge of the in ter me di ate-depth seis mic ity as so ci ated with

the Phil ip pine Sea plate subduction be neath NE Tai wan has a NNW trend, not NW, and (3) a large neg a tive Bouguer grav ity

anom aly, with un du la tion of its am pli tude in a wave length of 60 - 80 km, exists along the southernmost Ryukyu forearc.

We pro pose a new model of the col li sion in Tai wan to re solve these enig mas, as sum ing that the south ern Ryukyu forearc

was mi grat ing to the south west with re spect to Eur asia for the past sev eral m.y. and the Luzon arc has been col lid ing with this

ac tively mi grat ing Ryukyu forearc. The north ern most Luzon arc is di vided into two parts by the NNW line di rect ing along the

Phil ip pine Sea - Ryukyu forearc mo tion from its ini tial in ter sec tion point with the Ryukyu Trench; the part west of this line has

been obducted on the Ryukyu forearc-Eur asian mar gin, pro duc ing the col li sion orogen in Tai wan, and the part east of it has

been subducted beneath the Ryukyu forearc.

This evo lu tion ary sce nario re solves enig mas (1) and (2) ki ne mat i cally. This model also pre dicts that the South China Sea

slab has to be torn by the west ward com po nent of the mo tion of the subducting Phil ip pine Sea slab to Eur asia. This would have

brought large lat eral com pres sion in the shal low por tion of the Phil ip pine Sea slab at its west ern bor der, which might lead to

buck ling of the slab caus ing the ob served undulated gravity anomaly.
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1. IN TRO DUC TION

Tai wan has been formed by the col li sion of the west-

 facing Luzon arc with the Eur asian con ti nen tal mar gin. The

unique ness of the col li sion in Tai wan is that it is not a sim ple

arc-con ti nent col li sion, but is at tached by subduction zones

of op po site po lar ity (Fig. 1). Al though ex ten sive stud ies

have been con ducted so far, there re main a lot of enig mas in

this col li sion. We first de scribe some of these. A trans form

fault con nect ing the south ern end of the Ryukyu Trench and

the north ern end of the Ma nila Trench has been sup posed

by many re search ers to ex plain this arc po lar ity re ver sal

(Suppe 1981; Bar rier and Angelier 1986; Teng 1990; Hsu

and Sibuet 1995; Sibuet and Hsu 1997; Lallemand et al.

2001; Hall 2002; Malavieille et al. 2002; Takada et al.

2007). If the sub ma rine Ma nila Trench ex tends on shore to

the de for ma tion front at the West ern Foot hills (Suppe

1981; Teng 1990; Huang et al. 1992; Liu et al. 1997;

Lundberg et al. 1997), a trans form fault should ex ist from

the north ern end of the de for ma tion front near Tai pei to the

south east around 124°E of the Ryukyu Trench, strik ing in

the rel a tive mo tion di rec tion be tween the Phil ip pine Sea

and Eur asian plates (N307°E, Seno et al. 1993), as de picted 

in Fig. 1. How ever, there is no fea ture sug gest ing such a

trans form fault off shore in the Oki nawa Trough or the

Ryukyu forearc. On the con trary, the neg a tive free-air grav -

ity anom aly as so ci ated with the Ryukyu Trench ap proaches 

Terr. Atmos. Ocean. Sci., Vol. 20, No. 4, 573-585, August 2009 doi: 10.3319/TAO.2008.07.11.02(TT)

* Cor re spond ing au thor
E-mail: seno@eri.u-to kyo.ac.jp



near E. Tai wan (Hsu et al. 1998), sug gest ing that the trench

ex ists close to the east coast of Tai wan. This is sup ported by 

the crustal struc ture re vealed from re frac tion stud ies off -

shore E. Tai wan (Hagen et al. 1988; McIntosh and Nakamura

1998; Wang et al. 2004).

To ex plain the lo ca tion of the Ryukyu Trench near E.

Tai wan, Suppe (1984) pro posed that a new trench has been

cre ated be hind the col lid ing Luzon arc, ex tend ing from the

south ern ter mi nus of the Ryukyu Trench. Clift et al. (2003)

pro posed a sim i lar model that the Luzon arc has been col lid -

ing to the Eur asian mar gin and trans formed to the S. Ryukyu

forearc by arc po lar ity re ver sal. How ever, be cause the south -

ern Ryukyu forearc has been in a geotectonic sit u a tion si -

milar to the rest of the arc since the Late Mio cene (Kizaki

1986), it is doubt ful that an en tirely ex otic arc has been

accreted to this seg ment of the Ryukyu arc dur ing the past

sev eral m.y. On the other hand, Lallemand et al. (2001) and

Sibuet et al. (2004) tried to ex plain the west ward prop a ga -

tion of the trench by a tear fault, firstly along the ocean-

 continent bound ary, and then within the con ti nen tal shelf of 

the Eur asian plate. Teng et al. (2000) also pro posed a sim i lar

tear fault within the Eur asian plate. In their mod els, the por -

tion of the Ryukyu Trench west of 125° ~ 126°E has been

newly cre ated by such tear fault ing within the Eur asian

plate. Ki ne mat i cally, how ever, it seems dif fi cult to shift the

junc tion of the arc po lar ity re ver sal, i.e., the lo ca tion of the

tear ing, south west ward, be cause once the overthrust/under -

thrust re la tion ship be tween two plates is es tab lished at this

type of junc tion, a trans form fault would de velop in their

relative mo tion di rec tion. There fore the miss ing northwest-

 trending trans form fault and the ex is tence of the Ryukyu

Trench close to E. Tai wan re main still as un solved enig mas

re gard ing the col li sion in Tai wan.

Be neath NE Tai wan, there is an in ter me di ate-depth seis -

mic ity rep re sent ing the Phil ip pine Sea slab down to a depth

about 250 - 300 km (e.g., Pezzopane and Wesnousky 1989;
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Fig. 1. Tec tonic el e ments near Tai wan. The fold-thrust belts in west ern Tai wan are from Suppe (1981). The in set (right bot tom) shows the ve loc ity tri -

an gle be tween the Phil ip pine Sea (PH), Eur asia (EU), and the Ryukyu forearc (RA). The Phil ip pine Sea - Eur asian ve loc ity is cal cu lated from Seno et

al. (1993). The Phil ip pine Sea - Ryukyu forearc di rec tion is based on the slip vec tors of thrust-type earth quakes (Kao et al. 1998). The trend of the

Ryukyu forearc is taken from that of the rel ict one ex tend ing to the south west of Tai wan (Hsu and Sibuet 1995). The ve loc i ties of the Phil ip pine Sea

plate - Ryukyu forearc and Ryukyu forearc - Eur asian are de ter mined from the tri an gle.



Yeh et al. 1989; Font et al. 1999; Kao and Rau 1999; Lee

2005). If the Phil ip pine Sea plate has been subducting be -

neath the Eur asian plate, we ex pect the west ern edge of the

subducting Phil ip pine Sea slab to be trun cated in the NW di -

rec tion. The ob served in ter me di ate-depth ac tiv ity is in stead

trun cated in the NNW di rec tion be neath NE Tai wan (Teng

1990; Font et al. 1999; Kao and Rau 1999; Teng et al. 2000).

Fi nally, there are sig nif i cant Bouguer and Free-air grav -

ity anom a lies from E. Tai wan to the Ryukyu forearc (Hsu et

al. 1998, Fig. 2). These anom a lies show un du la tion with a

wave length of 60 - 80 km, grad u ally di min ish ing to the east.

The Hop ing, Nanao and E. Nanao Bas ins in the Ryukyu

forearc east of Tai wan are the mor pho log i cal ex pres sion of

these grav ity anom a lies. Be cause the bas ins have neg a tive

Bouguer anom a lies, these anom a lies are not sim ply pro -

duced by the seafloor to pog ra phy or its crustal root. This

fea ture of the grav ity anom a lies is not seen in the rest of the

Ryukyu forearc.

In this pa per, we pres ent a new model of the col li sion in

Tai wan, in or der to re solve ki ne mat i cally the enig mas stated

above. The model is stim u lated from the idea that the Ryu -

kyu forearc once ex tended to the south west of Tai wan

(Meng 1973; Hsu and Sibuet 1995; Sibuet and Hsu 1997;

Sibuet et al. 2004). Hsu and Sibuet (1995) and Sibuet and

Hsu (1997) ex ploited the idea, us ing the pat tern of the sat el -

lite-de rived ma rine grav ity anom a lies along the con ti nen tal

slope. They pro posed that the col li sion of the Luzon arc oc -

curred with this rel ict Ryukyu forearc whose mo tion had

ceased. There fore, their model is not dif fer ent from the Phi -

lippine Sea - Eur asian col li sion from a ki ne matic view -

point. We in stead hy poth e size that the col li sion of the Luzon 

arc has oc curred with an ac tively mi grat ing Ryukyu forearc.

The plates in volved in the model of the pres ent study are 

the Eur asian plate, the Ryukyu forearc, and the Phil ip pine

Sea plate. Be cause the Luzon arc is on the Phil ip pine Sea

plate, it is part of this plate. We as sume that the Ryukyu

forearc has been mi grat ing par al lel to the Ryukyu Trench

with re spect to the Eur asian plate for the past sev eral m.y.

This might have been caused by the oblique subduction of

the Phil ip pine Sea plate as in ferred from the model of slip
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Fig. 2. (a) The Bouguer grav ity anom a lies near the Tai wan-S. Ryukyu re gion (Hsu et al. 1998). (b) The pro file of the Bouguer grav ity anom aly is plot -

ted along line A-A’, show ing un du la tion with a wave length of 60 - 80 km.

(a)

(b)



par ti tion ing (Fitch 1972; Beck 1983; McCaffrey 1992; Platt

1993). Kuramoto and Konishi (1989) pro posed an along-arc

mi gra tion of the Ryukyu forearc from the stress anal y ses of

the south ern Ryukyu Is lands. They cited also a fault seen off -

shore in re flec tion pro files (Boujou and Yazaki 1973), as a

pos si ble north ern bound ary of the Ryukyu forearc. Al though 

Fabbri and Fournier (1999) dis coun te nanced the lat eral mo -

tion as they found only nor mal faults in these is lands, it

should be noted that the ex is tence of such nor mal faults does

not con tra dict the lat eral mo tion pro posed by Kuramoto and

Konishi (1989), be cause if oblique ness of the Phil ip pine Sea 

plate con ver gence be neath the S. Ryukyu forearc be comes

larger to the west, we can ex pect a larger amount of a strike-

 slip com po nent of the forearc sliver, and then its lat eral

stretch ing along the arc will re sult (See McCaffrey 1992).

Al though the bound ary be tween the Eur asian plate and the

Ryukyu forearc is not clear due to the lack of un equiv o cal

ev i dence, it is likely to the south of the Ishigaki and Miyako

Is lands (See Fig. 1 for their lo ca tions), be cause re cent GPS

ob ser va tions showed that these is lands move SSE with re -

spect to the Eur asian plate (Imanishi et al. 1996; Watanabe

and Tabei 2004). We as sume that it is roughly along south of

these is lands.

The slip vec tors of thrust-type earth quakes be neath the

Ryukyu forearc near Tai wan are di rect ing ~N345°E (Kao et

al. 1998), ro tated by 38° in a clock wise sense from the Phi -

lippine Sea - Eur asian rel a tive mo tion (N307°E). If they are

interplate earth quakes, they may rep re sent the slip par ti tion -

ing in the south ern most Ryukyu forearc, giv ing an other

piece of ev i dence sup port ing the dif fer en tial mo tion be -

tween the Ryukyu forearc and the Eur asian plate. We con -

struct a ve loc ity tri an gle be tween the Eur asian plate, the

Phil ip pine Sea plate, and the Ryukyu forearc in Fig. 1 (in -

set), tak ing the Phil ip pine Sea - Ryukyu forearc mo tion as

N345°E from the above slip vec tor di rec tion, and the strike

of the Ryukyu forearc as N70°E, which is that of the rel ict

Ryukyu forearc in Hsu and Sibuet (1995). In this di a gram,

the ef fect of the rift ing in the Oki nawa Trough is ne glected,

since its ve loc ity over the past sev eral m.y. is in the or der of

1 cm yr-1 (Sibuet et al. 1998).

2. EVO LU TION MODEL

2.1 Before Col li sion

The Oligocene-Mio cene open ing of the South China

Sea suc ceeded the Eocene rift ing of the Eur asian mar gin

(Tay lor and Hayes 1983; Ru and Pigott 1986; Briais et al.

1993) and left the rifted Eur asian con ti nen tal blocks in the

south. They were amal gam ated with the proto-Luzon arc

approaching from the east (Stephan et al. 1986). Sub duc -

tion of the South China Sea be neath the Luzon arc started

by the early-mid dle Mio cene as ev i denced from the vol ca -

nism in the Luzon arc and has con tin ued since then (e.g.,

Lallemand et al. 2001). Dur ing this pe riod, we as sume that

the Luzon arc (Fig. 3a, marked by yel low lines with red tri -

an gles as vol ca noes) had been mov ing to the Eur asian plate

in the pres ent Phil ip pine Sea - Eur asian mo tion di rec tion

along a trans form fault (Fig. 3a, blue line) con nect ing the

Ryukyu and Ma nila Trenches. Al though the mo tion of the

Phil ip pine Sea plate dur ing the ear lier half of this pe riod

could be di rected more north erly than the pres ent Phil ip pine

Sea - Eur asian mo tion (e.g., Seno and Maruyama 1984;

Teng 1990), we ne glect the dif fer ence at pres ent and show

first a sim ple ki ne matic evo lu tion model of the col li sion in

Tai wan.

We as sume a sim ple ge om e try of the west ern bound ary

of the Luzon arc (the Ma nila Trench) as trending N-S, and

the north ern edge of the Luzon arc as trun cated along the

Phil ip pine Sea - Eur asian mo tion di rec tion (Fig. 3a). This

shape of the north ern edge is as sumed be cause the con ver -

gence of the South China Sea be neath the Luzon arc oc -

curred in this di rec tion, and thus the vol ca nic arc might

have been trun cated in this di rec tion at its north ern end. De -

tails of the ge om e try of the Luzon arc, how ever, do not af fect 

the re con struc tion in this study. The oblique subduction of

the Phil ip pine Sea plate from the Ryukyu Trench made the

Ryukyu forearc sliver to mi grate south west ward rel a tive to

the Eur asian plate. The rel ict Ryukyu forearc prob a bly ex -

tended fur ther south than Point A in Fig. 3a when the col li -

sion started if we ac cept the ex is tence of the rel ict Ryukyu

forearc in the Tainan Ba sin [See Sibuet and Hsu (1997)].

2.2 Ini ti a tion of Col li sion

Af ter the col li sion started, the Luzon arc has col lided

with this south west-mov ing Ryukyu forearc, not with the

Eur asian con ti nen tal mar gin (Fig. 3b). We use the ve loc ity

di a gram shown in Fig. 1 to de ter mine the ge om e try of the

obducted and subducted parts of the Luzon arc. For this pur -

pose, a line di rect ing the Phil ip pine Sea - Ryukyu forearc

mo tion is drawn on the Luzon arc from the ini tial col li sion

point at the NW cor ner of the Luzon arc (Fig. 3b, green line). 

The part west of this line has been obducted above the

Ryukyu forearc-Chi nese mar gin, be cause the Luzon arc south 

of this line is west-fac ing. This would have formed the ac -

cretion of the forearc ma te rial, con ti nen tal slope/shelf se d i -

ments, fold and thrust belts, and up lifted accretionary wedge.

In con trast, the part east of this line has been sub ducted

beneath the Ryukyu forearc, be cause the Ryukyu forearc is

south east-fac ing. Be cause the obduction/sub duc tion bound -

ary (Fig. 3b, green line) is di rect ing NNW, the west ern edge of 

the subducted slab is trun cated in this di rec tion.

2.3 Af ter Col li sion

Fig ure 3c shows the ge om e try sev eral m.y. af ter the start 

of the col li sion. The Ryukyu forearc mi grates along line BA

with re spect to the Eur asian plate. The Luzon arc along with
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its obduction/subduction bound ary mi grates with re spect to

the Ryukyu forearc along line CB, but along CA with re spect 

to the Eur asian plate. Be cause BA, CB, and CA are the re -

lative mo tion di rec tions of the Ryukyu forearc - Eur asia,

Luzon arc - Ryukyu forearc, and Luzon arc - Eur asia, re spec -

tively, lines BA, CB, and CA con sti tute the ve loc ity tri an gle

shown in the in set of Fig. 1. This in di cates that the evo lu tion

of the col li sion ge om e try is de ter mined by the ve loc ity tri -

angle, and pro vides us a clue to ob tain in for ma tion on the

collision when it is com pared with ob served data.

Be cause the mo tion of the Luzon arc with re spect to

Eur asia can be de com posed into CB and BA com po nents,

the west ern end of the Ryukyu forearc mi grat ing south west

fol lows the obducted Luzon arc with out any va cancy. Along

with this, the SW ter mi nus of the Ryukyu Trench (Point A)

mi grates to Point B (Fig. 3c), and this is not a nu cle ation of a

trench. This model then has a merit to avoid cre ation of a

new trench since the past sev eral m.y., which sed i men tary

strata around S. Ryukyu Is lands do not sup port (Kizaki

1986). The model also puts the SW ter mi nus of the Ryukyu

Trench close to E. Taiwan (Pint B, Fig. 3c).

C marks the lead ing edge of the subducted Luzon arc.

The length of the subducted slab is then mea sured by CB.

The west ern edge of the subducted Luzon slab has ve loc i ties

BA and CB com po nents with re spect to the Eur asian plate.

The CB com po nent is rep re sent ing subduction be neath the

Ryukyu forearc. The BA com po nent would cause ob struc -

tion of the Phil ip pine Sea slab to the South China Sea slab
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Fig. 3. Sche matic rep re sen ta tions show ing the col li sion ge om e try of the Luzon arc (LA) over the Ryukyu forearc (RA) mov ing south west. The Luzon

arc is marked by yel low lines with red tri an gles show ing vol ca noes. (a) Be fore the col li sion: a trans form fault (blue line) con nect ing the Ryukyu

Trench and the Ma nila Trench was ex tend ing along the Phil ip pine Sea - Eur asian rel a tive mo tion. The Ryukyu forearc was mi grat ing south west with

re spect to the Eur asian plate due to the oblique subduction of the Phil ip pine Sea plate. The mi grat ing Ryukyu forearc prob a bly ex isted fur ther south

than Point A. (b) Col li sion ini ti ated: The Luzon arc (or the Ma nila Trench) started to con tact the south west ward mi grat ing Ryukyu forearc (or the

Ryukyu Trench). The green line on the Luzon arc shows the Phil ip pine Sea - Ryukyu forearc rel a tive mo tion di rec tion (see the in set of Fig. 1). The part 

of the Luzon arc west of this line has been obducted on the Ryukyu forearc, and that east of the line has been subducted be neath the Ryukyu forearc. (c) 

Af ter the col li sion: The Luzon arc has been mi grat ing NW along line CA (the Phil ip pine Sea - Eur asian mo tion di rec tion) with re spect to the Eur asian

plate. On the other hand, it has mi grated along the di rec tion CB (the Phil ip pine Sea - Ryukyu forearc mo tion di rec tion) with re spect to the Ryukyu

forearc. Be cause the Ryukyu forearc has mi grated along line BA, lines BA, CB, and CA con sti tute a ve loc ity tri an gle among the Ryukyu forearc,

Philippine Sea plate, and Eur asian plate. (d) At pres ent: The obducted Luzon vol ca nic arc cor re sponds to the pres ent Coastal Range. The orig i nal

trend of the Ryukyu Trench was bent to the north by the subduction of the buoy ant Luzon arc. The west ern ter mi nus of the Ryukyu Trench is lo cated

close to the east coast of Tai wan. The obducted and subducted parts of the Luzon arc north of the Coastal Range are col ored red and yel low,

respectively.

(a) (b)

(c) (d)



dip ping south east from E. Tai wan. This might re sult in tear -

ing of the South China Sea slab, which will be discussed

later.

2.4 At Pres ent

Fig ure 3c is a sim ple evo lu tion ge om e try as sum ing that

the trend of the Ryukyu Trench has been fixed to be straight.

Ac tu ally, the south ern Ryukyu Trench would have been bent 

due to subduction of the buoy ant Luzon arc or by the open -

ing of the Oki nawa Trough. This bend would have re duced

the area of the subducted Luzon arc. Fig ure 3d shows a sche -

matic il lus tra tion tak ing into ac count this bend ing. The sub -

ducted part of the Luzon arc is col ored yel low, and, on the

other hand, the obducted part north of the west ern ter mi nus

of the Ryukyu Trench is col ored red. The north ern end of the

obducted Luzon vol ca nic arc (the Coastal Range) is now lo -

cated at the junc tion be tween the Ryukyu Trench and the

obducted terrane on land. This gives us a ref er ence point for

lo cat ing the obducted Luzon arc when we ap ply the model to 

the ac tual ge og ra phy in the next sec tion. The subducted part

(yel low) gives us an es ti mate of the slab length be neath NE

Tai wan. The obducted part (red) formed a col li sion-ac cre -

tion wedge and its pres ent shape is dif fer ent from that of the

red area due to deformation and erosion.

3. AP PLI CA TION OF THE MODEL

In this sec tion, we ap ply the model pro posed above to the

ac tual ge og ra phy of the Ryukyu-Tai wan re gion, and es ti -

mate the on set time of the col li sion, the amount of the ob -

ducted/subducted length of the Luzon arc, and the amount of

the lat eral shift of the Ryukyu forearc. We first mod ify the ve -

loc ity di a gram of Fig. 1, tak ing into ac count the rift ing of the

Oki nawa Trough, which started around 6 Ma (Kimura 1996).

We as sume that, due to the rift ing of the trough, in ad di tion

to the along-arc shift, the Ryukyu forearc has been mov ing

to the Eur asian plate in the N150°E di rec tion with a ve loc ity

of 1.5 cm yr-1. These are the av er age val ues for the past 6 ~

7 Ma es ti mated by Sibuet et al. (1998). Fig ure 4a shows the

mod i fied ve loc ity di a gram, and can be used to re con struct

the evo lu tion of the col li sion sim i larly to Figs. 3c and d.

We as sume that the Ma nila Trench is di rect ing N-S,

and es ti mate the av er age width of the Luzon forearc to be

~100 km, which is a rep re sen ta tive dis tance be tween the

Ma nila Trench and the vol ca nic front in the re gion be tween

Tai wan and Luzon (Fig. 4b). Fix ing the lo ca tion of the north -

ern tip of the Coastal Range as the north ern end of the

obducted Luzon arc vol ca nic front and fix ing Point A’ on the

axis of the Ryukyu Trench, we map the ac tual ge og ra phy in

the ve loc ity di a gram in Fig. 4a.

We color the obducted and subducted parts of the Luzon 

arc, north of the north ern tip of the Coastal Range, red and

yel low, re spec tively. These cor re spond to the ar eas col ored

in Fig. 3d. The length CD is mea sured to be 380 km, which

gives 270 km as the depth of the tip of the slab be neath NE

Tai wan, if we as sume a dip of 45°. This is sim i lar to the max -

i mum depth of the in ter me di ate-depth seis mic ity ob served

be neath this re gion (Pezzopane and Wesnousky 1989; Yeh et 

al. 1989; Font et al. 1999; Kao and Rau 1999; Lee 2005).

The rea son why the subducted Luzon arc can give such a

deep seis mic ity will be discussed later.

The ini tial con tact point of the Luzon arc with the Ryu -

kyu Trench (Point A in Fig. 4b) is lo cated around 125°E. The 

550 km dis tance be tween this point and the north ern tip of

the obducted Luzon arc (CA in Fig. 4b), di vided by the

Philippine Sea - Eur asian rel a tive ve loc ity, gives the start

time of the con tact be tween the Ma nila and Ryukyu Tren -

ches as 7.5 Ma. This is al most co in ci dent with the start time

of the col li sion es ti mated from microfossil stud ies (Huang et 

al. 1997). The time when the north ern tip of the Coastal

Range ar rived at the Ryukyu Trench is es ti mated to be 4 Ma.

This co in cides with the start of the clock wise ro ta tion of the

Coastal Range (Lee et al. 1991) and the time of the for ma tion 

of the Lichi mélange (Chi et al. 1981).

The south west ward lat eral shift of the Ryukyu Trench

amounts to 370 km (BA’ in Fig. 4). This pre dicts that the

orig i nal po si tion of the south ern ter mi nus of the rel ict

Ryukyu forearc, if it is lo cated south of the Tainan Ba sin at

pres ent (Sibuet and Hsu 1997), was 125 km east of the

Hengchun Pen in sula of S. Tai wan at the start time of the col -

li sion. The orig i nal trend of the trench would have been

grad u ally bent form ing a cusp by the subduction of the buo -

yant Luzon arc (Fig. 3d). The amount of the bend ing is

measured to be ~20° in Fig. 4b and mostly ac counts for the

clock wise ro ta tion by 25° of the Ishigaki Is land since 10 Ma

(Miki 1995). Miki (1995) ar gued that this ro ta tion oc curred

be tween 10 and 6 Ma, by the open ing of the Oki nawa

Trough, be cause Miyako Is land to the east did not ro tate

since 6 Ma. How ever, Fig. 4 pre dicts that ro ta tion of Miyako

Is land due to the bend ing is very small, and thus the bend ing

since 7 Ma is enough to ex plain the ro ta tion of Ishigaki Is -

land. We will dis cuss later why the buoy ant subduction of the

Luzon arc east of the bi sect ing line (yel low) was pos si ble.

4. DIS CUS SION

We dis cuss whether the pro posed model of the col li sion

is con sis tent with some im por tant ob ser va tional fea tures

around Tai wan; they are: the ac cre tion wedge of the col lid -

ing Luzon arc, lat eral shift of the Ryukyu forearc, in ter me di -

ate-depth earth quakes be neath NE Tai wan, and the Bouguer

grav ity anom aly off shore E. Tai wan.

4.1 De for ma tion and Ero sion of the Ac cre tion-
Col li sion Wedge

In this model, the ac cre tion-col li sion wedge of Tai wan
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west of the Lon gi tu di nal Val ley con sists of the obducted

Luzon forearc and accreted Ryukyu forearc - Chi nese con ti -

nen tal mar gin sed i ments. We es ti mate the vol ume of the

forearc wedge un der the area shaded in red prior to the col li -

sion to be 247000 km3, as sum ing that (1) the dip of the

subducting Eur asian plate slab is 20° (Ham burger et al.

1983; Huang et al. 1997), (2) the sum mit of the Luzon

forearc is 0 m above sea level, (3) the depth of the Ma nila

Trench is 4000 m, (4) the width of the Luzon forearc is 100 km, 

and (5) the east ern edge of the obducted Luzon forearc is

ver ti cal along the bi sect ing line. On the other hand, we es ti -

mate the vol ume of the ac cre tion-col li sion wedge ob served

at present in N. Tai wan north of line DE (Fig. 4b) and west of 

the Lon gi tu di nal Val ley to be 169000 km3 by ap prox i mat -

ing the Cen tral-Hsuehshan Ranges and the wedge be neath

them by poly gons with the bot tom bound ary dip ping at an

an gle of 20° (Huang et al. 1997).

There fore a vol ume of more than 78000 km3 of the

obducted Luzon forearc should be lost dur ing col li sion. This 

is a min i mum value be cause the land area of Tai wan from the 

Coastal Plain to the Cen tral Range looks to be com posed of

the pre-Ce no zoic base ment of the Chi nese con ti nen tal mar -

gin and Ce no zoic sed i men tary cover (e.g., Liou and Ernst

1984; Ho 1986). If Tai wan, and its base ment west of the

Lon gi tu di nal Val ley, is com posed of the Chi nese con tin -

ental ma te rial, the obducted Luzon forearc has to be to tally

eroded. Al though this does not nec es sar ily con tra dict the

ero sion rate (~5 mm yr-1) in the east ern Cen tral Range (Li

1976; Willett et al. 2003), we feel that it is un likely.

A more re al is tic tec tonic sit u a tion would be part of the

obducted Luzon forearc still re mains within Tai wan west

of the Lon gi tu di nal Val ley, along with the Ryukyu forearc

and the accreted Chi nese con ti nen tal mar gin sed i ments.

Lundberg and Dorsey (1990) sug gested a pos si bil ity that the

Luzon forearc underthrusted west ward at the Lon gi tu di nal

Val ley and was bur ied be neath the east ern Cen tral Range.

An other pos si bil ity we sug gest is re gard ing the Tananao

com pos ite meta mor phic terrane in the east ern Cen tral Range 

as con sti tut ing the meta mor phic base ment of the Luzon arc.

This is a paired meta mor phic belt ex tend ing N-S, which was
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Fig. 4. (a) Ve loc ity tri an gle that takes into ac count the rift ing of the Oki nawa Trough. The mo tion of the Ryukyu forearc (RA) to the Eur asian plate

(EU) due to the rift ing is as sumed to be N150°E di rec tion with a ve loc ity of 1.5 cm yr-1 (Sibuet et al. 1998). The mo tions of the Phil ip pine Sea plates

(PH) to other plates are the same as de picted in Fig. 1b. Ap pli ca tion of the evo lu tion ge om e try de picted in Fig. 3d to the ac tual ge og ra phy near Tai wan, 

us ing the ve loc ity di a gram above. The free-air grav ity map of Hsu et al. (1998) is used as a base map; the col ors show the mag ni tude of the grav ity

anom aly. As sum ing the width of the Luzon forearc to be 100 km, the ve loc ity tri an gle is mapped with the con straint that point D is the north ern end of

the Coastal Range, and point A’ is on the Ryukyu Trench. The Ryukyu Trench has mi grated from A to A’ due to rift ing of the Oki nawa Trough, and A’ 

to B due to the lat eral shift.

(a) (b)



meta mor phosed at least four times, i.e., the late Me so zoic,

Paleogene, late Mio cene, and Plio-Pleis to cene, of which the

last one is as so ci ated with the col li sion of the Luzon arc

(Jahn et al. 1981; Liou and Ernst 1984). This terrane has

been usu ally con sid ered to be a meta mor phic base ment of

the Chi nese con ti nen tal mar gin (Liou and Ernst 1984; Ho

1986; Lin and Rocker 1998). If this has been ex humed from

the underthrusting Eur asian plate dur ing the col li sion of the

Luzon forearc, it is dif fi cult to ex plain the late Mio cene

meta mor phism, be cause the Eur asian mar gin had been a

rifted pas sive mar gin since the early Ter tiary [See Fig. 7 of

Liou and Ernst (1984) hy poth e siz ing west ward subduction

to ex plain this Mio cene meta mor phism]. We pro pose that

the Tananao terrane has been ex humed from the obducted

Luzon forearc by thick en ing, up lift ing and ero sion dur ing

the col li sion [See Platt (1986) for the mech a nism of such ex -

hu ma tion]. This is a pos si ble sce nario be cause the Eur asian

mar gin, which had been meta mor phosed dur ing the Me so -

zoic, was rifted, frag mented and had drifted ow ing to the

South China Sea spread ing, was fi nally in cor po rated into

the west-fac ing Luzon arc (Stephan et al. 1986). This pre-

 Ce no zoic forearc base ment would then be meta mor phosed

by the east ward subduction of the South China Sea dur ing

the Mio cene.

An im por tant fea ture of our model is that the trans form

fault be tween the Ma nila and Ryukyu Trenches does not

need to ap pear, but the obducted Luzon arc is trun cated in

the NNW di rec tion (Line CB). The ob served collision-

 accretionary prism has been ex tended fur ther east be yond

the bi sect ing line (Fig. 4b). This kind of de for ma tion and

col lapse of the col li sion wedge has been dem on strated with

ex per i ments us ing plas tic ma te ri als (Chemenda et al. 1997;

Takada et al. 2007).

4.2 Lat eral Shift of the Ryukyu Forearc

In our model, we as sume that the Ryukyu forearc sliver

has mi grated south west ward rel a tive to the Eur asian plate.

The mi gra tion amounts to 370 km since the col li sion started.

This might cause a se ri ous space prob lem at the lead ing and

trail ing edges of the Ryukyu forearc. At the lead ing edge,

how ever, the Ryukyu forearc might have been able to move

along the con ti nent-ocean bound ary south of the Eur asian

con ti nent, reach ing fi nally the south east edge of the rel ict

Ryukyu forearc pro posed by Hsu and Sibuet (1995). At the

trail ing edge, at min i mum, a com pa ra ble loss in forearc

volume has to be ac counted for some where in the Ryukyu

arc east of Tai wan. Al though there are some de pres sions in -

ter ven ing re gional is lands, such as the Tokara chan nel and

the Miyako de pres sion, it seems dif fi cult to com pen sate for

this def i cit by such de pres sions only. Fo cal mech a nisms of

earth quakes show that the forearc is ex tended in an along-

 arc di rec tion (Fournier et al. 2001; Kubo and Fukuyama

2003). The ex ten sion rate (1 ´ 10-9 yr-1) es ti mated from the

sum of seis mic mo ments pro duces an ex ten sion of only

several me ters dur ing the past 6 ~ 7 Ma for the 1000 km

length of the arc.

This ap par ent con flict might be rem e died in two ways.

Al though we as sume that the Phil ip pine Sea plate has been

mov ing NW with re spect to the Eur asian plate dur ing the

whole pe riod con sid ered, it was likely to have been mov ing

NNW in the ear lier pe riod. Seno and Maruyama (1984) es ti -

mated that the shift from this NNW di rec tion to the NW

direction oc curred some time be tween 10 and 5 Ma. There

are some stud ies sug gest ing that this shift oc curred even

later, such as at 4 Ma (e.g., Bar rier and Angelier 1986). Dur -

ing the pe riod when the Phil ip pine Sea plate was mov ing

NNW with re spect to the Eur asian plate, there was no re -

quire ment for the Ryukyu forearc to mi grate lat er ally with

re spect to the Eur asian plate, in which case the amount of the 

miss ing vol ume at the trail ing edge can be re duced by as

much as 60%.

An other fac tor that re duces this vol ume is that the ac tual 

trend of the Ma nila Trench at the north ern Luzon arc might

not have been NS. Ob vi ously, the NS trend, which we as -

sumed in Figs. 3 and 4, is too sim pli fied. If it trended more

north east erly, apex C is lo cated more south ward to ward B.

This will re duce the size of CAA’B in Fig. 4a, and thus the

length BA’. In this sec ond case, the time of the ini tial con tact

be tween the Ryukyu forearc and the Luzon arc is also re -

duced by the same amount.

It should also be noted that di rect ev i dence of the lat eral

shift of the Ryukyu forearc is still poor. In the south ern most

Ryukyu forearc, a dextral strike-slip fault is clearly seen in

the bathymetry be tween the accretionary prism and the

back stop (Lallemand and Liu 1998; Lallemand et al. 1999).

The slip par ti tion ing of the accretionary prism was also in -

ferred from mor pho log i cal trac ing of the subducted Gagua

Ridge (Dominguez at al. 1998). They are, how ever, in di ca -

tions of the lat eral shift be tween the accretionary prism and

the back stop, not the whole Ryukyu forearc.

4.3 Subduction of the East ern Half of the Luzon Arc
and In ter me di ate-Depth Seis mic ity Be neath NE
Tai wan

In this model, the east ern part of the Luzon arc has been

subducting be neath the Ryukyu forearc and caused the

north ward bend of the south ern Ryukyu arc. The rea son why 

subduction of the east ern part of the Luzon arc was pos si ble

and col li sion did not oc cur is a prob lem worth con sid er ing.

Kao and Rau (1999) showed that a dou ble seis mic zone ex -

ists be neath NE Tai wan. They in ter preted the up per layer

rep re sent ing seis mic ity oc cur ring in the crust of the sub -

ducted plate and/or along the plate in ter face, whereas the

lower layer is as so ci ated with events in the up per most slab

man tle. The ex is tence of the dou ble seis mic zone im plies

that, be neath NE Tai wan, de hy dra tion from both the crust
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and the man tle oc curs in the wes tern most part of the sub -

ducted slab (Yamasaki and Seno 2003). Seno (2007) de -

monstrated that if a non-serpentinized forearc man tle wedge 

is lat er ally mi grat ing and underthrusting at an arc-arc junc -

tion, col li sion hap pens be cause of a lack of lu bri ca tion due

to no de hy dra tion, and if it is serpentinized, subduction hap -

pens due to lu bri ca tion by de hy dra tion. Be cause the dou ble

seis mic zone ob served be neath this area im plies that the

Luzon forearc man tle was serpentinized, it is ex pected that

as so ci ated de hy dra tion from this forearc would have lu bri -

cated the subduction thrust, avoid ing the col li sion of the

Luzon arc east of the bi sect ing line (CB).

It should also be noted that it is not pos si ble to sim ply

relate the age of the Phil ip pine Sea to the depth of inter -

mediate-depth seis mic ity (~270 km). This is be cause the

subducting part of the Phil ip pine Sea plate is the Luzon arc,

con tain ing the base ment of the Chi nese con ti nen tal mar gin

(Stephan et al. 1986). If its forearc man tle con tains hy drous

min er als like serpentinites, it can pro duce the ob served in -

ter me di ate-depth seis mic ity by the de hy dra tion embrit tle -

ment. The seis mic ity thus pro duced does not nec es sar ily

form a lin ear trend, but could be a plane, be cause the hy -

drous min er als can ex ist over an ex tent of the forearc man gle 

wedge. This is in fact seen be neath Kanto where the sub -

ducted Bonin forearc pro duces a plane of in ter me di ate-depth 

seis mic ity (Seno 2007).

4.4 Buck ling of the Phil ip pine Sea Slab

The west ern edge of the subducted Phil ip pine Sea slab

has a west ward com po nent of its ve loc ity to the Eur asian

plate. This is be cause the NNW bi sect ing line is oblique to

the Eur asian - Phil ip pine Sea rel a tive mo tion. The west ward

mo tion of the subducted Phil ip pine Sea slab would thus be

ob structed by the South China Sea slab (the Eur asian plate)

dip ping south east from E. Tai wan. The South China Sea slab 

has to be torn by the Phil ip pine Sea slab. Figure 5 shows a

3-D sche matic il lus tra tion show ing the torn Eur asian plate,

the south west ward-mov ing Ryukyu forearc, and the sub -

ducting/obducting Phil ip pine Sea plate. The tear ing of the

Eur asian plate was also pro posed by Teng et al. (2000),

Lallemand et al. (2001), and Clift et al. (2003). The merit of

the pres ent model is that the tear ing is a nat u ral re sult of ki -

ne mat ics and geometry of the subducted Philippine Sea slab.

The fo cal mech a nisms of shal low earth quakes within

the Phil ip pine Sea plate slab be neath the south ern most Ryu -

kyu forearc have hor i zon tal compressional axes di rect ing

par al lel to the trench axis (Pezzopane and Wesnousky 1989;

Kao et al. 1998; Kao and Jian 2001), show ing that the Phi -

lippine Sea slab suf fers a sig nif i cant E-W compressional

stress. Fur ther more, south of the junc tion of the Ryukyu

forearc with Tai wan, i.e., off shore the north ern most Coastal

Range, fo cal mech a nisms of earth quakes show re verse fault -

Re ap praisal of the Arc-Arc Col li sion in Tai wan 581

Fig. 5. 3-D view of Tai wan and the plates in volved in the col li sion. The ge om e try of the Ryukyu forearc is taken from Hsu and Sibuet (1995). The

Luzon arc has been mov ing with re spect to the Ryukyu forearc in the N348°E di rec tion, and to the Eur asian plate in the N307°E di rec tion (Fig. 1). The

dif fer ence is due to mo tion of the Ryukyu forearc to the Eur asian plate (See white ar rows). The subducted Luzon slab has been mi grat ing with this

motion to the Eur asian plate and would tear the subducted South China Sea slab (green).



ing in the depth range of 10 - 60 km, which im plies that the

Phil ip pine Sea slab might be underthrusting be neath the

Eur asian plate (Wu et al. 1997). This is con sis tent with tear -

ing of the Eur asian plate in ter vened by the Phil ip pine Sea

slab at this place.

We re gard the Bouguer grav ity anom aly in the Ryukyu

forearc east of NE Tai wan (Fig. 2, Hsu et al. 1998) as caused

by buck ling of the wes tern most part of the Phil ip pine Sea

slab due to this ob struc tion, al though other fac tors such as

up lift ing due to subduction of buoy ant ridges, ero sion, and

ac cre tion of sed i ments also may mod ify the forearc crustal

thick ness (e.g., Lallemand et al. 1999). Wang et al. (2004),

how ever, showed that the shal low por tion of the subducted

Phil ip pine Sea slab is form ing a cusp in the wes tern most

Ryukyu Trench ac cord ing to seis mic re frac tion stud ies,

which im plies that buck ling of the Phil ip pine Sea plate is at

least oc cur ring there. Fold ing of the subducting Phil ip pine

Sea slab at a depth range of 100 - 150 km was ob served by

seis mic ity and mod eled as buck ling by Chou et al. (2006),

al though buck ling at such a large depth might not be caused

by tear ing.

We com pute the buck ling wave length of a 2-D plate

float ing on a vis cous sub stra tum. We as sume that the sur face 

de flec tion is filled by sed i ments based on the re frac tion

studies of Wang et al. (2004). The buck ling wave length lB

is then given by:

lB = 2p{6D / [F + (F2 + 12Df)1/2]1/2} (1)

where F is the force ap plied at the ends of the plate, f is the

re stor ing force due to grav ity, and D is the flex ural ri gid ity.

D is de fined by:

D = Eh3 / 12(1 – n2) (2)

where E is the Young modulus, h is the ef fec tive elas tic

thick ness, and n is the Pois son’s ra tio. f is de fined by:

f = -(rm – rs)g (3)

where rm is the asthenosphere den sity, and rs is the den sity

of sed i ments, and g is the ac cel er a tion of grav ity. Us ing E =

70 GPa, h = 15 km, n = 0.25, rm = 3300 Kg m-3, and rs =

2000 Kg m-3, we ob tain F = 4 ~ 7 ´ 1014 N m-1 for lB rang -

ing from 60 to 80 km. The value of h is taken ar bi trarily to

ex am ine the amount of re quired stress, as dis cussed be low,

and also be cause it is dif fi cult to es ti mate elas tic thick ness

for the Luzon arc.

The ob tained value of F gives hor i zon tal compressional

stress of 27 ~ 47 GPa op er at ing at the edges of the plate. This 

is un re al is ti cally large, which im plies that the elas tic thick -

ness must be much smaller than 15 km. If we re duce the

thick ness by a fac tor of 10, the stress will be re duced by a

fac tor of 100. In this case, the stress be comes an or der of a

few hun dred MPa, which might be plau si ble for such an

anom a lous place where a slab has been torn by an other plate. 

This elas tic thick ness seems too small for the Ter tiary age of

the Phil ip pine Sea plate. The part of the Phil ip pine Sea plate

in ter ven ing the tear is, how ever, the backarc of the Luzon arc 

(Figs. 3d and 4b) and it could be me chan i cally thin be cause

of vol ca nism since the Mio cene. Fur ther ev i dence is re -

quired to sup port such a thin litho sphere.

5. CON CLU SIONS

We pro pose a new model of the col li sion in Tai wan, re -

ap prais ing the idea of Hsu and Sibuet (1995) that the rel ict

Ryukyu forearc ex tends to south west of Tai wan. In our

model, the Luzon arc has been col lid ing with the Ryukyu

forearc ac tively mi grat ing south west ward. The north ern -

most Luzon arc is di vided into two parts by the NNW line

along the Phil ip pine Sea - Ryukyu forearc rel a tive mo tion

di rec tion; the part west of this line has been obducted on the

Ryukyu forearc, pro duc ing the col li sion orogen in Tai wan,

and that east of it has been subducted be neath the Ryukyu

forearc. The col lided part has prop a gated NNW over the

Ryukyu forearc, but north west with re spect to the Eur asian

plate. The Ryukyu forearc has mi grated south west ward with

re spect to the Eur asian plate, and fol lows the south west ward

mov ing com po nent of the obducted Luzon arc with re spect

to the Eur asian plate. This evo lu tion ary model ex plains no

ex is tence of a trans form fault strik ing in the Phil ip pine Sea -

Eur asian mo tion, the prox im ity of the Ryukyu Trench to NE

Tai wan, and the NNW strik ing edge of the subducted Phi -

lippine Sea slab.

Fix ing the north ern edge of the Coastal Range as the

north ern edge of the obducted vol ca nic front of the Luzon

arc, and as sum ing that the width and trend of the Luzon arc

are 100 km and N-S, re spec tively, the on set time of the col li -

sion, the amount of the lat eral shift of the Ryukyu forearc,

and the length of the subducted Phil ip pine Sea slab are es ti -

mated to be 7.5 Ma, 370, and 380 km, re spec tively. The

obducted Luzon forearc wedge would have been com pacted

and up lifted pro duc ing the col li sion orogen with the ac -

creted Chi nese con ti nen tal shelf/slope sed i ments in Tai wan.

More than a vol ume of ~78000 km3 would have been

eroded from the moun tain range north west of the Coastal

Range, if the obducted vol ume of the Luzon arc is com pared

with the pres ently ob served vol ume. The south ern most

Ryukyu Trench would have been bent to the north, ro tat ing

the Ishigaki Is land by 20° in a clock wise sense, by the buo -

yant subduction of the east ern half of the Luzon arc. This

buoy ant subduction, not col li sion, is likely to be caused by

the de hy dra tion of the subducted serpentinized forearc, as

man i fested by the dou ble seis mic zone in the Phil ip pine Sea

slab be neath NE Tai wan.

The model pre dicts that the South China Sea slab has to

be torn by the Phil ip pine Sea slab mi grat ing west ward. This
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would cause a large lat eral com pres sion of the Phil ip pine

Sea slab at its shal low west ern bor der, which might lead to

the buck ling of it. If un du la tion of the grav ity anom a lies at

the wes tern most Ryukyu forearc is caused by this buck ling,

the elas tic thick ness of the Phil ip pine Sea plate should be

small (of the or der of a few km) to ex plain the observed

wavelength.
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