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The termination of the Ryukyu trench against Eurasia and the oblique
subduction of the Philippine Sea Plate create a subduction-collision complex offshore
Taiwan, which has not previously been elucidated in detail. \We combine traveltime
data from the seismic networks in Taiwan and Japan to better illuminate how the
subducting Ryukyu slab deforms in this subduction-collision zone. More than 5000
events recorded by both networks were relocated with the double-difference method
using an optimal regional 1-D velocity model. The offshore seismicity indicates
that the double seismic zone, with a gap of 15-20 km, exists in the subducting slab in
the depth range of 40-80 km.  Focal.mechanisms suggest that the double seismic
zone is caused by east-west-compression resultingfrom oblique convergence.

The improved hypecentral focations for the first time.reveal folding of the slab
into a horizontal curvature larger in magnitude than and opposite in sign to that of the
Ryukyu trench in the depth range 50-10__0_ km: | The anomalous curvature, together
with the focal ‘mechanisms, suggests"th'ét the 'slab folds against the Eurasian
lithosphere and that-.this" deformation c.annot be fully elastic. ©+ We model this
deformation mode as the_developing insfability of a viscoelastic Maxwell layer
embedded in a viscous medium.-.* The characteristic wavelength of the instability, i.e.,
~250 km, is consistent with folding of a slab'whose viscosity is 100 times higher than
that of the surrounding mantle for an-along-strike elastic membrane strain as small as
0.01, or more than 3 orders of magnitude higher if 5% elastic strain is allowed.

Three dimensional tomographic images of the subducting Philippine Sea slab
and the forearc mantle beneath NE Taiwan and the westernmost Ryukyu were
generated in this study. More than 5600 events recorded simultaneously by seismic
networks in Taiwan and Japan were relocated for the inversion for variations in Vp,
Vs, and Vp/Vs.  Analysis of the tradeoff between the data variance-reduction and
model-variance helps to determine the appropriate strictness for regularization to
avoid either over- or under-interpretation of data. The regularization parameters

were also chosen to ensure suppression of artificial Vp/Vs anomalies. The



subducting slab is characterized by high Vp, high Vs, and intermediate to low Vp/Vs.
Notable in the mantle wedge is the high Vp/Vg5 anomalies that abut the surface of the
subducting slab at depths of 30-80 km. The previously identified positive Vp/Vs
channel connecting the slab and the arc volcano interpreted to be a melt pathway is
not reproduced in this study.

We convert Vs and Vp/Vs to perturbations of temperature and serpentinization
of the mantle. The slab is cooled by 200-400°C relative to the mantle, in accord
with the estimates from theoretical modeling of subduction. The serpentinization
reaches ~15%, or 2% water_content, at 50 km depth in the forearc mantle. We
interpret the peak serpentinization .as hydrated by the water released from the
basalt-eclogite metamorphic reaction in the oceanie.crust of the subducting Philippine
Sea plate. The spatiallimitation of the present seismic. netwaorks in this region with
respect to subduction zone events hinders a full description ‘of the pattern of melting
in much of the mantle wedge. Resolutieﬁ tests of the tomographic inversion provide

a basis to guide our interpretation to betterresolved regions.
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We follow the linear-operator approach of Fliigge [1975]. The bending stress

and strain for a 2-dimensional layer is related by the linear operators:

F(o)=0(¢) (A1)
where subscript / denotes the operators for layer. Without introducing material
properties, the balance between the bending moment, horizontal compression per
unit length perpendicular to the. direction of compression N, and vertical loading g

leads to

oo =
EQ;(GTZVHB(N@TZVFPI(C]) (A2)

where w is the vertical deflection-of the layer=h the thickness,of the layer, and x

measures horizontal distance in N-parallel direetion. For a Maxwell material that

1 L]
e

responds instantaneously to external stresses.followed by a viscous deformation, the

contributions from the ‘elastic and viscoué._parts are summed on strain rate:
]

- 1
& ="
1 B 4

(A3)

Here each contribution is for'a'thin plate, and' E; = E,/(l=v") with E, the
Young’s modulus of the layer,"andty, the viscesity of the layer. With these, the

operators are defined as

0 0
P1:1+Tl'a ) Q1:4/11'5 ) (A4)

where 7, = 4#1/E1* is the relaxation time of the Maxwell material. Equation (A2)

becomes

o o*w 0. 0w 0
D —.Z AN+, ) L=+, —)- A5
ol o (I+7 az) P (1+7 81‘) q (A5)
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This is the governing equation for bending of a Maxwell layer under transverse
loading g and in-plane compression N; D, :,u,h3/3 is the flexural rigidity of a
viscous plate. Equation (A5) reduces to bending of an elastic plate as 4, — c and
T, > 00!

o +N- =q (AB)
ox? o2

where D, :E,*h3/12 is the flexural rigidity of an elastic plate. Equation (A5)

reduces to viscous plate bendingas E; - and 7, > 0:

. +N- = (A7)
oxt ox’
Because externalloading is passive-in-a-folding problem, the medium operators

link g with deflection w:

F.(q)=0,() (A8)

Assume the deflection w has the formiéif:w(x, ) = A(t) - sin(kx),
_—

B E1, gf —4k,um§ (A9)

for viscous medium, where 1z, | is the viscosity of the medium. Equation (9)
implies that the resistance is propaortional.te the wavelength at'which the layer is

folded. Insert (8) and(9) into .(5) to eliminate g, we obtain

e " 2
) agt + N Wik Ny 8(; — k2 e v, (A10)

D
ot or?

The characteristic equation for the solution of the form of A(#) - sin(kx) is

2
4,umr12t—;4—[rlNk—ka3 —4ym]-‘2—‘f—Nk-A:o (A11)

and A(t) is composed of two terms: exp(w; -¢) and exp(w, -t) where

o7, :% N +c] (A12)
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where

— _
b:k——48Nk+i, c=64gNE, (A13)
3 y y
and y =, /u, . The normalized wavenumber k =271(A/h), and gy is defined

as
£y =— (A14)

which approximates the in-plane elastic strain or the membrane strain due to lateral
compression. The amplification functions @, >0 which promotes instability, and

, <0 which stabilizes pertuibaﬂeﬂi BUFLF\th’EfFaETmAcatlon rate is always greater
F L3
than zero. The ampli f1 on ;" cé:r:'be pIo_ﬁas a funct"ﬂqp of normalized

mg‘%a{offoiﬁmg A, canbe

wavelength and thg;Wave-lg:gth

(A15)

The instability occurs’ﬁheq 1{‘?1/'2 /1d F%gwscous _Layﬂ't folding in a viscous

TiCat} !-

medium, A4, canbe expres-s'éd}nah/tlcally too: _j S

" .-.—\.I!I.
1/3
%d - 2;{%} , (A16)

The derivation of equations (A15) and (A16) can be found in Biot [1961].
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[1] The termination of the Ryukyu trench against Eurasia and the oblique subduction of
the Philippine Sea plate create a subduction-collision complex offshore Taiwan, which has
not previously been elucidated in detail. We combine traveltime data from the seismic
networks in Taiwan and Japan to better illuminate how the subducting Ryukyu slab
deforms in this subduction-collision zone. More than 5000 events recorded by

both networks were relocated with the double-difference r_l'fethch using an optimal regional
one-dimensional velocity model. The.offshore seismicity indicates that:the double
seismic zone, with a gap of 15-20&km, exists in. the subductihgisiab in'the depth range of
40—80 km. Focal mechanisms §Eggeét that the floﬁﬁ-le seismiGizone is caused by.east-west
compression resulting from ‘obhq'ue__'c.gﬁv_ergen it d hypocentral locations
for the first time reveal folding of the slab i larger in magnitude
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1. Introduction A Mﬂ'exwe mode qﬂf deformation produces changes
. WL, gletand/or the subducting flow field of the slab
[2] The global seismicity distribution mm_y;lées a_three= [Chiao,1993]: :Ch'ange's‘ in the boundary forces that exert on

dimensional (3-D) portrait of each subduction zofe'in'the
mantle [e.g., Chiu et al., 1991; Engdahl et al., 1998]'.:"_1:hese
images demonstrate that the subducting slaU"lar%‘gly inherits
the geometric characteristics of the oceanic lithosphere
formed on the surface of the Earth and tends to avoid
additional extensibility or in-plane deformation [Burbach
and Frohlich, 1986; Yamaoka et al., 1986]. This implies that
for a slab thousands of kilometers in lateral dimension but
only tens of kilometers in thickness, the preferred mode of
deformation is flexure instead of in-plane deformation.
However, there are suggestions that flexure and large
membrane deformation may occur simultaneously on re-
gional to local scales in subducting slabs [e.g., Bevis, 1988].
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o the ﬁé_lﬁlf,lsuch as' the variations in the rates of trench
migration and the impedance of the transition zone to deep
_penetration also distort the slab in three dimensions, intro-

. dilcir:g additional curvature to the slab geometry [e.g., van
der Hilst and Seno, 1993; Chen and Brudzinski, 2001;
Pysklywec et al., 2003]. These deformations, however, are
many hundreds to even thousands of kilometer along the
strike of the trench, which can adequately be depicted using
the seismicity data determined by the global network
[Gudmundsson and Sambridge, 1998; Engdahl et al.,
1998].

[3] Several factors have to be in place favorably for the
subducting slab to deform on scales of a few hundred km or
less along its strike in the shallow mantle. The applied
forces in the mantle have to be relatively localized or
exerting on the slab in such a way to promote small-scale
flexure. The rigidity of the slab sets a lower bound for the
flexural wavelengths, so a thinner and warmer slab is prone
to deflection than a stronger, older slab. The yield envelope
governed by both friction and power laws [e.g., Kohlstedt et
al., 1995] delimits stresses in the slab, allowing for larger
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curvature for the same bending moment. Finally, the seismic
data have to be accurate enough to characterize the defor-
mation within hundreds of km in scale. Global seismicity
data are likely to be aliased by limitations from the
magnitude threshold of events and the global velocity
model that are used, and are not up to the task. There are
potential regions in which slabs are soft and subject to
tectonic forces that may cause small-wavelength deforma-
tion but the global seismicity data fall short of resolving it.
[4] This study focuses on one of such potential regions:
the westernmost 100 km of the Ryukyu subduction zone
where the trench terminates against the Taiwan island at the
surface and the slab against the Eurasian lithosphere at
depths. Because of the increasingly high obliquity of
subduction and the juxtaposing of the Eurasian lithosphere
sideways, subduction is progressively superimposed with
collision. In this relay zone northeast of Taiwan, the
complex seafloor morphology and sediments_obscure h
the trench curves toward its western end, Vini no clue to
project the shape of the slab below. Up-to-date, depiqcti_i?n of
the slab in this region has been conducted WiIh._ gteat
limitations. Attempts based on the seismicity extracted

featureless structure [e.g., Lin et al 2004
zone is almost entirely offshbre the 1slan
based network data risks sxsteman.c. mi
geometrical viewpoint, several !;tq_tipns .@Ef the Jap
located on the westernmost islands' of the
provide a crucial constraint from the cast of the|rel
Unfortunately, joint seismological etkorts between the
networks have not been realized to thei
past. It remains question-as to wheth
in geometry as portrayed by prev1ou
toward the Eurasia. e
[s] We combine data from Taiwan
to relocate earthquakes in the 150-
collision relay zone. The rel,ocatio ‘
necessary steps to assure minimui
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Taiwan orogenic belt [e.g., Sibuet et al., 1998] (Figure 1).
Evolution of the volcanism both offshore and on land in the
northern Taiwan is complicated but is ultimately derived
from the back-arc spreading and upwelling in the mantle
wedge behind the Ryukyu arc [Wang et al., 2004a]. The
mantle wedge beneath the western Ryukyu has not been
imaged properly because of the poor coverage of seismic
stations, except perhaps for the northern Taiwan where on-
land seismic stations make such imaging geometrically
possible [Lin et al., 2004]. It is generally believed that the
Okinawa Trough, the back-arc basin of the subduction
system, extends into the northeastern corner of Taiwan,
exerting a local extensional tectonism to the collisional
regime of orogeny. The curvature of the trench has a
maximum magnitude at the central segment on the order
of 0.002 kmfl, on the same order of the magnitude of
0.001 km™ " of the Mariana. The small curvature through-
_O"ut"n;ﬂ,ich the trench favors a largely two-dimensional
structure without significant along-strike deformation. The
Phlhpfmne Sea: plate. (PSP) converges with the Eurasia at
abglﬁ 70 mm/yr along. N50°W direction in this region
ure 1) [Sena qt al, 1993]. The convergence is at high

earshore, Taﬁan the angle becomes less
als"" SIgmﬁca.nt change of reglonal stress

evails as suggested by—earthquake focal mecha-
98], and collision becomes the major

lems remafﬂ'--perplexing. The Gagua

S ab 'oﬂ' the west of the Gagua ridge
ly than on the east [e.g., Deschamps et
of the naée and its interaction with
{dutifig sqibductlon have been investi-

“bias from e her net-4 ‘gated [ 5¢ _mnps et'al’, 1998; Schnurle et al., 1998]. The
works and to suppress the effects of glﬂiree-fh > western Philippine basin is important to the
heterogeneity. From the better deterrmhed-hpewmmlty 1 1rnat1-gn of 'the m'echaplcal strength and thermal structure

this study, a double seismic zone G)SZ) ‘has been 1derf1t1f1ed

of thg.Ryukyu Slabybut has not yet been settled. The age of

at intermediate depths throughout the: onshore-offshore ®40 Ma'is estimated from the plate reconstruction model of

region, indicating that the DSZ imaged b§ qu and_Rau
[1999] beneath the northern Taiwan extends eas’t'wardfby at
least 100 km. In addition, we observe a mild yet systematfc
deviation of slab geometry from that projected from the
Ryukyu trench, and from that drawn previously based on
either the global data set or the data of the Taiwan network
[Kaoetal., 1998; Hsu,2001]. Different modes of deformation
in the relay zone may exist. In a kinematic consideration,
Chiao et al. [2001] proposed an eastward rotation of subduc-
tion flow field to release the along-arc strain. While this
rotation mode may exist, we establish a folding mode through
the high-resolution slab geometry. We formulate an instability
problem in which a viscoelastic layer is subject to compres-
sion to interpret under what rheological regime the folds take
up the shape depicted by the relocated seismicity.

2. Taiwan-Ryukyu Subduction-Collision Complex

[6] The Ryukyu subduction zone has intimately engaged
in the tectonic evolution of the northern segment of the

Seno and aru)lama [1984]. Aided by dating of the gabbro
samples, Deschamps et al. [2000] proposed a much older
(>100 Myr) age for the Huatung basin, the portion of the
PSP between Taiwan and the Gagua ridge. However,
because the subduction is not straight north, most of the
Huatung basin is on the course of collision with Taiwan and
will never be subducted under the Ryukyu trench unless the
plate motions change dramatically in the future (Figure 1).
For the slab geometry, both teleseismic seismicity [Engdahl
et al., 1998] and the local earthquakes located by the
Central Weather Bureau (CWB) Seismic Network of Tai-
wan have been selected to depict the Ryukyu slab in
previous studies [Kao and Rau, 1999; Font et al., 1999].
The CWB hypocenters exhibit smooth slab geometry that is
no different from an extrapolation of the slab from the east
[e.g., Kao et al., 1998]. The slab contours shown by Font et
al. [1999] using CWB data may reflect either inaccurate
hypocenters or topographic features rather than flexure of a
mechanical lithosphere. As noted above, a joint determina-
tion of seismicity from networks of Taiwan and Japan is
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Figure 1. Map showing tectonic setting of the T yukyu subd uqtlon-c®111§1on zone and the seismic
stations used for relocation of eapﬁi}@kes‘%taﬂ}{{é%mres are labeled. The 11 CWB
stations (solid diamonds)_%lfld 7 TPVI;A"statj.Qi‘l.s (soli squares)'-,_forlﬁ'“a netwotk covering the subduction-

collision relay zone. For onshote events, ﬁ),é_-fl CWB staﬁciﬁ's ‘are j oine by other CWB stations (open
diamonds) to implement another ne'?'vork covering enfire northern _Tainlf The Ryukyu trench has a general
trend of southward convexity (white solid dotted line and black lh}eﬂ in the inset) but loses its identification
when nears Taiwan. Dashed line marks the hypothetical ,ﬂeﬁrﬁai'y, in the northeast of which the PSP will be
subducted beneath the trench in the future. This boundary is parallel to the plate motion (arrow) [after Seno et
al., 1993]. The dash-dotted line running along the east coast of Taiwan marks the suture between the PSP and

the Eurasia. Collision between the PSP and the Eurasian plate is taking place along this boundary and its

northern extension in the upper mantle.

desirable. One of such attempt was made by Hsu [2001],
which, with limited number of data from the Japan Mete-
orological Agency (JMA), represents a first step toward a
comprehensive integration of data from the two networks.
[8] The crustal structure of the PSP at the forearc basin
north of the trench has been investigated with multichannel/
ocean bottom seismometry data by Wang et al. [2004b]. The
resultant velocity model provides a glimpse of the physical
state of the lithosphere at the onset of subduction. The 3-D
velocity images show that the forearc basement warps in the
arc-parallel direction, which is considered as evidence for
buckling of the PSP lithosphere against the continental

margin at Taiwan [Wang et al., 2004b]. It is unknown
whether this is a crustal signature or representative of the
mechanical behavior of the entire PSP. In addition, the
oceanic crust is thickened to ~10 km beneath the forearc
in their model, but no further constraint exists at greater
depths. Whether buckling or thickening persists in the
subducting slab depends on whether the end barrier against
the oblique subduction exists at greater depths and how the
slab propagates flexure downward mechanically.

[0] Kao and Rau [1999] discussed the origin of the DSZ
manifested in cross sections of CWB hypocenters onshore
northern Taiwan, and recognized the horizontal compres-
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events. The absolute arrival times were provided by the
operators of both networks, and there are a total of 74,403 P
and 60,952 S times to start with. Tomographic inversions
have been conducted from the relocated events, and will be
the subject of a separate report.

[11] The procedure of relocation is described below. The
initial locations are taken from the CWB catalog, which is
based on an average 1-D model of Taiwan determined by
Chen [1995]. We then relocate these events using the
combined CWB-JMA data and Chen’s [1995] subregional
model for the northeastern Taiwan. To obtain a 1-D model
that better represents the broader land-offshore region, we
employ the technique of Kissling et al. [1994], which
simultaneously inverts for the 1-D velocity structure and
the hypocentral parameters, but to quench the latter using
the projection operator method of Pavlis and Booker [1980]
and only invert for the velocity model. The process decou-
ﬁies'th"p V?}lpcity determination from the hypocentral effect,
enhﬂa{léing the independence of the former. The resultant 1-D
mc_)del'"1§ shownin Figure 2. We do not use more in-land CWB
stations for offshore events to avoid additional crustal het-
encity in cohsgructing our 1-D model for the relay zone.
als_('g_u's'ed the work by Kissling et al. [1994] for
utdid not separate velocity from hypocentral
for the northeast Taiwan is compared with
d-effshore _model in Figure 2. The

_ dramatic, implying that the deep
es jof both models are dominated by the subducted
spite the fact that it is the case in the present
at it is always necessary to isolate
from" determination of the velocity
structures of the slab are pursued.
km are relatively less well con-
els 1 “Figure 2.

the 'double-difference method of
lisworth [2000] to relocate the hypo-
0 12'I.-iE_i'usirlg the 1-D model obtained
the 11 CWB: stations and 7 JMA stations.

centers e€a

' . bove with
I veScam all, the CWB events from 120.5 to 122°E
double planed events. The authors :i_pterprét-,t}{a-"foml_lgt;op 0 sort-out these ‘that are not relocated. These events

DSZ by drawing an analogy between: oceanic slabTand
continental lithosphere, with the gap}(deflned to-be.10—
20 km) representing the ductile oceanic lower-crust
sandwiched between the brittle upper crust and:upper
mantle. The authors label it type II DSZ to distinguish it
from those that have typically been associated with bending-
unbending of'the slab at greater depths, or type I. In this study,
we identify DSZ throughout much of the offshore region, and
analyze the pros and cons of both the “jelly sandwich” and
the metamorphic reactions interpretations.

3. Data and Methods

[10] We first target more than 6000 earthquakes with
magnitude greater than 4 that occurred during 1991-2003
initially located between 121.5 and 124.0°E and between
23.5 and 26.0°N. Eleven CWB stations near the northeast
coast of Taiwan and seven westernmost stations of JMA
were selected to geometrically bracket the relay zone
(Figure 1). These earthquakes have been recorded by at
least two CWB stations and two JMA stations to ensure a
minimum level of even distribution of stations relative to

incl@dé-i‘dyopoﬁts from the first round relocation due to

#lack of TMA constraint and new events that do not fall in
the region for the first relocation, and are mostly onshore
‘and well within the CWB network. They were then
relocated using some 30 CWB stations in northern Taiwan,
including the 11 stations in previous step (Figure 1). In this
second round of relocation for mostly onshore events, we still
use the velocity model specific for the offshore region to
retain consistency in velocity model for the latter joint
interpretation. Moreover, we are interested more in the
subduction zone structure than the crust of Taiwan; as
described below, the double-difference approach reduces
the near station heterogeneity effects such that differences
in shallow crustal velocity between models are not critical.
Both rounds of double-difference relocation achieved greater
than 70% variance reduction in differential traveltimes.

[13] The double-difference algorithm minimizes the resid-
uals of the differential times between hypocentral pairs. It
works efficiently for relative locations between multiplets,
sparing the need for station corrections. We adopt it in this
study to relocate regional earthquakes by minimizing the
effect of crustal and mantle heterogeneities, in that the 3-D
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velocity anomalies picked up by the Fresnel zone of each of
the paired ray paths to a common station are suppressed by
the differential times. The key parameter here is thus the
radius, ry, within which each event seeks to pair with
neighboring events to form the differential times. In regional
problems, r, should be set to correlate with the scale of
heterogeneity relative to the Fresnel zone of the waves. It
may risk higher chance of contamination from velocity
heterogeneities if a larger value is used. Small 7, ensures
suppressed heterogeneity effect, but suffers from relocating
events with limited number of differential times. For deeper
events, the Fresnel zones of the paired path are less separated
beneath the stations than for shallow events, allowing for a
larger . We focus on the slab structure and adopt 7y =30 km.
Use of rp =20 km does not produce different results because
the average distance of pairing for each event is much smaller
than ry. The number of event pairing at the depth range
of 50—150 km is several tens to over 100. The Ifum'bir
drops to around 10 below 150 km. The ‘maximum and
minimum numbers of pairing in thisjstudy are ‘set t& be
100 and 8, respectively. Some ,deeper events are ‘oo
isolated to have enough pair-wise obseryations, hd
therefore been discarded. After the” Goublesdi
relocation, the number of events reduces
the numbers of P and S 'a'.l‘rivgls_ to 6
respectively. R T -
[14] The merit of the double—él-i-‘tiﬂﬁz_ir"i':n_c)é'H relocatioh mn as
velocity model versus the:3-D corrected, ““single” difference

tomographic model used for the 3-
difficulty in detecting the existence
convincingly, the tomographic invers
underdetermined, and the result=se
smoothed [e.g., Ma et al., 1996 Rau a
over, shallow structures in these tomo
loosely constrained. Recently, Kim.efd
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tagging, for events in 1999—-2004. Statistics of the P arrival
differences shows a mean of 0.03 s and a standard deviation
0f 0.02 s. Because NWF and WFSB are the only collocating
stations in northern Taiwan, we assume that this statistics is
representative. We estimate whether delays of this amount
throughout the network cause severe bias in locations when
data of the two networks are merged. To do this, the CWB
arrival times were shifted earlier by a random number that is
characterized by a mean of 0.03 s and a standard deviation
of 0.02 s before merging with the JMA times. The double-
difference relocation was then performed with this test data
set to obtain a new hypocenter distribution. This new
distribution is very similar to the original one, and conse-
quently both the geometry of the slab and the first-order
seismogenic structures entertained in sections 4—6 remain
the same. We conclude that the time-tagging process oper-
ated by CWB does not bias the hypocenters significantly
_&ith' nﬁspeg} to the features concerned in the present study.

=

4.: "_l{es'ults: Slab Geometry and Seismogenic
Pattern e

istribution of earthquakes is shown in a sequence of
s'at various depths (Figure 3). The seismicity
t 20 km ‘reflects stresses in the PSP
oyerriding Eurasian plate, and seems
ctonic elements of the trench system.
-parallel pattétn mirrors the morphological fab-
trench [cf\Font et al, 2001, Figure 1]. In the

eastern coastof Taiwan (Figure 3, 0—
the depth of 50 km, the seismicity

ry ofthe subducting slab. To visualize
s, we-picked the northernmost events at
nterval and 0.1° longitude interval to

05] systemati- represent the uer-‘l:)a[)'\if_jdary. of the slab and form a 3-D

cally evaluated the effects of station correction inimaging thesidata set. _‘__io‘hs outliess are ruled out. The rationale behind
crust of Taiwan. This model presents improy&d ;eonistrai °ntation.is the knowledge that events do occur in

the shallow structure and consquently': the- Crust .below,
which may serve as a starting model for 3D earthquake

rust, of the slab) making them good proxy of the surface
of the slab. We'then fit this data set with a surface using the

locating. Offshore crust and upper mantle;. howevef, are #software GOCAD [Mallet, 1989, 2002]. GOCAD employs

not covered in their study. On the basis"of experi-
ences in earthquake relocation and 3-D tomogﬁphide
inversion using the combined CWB and JMA data, we
believe that the tomography-based 3-D correction is
probably premature for the studied region despite it could
be the ultimate goal. Wu et al. [2004] also used double-
difference method to locate events throughout Taiwan to
probe the internal structure of the orogen.

[15] In this paragraph we assess how different timing
systems of the two networks may affect hypocentral loca-
tions. The records of the JMA stations used in this study are
time tagged at the stations, while the CWB data are stamped
with GPS times at the CWB data center after the data are
telemetered from each station. It has been optimistically
assumed that the delay due to telemetry is negligible, and
therefore the magnitude of delay has not been quantified at
least for stations in northern Taiwan. To examine its effect
on our results, we analyze the differences in P arrival times
recorded by two collocated stations, the CWB station NWF
and the broadband station WFSB which employs local time

least squar s fitting of points in 3-D to a surface under the
rggulaltinzati%n of minimum curvature and gradient. If seis-
mic gaps exist in the data set, they will be filled by this
regularization requirement. We also experimented a differ-
ent way of representing the slab upper surface. Instead of
taking the northernmost event in a narrow interval, the three
northernmost events in each 0.25 longitude interval were
averaged, and no “outliers” were removed before fitting
with GOCAD. The two different approaches produce very
similar slab geometry, and the result of the first is shown in
3-D perspectives in Figure 4.

[17] The depth contours of the GOCAD surface are also
plotted with the epicenters in Figure 3 from 45 to 115 km
depths to illustrate how plate flexes along its strike. Note the
depth contour may not match exactly the seismicity bound-
ary in each cross section because the fitting is constructed in
3-D which is a robust way to describe the slab surface
compared with the 2-D fitting of earthquakes in each depth
interval. At roughly 123°E, a group of events extrudes from
the average strike of the slab in the vicinity, most likely
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Figure 3. Depth slices showing relocated earthquakes (open dots), with the depth interval annotated.
The depth contours (black dotted lines) are taken from the 3-D slab surface model in Figure 4 at the
central depth of each interval. The slab contours generally follow the trend of the Ryukyu trench. Near
the western boundary in the depth range 45—95 km, however, the slab shows a revered curvature with

respect to the trench (C to G).
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Figure 4. The 3-D slab suﬁ’é,ce m‘PdeL f}.hs Ig OCAD
software, shown in two different perspegtives:
northwest to see the face of the slab. Thé folding o
western section creates a bulge at intermediate depthsithat
leads to a greater dip angle of the slab hgipw[(b) Alobk that
grazes along the surface of the slab from'south to 'ﬁorth
subparallel to the slab dip. In both Figures 4a a

folding near the western boundary is evident in comparlsoﬁq -

with the trace of the trench (solid and dotted lines in
Figures 4a and 4b).

representing a topographic structure such as a seamount or
even part of the nearby Gagua ridge. The slab surface we
determined apparently skips this seismic structure (e.g.,
Figure 3, 45—55 km). The contours are generally subparal-
lel to the trench, except for the bend over in the westernmost
50 km over the 45- to 95-km depth range. This structure is
significant in that it bends reversely with respect to the
general trend of the Ryukyu trench (Figure 4).

[18] To examine whether this feature is robust, we add
random errors of 5 km to both epicenter and focal depth of
each earthquake and fit this “contaminated” data set using
GOCAD with both schemes of representation. The bulge
near the western end of the slab remains prominent in the
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new GOCAD surface. To falsely produce such bulge, the
events in the westernmost 50 km over a few tens of
kilometer depth range must be systematically displaced by
5-10 km toward south: a scenario considered unlikely
under the tight constraint provided by the dense land
stations in northern Taiwan. Although visually mild in both
Figures 3 and 4, the bulge is characterized by an along-
strike horizontal curvature k; of 0.02—0.04 km™' at the
peak of the bend over, much larger than the “background”
curvature of 0 to —0.002 km ™' measured for the western 1/3
of the Ryukyu trench. As another reference, the curvature
of the strongly curving Mariana trench in the vicinity of
the m1dp01nt along the strike has a magnitude of only
0.001 km™". The observed curvature for the western Ryukyu
slab is significant not only for its magnitude but also for its
opposite sign to that of the Ryukyu trench. As analyzed in
section 5, its relatively short wavelength is also unique.

_l'r [19],||'T he qurvature is related to the elastic bending strain
by e(z') h/2) - k, where z is depth from the top
surfac‘E-of the elasgc. plate with a thickness 4. Taking the
aw_ﬁge & measured n()@al to the slab dip to be 0.04 km™"

a conservative /- of 15 km, the strain at the upper
late™(0) =Lf-;w0.3, which is too large for an
Continual brittle failure allows for smaller
apparently I;rger curvature, but the upper
tlllr'é'xpenenms horizontal tens1on in this

est onented compresswn and a downdip tension
[Kao and. Rau, 1999; Liang et al., 2004] (sce

e réponds elastically only to the
, rather than to the tension implied
dvo.cate that the slab folds to a large
ml"t A bdl’ge in horizontal sections,
ependént of the compressional brittle
this mechani$m and explore under what
WO rk Jin sqllctlon 5 with a viscoelastic

yith a
failure.

Ye;ﬂ;t‘.al cross sections were taken in directions
Imal 1o the-Jocal strike of the slab in the depth range of
itm and are t?hov!/n in Figure 5. As far as the vertical
"'proﬁles can discern'(Figure 5), the slab kinks (vertically)
between-5 and 80 km in profiles A, B, and C, and kinks at
“depths shallower than 40 km and straightens downdip from
0to 150 km in profiles D and E. The 3-D model in Figure 4
shows that the bulging is a 3-D structure that is part of the fold
of the slab seen in horizontal cross sections described in the
preceding paragraphs. As a result, the dip of the slab
below 80 km increases toward the west. In contrast to
Deschamps et al. [2000], who report the average dip
difference across the Gagua ridge, the relocated hypo-
centers resolve secondary variations in the dip of the slab
west of the Gagua ridge.

[21] Another prominent feature about the Wadati-Benioff
zone is the DSZ, which appears over most of the vertical
sections in the relay zone. There are substantial along-strike
variations in the DSZ configuration. The DSZ is more
ambiguous on profile B than on other profiles where the
DSZ depth extents are variable. The two planes appear to
converge in profile C, but such convergence is not clear
elsewhere. In general, the gap of the DSZ is 15-20 km wide
from 40 to 80 km depths. The depth extend is short

7 of 14



B04410

CHOU ET AL.: TAIWAN-RYUKYU SUBDUCTION ZONE

B04410

100

150

200

0

r 50

=]
o
Depth (km)

r 150

b L 50
B
=3
100 =
[=%
[
fa]
R o
8 .
o
150 1 k. - 150
o
C °
i b [
200 ; — ‘ — |t —— , ° 2| 200
50 100 1501 0 50 100 | 1150 0 50 100 150

Figure 5. Wadati-Benioff,zofie in, di feknt vertical cross s%&t ns/who'se.locations are shown in the
upper left panel Thin and thick dotted-linés in blagk are depth €o toﬁrs of the'slab surface taken from the
3-D model in Figure 4, and each 'pmﬁle is taken to be perpendlcular to'the strike of the slab at shallow
depths (<100 km). White solid andﬂotted lines are traces of the Ryukyu trench the same as in Figure 1. In
proﬁles A, B, and C, the slab apparently bends/unbends Vexﬁtlcally between 50 and 80 km such that its dip
below is 1ncreased relative to that in profiles-D and E. The DSZ morphology varies substantially across
profiles, but overall two planes are separated by:15—20 km, asindicated by the 20-km-long ruler with 10-km
ticks. Side projection focal mechanisms from Liang et al. [2004] (solid line connection), Kao and Rau
[1999] (dashed line), and the Harvard database (dotted line) show minor variation, with a consistent
component of along-strike, east-west oriented compression between 50 and 100 km (the white quadrant

contains P axis). The DSZ extends from onshore to offshore for at least 100 km.

compared with the DSZ in the subduction zone beneath the
northeast Japan [Hasegawa et al., 1994]. It is hard to
distinguish which plane, the upper or the lower, terminates
first and which plane continues downdip. The focal mech-
anisms determined by Kao et al. [1998], Liang et al. [2004],
and the Harvard Centroid-Moment Tensor (CMT) [e.g.,
Dziewonski et al., 1981] primarily show along-strike com-
pression in both the upper and the lower plane of the DSZ,
indicating that at least the brittle part of the subducting slab
is subject to one consistent stress field. Departure from the
along-strike compression exists, e.g., focal mechanisms in
profiles A and B show coexistence of slab-parallel and slab-
normal P axes, probably owing to local stress change where

slab deforms significantly. Along-strike folding could relax
the compression, causing a switch of compression axis from
slab parallel to slab normal. Despite this, the overall pattern
of focal mechanisms supports our assertion that the DSZ
and the folding of the slab originate from the same hori-
zontal compressive forces, and that folding develops mainly
viscously.

5. Folding of the Slab

[22] Note from Figure 4 that the horizontal folding
persists over about 50 km downdip, not an artifact fortu-
itously determined by a single profile at a particular depth.
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Figure 6. Predicted nondimensionalized amplification
wy X 717 as a function of wavelength for (a) vy = 100 and
(b) y= 1000 and for the elastic strain 5= 0.01 (dotted lines),
0.05 (short dashed lines), 0.1 (long dashed lines), and 0.2
(solid lines). The amplification functions are normalized to
1. The dominant wavelength for a viscous layer (vertical
dotted line) is a function of vy only, and is approximated by
the viscoelastic layer at small €y. The omjjant wayel

of an elastic buckling is a function ot(iew indicated by=the
short vertical bars near the top of Fig,ures 62 and 6blfor: eN =

of the slab.

The earthquake mechanisms and
suggest to us that the slab responds
sion elastically with brittle failure b
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simulate this deformation scenario aga
embedded in a viscous medrum inthat fol
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perpendicular to x, D, the viscous rigidity of the layer, T,
the relaxation time of the flexure of the Maxwell layer,
W, the viscosity of the medium or the upper mantle, and
k the wave number of flexure and of the viscous
resistance of the medium. Other parameters are explained
in Appendix A.

[23] Following the derivations laid out in Appendix A, it
is shown that a Maxwell layer has two components of
instability during folding each characterized by an expo-
nential function of time: exp(w; - ) with w; > 0 , which
is unstable and will amplify with time, and exp(w, - f)
with w, < 0, which is stable and will eventually die out.
The amplification w;, is function of the ratio of the
viscosity of the layer to the viscosity of the medium vy =
W/l the equivalent elastic membrane strain ey = N/(Ef
h) (see Appendix A), and the wave number of each fold
member k (or wavelength X\). Because we assume that the

serfed !l'g,rge -amplitude folding results from instability,
we_focus. on' Jw; as a function of wavelength The
non‘flﬁlensmnal amplification w; - T; versus N is shown
m_IiT,gures 6a and 6b fg}g different values of y and ey. The
of the amphﬁcat;on function marks the model
an;_]!epgt'h NPk at which folding preferentially

fo"r" modelmg, we need to estimate 4.
-QSZ is 1520 km, the seismogenic

represents the effective mechanical
lastic layer, and usually is smaller
ic tHickness of the lithosphere
and Stein, 1984]. Combined anal-
pography and mechanical modeling
1n'i$H‘e past have indicated that the
ess' ofithe oceanic lithosphere ranges
mid-ocean r.'f&ge [Cochran, 1979; Kuo
—'3_9 ki in .Qld oceanic basins [Caldwell
 Watts, 1978]. We assume the lower bound of
Iy partially reflecting the fact that the slab is

instability that grows most eflf:l%len Iy at partlcu_l T Wai L - i
lengths controlled by the rhei, congiaspapetw : ated. -r-elatl ¢ 10’ thes lithosphere before subduction, and

layer and the medium as well as the-fnagmtlf& of the elastic
shortening or membrane strain. The critical constraint is
thus the wavelength of the dominant member of the*fold,
Xs- A spectrum analysis of the slab contours ég[ the
corresponding depth range yields h; ~ 250 km. Wi could
as well estimate \/2 by measuring the distance between
the peak of the fold (near the western end) and the
“background,” or N\/4 by the distance between the peak
and the inflection point where « = 0. The results are
mutually consistent, indicating that the estimate of 250 km
is robust. We derive the governing equation of flexure of a
thin Maxwell-type viscoelastic layer and the associated
instability problem in Appendix A. The flexure equation
reads

w" o' Aw 8w

— 4kp,, T

where w is the deflection of the layer, ¢ is the time,
w""denotes Ow*/Ox*, and so forth with x parallel to the
layer, N the x—parallel horizontal compressive force per unit

set thg:. gpper bound at 30 km. The range of NPk is 8.3—
¥16.7 (Figure 6):

[25].. Flgl:fe» 6lcompares models with observations. Be-
cause 'stronger compression is required to fold a more
viscous layer, ey has to be large for larger vy, and vice
versa, to keep NJ°Y/A within the observation domain. Larger
ey can also be achieved with larger N, smaller /4, and lower
Young’s modulus, but neither of these is under sufﬁciently
tight geophysical constraints. However, the strain is limited
by the yield envelope of the slab in the presence of earth-
quakes. For the compressional yield strength on the order of
500 MPa given by the friction law for the oceanic litho-
sphere at tens of km depth [e.g., Kohlstedt et al., 1995] and
a commonly accepted Young’s modulus range of 10'°—
10'" Pa, the elastic strain could range from very small to
0.05. We consider 0.05 the ad hoc maximum of ey. It is
unlikely that the viscosity of the subducting slab
approaches that of the shallow upper mantle as long as
the slab continues to plunge without disintegration or
strong folding. We assume y > 10, which, as shown below, is
overridden by the lower bound of >\°bs/h Permissible set of
model parameters may be found in the y — ey diagram
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Figure 7. Possible parameter re;gime‘?oﬁ-th
viscoelastic model entertained in this study.
are model dominant wavele

only small values of -y are accegable
the text, i.e., y =100, e4=0.01 and
0.05, are marked by solid square
constraints on either parameter.-
permissible model regime. I-"

—

an example, a slab Wlth a v1scosr[y'10.0 tlmés_hig-hert ]
of the upper mantle and a 5% horizontal elastiestrainis:able to
fold into a dominant wavelength of 250 km. if the efﬁechve
thickness is slightly greater than ~22 km (A" /he 11 4)
[26] Can pure elastic or viscous folding explain aE
observed dominant wavelength? The Maxwell layer ¢
be reduced to an elastic layer by setting 7, — oo (see
Appendix A), for which the dominant wavelength of
instability decreases as ey increases (Figure 6). For the
same ey, elastic layer predicts broader folds than the
Maxwell layer. To buckle an elastic plate into the observed
wavelength, ey has to be 0.04 or greater. While this is
acceptable, elastic buckling is not appealing on the ground
that the tensional bending strain it produces contradicts the
earthquake mechanisms that show overall compression
throughout the thickness of the slab. On the other hand, a
viscous layer is obtained when 1, = 0. The dominant
wavelengths in this case approximate the Maxwell folding
with small ey (Figure 6). This implies that the elastic
component in the form of horizontal shortening of the slab
assists in developing shorter-wavelength folds. The viscous
folding is favorable only for smaller values of y (Figure 6a),
and again it fails to incorporate the elasticity to properly
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account for the intraslab earthquakes and their compres-
sional focal mechanisms.

6. Discussion

[27] We cannot further narrow the permissible regime of
model parameters because the viscoelastic formulation is a
simplified approach as well as knowledge of model param-
eters has been fuzzy. Instead, we choose to draw a broader
acceptable model regime in order to explore the tradeoff
effect between vy and €y and keep the issue open until new
independent constraints are available. For a strong slab that
is >3 order of magnitude more viscous than the mantle, the
in-plane elastic strain e has to be at least 0.04 to explain the
observed wavelength (Figure 7). For a weaker slab or lower
v, a wide range of strain is allowed due to the poorly known
h. The «y of 100 is considered near the low end of the
ﬂf)ectgnm [Houseman and Gubbins, 1997; King, 2001;
Billen et .tﬁ 2003]. A rule of thumb based on dynamic
modeling. of ian fluid and power law viscosity is
100%€. decrease in temperature leading to roughly 0.5-1
er of magnitude increase in viscosity at mantle temper-
., Ghristensen, 1989; Lin et al., 2002]. A y of 100
rdge temperature contrast of 200°C for New-
for non- Newtonian fluids. An average
aly o-f'ZOO C Ié_probably hard to reconcile

implies
tonian

zone is met fully understood yet.
eteffon which constraints may be
. Estimation.of the elastic strain the
m seismological point of view may
afd, pinpointing a solution in our
acel[éig., Bevis, 1988].

intermediate depth range (40150 km)
ed in pseyeral subduction zones [e.g.,
197’8 Abers, 1992; Kawakatsu, 1986;
'd -Wpens 1995}!| The upper plane seismicity is
t_to ocmt in' the oceamc crust and has been widely
accep_t@d' to be' assocxatdd with basalt-eclogite transforma-

wtion [Kirby et al; 19?6 Peacock and Wang, 1999; Peacock,

2004]. A few hﬁpotheses have been put forth on triggering

chamsm for the lower-plane seismicity [see Yamasaki
and Seno, 2003], among which the dehydration embrittle-
ment of the serpentinized slab mantle [Seno and Yamanaka,
1996; Peacock, 2001] suits the depth range discussed in this
study. A global survey on the spatial correlation between
these metamorphic reactions and the geometry of the DSZ is
carried out by Yamasaki and Seno [2003]. In their cross
sections beneath northern Taiwan, the correlation between
the DSZ and the predicted dehydration loci is not clear,
although the calculated gap of about 20 km between the two
reaction loci matches our observation.

[20] It has been proposed that the serpentinization of the
mantle can be made by infiltration of water along the large
faults that rupture the upper portion of the lithosphere
before subduction, usually on the outer rise [e.g., Peacock,
2001]. Tracing opposite the plate motion direction, the
section of the PSP lithosphere that would be subducted to
the current location of DSZ is to the southeast of the relay
zone (Figure 1), where present-day large outer rise events
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have been sparse. The only one documented in the Harvard
CMT catalog is a M5.7 normal faulting event, which has
a standardized centroid depth of 15 km and a source
dimension of at most 10 km. Whether serpentinization of
the slab interior can be facilitated by a few outer rise
faults like this one remains in doubt. In the outer rise
region of the Ryukyu trench, in situ imaging of litho-
sphere that could provide direct evidence for or against
deep cutting faults [e.g., Ranero et al., 2003] has not
been conducted. Critical supportive evidence for dehydra-
tion embrittlement through faulting in this region remains
lacking.

[30] Kao and Rau [1999] invoked a jelly-sandwich-type
of rheology much like that of the continental lithosphere to
explain the DSZ seismogenic pattern in the onshore region
(see section 2). While rheology of oceanic lithosphere may
be potentially important [e.g., Wang and Rogers, 1994],
drawing analogy between continental and oceanic litho-
sphere is risky. The ductility of the oceanic iower crust
has been under debate [Kohisted: et al., 1995; Eséartin et
al., 1997, Hirth et al., 1998]. It,is common that -micro-
earthquakes as well as earthquakesl‘*wnh magnrtud
nucleate at lower crustal depths'along aridinear
ridges [e.g., Wolfe et al., 1995; Bergmém
1990]. Most 1mp0rtantly, at the. depth b
where the DSZ in thisistudy, is /be entified, high
lithostatic pressure prohibits bhﬁ!eﬁ"far re if u
elevated pore pressuresi[e.g., Kirby) 1995].
Cascadia where the rheology interpretation wa

DSZ is distributed in a much Shall
25 km). Another uncertain factor i
oceanic crust. In this study, the gap
in Kao and Rau’s [1999] sdena.r-ro
crust 2 or 3 times thicker thap no
large area on the slab. Up-to-date seis
from the PSP has not been convincipg in favof of a much
thickened crust of PSP [Wang et al:,"2004b}." i

the crust magmatically or mecha:mcally by a |f-alc
3 is considered less likely to oceut: In* cer-m‘ast the
layers found in southern Cascadia subduction 0 eare

separated by less than 10 km [Wang and Rogers, 1994]. *

Speculations over the origin of the DSZ in Taiwan-

Ryukyu collisional zone should defer until mofa’:. solid

evidence becomes available.

7. Conclusions

[31] Accurately determined 3-D seismicity prompts us to
reinterpret the deformation of the Ryukyu slab with better
kinematic constraints. The seismicity distribution for the
first time reveals folding of the slab in the along-strike
direction at the depth range of 50—100 km. The folding is
significant in two ways: its curvature is greater in magnitude
than and opposite in sign to that of the Ryukyu trench, and
its wavelength is relatively short at ~250 km. It suggests
that the folding results from the horizontal compression
exerting on the slab by the resistance of the Eurasian
lithosphere against the oblique subduction of the PSP. Both
the focal mechanisms and the large curvature argue in favor
of a folding generated by viscoelastic instability. We envi-
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sion a deformation scenario in which the slab responds to
the compression through both brittle failure and viscoelastic
folding against the Eurasian lithosphere. A Maxwell-type
model is employed to simulate this scenario, and to help
constrain acceptable model regime. To fold to the observed
wavelengths, the slab could be only ~100 times more
viscous than the surrounding mantle for a wide range of
in-plane elastic strain, or >3 orders of magnitude more
viscous if an elastic strain close to 0.05 is allowed. Partly
because of the folding, the Wadati-Benioff zone progres-
sively steepens at depths below 80 km as approaching
Taiwan. The double-seismic zone is clearly mapped out
within the slab in the depth range of 40—80 km throughout
much of the subduction-collision zone. The DSZ, with a gap
of 15-20 km, is stressed by the same horizontal compres-
sion that folds the slab.

Appendix:A
[32]%We follériyfth linear operator approach of Fliigge

[1975] The bending stress and strain for a two-dimensional

er are related-by the linear operators:
Pl ¢ A

S A)=206).

(A1)
enﬁfes the gperators for layer. Without
prqpertres the balance between the
oment, horlzbntal compressmn per unit length

rtlcall I('Ieﬂe.‘g}:lon of the layer, & the

er,—an_d x measures horizontal distance in
N—parall'i irecfion. Fo‘r a Magl(well material that responds
instantaneot y to external stresses followed by a viscous
on,thie qontrlbutlans from the elastic and viscous
parts are, summé'd on stnfun rate:

r_-‘
=
e

. A3
4y (43)
Here each contribution is for a thin plate, and £} = E/(1 —
v?) with E; the Young’s modulus of the layer, and p, the
viscosity of the layer. With these, the operators are defined
as

0
P=1+71—

ot Ql = (A4)

4“]57

where T; = 4p/E} is the relaxation time of the Maxwell
material. Equation (A2) becomes

9w 0*w 0
D, 5W+N(1+T16) a2 (1+T15)q.

This is the governing equation for bending of a Maxwell
layer under transverse loading ¢ and in-plane compressron
N: D, = wh’/3 is the flexural rigidity of a viscous plate.

(AS)
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Equation (AS5) reduces to bending of an elastic plate as p; —
oo and T, — 00:

ot
ox*

82
+N~—W:q,

= Ox?

(A6)

where D, = EFfh/12 is the flexural rigidity of an elastic
plate. Equation (AS) reduces to viscous plate bending as
E¥ — oo and 1, — O:

p 2
D, - 84W+N a—:q.

Ox* Ox? (A7)

[33] Because external loading is passive in a folding
problem, the medium operators link ¢ with deflection w:

Pu(q) _-| L t

Assume the deflection w has the foml ﬂaf w&E -Q
A(?) sin(kx), -4
‘:. r Jl.'—“F

= On(W).

for viscous medium, Whereym is thevisco
Equation (A9) implies that the r s"15($51
wavelength at which the layerq"gfdl ed. Inserti
(A9) into (A5) to ellmma"%b we obtain

8 M !
D, —— +Nw"—|—T1N———

e %

The characteristic equathgi-pr the sol
sin(kx) is o

2

0°A4
4um’rl 812

and A(?) is composed of two temIS'-. exp (w-l_f}_"al'ld ex
where o :

L

i ¥
r:'i:.—

A12

.-_"..:_

- % b+ Vot c? l"!;.r

Wi 277

where

_3 5
— 4
b:k——4st+—,C=648Nﬁ, (A13)
3 Y Y

and vy = i/, The normalized wave number k = 2w/(\/), and
ey 18 defined as

N/h
Ef

ey = (A14)

which approximates the in-plane elastic strain or the
membrane strain due to lateral compression. The amplifica-
tion functions w; > 0 which promotes instability, and w, <0
which stabilizes perturbations, but the total amplification rate
is always greater than zero. The amplification w; can be
plotted as a function of normalized wavelength and the
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wavelength for the dominant member of folding X\, can be
found numerically. The result is consistent with that of
Schmalholz and Podladchikov [1999].

[34] For the case of an elastic layer embedded in a viscous
medium, we start with equation (A6) to derive the dominant
wavelength:

(A15)

The instability occurs when X\ > (1/3)"* .. For a viscous
layer folding in a viscous medium, X, can also be expressed
analytically:

7 g

Thel'tfenvatlon df'h@atlons (A15) and (A16) is given by
61].

(A16)
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[1] Three-dimensional tomographic images of the subducting Philippine Sea slab and the
fore-arc mantle beneath NE Taiwan and the westernmost Ryukyu were generated in this
study. More than 5600 events recorded simultaneously by seismic networks in Taiwan
and Japan were relocated for the inversion for variations in Vp Vg, and Vp/Vs. Analysis of
the trade-off between the data variance reduction and model variance helps to determine
the appropriate strictness for regularization to avoid either overinterpretatioin or
underlnterpretatlon of data. The regularization parameters were also chosen to ensure
suppression of artificial Vp/Vg anomalies: The subductlng slab is:characterized by high Vp
high Vg, and intermediate to low Vp/V. Notableiin the mantleswedge is the high. Vp/ Vg
anomalies that abut the surface of the subducting slab-atdepths,of 30—80 km’ The previously
identified positive Vp/Vg channel connectingithe slab and the are voleanosititerpreted to be a
melt pathway is not reproduced in this study. We convert Vg and Vp/Fgto perturbations
of temperature and serpentinization of'the mantle. The slab is cooled by 200°C=2400°C
relative to the mantle, in accord withjthe estimatessrom theoreticalmodeling.of'subduction.
The serpentinization reaches ~15%, or 2% water content, at 50 km depth in'the-fore-arc
mantle. We interpret the peak serpentlnlzatlon as hydr_q,];ed by the water released from the
basalt-eclogite metamorphic reaction in the oceanic Qmst of the subductlng Philippine Sea
Plate. The spatial limitation 6f the present seismic ne,miﬂks, i this region with respect to
subduction zone events hinders a full.description of the pattern of melting it much of the

mantle wedge. Resolution tests of'the tomograbhlc n
our interpretation to better résolved regions! |

\
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1. Introduction

[2] The Philippine Sea Plate (PSP) s subductmg obliquely
beneath the Eurasian Plate along the Ryukyu trench-with the
western end underlying the island of Taiwan. This framework
dictates the tectonics of the region. Not only has the PSP
motion brought about the collision between the Luzon arc
and the Asian continent [e.g., Teng, 1990], but also the
subduction has nurtured the initiation of the Okinawa trough
(OT) [e.g., Lee et al., 1980; Sibuet et al., 1987]. This nascent
back-arc opening, in turn, is propagating westward into the
NE corner of Taiwan, or the Yilan plain [Yeh et al., 1989;
Sibuet et al., 1998] and interacting with the arc-continent
collision in shaping the geology and landscape of northern
Taiwan. The collision component of the oblique subduction
puts the PSP subducting slab (thereby the Ryukyu slab) under
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an E-W conipression state at lithospheric depths as mani-
fested by. earthquake focal mechanisms [Kao et al., 1998].
Using data from: both the Taiwan Central Weather Bureau
(CWB) network and the Japan Meteorological Agency
(IMA) network, Chou et al. [2006] relocated thousands of
earthquakes and delineate the double seismic zone in the
Ryukyu slab from Taiwan 200 km to the east. These
authors also quantified the mode of deformation of the
slab with folding of a viscoelastic plate under the horizontal
compression.

[3] One of the most important elements of a subduction
zone-mantle wedge system is the active volcanic front (VF)
directly linked to the ongoing subduction process. At the
northeastern end of the Ryukyu arc, the present-day VF can
be clearly defined by tracing the active volcanoes in southern
Kyushu, Japan, southwestward, below which the Wadati-
Benioff zone (WBZ) reaches about 100 km depth. The spatial
character of these volcanoes is consistent with the mantle-
wedge dynamic and petrological paradigm [7atsumi and
Eggins, 1995]. However, the definition of the active VF in
the westernmost Ryukyu arc is not obvious. The islands of
Iriomote and Ishigaki, where JMA stations are located, are
presently inactive and are only 60 km above the WBZ [e.g.,
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Shinjo, 1999]. The present, active VF may lie along a cluster
of submerged volcanoes north of these islands, underlain by
the Ryukyu slab below ~100 km, with geochemical signatures
affiliated with subduction [Chung et al., 2000; Shinjo, 1999]
(Figure 1). This VF lies mostly south of the axis of the OT, but
merges with it when tracked westward to Kueishantao (KST),
a 7 ka old andesitic volcano island ~10 km offshore from the
coast of the Yilan plain [e.g., Chung et al., 2000; Chu, 2005].
The location of the VF is a critical reference in interpreting
the tomographic images of the Ryukyu mantle wedge.

[4] This study utilized the CWB-JMA traveltime data with
events relocated by Chou et al. [2006] to image the slab and

the mantle wedge using 3-D seismic tomography. Unlike in
Japan where hundreds of land stations are favorably distrib-
uted above the subduction zone, most of the westernmost
Ryukyu slab lie to the east of the high-density Taiwan net-
work and is covered only by the JMA stations aligned along
the Ryukyu arc. This event-station geometry is therefore not
overly favorable for imaging the mantle wedge north of the
arc. Nonetheless, the joint network approach offers signifi-
cant advantages regarding offshore areas of Taiwan rela-
tive to previous efforts based on CWB alone. The Ryukyu
subduction zone beneath northern Taiwan was first imaged
with reasonably fidelity by Rau and Wu [1995]. Recently, Lin
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et al. [2004] provided a new model for NE Taiwan using
CWRB data, while we show in this paper that a joint network
approach, despite its uneven aperture toward the east, is help-
ful to better constrain the structure beneath the margin of
the Taiwan network. In a follow-up effort, Lin et al. [2007]
extended their model to offshore 124°E by incorporating
JMA and 12-day OBS data. In addition to the difference in
data set, this study differs from Lin et al. [2004, 2007] in the
inversion strategy and interpretations.

[5] In addition to integration of currently available net-
work data, we emphasize the necessity of achieving the
appropriate strictness of the imposed regularization. Despite
the impression that the variance reduction versus the model
variance trade-off analysis is a routine practice, the discus-
sions concerning the appropriate resolving power of the
adopted data sets of regional tomographic studies tend to
be downplayed by concealing the actual trade-off pattern. It is
thus difficult to clarify whether critical features of a certain
tomographic model are in fact effects of either overrepresen-
tation or underrepresentation or interpretation. Examples of
possible overinterpretation in previous studies are discussed.

2. Data and Methods

[6] The traveltime data used:in this study are the same as
that from Chou et al. [2006] and arédescribed briefly here. To
target the middle zone between Taiwan and Ryukyul, wefirst
selected 11 CWB stations near the NE coast of Taiwan and 7
westernmost stations of JMA as the basis for traveltinie'data.

Events with magnitude 4 or greater within the area from 23'.'5|_
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vertical spacing of 10 km from the surface to 100 km depth
and 20 km from 100 to 200 km depth. We then invert the P
and S traveltimes for Vp and Vg perturbations from the
reference 1-D velocity models. Moreover, we sort through
the data set and build a subset of travel times from the event-
receiver pairs that provide both P and S arrivals. This subset,
consisting of 80% and 98% of the original P and S sets,
respectively, is utilized for the construction of the Vp/Vy
model. Notice that

6(Vp/Vs) _ VsbVp—VpbVs Vs 8Vp 6V
V2 7

Vn/Vs) M)

72

That is, the Vp/Vg anomaly is simply the difference between
the Vp and Vg anomalies in fractional form. In other words,
robust patterns of 6(Vp/ V) perturbations are obtained as long
as the constraints invoked to invert for 6 Vp/Vp and §Vg/V are
comparable: This is different from formulations that invert
the-P.and S-P traveltime residuals for the product of 6(Vp/Vs)
and thesspatially varying Vp [e.g., Walck, 1988], which even-
tually: involves taking ratios of the two inversions. To us,
equatien (1) can bé-grasped more intuitively and the algebraic
summationsof the results from two independent inversions,
i.e., OVplVp and 0Vs/Vs, is less prone to undesired amplifi-
cation of the error in_each variable than the ratio of two
variables. In the Appendix,swe devise experiments using the
same raypath geometries,butwith travel times generated from
knownssynthetic structures so that the spatial resolution can
beé evaluated.

to 26.0°N and from 121.5 to 124.0°E registered by at leﬁst{!l'—ig] y Witlf extensive dhversjpn experiments examining the

two stations of each network were selected. This practiTe;
avoids overwhelming of the CWB over theJMA data and the
potential complications resulting from the highly heteroges
neous crust of Taiwan. The final data are selected arrival
times reported by both agencies for stations of the joint
network. In addition to the data mutually covered by CWB
and JMA, a complementary subset af-atrival times from the
events well within the CWB network in northern Taiwan.was
also incorporated in the relocation procedure to help illumi-
nate the westernmost edge of the subduction+configuration.
In all, the data set consists of 7672 relocated events with
74,403 P wave and 60,952 S wave arrival times.

[71 A preliminary joint inversion for the data set was
first executed to determine the hypocentral parameters and
the regional one-dimensional (1-D) Vpand Vg structures. The
1-D velocity structure inversion is undertaken by first invok-
ing the projection operator technique that isolates the veloc-
ity structure from the hypocentral parameters [Pavlis and
Booker, 1980]. The vertical velocity profile so obtained is
then adopted in the subsequent double difference scheme
[Waldhauser and Ellsworth, 2000] to relocate all the events.
The relocated events better delineate a double-seismic zone,
and reveal a fold-like, along-strike deformation of the slab
at intermediate depths, possibly rising from impingement
with the Eurasian lithosphere [Chou et al., 2006]. The 1-D
velocity model is employed as the reference background
model for the subsequent 3-D tomography experiments.

[8] The regional traveltime tomography algorithm of Zhao
et al. [1992] was adopted in this study. Within the area
ranging from 23.0 to 26.0°N and from 120.4 to 124.0°E,
we constructed a mesh with a horizontal spacing 0f 0.2° and a

i

yariance reduction versus the model variance trade-off rela-

tion, appropriate damping factors are determined from the

trade-off diagram (Figure 2a).- The compromise between the

" model’s ability to explain the data and the cost of such ability,

“i.e., the ungertainty of the model, is reached at the convex
portion of the trade-off curves in Figure 2a. Next we test
whether the combinatierof the optimal damping for Vp and
Vs is also optimal for Vp/Fs. Figure 2 shows an input model
that consists0f #8% for a slab and —6% for the overlying
mantle in both'Vp and Vs. We generate synthetic P and S
travel times for this model for the event-station pairs used in
the Vp/Vs inversion, and carry out the inversion as for the real
data. ‘According to (1), the same amounts of Vp and Vg
fractional anomalies yield a zero Vp/Vg anomaly. Figure 2
shows three combinations of damping all qualified to be
“optimal” in the trade-off curves. Among the three ex-
amples, the combination in Figure 2d appears to suppress
the Vp/Vs anomalies in the mantle more effectively, best
matching the zero 6(Vp/Vs) input model. Less damping in Vp
causes more severe a perturbation in Vp leading to a positive
6(Vp/Vs), and vice versa, while overdamping of both auto-
matically reduce 8(Vp/Vs), which is an advantage over the
ratio approach. We use the combination in Figure 2d in the
inversion and are confident that we will not overinterpret Vp,
Vs, and Vp/ Vs.

3. Tomographic Models

[10] The tomographic models resulting from the optimal
damping indicate that the most predominant features within
the area of interest are the high Vp and Vg anomalies
associated with the subducting Ryukyu slab down to a depth
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Figure 2. Trade-off tests for Vp, Vgand Vp/Vs. (a) Trade-off curves for Vp and Vg that show compromise
between model variance and data variance reduction at the convex portion of the curves. The two values of
damping shown are both optimal for individual velocity but may introduce artifact to the ratio of velocities.
(b) Input synthetic structure that mimic an exaggerated subduction zone with known zero 8(Vp/Vs) in
both slab and mantle wedge. Inversion outputs are shown with damping (c) 40—40, (d) 40—60, and (e) 60—
60 for Vp and Vi, respectively. Artificial nonzero 6(Vp/Vs) anomalies are created for Figure 2¢, and the
combinations of the parameters for Figures 2d and 2e suppress the artifacts in both slab and mantle wedge
better.

of 150-200 km (Figure 3). We plot the R25 line, which nation and what can be disregarded. In this sense only the
delineates the resolving power of 25% as defined in the subduction zone and the neighboring mantle wedge at
Appendix, to confine our interpretation in the better resolved ~ shallow depths merit interpretation (Figure 3). In addition,
regime. Note R25 does not guarantee ““correct” features, but  the restoration tests in the Appendix show a resolvable scale
it is an indicator for what features are worth further exami-
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respectively. R25 for Vp is plotted (red

dotted line) in each profile to 111us’u'até ‘possible limit of the acceptablerecovery of the inversion. The black
dotted line is the smoothed slab ‘mterface after Chou et al.\[2006]; and the short dashed line is the
extrapolation of this interface to the Ryukyu'tiench at the surfzice Locations of relevant tectonic elements
are annotated on the top of each diagram. Small triangles represent the VF. Note the slab structure is well

resolved only at 121.8°E.

of heterogeneity of 10—20 km in much of the mantle in the
R25 regime.

[11] The three profiles in Figures 3a and 3b represent
typical images of the subduction zone in our model. In the
nearshore profile along 121.8°E the slab is resolved to be
continuous at 2% perturbation from 50 to 100—150 km
depths. Toward the east the slab image is either discontinuous
or only continuous at very weak strength (<1%). The disrup-
tion of the slab image by neutral or low velocity anomalies
below 100 km in the 122.2°E and 122.6°E profiles may result
from errors due to uneven distribution of events and stations,
and should not be interpreted as a physical break of the slab.
Weakened, positive anomalies appear below 150 km, where
events exist sparsely (Figure 1). In 121.8°E, there exists a
negative anomaly cutting through the shallow segment of the
slab at 40—50 km depth beneath 24°N. It is within a broad
region of poor 10 km resolution (Figure Al), and the

maximum is located near the slab surface in correlation with
low seismicity. The strength of this anomaly was solved
differently for Vp and Vi, leading to anomalies in Vp/Vg and
the parameterized models in the next section. At present we
do not have a complete understanding of the origin of this
anomaly and we do not interpret it in this study.

[12] In general, the V'p and Vganomalies in fractional form
associated with the subduction zone are similar in amplitude,
consistent with a thermal origin because the derivatives with
respect to temperature of the two differ only moderately. In
the 121.8°E profile, strong negative Vp and Vg anomalies are
distributed beneath or close to the Yilan plain (Figures 3a and
3b), and the broad zone of anomaly is avoid of seismicity. As
the opening of the OT is thought to propagate westward and
has now reached beneath the Yilan plain [Sibuet et al., 1987],
the negative anomalies there together with the paucity of
seismicity may imply the presence of the relatively hot lower
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crust and uppermost mantle in response to the local exten-
sional tectonics. Toward the east where the OT opening is
more mature, the correlation of low velocities with the OT is
instead not definitive. This is mainly because the OT and
the VF progressively move outside the northern limit of the
CWB-JMA effective coverage area (Figures 1 and 3).

[13] Because the subducting slab is supposed to be the
dominant structure, a reliable model should present a rea-
sonable slab image, and only when the slab is properly
imaged do other features on the same profile merit interpre-
tation. We thereafter focus on profile 121.8°E where the slab
is resolved to be continuous with realistic velocity anomalies.
The most systematic pattern of the positive Vp/Vg perturba-
tion is its juxtaposition with the subducting slab (Figure 3c).
It is striking that the dominant features shift from within the
slab in V'p and Vgto outside the slab in Vp/Vs. As the synthetic
test indicates (Figure 2), the choice of damping for Vp and
Vs suppresses amplification of spurious Vp/Fg signature,
and therefore the presence of such structure in the model
seems warranted. Neutral to negative.¥p and Vg with high,
positive Vp/Vg anomalies in the mantle wedge have been
documented in subduction zones in Japan [Kaniiya and
Kobayashi, 2000], Cascadia [Zhao et#al;“2001]y and the
Andes [Graeber and Asch, 1999] through#tomographic
imaging. Lin et al. [2004] also reported low velocities with
high Vp/Vgunderlying NE Taiwan.in theizmodel that bottoms
at 60 km depth. High Vp/Vs, together with relatively low, Vp
and Vg, has been widely interpreted as indicative of hydration
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[15] We chose Vg and Vp/Vg as the two independent
parameters. We take the laboratory measurements of seismic
velocities for peridotite serpentinized to various degrees from
Christensen [1966] and Horen et al. [1996]. Christensen’s
[1966] 2 kbar measurements merge with Horen et al.’s [1996]
room pressure data well, and the Vp Vs, and Vp/Vs all display
first order linear relatlonshlps with ©. The derivative dlnVg/
dO of —4.84 x 10~ is adopted from Horen et al [1996]. The
derivative dIn(Vp/Vs)/dO of 2.254 x 1072 is determined
from a regression of the combined Vp/Vy data provided by
Christensen [1966] and Horen et al. [1996] with a correlation
coefficient >0.8. These are one of the two sets of partial
derivatives for the degree of serpentinization used in this
study and are designated as set I parameters.

[16] Christensen [2004] noted that the velocities measured
in previous work mainly represent lizardite serpentinite in
lower crustal condition rather than antigorite serpentinite
stable usually in the fore-arc mantle. Without having the
exact datatodo regression, we digitized Christensen’s [2004]
Figure 8-and obtained the following partial derivative val-
ues-for antigorite serpentinite: dInlVg/d© = —2.59 x 1073
and dIn(Vp/Vs)/d@-= 0.636 x 10>. Both coefficients were
much reduced. front their set I counterparts. These partial
derivatives are categorized as set II.

[17] Another wariable to, which velocities are sensitive is
temperature. The temperature derivatives are adopted as
dinf/5/dTe= —1.00 %10, 2 ec  and din(Vp/Vs)/dT = 2.3 x
107 °C! [Lee, 2003]. "All the eoefficients are presumably

of the mantle or in situ melt retention. Water released from thes functions of temperature and pressure, but these functions are
oceanic crust during deseending may be absorbedby: adjacenﬁ- notknown with higher accuracy and we use their constant
mantle peridotite and transform it to serpentinite | [Hack@z’fonms to transform the tomographic models to tectonically

et al., 2003]. This serpentinized layer, if dragged down with
the corner flow, will eventually be dehydrated amd may trig4
ger water-fluxed partial melting.in-the wedge [e g.5 Hattori &
and Guillot, 2003]. If the wedge is hot enough ater dis=! !
charged from the subducted crust may fagilitate melting in
the mantle without an intermediate. step.of serﬁentlmzatlon
[Arcay et al., 2005].

4. Serpentinization
4.1. Parameterization

[14] Our tomographic inversion outputs' three types of
anomalies, Vp, Vs, and Vp/Vs, with only two of them being
independent parameters. Vp/Vs is a more effective indicator
of the hydration or melting of a mantle wedge than V' and Vs
alone, and it is independent of either Vp or Vg, but not both. In
this section we quantify the effects of hydration of the wedge
mantle resulting from dehydration of the subducting crust
and slab. Major hydrous minerals in peridotite include
serpentine, chlorite, and amphibole. Among these, serpentine
dominates the water budget of peridotite [Schmidt and Poli,
1998]. In this study, the hydration phenomenon in the fore-
arc mantle was parameterized to be the degree of serpentini-
zation of the parent peridotite, ©. A 100% serpentinite (© =
100) has 15 wt% water [e.g., Hacker et al., 2003], and © =0
represents dry peridotite. Water can be provided through
subduction by (1) sediment compaction, usually at shallow
depths, (2) metamorphic reaction of oceanic crust from
blueschist/greenschist to eclogite facies, and (3) dehydration
of the previously serpentinized slab mantle at greater depths
[Hyndman and Peacock, 2003].

more meaningful variables. Conversion of Vgand Vp/Vgto 6T

T— and © can be done by solving the equation

Aln Vs &p Vs
o7 Te) [6T} _ { Shn Vs } 2)
OnWpf¥s) On(kp/Vs) || 0 dn(Vp/Vs) |
oT 00

The formulation of (2) assumes that temperature and serpen-
tinization are two major independent factors that shape the
seismic-image of the subduction zone-mantle wedge regime.
This is an oversimplification, as other factors, such as com-
positions and the presence of crack or melt also influence the
velocities and ratio. Equation (2) can be considered a rotation
of the parameter space such that two new parameters are
formed by projection from the original two. Because (2) is
an exact system, the matrix inversion will map all the errors
in 6InVg and éIn(Vp/V) onto 6T and 6O.

[18] Figures 4a and 4b show 67 and © along 121.8°E
generated with the set I © parameters. As serpentinization
only applies to peridotite and the temperature coefficients are
typical of shallow upper mantle conditions, our discussion is
restricted to the mantle portion of the model (e.g., >40 km).
First, temperature accounts for most of the velocity variations
related to the Ryukyu slab, and 67" basically follow the pattern
of V. Along the slab, T falls into the range of —200°C to
—400°C (Figure 4a), which is consistent with what sim-
ple subduction zone thermal modeling demonstrates in 100—
200 km depth range.
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regional mean. The most significant Serpentinization zone is:n‘j(hé fore-are mantle above the slab interface.

Models above 40 km depth are not meaningfufand aré made

fa

ed outto the'surface. Negative anomalies at

the shallow segment of the slab, roughly at 2 °N, is unknown igboﬁg . The red thin dotted line is R25.

(c) Temperature and (d) degree of serpentint:

ion the same as in Figures 4a and 4b, respectively except for

set IT O partials. The temperature minimum on the order of —1000°C in the fore arc is unreasonable.

[19] Serpentinization occurs mainly in the fore-arc mantle
adjacent to the slab interface (Figure 4b), and those extending
downdip to outside R25 are not discussed here. Without the
serpentinization parameterization in (2), the fore-arc region
with low Vp and Vg would be determined to be warm. Instead,
it is now determined to be normal or low temperature.
Although only positive © makes sense, all signs of © were
transformed from the right-hand side of (2). An example is
the negative © at 50 km beneath 24°N (Figure 3). As
described above, we are uncertain about the velocity anoma-
lies and therefore reserved about its significance in serpenti-
nization. Strictly, (2) should only be applied to quantify the
serpentinization in regions where serpentinization is consid-
ered realistic and confidently resolved.

[20] Application of the set Il parameters yields different
models of temperature and serpentinization (Figures 4c and
4d). Because of the quadruple reduction of the Vp/Vy partial
from that in set I, © is increased by about fourfold, i.e., to
~60%, in the fore-arc mantle. The temperature, however,
exhibits a strong minimum in the fore-arc mantle where © is
maximum, instead of within the slab. The extremely cold fore
arc may be caused by too high a © which entails a Vg too low
that requires decreased temperature to compensate for. Judg-
ing which set of parameters is correct is beyond the scope of
this study, but the set I parameters seem to be preferable in
terms of its capability to separate 67 and © between the slab
and the fore-arc mantle in a way consistent with our funda-
mental knowledge of subduction zones [e.g., van Keken et al.,
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2002]. These two sets of serpentinization parameters should
be tested with other tomographic models.

[21] The serpentinization interpretation for mantle wedge
has been invoked elsewhere. In northeast Japan, receiver
function images suggest the presence of a long serpentinite
layer atop the Pacific slab from 90 to at least 130 km
[Kawakatsu and Watada, 2007], while in central Japan local,
high Vp/Vs are found abutting the surface of the slab at
shallow depths [Kamiya and Kobayashi, 2000]. Judged from
the location of the VF, positive © spreads out in the fore arc
along the slab interface and reaches a maximum at roughly
50 km depths. This may be linked to the progressive break-
down of hydrous minerals, i.e., lawsonite, chlorite, zoisite,
and amphibole in basalt during the basalt-eclogite metamor-
phic transformation that releases water to hydrate the mantle
immediately above it [van Keken et al., 2002; Iwamori,
2007]. This is reminiscent of the Cascadia mantle wedge
where reflectivity evidence implies strong serpentinization in
the fore-arc region at depths 30—50 km [Bostock etal.,2002].
Geological evidence of the fore-arc serpentinization was'also
found in both oceanic and continental convergent margins
[Fryer et al., 1999; Guillot et al., 2000]..Jn this study, . we
cannot argue whether serpentinization spreads along the arc
because of the decreasing resolution of tomography toward
the east.

4.2. Melting

[22] If the temperature.is higher than the stability fieldiof
the hydrous minerals in serpentinite, serpentinization"would
not occur in the first place. The free water may facilitat
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hand, the limited aperture of observation does not allow us to
sample northward far into the wedge interior to fully depict
the melt distribution. In the present work we attribute the low
Ve Vs, and high Vp/Vg anomaly atop the slab interface to
serpentinization of the peridotitic mantle. The pattern and
properties of melting in this region may only be defined in the
future with a larger-aperture imaging incorporating an OBS
array in the OT.

5. Discussion

[24] Unlike in Japan, Alaska, and Cascadia, the JMA part
of the combined network provides limited aperture to con-
strain the mantle wedge north of the subduction zone. Our
strategy is to present models that do not overrepresent and
inflate what the data can possibly offer. The variance reduc-
tions of less than 70% and 60% for Vp and Vg, respectively,
are low enough to suppress uncertain, secondary features in
the model. We do.not interpret anything outside the R25 limit,
and Within the R25 limit we are careful in not overinterpret-
ing-subtle features whose scale is less than the resolvable
scale of-heterogengity. In practice, we are confident more in
the profiles in.which the subducting Ryukyu slab is resolved
better, 1.e., showing continuous high V» and Vg anomalies.
Profile 121.8°Ekis an example, and is the focus of the dis-
cussion 1n this study.

[25]1" Iny a recent tomographic effort, Lin et al. [2004]
obtained a relatively high"Vp/Vg channel rising from the slab
interface at 40 km depth obliquely to the Yilan plain (with
~KST"15 km away). The presence of the channel is intriguing

water-fluxed melting at temperatures above Water—saturated!ay itself, but its signature is Weak against the average wedge

solidus, or escape upward at lower temperatutes! Thi§%s

an intricate dynamic process, which has been the subject ofis T.

much numerical modeling effort [e.g., van Kekenet al., 2002}
Peacock et al., 2005; Arcay et ali; 2005]. Beneath NE Japans
low Vg Vs, and high Vp/Vs anomahes subparallel to the slab
in the mantle wedge were interpreted to.be'a melt signature
[e.g., Zhao et al., 2009] with.a melt fraction ¢ of 1-2%
[Nakajima et al., 2005]. The serpentinized layer later detailéd
by Kawakatsu and Watada [2007] in the’same region was
localized between the melt zone and the slab. Technically,
degree of melting can be estimated by replacing the-partial
derivatives for © with those for ¢. Examination of the melt
model of Nakajima et al. [2005] indicates that the signsof the
partials of Vgand Vp/Vs with respect to ¢ are consistent with
the signs of the partials with respect to ©, implying that what
can be converted to high serpentinization may be converted
to a high melt fraction as well.

[23] However, we refrain from addressing the issue of
melting based on two observations. First, the melt zone in
NE Japan is in the hot core of the wedge beneath the VF and
beyond, and is at least 50—100 km horizontally away from
the slab interface. In contrast, in NE Taiwan and the west-
ernmost Ryukyu, the well resolved high Vp/Vs signature is
adjacent to the slab and at shallower depths localized in the
fore arc. Although the mantle wedge here may be warmer
near the edge, there are no present-day volcanic activities
documented above the fore-arc region. Second, the VF here is
small in magnitude compared with the abundant VF activities
in NE Japan [Sibuet et al., 1998; Chung et al., 2000; Tatsumi
and Eggins, 1995; Tamura et al., 2002], implying probably
low melt generation at least at present stage. On the other

mantle. With the integrated data sets of CWB and JMA and
a carefullycalibrated V»/Vs inversion, we examine whether
this feature is robust and ‘worth further elaboration. Note the

recoverable scale of heterogeneity is approximately 10 km in

this part of the model and the grid spacing is 10 km, which is
an adequaté parametenization to resolve the melt pathway of
Lin et al [2004].

[26] Figure .5 ‘compares the tomographic images of this
study and Lin‘et.al: [2004] in the same vertical slice shown in
the latter The'slab. is resolved much better in this study,
lending’credence to other images. We cannot see any features
suggestive:of a channel structure connecting the slab and the
surface, crossing the corner of the mantle wedge. Throughout
all the profiles, no features alike stand out as an obvious
anomaly. We also test using different combinations of damp-
ing factors for Vp and Vs, i.e., taking models in the neigh-
borhood of the optimums at the two trade-off curves in
Figure 2a. One of them is a model with the Vp/Vg norm the
same as Lin et al. [2004] in the 2-D slice. While the inclined
high Vp/Vs layer overlying the slab largely remains, features
suggesting a melt pathway claimed by Lin et al. [2004]
cannot be reproduced. In their study, the primary structure
of the Ryukyu slab is poorly resolved in the same profile
where the secondary feature of melt is emphasized.

[27] In their most recent work, Lin et al. [2007] combined
CWB, JMA, and OBS data to constrain the velocity structure
in the region similar to that of this study but for the upper
60 km. Their OBS data, recorded over a period of 12 days,
may provide additional constraints on the crustal structure of
the OT. This advantage, if properly parameterized into the
inversion, provides a potential for better imaging the fore arc
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te the prin
the slab is resolved in both studies despite different es, while

Vp/Vs anomaly extending obliquely from the slab. A

resolved in this study. The slab as the mostlimportant structure

the study by Lin et al. [2004}:, w
S\
and the slab. Lin et al. [2007] reported the piesence ofimore
“channels” of melts that feed the VE or the back-arc.axis
from various parts of the slab along the' strike. Yot a
comparison between Lin et al.’s [2007] study and thi§'study
is not straightforward, because their “channels” are highly
variable in 3-D and overly subtle, and are very likely beyond
the resolution of our model. Here we do not attempt to trace
and connect patchy anomalies into a seemingly continuous
structure and attach significance to them.

[28] Our model shows that the serpentinization reaches
15% in the fore arc of the westernmost Ryukyu subduction
zone. This is comparable to what is estimated from the Vp
anomaly alone [Zhao et al., 2001] and less than the local
maximum © inferred from a reflectivity result [Bostock et
al., 2002] both in the Cascadia subduction zone. As
serpentinite (© = 100) contains 15 wt% water [e.g., Hacker
et al., 2003], the maximum water content in the fore-arc
mantle may be 2%, and locally the content may be greater
because the tomography heavily damps the variations. This
amount of bound water may be stable in between the
serpentine chlorite dunite field (~6%) and the chlorite
harzburgite field (~1.4%) at 50 km depths (~1.5 GPa)
and between 500°C and 800°C [Hacker et al., 2003]. As
a reference, this temperature range is lower than the

| ima
it SbeJ et
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Latitude

[2004] and (b) this study, along profile 2
ry feature such as the high Vp/Vg atop
the secondary-feature, the weak, positive

e in the study by Lin et al. [2004] is not
fs better expressed in this study than that in

il

waterssaturated solidus of peridotite, i.e., 900°C—1000°C
at shallow mantle pressures [Kawamoto and Holloway,
19975 Grove et al 2006].

[29] A self-consistent scenario with the serpentinization
hypothesis will ‘be that significant water is liberated from
basaltic crust at or below 50 km. This will require a tem-
perature range in the oceanic crust which spans the break-
down of hydrous minerals that involve abundant water
losses. However, the 500°C—800°C range mostly spans the
low water content (<1%) eclogite field at 1.5—-2 GPa (~50—
65 km) [Hacker et al., 2003]. A reasonable conjecture is that
the temperature of the oceanic crust straddles the blueschist/
greenschist-eclogite boundary, i.e., 400°C—500°C between
1.5 and 2 GPa [Hacker et al., 2003] so that abundant water
(~5%) can be expelled to hydrate the fore-arc mantle. The
temperatures may increase from below 400 to above 500°C
passing through this depth range. At 50 km or so, water-
saturated solidus for basalt is ~650°C [Lambert and Wyllie,
1972]. Minor dehydration melting may occur upon zoisite-
out reaction at ~700°C—750°C, but it is not until >900°C
when amphibole breaks down that the crust melts signifi-
cantly [Vielzeuf and Schmidt, 2001; Hacker et al., 2003].
Although intensive melting seems unlikely, small amount of
melting of the oceanic crust cannot be fully rejected.

al.
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[30] Geochemical evidence for crust melting in the western
Ryukyu subduction zone has not been completely estab-
lished. High-Mg andesites, considered as an indicator for
slab melting, were reported at Iriomote, a previous VF 13 Ma
in age now located at the fore arc, but their geochemical
signature does not support a subduction zone origin [Shinjo,
1999]. However, the recent work on KST (VF) rocks indi-
cated that some of the samples contain high-Mg components,
implying some degree of slab melt contribution to the arc
volcanoes [Chu, 2005]. The issue is still open and develop-
ments on this geochemical front should be closely watched.
Numerical modeling, geochemical constraints, and seismo-
logical imaging need to be integrated to further the under-
standing of melting in the mantle wedge or slab beneath the
westernmost Ryukyu.

[31] Can the fore-arc serpentinization be tested in the
future against other observations? Tomography can be im-
proved with OBS deployment in the OT, but the same
velocity-based approach likely yields a pattern similar to that
in this study. A critical test can be attained from -a;scismic
attenuation tomography. The low; attenuation, or, high. Q
value, in the fore-arc mantle beneath Alaska and Cascadia
constrained by array waveforms is thought to"arisefrom low
temperature, which agrees with the low heat flow measured at
the surface [Schurr et al., 20035 Stachnik et al., 2004]. Both Q
model and heat flow measurement acrossithe OT are lacking
at present and will critically testthe serpentinization hypeth-
esis in the future.

CHOU ET AL.: TOMOGRAPHY OF RYUKYU SUBDUCTION ZONE

B12301

tial sampling of the velocity perturbations. A conventional
approach is to perform restoration experiments on simple
synthetic structures such that the spatially varying resolving
power of the obtained tomographic model can be appraised.

[34] In addition to the test on Vp/Vy illustrated in Figure 2,
we set up a restoration experiment as follow. A synthetic 3D
checkerboard model with +6%, fast and slow alternating
velocity anomalies over the grids of our model, i.e., horizon-
tal spacing 0.2° and vertical spacing 10 and 20 km above and
below 100 km depth, respectively. As a comparison, a model
with a grid spacing doubled is also performed. Traveltime
residuals were generated from this model using the raypath
sampling identical to the real data. Random errors with zero
mean and 0.8 s standard deviation are blended in the synthetic
traveltime residuals. Since the geometry of the raypath
distribution is the same as in the real inversions, additional
trade-off analysis is redundant. That is, we simply adopt the
same damping parameters as the ones for the actual inversion
(Figure 2a). Errors and damping are essential for conducting
a checkerboard testy. which are often missed in previous
studies. 1t is clear that our damping parameters efficiently
remove potential-artifacts from poorly sampled areas at the
expensesof “losimg' certain marginal resolving power.
Figures' Al and*A2 show restoration experiments for the
two sets| of gridispacing. Overall, 10 km resolution dimin-
ishes rapidly toward edst; while 20 km is maintained better.
In the near TW profile} resolvable scale of heterogeneity is
10'km in the crust, 10—-20 km in the fore-arc mantle, and

! s probably 20 km in the slab throughout. In the eastern profiles,

6. Conclusion

7 20 km yariation is in general discernable, except degrading

_ . | = }.—_,’tffl_.thdepth in the slab. THE resolution ranges from poor
[32] By integrating CWB and JMA data we construct'a “peneath the VF inmost of the profiles to none deep in the

tomographic model for the subduction zene and manth
wedge between the NE Taiwan.and.the westernmost Ryukyu
with the best resolution near offshore Taiwan. In liéht of the
relatively unfavorable network coverage, we take a conser-
vative approach toward both regularizing the invetsion and
interpreting the results. The high{¥piand Vg anomalies
associated with the subducting Ryukyu slab“dominatessthe
tomographic images, while the high ¥/Vg.signals above the
slab characterize the mantle wedge. The high+V'/V{.channel
depicted in a previous tomographic effort and interpreted
to be a melt pathway feeding the Yilan plain from the slab
cannot be reproduced in this study. The slab signature is con-
sistent with a temperature anomaly of —200°C to —400°C.
Significant anomalies of low Vp Vgand high Vp/Vappear in
the fore arc of the mantle wedge, south of the present-day
volcanic front. We interpret this signature as the hydration of
mantle peridotites by the water discharged from the basalt-
eclogite metamorphism in the subducted oceanic crust, and
parameterize it as percentage of serpentinization using labo-
ratory data. Peak serpentinization may reach more than 15%,
or 2% water content, in the fore-arc wedge near NE Taiwan.
This is a notable departure from previous views which
emphasize the role of melts. To achieve a full imaging of
the mantle wedge and the melt distribution, expansion of the
array with OBSs in the future is critical.

Appendix A

[33] Nonuniform raypath coverage of most regional trav-
eltime tomography studies results in obviously uneven spa-

i

wedge.

% [35] The checkerboard analysis helps to determine the
scale of] heterogeneity a“niodel can achieve. To quantify
how closely to ithe true value each model parameter is
resolved, one needs to,establish the resolution matrix, defined
as R=Gg "G, where Gy ! is the generalized inverse of the G
matrixiin-the invetsion system Gm = d. If the system is solved
with a singular‘value «decomposition, R can be easily ob-
tained Usually, nonzeros in R spread over physically neigh-
boringgrids, ideally with a maximum value at the center grid.
The grid with R value of 1 implies that this parameter is
independently resolved and therefore the true model value is
recovered, if no errors in data. The diagonal values of the R
matrix therefore map out the resolvability at each grid of the
tomographic model. In this study the values for the V» model
are used to represent the overall model resolvability. In
Figures Al and A2, most of the region above 50 km in the
western end of the model has R values >0.5, where station
control is the best. The Vgand Vp/Vg anomalies interpreted to
be high serpentinization in the fore arc (Figure 3, 121.8°E
profile) straddles the R ~ 0.5 contour. The mantle wedge
immediately next to the slab and largely above 100 km makes
the R = 0.25 requirement. We take R = 0.25 (R25) to be the
limit of the resolvable part of the model and the limit of the
region within which anomalies are worth an interpretation
with caution. Because R is determined by the ray geometry a
priori to the inversion, R25 should be considered a weak cri-
terion, because structures within this limit could be affected
by data errors.
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