Slab breakoff as a mechanism for flipping of subduction polarity
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ABSTRACT Philippine Sea plate (Fig. 1). The Philippine Sea
We propose a model that involves breakoff of the east-dipping Eurasian slab beneath theplate has been moving in a north to northwest di-
Taiwan orogen to account for the flipping of subduction polarity in northern Taiwan. The rection since early Tertiary time (Hall et al., 1995;
breakoff was initiated in southern Ryukyu in the early Pliocene and then propagated southwest- Seno et al., 1993), subducting beneath the Eura-
ward into Taiwan, like an opening zipper. Detachment of the Eurasian slab has created a mantlesian plate north of Taiwan but overriding the Eur-
window for the north-dipping Philippine Sea plate to move in laterally, causing a switch in the asian plate to the south. Convergence between
subduction polarity. Slab breakoff not only provides a testable model for the lithospheric struc- the two plates has generated the southeast-facing
ture of Taiwan, but also accounts for the high heat flow, rapid uplift, synorogenic extension, deep- Ryukyu arc in the north and the northwest-facing

focus earthquakes, and north-diminishing crustal contraction in the Taiwan mountain belt. Luzon arc in the south. Taiwan is in the transfer
zone between the two opposite-facing arcs.
Keywords: tectonics, lithospheric structure, subduction, collision, Taiwan. In the Miocene, prior to the collision, the Luzon
arc was located more than 500 km southeast of its
INTRODUCTION fill in laterally, which has caused flipping of sub-present position and had been moving north-north-
Formed by the collision between the Luzon arduction polarity in southern Ryukyu and northernwestwardwith the Philippine Sea plate (Teng,
and the China continent (Chai, 1972), the activ&aiwan since the early Pliocene. 1990). The Ryukyu arc was situated northeast of
Taiwan mountain belt has often been used as a the island Ishigaki-Jima, and the western edge of
classic example for illustrating mountain buildingTECTONIC BACKGROUND the subducting Philippine Sea plate was located

processes (e.g., Barr and Dahlen, 1989; Chemendal' he Taiwan mountain belt is located on th&long a line trending north-northwest in southern
etal., 1997; Suppe, 1981; Wu et al., 1997). Daéboundary between the Eurasian plate and thiRyukyu (PWEP in Fig. 1). The area southwest of
spite the fact that most of the Taiwan orogen is

still being pushed up by the collision, the north

east part of the orogen has evolved beyond tl 125°E
- - N T — T _ _'_ _ T _ _|LEGEND
collisional phase and is in the process of collap: 3 0" “100km ~ I
ing (Teng, 1996). The transition from orogenic " Eurasian ©° CPWEP - - - ) v Active thrust
buildup to orogenic collapse is associated with tr L~ Plate A - - - | o Inactive thrust
o riaRt ¢ T ~~ Normal fault

flipping of subduction polarity from northwest
facing in southern Taiwan to southeast facing i
northeast Taiwan (Fig. 1).

Although long recognized as an important tec
tonic feature in Taiwan (Chai, 1972; Suppe, 198¢
Tsai, 1986), the flipping of subduction polarity
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has not been fully investigated. Suppe (1984) h o
pothesized that the flipping of subduction polarity k" n = -5-za [] Basementhigh
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might have propagated from Ryukyu to Taiwai ‘ 8 & Central Range

but did not address the flipping mechanism. Var Coastal Range
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ous tectonic features have been related to the K A: Batan
larity change in northern Taiwan (e.g., Chemenc 5
etal., 1997; Kao et al., 1998; Lee and Wang, 198: M: Iriomote-Jima
S: Ishigaki-Jima
Ma et al., 1996; Rau and Wu, 1995; Roecke U: Lanshu
Y: Yonaguni-Jima

etal., 1987; Teng, 1996; Teng et al., 1992; Tsa
1986; Wu et al., 1997; Yen et al., 1998), but hov
the polarity switched has not been elucidated. C
the basis of integrated geologic and geophysic
information, we demonstrate that the east-dig
ping Eurasian slab may be breaking off, like ai
opening zipper, beneath the Taiwan orogen. W
propose that slab breakoff created a mantle wil
dow for the north-dipping Philippine Sea plate tc

20°N

Figure 1. Plate tectonic setting of Taiwan. PWEP—precollision position of WEP; WEP—
_ surface projection of western edge of north-dipping Philippine Sea plate. Summarized
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this line, including Taiwan and part of southerr
Ryukyu, was occupied by the passive China cot
tinental margin, which extended to the norther
flank of the South China Sea. The north-trendin
Luzon arc approached the northeast-trendir
China continental margin obliquely, and the north
ern end of the arc collided with the continenta
margin of southern Ryukyu in late Miocene time
The collision deformed the outer China continen
tal margin and the northern Luzon arc and inco
porated both into the collision orogen. In the TWERTH \ \k

early Pliocene, the Philippine Sea plate change
its motion to northwestward and the Luzon ar

began to override the continental margin mor ¥
g S Wingteem | Coeniral |Coasial
rapidly. The collision propagated southwestwar: O Fagthils| Range | Range o'
and pushed the orogen to migrate from southe
Ryukyu into Taiwan. In the meantime, the north — —
dipping Philippine Sea plate beneath the Ryuky ; PSP
arc also moved westward, and its west margi
ly advanced to its present position \F'gure 2. Plate interactions
progressively p p in Luzon-Taiwan region. Sym-
northeast Taiwan (WEP In Flg 1) As the northbo|s and locations are shown ’ \\ \
dipping Philippine Sea plate moved undernealin Figure 1. EP—Eurasian @
the northern part of the collision orogen, the pcPlate; PSP—Philippine Sea Slab Breakaff

plate. Open dots denote earth-
larity of subduction flipped, and the overlylngquakes of Mb = 4 in 50 km

orogen became incorporated into the Ryukyu agyath projected onto section.
(Teng, 1996). The process of subduction, colliSynthesized from Hamburger
lom Central  Lanshu

sion, and flipping of subduction is still under wayet al. (1983), Hayes and Lewis C F‘;‘u.m c
in the Taiwan area. (1984), Kao et al. (1998), Lewis

. . . . and Hayes (1989), Louden
Owing to the oblique nature of the collision, 1980), Ma (1987), Nissen et al.

the variation in the contemporary tectonics alon(1995), Oda and Senna (1994),
the plate boundary from Luzon to Taiwan demorRau and Wu (1995), Taylor and
strates the sequential tectonic developments leeHayes (1983), Tsai (1986), Wu
ing to the flipping of subduction polarity (Fig. 2). ?193|6)(19E%Zt)h qin:kgaggt :t a‘l
South of Taiwan, the Eurasian plate is activelfrom National Earthquake In-
subducting eastward beneath the Luzon arc, tformation Center of U.S. Geo-
oceanic lithosphere of the South China Sea ailogical Survey.

transitional Iithgspherg of the China continente B anla  Accrationary — E!'
slope sequentially going down into the Luzor FENCT Wi o
subduction zone (sections A-and B-B). In
southern Taiwan, drastic collision commences
and the accretionary wedge emerges above t
sea level as the continental lithosphere is pulle
down into the subduction zone (section §-
central Taiwan, the continental lithosphere cor
tinues to subduct eastward, and the collision or
gen grows to its maximum height (section D-D
However, neither arc volcanism nor deep eartt A, Manila Acoretonary  Babuyans A'
quakes have been observed, hence, the plate i, s o o
teraction remains obscure beneath the collisic
orogen. In northeastern Taiwan, the subductic
polarity has flipped, and the Philippine Sea plat
is underthrusting the Eurasian plate (sectio
E-E). The orogen, no longer subjected to colli
sion, is under the influence of lithospheric stretct
ing and Ryukyu arc magmatism.

As far as the deep lithospheric structure is cot
cerned, it is clear that the east-dipping Eurasiaman (section E-E Kao et al., 1998). Bracketed (Fig. 1). However, owing to the lack of a clear pic-
slab beneath the Luzon arc system extends frdoy these two well-defined subduction zones, theire about the deep-mantle structure of Taiwan,
Luzon to southern Taiwan without a significaneast-dipping Eurasian slab must be somehoow the transformation takes place is not clear.
break (sections A“Ao C-C of Fig. 2; Hamburger transformed into the north-dipping Philippine
et al., 1983). The north-dipping Philippine Se&ea slab beneath north-central Taiwan, i.e., PBPALEOTECTONIC CONSIDERATIONS
plate beneath the Ryukyu arc also extends coneath the area between the western edge of theAlthough geophysical evidence might be in-
tinuously from southern Ryukyu to northeast TaiPhilippine Sea slab (WEP, Fig. 1) and section’' C-Gufficient to delineate the plate configuration be-
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neath Taiwan, geologic records seem to indicat®rollary rather than a surprise. As pointed out biyearly zero in northern Taiwan (Yu et al., 1997),
that the east-dipping Eurasian slab exists benedifavies and von Blanckenburg (1995), when avhich agrees with what is expected if slab break-
north-central Taiwan and southern Ryukyu. Botpassive continental margin enters the subductiaff has begun in the north. In addition, with di-
southern Ryukyu and Taiwan were part of theone, the buoyant continental lithosphere resistainishing compressional support, the thermally
passive continental margin of the South Chinaubduction, whereas the forerunning oceanic lithuplifted orogen above the breaking slab may be
Sea before being deformed by the collision. Thesphere continues to go down into the mantlsubjected to crustal extension as a result of gravi-
precollision tectonic configuration of this de-This process generates an extensional force atdtional collapse. In central and northern Taiwan,
formed margin, based on stratigraphic and struagag on the transitional lithosphere between, whickynorogenic extension has been illustrated by
tural reconstruction, was very similar to that ofncreases in magnitude with increasing subduevidespread earthquakes of extensional focal
the present northern margin of the South Chingon and may eventually result in breakoff of thanechanisms (Kao et al., 1998; Rau et al., 1996)
Sea (Teng, 1992). The margin most likely endowngoing oceanic slab. This phenomenon hasd late-stage normal faulting (Crespi et al., 1996;
compassed a continental lithosphere, a trandieen reported from a comparable collision zonkee et al., 1997), which lends further support to
tional lithosphere, and a certain length of oceania Timor (McCaffrey et al., 1985) and severalthe slab-breakoff hypothesis.
lithosphere, as does the present South China Sather places in the Mediterranean (Wortel and
margin west of the Luzon arc (Fig. 1). In MioceneSpakman, 1992). DISCUSSION AND CONCLUSIONS
time, hundreds of kilometers of the oceanic litho- Despite the lack of sufficient data to demon- The idea that slab breakoff occurs when the
sphere must have been subducted beneath giete the complete lithospheric structure beneationtinental lithosphere enters the subduction
Luzon arc in order to generate the voluminou$aiwan, seismic tomographic studies based arone was raised in the early years of studies of
Miocene arc volcanic rocks in the Coastal Rangecal-network data show that the upper mantle gflate tectonics (McKenzie, 1969) and has been
of eastern Taiwan. Pieces of the consumed ooeentral Taiwan is distinctively different from thatthe subject of intense investigation (Davies and
anic lithosphere were scraped off during the sulof northern Taiwan (Roecker et al., 1987). In cenvon Blanckenburg, 1995; Wortel and Spakman,
duction and emplaced as ophiolitic blocks in th&ral Taiwan (south of lat 24°N), the continentall992; Hildebrand and Bowring, 1999). Chai
melange deposits of the Coastal Range (Supperust of the Eurasian plate is believed to be sut972) speculated that the Eurasian plate be-
etal., 1981). The precollision scenario of southerducted to the depth of around 50 km, as shown meath Taiwan might have broken off, which
Ryukyu and northeast Taiwan was probably na zone of low P-wave velocity. In northern Tai-caused buoyant uplift of the overlying continen-
much different from that of the present Luzonwan (north of lat 22N), the low-velocity zone tal lithosphere, upthrust of the Central Range,
Babuyan region (section A*A Fig. 2). Later in  becomes less distinct and is offset to the east bypd generation of the imbricated folds and
Pliocene-Quaternary time, the oceanic lithospherg5-30 km. At about lat 28, earthquakes line up thrusts and gravitational nappes in western Tai-
transitional lithosphere, and part of the continerin a narrow zone dipping eastward from the neavan. However, owing to the lack of solid sup-
tal lithosphere may have been successively susdrface in western Taiwan down to the depth gforting evidence, Chai’s proposal was largely
ducted in the way shown in the present Luzor80 km. Although the focal mechanisms of shalignored in later tectonic studies (e.g., Barr and
Taiwan area (sections A-fo D-D'). Hence itis low earthquakes exhibit horizontal compressio®ahlen, 1989; Chemenda et al., 1997; Roecker
very likely that the downgoing Eurasian slab beeonsistent with the collision tectonism on the suret al., 1987; Suppe, 1981, 1984; Teng, 1990;
neath the Luzon arc extends all the way frorface, those of the earthquakes deeper than 40 Kreai, 1986; Wu et al., 1997). As shown in this
Luzon north to southern Ryukyu. However, thishow downdip extension (Lin and Roeckerpaper, geologic and geophysical observations
scenario would create a dilemma of having tw@993). These features seem to indicate that thgade in the past 20 years are consistent with the
intersecting slabs beneath northeast Taiwan afdirasian plate may still be a continuous slab beetion that the Eurasian slab has broken off be-
southern Ryukyu, because the north-dipping Phikeath central Taiwan, but is in the process afeath southern Ryukyu and northern Taiwan
ippine Sea plate is also there. breaking as a result of slab-parallel extensiomnd is in the process of breaking beneath central
The most likely solution to this dilemma is toBeneath northern Taiwan, however, the loweFaiwan. The breakoff first began in southern
have the deeper part of the downgoing Eurasigrart of the Eurasian slab may have already br&®yukyu in the early Pliocene and has since
slab break off and sink into the deep mantle so thiaen off, and the resultant mantle window is probpropagated into Taiwan, like an opening zipper.
a window could be created for the north-dippingbly widening toward the north. Breakoff of the Eurasian slab creates a mantle
Philippine Sea slab. If this interpretation is cor- Although difficult to verify, slab breakoff be- window for the north-dipping Philippine Sea
rect, the breakoff should have been initiated ineath Taiwan has some important consequengaste to fill in and has been responsible for flip-
southern Ryukyu (near PWEP in Fig. 1), wher¢hat can be scrutinized with data from observgsing of subduction polarity in Taiwan.
the north-dipping Philippine Sea plate began itsons. Slab breakoff inevitably induces astheno- As a hypothesis, slab breakoff provides not
westward advance in the early Pliocene. It praspheric upwelling that raises the geothermal granly a plausible model for the deep lithospheric
ceeded like an opening zipper, propagating fromient in the collision orogen and pushes thstructure of Taiwan, but also a viable connection
southern Ryukyu into Taiwan and leaving a marerogen to rise buoyantly. As a result, the heat flolwetween the Luzon and Ryukyu arcs. It success-
tle window for the west-advancing Philippine Seand uplift rate would be high in the collision oro-fully accounts for the high heat flow, rapid uplift,
plate. The western edge of the north-dipping Phigen, which has been well documented in the Tasynorogenic extension, deep seismicity, and
ippine Sea plate has reached northeast Taiwan,wan orogen, especially in the Central Range (Bamorth-diminishing crustal contraction observed in
slab breakoff is probably taking place farther t@and Dahlen, 1989; Chen, 1984). Breakoff also dithe Taiwan mountain belt. It predicts that a de-
the southwest (section D~ Fig. 2). Beneath minishes the downward slab pull that drives plat&ached Eurasian slab is beneath northern Taiwan
northeast Taiwan and southern Ryukyu, the dowigonvergence and crustal shortening in the overlgnd southern Ryukyu (section ExEvhich can
going Eurasian slab may have already detachéty orogen. Hence, the contractional deformatiohe readily tested by future investigations. If fur-
from its overlying counterpart and may be sinkingn the collision orogen may be reduced once ther substantiated, the Taiwan mountain belt may
under the Philippine Sea plate (section'E-E slab is breaking and may eventually be terminatesffer another actualistic example for those an-
if the slab completely breaks off. Geodetic dataient mountain belts that might have gone
SLAB BREAKOFF from a Global Positioning System survey showhrough the slab-breakoff process (e.g., Davies
From the dynamics point of view, slab breakthat the intensity of crustal shortening is high irand von Blanckenburg, 1995; Hildebrand and
off in a collision setting like Taiwan is probably asouthern Taiwan but progressively decreases Bowring, 1999).
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