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Abstract : 
 
An active seismic experiment has been conducted across the southern Ryukyu margin east of Taiwan 
over the whole trench-arc-backarc system in May 2009. Twenty-four ocean bottom seismometers (OBS) 
were deployed from the Ryukyu trench to the southern Okinawa trough over the Ryukyu arc and 
forearc. Wide angle seismic data were recorded by the OBS array while coincident reflection seismic 
data were acquired using a 6 km long streamer and a 6600 cubic inch seismic airgun array. Results 
from tomographic inversion of 21091 travel time picks along this line allowed us to image crustal 
structures of the Ryukyu margin down to a depth of 25 km. The transect has been designed to provide a 
better seismic velocity structure of the subduction zone in a highly deformed area that has produced an 
M8 earthquake in 1920. The line crosses a seismic cluster of earthquakes which source mechanisms 
are still poorly understood. The subducting oceanic crust of the Huatung Basin is about 5-6 km thick. 
The underlying mantle exhibits low seismic velocities around 7.8 km/s suggesting some hydrothermal 
alterations or alteration of the upper mantle through faults generated by the flexure of the subducting 
plate as it enters the subduction. Low velocities, up to 4.5 km/s, associated with the accretionary wedge 
are well imaged from the trench back to the Nanao forearc. A major result concerns the abrupt 
termination of the buttress at the rear of the accretionary wedge. Despite the low resolution of the 
tomographic inversion near the subduction interface, several lines of evidence supporting the presence 
of a low velocity zone beneath the toe of the forearc buttress could be established. The Moho beneath 
the Ryukyu non-volcanic arc is located at a depth around 25 km depth. (C) 2011 Elsevier B.V. All rights 
reserved. 
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Highlights 

► This paper presents new deep seismic data from a profile across the southern Ryukyu margin east of 
Taiwan. ► Results from tomographic inversion allows to image crustal structures of the Ryukyu margin 
down to a depth of 25 km. ► The subducting oceanic crust is about 5-6 km thick and the underlying 
mantle exhibits relatively low seismic velocities. ► The buttress of the accretionary wedge ends abruptly 
and some evidence supports a low velocity zone at the forearc. ► The Moho beneath the Ryukyu non-
volcanic arc is located at a depth around 25 km depth. 
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1. Introduction and previous work

The Philippine Sea plate (PSP) converges toward the Eurasia plate (EP) near Taiwan27

at a rate close to 8 cm/yr in a WNW direction [Seno et al., 1993; Yu et al., 1997]. East of28

Taiwan, the PSP subducts northward beneath the southern Ryukyu arc (Figure 1). The29

north-trending PSP slab edge, carrying the extinct north Luzon volcanic arc, is sharply30

traced by the interruption of its Benio� zone beneath northern Taiwan along 121 degree31

30 minutes E. The PSP abuts in this region against either the east-subducting EP slab32

in depth or the Taiwan orogen at crustal levels. The southernmost Ryukyu subduction33

zone is thus highly deforming in response to the arc-continent collision that occurs in34

Taiwan. As a consequence, the forearc area east of the island records a very high level of35

seismicity [e.g., Chen et al., 2009], with some clustering along probable active faults [e.g.,36

Font and Lallemand , 2009]. The largest instrumentally recorded earthquake occurred in37

this region in 1920. Theunissen et al. [2010] have recently proposed a revised magnitude38

(Mw 7.7 ± 0.2), location (30 km east of Hualien) and mechanism (thrust) for this event.39

Hsu and Sibuet [2005] have suggested that the southern Ryukyu subduction zones had40

similar geometrical and tectonic characteristics than the Andaman subduction zone that41

underwent a giant Mw 9.2 event in 2004. One of the main aims of this work is thus to42

better image the crustal structure in this area in order to better constrain the source of43

the seismicity.44

One of the �rst wide-angle seismic surveys conducted south of Taiwan constrained the45

nature of the crust in the South China Sea Basin to be oceanic and bounded to the north46

and south by continental type crust [Ludwig et al., 1979]. From modelling of three wide-47
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angle seismic lines, Murauchi et al. [1968] deduced, that the crust underlying the Okinawa48

Trough is generally similar to that of continental crust, with a Moho depth of 12 km in the49

eastern Okinawa Trough thinning towards the northwest. Leyden et al. [1973] correlated50

o�shore refraction velocities with onland drilling and refraction data to propose a crustal51

structure in the Okinawa Trough. Based on models from wide-angle seismic data, Hagen52

et al. [1988] propose the nature of the crust east of Taiwan and south of the Ryukyu53

Trench to be oceanic and continental north of the trench. Lee et al. [1980] using two ship54

seismic refraction lines, found that the Okinawa trough is underlain by a roughly 9 km55

thick crust, which is overlain by an acoustic basement layer and a 1-2 km thick layer of56

sediments.57

In 1995 a large scale land-sea wide-angle seismic experiment was carried out east and58

south of Taiwan using the R/V Maurice Ewing for re�ection seismic data acquisition59

and the R/V Ocean Researcher 1 for deployment and recovery of the instruments [Yeh60

et al., 1998]. One of these regional pro�les, oriented north-south, spans from the Okinawa61

Trough over the Ryukyu Arc and onto the Philippine Sea Plate (Figure 1) [Wang et al.,62

2001, 2004]. This pro�le (line 1), which is located in our study area, but oriented in a63

di�erent angle, images a sudden increase in subduction angle of the PSP below the Nanao64

forearc basin. Moho depth at the Ryukyu Arc is around 30 km, and around 13 km at the65

PSP. Three pro�les oriented roughly east-west (Lines 14, 16 and 23) were each extended on66

land. Preliminary modelling of southern Line 23 covering the Luzon Arc shows thickening67

of the PSP towards the EP, but no indications of a westward subduction of the PSP68

[Hetland and Wu, 1998; Yang and Wang , 1998] as previously proposed by Chemenda69

et al. [1997]. Line 14 crosses our pro�le in the forearc area and is located roughly parallel70

D R A F T March 16, 2011, 11:11am D R A F T



: X - 5

to the Ryukyu Arc. Modelling of the OBS data along this pro�le indicates a poorly71

constrained Moho depth near 30 km in the vicinity of our pro�le leading to a crustal72

thickness larger than 25 km. Sedimentary layers thicken in the Nanao and East Nanao73

Basin and the continental basement of the Ryukyu arc has been interpreted to terminates74

beneath the accretionary wedge at a distance of 60 km from the trench [McIntosh and75

Nakamura, 1998; Wang et al., 2001]. However, McIntosh et al. [2005], demonstrated that76

thickened crust was limited to the extinct North Luzon Arc. East of this, at the base77

of the slope, the OBS data require normal to slightly thin oceanic crust. They found no78

evidence of signi�cant deformation east of the arc. Line 16, sub-parallel to Line 14 in the79

forearc (see Figure 1) images the top of the subducting PSP at depths between 20 and 2580

km [Wang and Chiang , 1998; McIntosh et al., 2005].81

An active seismic cluster has been imaged in the forearc area using relocations of 113982

events recorded on both taiwanese and japanese landstations from 1992 and 1997 in a83

3D velocity model [Font et al., 2003; Font and Lallemand , 2009]. These clustered events84

mainly align with geomorphological features such as the Hoping canyon at the surface or85

the Hoping basement rise in depth. Even if a few of them locate onto the subduction86

interface, most of them occur within the upper plate, often at shallow depths. Focal87

mechanisms within the shallow group indicate either a high-angle backthrust dipping south88

or a north dipping low-angle thrust [Font et al., 2003; Font and Lallemand , 2009]. Together89

with additional data the authors propose the existence of an active splay fault, probably90

resulting from the subduction of an oceanic relief and causing the abnormal seismic activity91

[Font and Lallemand , 2009]. Such splay faults, connected onto the subduction plate92

interface, are able to generate a mega-thrust earthquake such as those known in Nankai93
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or Sumatra. At the same time, the authors were puzzled by both the shallowness of94

most events and the fact that no surface evidence of splay fault emergence was observed.95

They thus questionned the accuracy of earthquake location with a large azimuthal gap96

in land stations with respect to the o�shore events. In order to better constrain the97

seismic activity in this highly deformed region, two seismic experiments were conducted:98

one active during which a combined wide-angle and re�ection seismic pro�le was acquired99

across the Ryukyu arc east of Taiwan, and a passive one consisting of 3-months passive100

recording of the natural seismicity in the study area (see Theunissen et al., this issue).101

2. OBS data acquisition and preprocessing

During the RATS-3 (Ryukyu Active Tectonics) cruise in 2009, one combined wide-angle102

and re�ection seismic pro�le of 300 km length was shot spanning from the Okinawa basin103

and crossing the Ryukyu subduction system (Figure 1). 24 ocean-bottom seismometers104

(OBS) were deployed along the pro�le, at an interval of 14-15 km but it was denser (7-8105

km) in the seismically active area in the central part of the pro�le. These instruments106

included 19 OBS from the Ifremer (French Research Institute for Exploration of the Sea)107

pool and 5 instruments from NTOU (National Taiwan Ocean University) [Au�ret et al.,108

2004]. All instruments recorded usable data on all four channels. The RATS experiment109

was combined with the larger TAIGER onshore-o�shore experiment [Lester et al., 2010;110

Langston et al., 2009; Kuo-Chen et al., 2008].111

Pre-processing of the OBS data included calculation of the clock-drift corrections to112

adjust the clock in each instrument to the GPS base time. Instrument locations were113

corrected for drift from the deployment position during their descent to the sea�oor using114

the direct water wave arrival. The drift of the instruments never exceeded 200 m. Picking115
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of the onset of �rst and secondary arrivals was performed without �ltering where possible116

(mostly between o�sets of 0 - 40 km). Further processing of the data to facilitate picking117

at further o�sets included deconvolution, application of a 5 to 15 Hz Butterworth �lter118

and equalization. Data quality along the pro�le was generally very good with clear arrivals119

to o�sets over 100 km between the ship and the sea-�oor instrument (Figure 2 A). Clear120

Pmp re�ections can be identi�ed on most instruments located on the Philippine Sea Plate,121

in the Ryukyu Arc area and in the Okinawa Trough (Figure 2 B). Mantle velocities could122

be constrained from turning wave arrivals from the upper mantle on some instruments123

located in the Okinawa Trough and on the Philippine Sea Plate (Figure 2 C).124

3. Multichannel seismic data processing

A coincident re�ection seismic line MGL0906-12 was shot by the R/V Marcus Langseth125

(Figure 3). A total of 3057 shots were �red on the pro�le by a 6600 in3 tuned airgun array126

of the R/V Marcus Langseth. These shots were recorded by a 6.0 km 468 channels solid127

state seismic streamer. The multi-channel seismic re�ection data of MGL0906-12 were128

processed at the Institute of Oceanography, National Taiwan University, with the ProMAX129

(Landmark) seismic processing software. The data are of high quality, with an excellent130

signal to noise ratio, relatively �at spectral content, and a well shaped source signature. As131

a result, no signi�cant improvement was achieved during source designature and spiking132

predictive deconvolution, and the pro�les presented in this study were processed with133

no deconvolution. The processing sequence is composed of geometry (including streamer134

feathering), cdp binning at 12.5 m interval and sorting, band-pass �lter (2-16-64-96 Hz),135

re-sampling from 2 to 4 ms. After velocity analysis, true amplitude recovery was applied,136

normal move-out, multiple attenuation, time variant band-pass �lter (from 2-16-48-64137
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at sea bottom to 2-16-32-48 Hz 3 s below), inside and out-side mute, stack, and post-138

stack time variant band-pass �lter and Kirchho� time migration. Two pass of semblance139

velocity analysis (at 500 then 250 cdp) were performed on 8 cdp super-gathers (full fold140

of 468 channels), using the velocities of the tomographic inversion of the OBS records as141

guide function in order to constrain stacking velocities at depth where semblance is poor.142

Multiple attenuation was achieved with an FK-�lter applied to super-gathers of 4 cdps143

(half fold at 25 m trace interval). Moreover, an additional radon velocity �lter (from 25144

% below to 50 % above) was applied to the south-western portion of the pro�le in order145

to further attenuate multiples that compromise seismic imaging of the subducting PSP146

underneath the accretionary prism. However in this area, structures are poorly imaged:147

rough topography, little continuity in the re�ectors, and steep dips result in high noise148

and short lived features on the seismic pro�le.149

4. Tomographic inversion

The tomographic inversion code FAST [Zelt and Barton, 1998] was further used to150

construct a �rst velocity model. This model also served as an initial guideline to the151

forward modeling, described hereafter. This non-linear tomographic approach consists152

in a regularized inversion in which user speci�ed parameters weight the �nal solution153

in terms of travel time mis�t and model roughness. The method is linearized in that a154

starting model and iterative convergence scheme are employed. Non linearity is accounted155

for by calculating new ray paths at each iteration. The method generates smooth models156

which do not resolve sharp boundaries but steeper velocity gradients instead. The most157

important structural features are thus resolved in an objective manner, i.e., not user-158

oriented. Additional information from secondary arrivals and gravity modeling were not159
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incorporated into the inversion in order to keep the approach objective. In order to perform160

this tomographic inversion of the �rst arrivals, 16807 travel-times have been picked in the161

complete dataset. Each pick has been associated to a picking error between 20 ms and162

150 ms depending on the data quality. The tomographic model used a grid of 310 km163

x 40 km with a 0.5 km grid cell size (Figure 4). For the �nal model run, 5 di�erent164

smoothing weights were tested in 10 non-linear iterative steps. The �nal model predicts165

a mean travel-time mis�t of 156 ms. 97 % of all picks were traced in the model.166

5. Forward ray-tracing modelling

The data were modelled using a two-dimensional iterative damped least-squares travel-167

time inversion from the RAYINVR software [Zelt and Smith, 1992]. Modelling was per-168

formed using a layer-stripping approach, proceeding from the top of the structure towards169

the bottom. A two-dimensional iterative damped least-squares inversion of travel times170

was used [Zelt and Smith, 1992]. Upper layers were adjusted to improve the �t of lower171

layers where not directly constrained by arrivals from within the layer. Lateral velocity172

changes are included into the model only if required by the data, and layers are only173

included if re�ected arrivals or changes in the velocity gradients were necessary to explain174

all arrivals. Arrival times of the main sedimentary layers and basement were picked from175

the re�ection seismic data �gure (Figure 3). These were converted to depth using the176

OBS data. The depth and velocities of the crustal layers and the upper mantle were177

modelled from the OBS data only. The error between the picked arrival time and the178

predicted time from forward modelling indicates the quality of the model for di�erent179

phases. The number of picks and RMS traveltime residual for all phases are listed in180

table 1. Velocity gradients and the phase identi�cation in the velocity model were further181
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constrained by synthetic seismogram modelling using the �nite-di�erence modelling code182

from the Seismic Unix package [Cohen and Stockwell , 2003; Stockwell , 1999].183

The �nal model comprises 7 layers: the water layer, two sedimentary layers, an oceanic184

crustal layer, two arc crustal layers and the upper mantle layer (Figure 5). Each layer is185

de�ned by depth and velocity nodes. Water velocity is a constant 1.5 km/s throughout186

the model. The sea�oor model layer includes depth nodes at a spacing of 1 km and187

sedimentary layers at a spacing of 2.5 km. A node spacing at the deeper crustal layers of188

5 km seemed adequate. The velocities of the two sedimentary layers range from 2.0 - 2.2189

km/s and 3.5 - 4.5 km/s in the deeper part of the accretionary prism. Velocities in the190

Ryukyu arc are 4.5 - 5.5 km/s for the upper layer and 5.5 - 7.0 km/s for the lower layer.191

The limit between these two layers is not constrained by re�ected waves but is required192

to have two di�erent velocity gradients and allow to obtain a better �t of the refracted193

waves within the arc crust. Mantle velocities are constrained from 7.8 - 8.2 km/s in the194

oceanic domain, however in the arc region the mantle velocities are not sampled by the195

seismic rays.196

6. Error analysis

In order to constrain the dependency of the �nal tomographic model of on the initial197

model, di�erent model runs were conducted using di�erent initial models. A variety of198

simple initial models where constructed and the inversion performed (Figure 6). The199

resulting models are characterized by an equal or lower �t of the data. Models calculated200

from a horizontal Moho or a Moho dipping towards the northeast lead to nearly identical201

results (Figures 6 A, B, C, and D). Model using an unrealistic deep Moho at the SW end202
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of the pro�le lead to mantle velocities higher than 8.6 km/s (Figures 6 E and F). The203

shallow layers in the �nal model do not depend on the initial model.204

Checkerboard tests using synthetic data were performed in order to constrain the res-205

olution of the model in di�erent depths using the given experiment geometry. Synthetic206

models consisting of sinusoidal anomalies were superimposed onto the �nal velocity model207

of Figure 3a. The maximum amplitude of the anomalies in the synthetic models is +5%208

and �5% of the background velocity. Synthetic noisy data with the same source-receiver209

geometry as in the data set used for the �nal results have been generated for these models.210

The result of the inversions after one iteration starting from the reference model of Figure211

4 and using the synthetic data set and the di�erences between the synthetic and inverted212

models are displayed in Figure 7. Up to a depth of 10-15 km a checkerboard pattern of213

cells of the size of 10 km x 5 km can be very well resolved (Figure 7 A and B). In the214

SW part of the model a pattern including cells of the size 20 km x 10 km is well resolved215

while the amplitude of the cells in the NE part of the model is weaker that the amplitude216

of the superimposed anomalies (Figure 7 C and D). Even the very deep structures allow217

the resolution of anomalies of the size 40 km x 15 km (Figures 7 E and F).218

Ray coverage of the tomographic and the forward model is generally very good (Figure219

5 (B) and 4 (B)). The ray coverage is slightly higher in the forward model resulting mainly220

from the additional re�ected phases which have been modelled. Generally the ray coverage221

is higher in the region of densest OBS spacing between 50 and 150 km model o�set. The222

�t between predicted arrival times and travel-time picks provides information about the223

quality of the model, and can be described by the root mean square (rms) error. The224

�nal tomographic model is characterised by a rms-error of 134 ms. The root-mean-square225
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error of the forward model is slightly higher (141 ms) due to the di�culty of picking and226

modelling the secondary and re�ected phases, which are included in the forward model227

only. The χ2 is de�ned as the root-mean-square traveltime mis�t between observed and228

calculated arrivals normalised to the picking uncertainty. The number of picks, the phase229

number and the rms mis�t for the most important phases of the models of the forward230

model are listed in Table 1.231

In order to constrain the velocity gradients of the di�erent layers, synthetic seismograms232

were calculated and compared to the data sections. The �nite di�erence modeling code233

from the Seismic Unix package (Cohen and Stockwell, 2003; Stockwell, 1999) was used234

to calculate synthetic seismograms of a record length of 30 s at a 100 m spacing (Figure235

8). The program uses the explicit second order di�erencing method for modeling the236

acoustic wave equation. The input velocity model was calculated from sampling the237

forward velocity model at a lateral 50 m interval and 10 m interval in depth. In order to238

avoid grid dispersion, the peak frequency of the Ricker wavelet source signal is calculated239

to be equal to the lowest velocity of the medium divided by the grid points per wavelength240

multiplied by 10. In this case the source wavelet is centered at 8 Hz, similar to the signal241

from the airgun array used during the cruise. The boundary conditions were set to be242

absorbing at the sides and bottom of the model and free at the surface.243

The region between sedimentary wedge, arc crust and oceanic plate is not imaged clearly244

by the MCS data, and information regarding its geometry can therefore only be gained245

from both inversion and forward modeling of the wide-angle seismic data. In order to246

avoid the introduction of unconstrained features, several backstop geometries were tested247

(Figure 9). Firstly, a simple geometry using a smooth inclination as has been interpreted248
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by Wang et al. [2001] with less dense OBS network on the sea�oor. In this case, the249

phases re�ected from the continental crust arrive too early and some refracted waves does250

not �t the data well. Thus, the resulting model is characterised by a higher RMS error251

and a lower percentage of picks which could be successfully reached by rays than in the252

�nal velocity model. Secondly, as the inverse model shows a very steep inclination of the253

isovelocity contours in this region, a near-vertical position of the backstop, as already254

proposed by Font et al. [2001], was tested. Although the rms-error is as high as in the255

previous model, the trend of the refracted waves passing through the backstop and those256

of the re�ected waves on the sides better �t the picked arrivals. Thus, our data support257

the existence of a sharp backstop. Re�nement of this model resulted in our �nal velocity258

model which is characterised by an abrupt nearly vertical backstop including low velocities259

at the front end of the backstop. The rms-error of this model is 142 ms and 95 % of the260

picks can be explained.261
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7. Comparison with re�ection seismic data

The wide-angle seismic models converted to two-way travel-time show good agreement262

with the re�ection seismic section (Figures 10). The most prominent sedimentary re�ec-263

tors were digitised from the re�ection seismic section and set in the forward modelling with264

slight adjustments where necessary to �t the OBS data. However, only sedimentary re�ec-265

tors discernible in the OBS data and therefore necessary for the modelling were included266

to avoid over-parametrization of the inversion. Velocities of these main sedimentary layers267

were constrained by wide-angle seismic data, but some additional layering is imaged by268

the re�ection seismics. Depth of the acoustic basement is in very good agreement along269

the complete model. Re�ections from the Moho are not discernible in the MCS section.270

Part of the pro�le, including the accretionary prism and backstop, were depth-converted271

using the stacking velocities in the shallow layers and velocities from the tomographic272

model for deeper layers. Comparison of the velocity model with the re�ection seismic data273

is in good agreement for both models, but no re�ections from the backstop can be traced274

in the MCS section. However the nearly vertical change in velocities can be correlated275

with a change in re�ectivity pattern from highly re�ective northeast of the backstop to276

nearly transparent southwest of it, con�rming the existence of an heterogeneity across the277

boundary.278

8. Results and discussion

The tomographic inversion of wide-angle seismic data from the Ryukyu subduction zone279

o�shore Taiwan allows to image the accretionary prism and the subducted slab up to a280

depth of 25 km (Figure 4, 5 and 11). The thickness of the sedimentary layers is between281

2 and 3 km on the oceanic plate and only 1.5 to 2 km in the northwestern end of the282
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Pro�le in the Okinawa Trough. Klingelhoefer et al. [2005] suggest that the high velocity283

contrast found between the sedimentary layers and the accoustic basement might be due284

to the inclusion of some backarc volcanism or arc relics emplaced during formation of older285

backarc basins since early Tertiary. The sedimentary layer overlying the Huatung Basin286

oceanic crust is about 2 to 3 km thick approaching the trench. The seismic velocities are287

well constrained for these layers due to the close instrument spacing and reach a maximum288

of 5.5 km/s for deeper layers, where they might represent the top of the basalt layer.289

Velocities within the oceanic crust in the tomographic and forward model are com-290

parable. The resulting oceanic crustal thickness of about 5-6 km is therefore slightly291

thinner than normal oceanic crust [White et al., 1992] (Figure 12). Also velocities from292

the tomographic inversion are lower than normal oceanic crust. These results are in good293

agreement with crustal thickness from expanding spread pro�les (ESP) found by Mu-294

rauchi et al., 1973, who �nd a mean crustal thickness in the Philippine Sea of 5.60 km295

and Louden [1980] who determined a crustal thickness between 3 and 6 km from equally296

from ESP. This is also consistent with the result of Taicrust line 23 modelled by [McIntosh297

et al., 2005], who clearly de�ned relatively thin, oceanic crust in the Huatung Basin. The298

subduction angle of the subducting oceanic slab increases at a model distance around 70299

km and 110 km, possibly due to forearc loading and compression. Wang et al. [2001],300

after processing of TAICRUST line EW-01 also showed a break in the subduction angle301

of the slab right beneath the forearc basin (equivalent of a distance of 95 km in our model)302

that he attributed to forearc compression and possible slab break-o�. Di�erences between303

the earlier models and the one shown in this study can be explained by the denser OBS304
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network deployed in our study and the more modern re�ection seismic data acquisition305

techniques used during the ACTS cruise.306

A backstop is identi�able in both tomographic and forward ray-tracing model and char-307

acterized by an abrupt lateral velocity change in the tomographic model and a nearly308

vertical boundary in the forward model. Its location corresponds to a change in the309

re�ectivity pattern of the MCS data (Figure 10). However, the resolution of this area310

is medium only and no re�ections from the vertical boundary were used in the forward311

model. The TAICRUST wide-angle seismic line EW9509-1, located close to our pro�le312

[Wang et al., 2001, 2004] reveals similar sedimentary thickness at the accretionary wedge,313

however the inclination of the backstop dips regularly toward the trench down to the top314

of the slab on the interpreted TAICRUST pro�le (Figure 1). One explanation of this315

di�erence is that the two pro�les cross a 3D irregular backstop at di�erent angles (Figure316

?? ou 1), a feature which might result from the oblique subduction. Another explana-317

tion being that the toe of the backstop was not well resolved with the TAICRUST data.318

Such vertical termination of the backstop has been already observed in the central Chile319

margin and it has been interpreted by the authors as the consequence of strong tectonic320

erosion [Contreras-Reyes et al., 2010]. In the forward modeling, a low velocity zone was321

introduced a low velocity zone to better �t the model. As no re�ected waves from this322

feature can be distinguished in the record sections, its geometry is not well constrained.323

This kind of structure is very di�cult to image as it is deep and rays pass away o� a low324

velocity zone.325

Crustal thickness at the Ryukyu Arc is about 25 km and the arc has been modelled326

using two layers with velocities between 4.50 to 5.50 and 5.50 to 7.00 km/s. The upper327
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layer has a thickness of about 4.4 km from the Okinawa through to the arc and then328

pinching out at the backstop. The second layer has a maximum thickness of about 20 km,329

thinning towards the Okinawa Trough and equally pinching out at the backstop. Moho330

depth in the Okinawa Trough itself is not constrained by our dataset further than to 200331

km model distance. Klingelhoefer et al. [2005] �nd a Moho depth around 12 km in the332

central part of the Okinawa Trough. The Moho depth found by Lee et al. [1980] in the333

Okinawa trough is slightly deeper, a fact which might be explained by the location of the334

pro�le slightly further east.335

The mantle underlying the oceanic crust is characterised by seismic velocities of 7.80336

km/s slightly lower than normal mantle velocities. No rays turning in the mantle under-337

lying the arc could be identi�ed in the data sections. Here, the Moho depth was modelled338

using PmP re�ections. A similar reduction in upper oceanic mantle velocities was ob-339

served o�shore Costa Rica over the �exurally faulted portion of the oceanic Cocos plate340

before it enters the Middle America trench and interpreted as being due to serpentiniza-341

tion of the uppermost mantle [Grevemeyer et al., 2005] through faults generated by the342

�exure and imaged on seismic re�ection data [Ranero et al., 2003]. Similar low velocities343

are found underneath the subducting oceanic plate in the Sumatra subduction zone [Klin-344

gelhoefer et al., 2010]. In all three environments, the oceanic crust is thinner than usual345

and might thus be fractured more readily and therefore may permit a higher degree of346

serpentinization in the upper mantle than thick oceanic crust. Furthermore, the basement347

of the Huatung basin is characterized by N-S trending ridges and troughs that parallel348

the Gagua Ridge and were interpreted as satellite transform faults, creating additional349

fractures [Deschamps et al., 1998].350
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9. Conclusions

Velocity modelling of wide-angle seismic data of a pro�le located over the whole trench-351

arc-backarc system, from the Ryukyu trench to the Okinawa back-arc trough allows to352

image the subducting slab down to a depth of up to 25 km. Based on this velocity model353

we propose that :354

1) The sedimentary thickness on the oceanic plate is about 2-3 km,355

2) The thickness of the oceanic crust is about 5-6 km, slightly thinner than normal356

oceanic crust,357

3) Both the tomographic inversion of �rst arrivals and the forward model reveal a358

backstop characterised by a very steep inclination. Although this region of the model is359

not highly constrained and no re�ections from the backstop can be identi�ed in multi-360

channel seismic data, it produces the lowest error of several geometries tested. Low361

velocities are observed at the base of the backstop in the tomographic inversion and are362

con�rmed by forward modeling. This could be the sign of active tectonic erosion,363

4) Our forward model indicates a de�ection of the subducting PSP beneath the forearc364

buttress that may reveal compression and/or overloading,365

5) The upper mantle material underlying the oceanic plate is characterised by relatively366

low seismic velocities which might be due to the partial serpentinisation of the mantle367

peridotites by water passing through faults in the oceanic plate. The faults might be368

generated by the bending of the subducting plate before subducting, but also by an early369

fabric.370
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10. Figure Captions

Figure 1: Bathymetry of the study region o�shore Taiwan with contours every 1000485

m. Bold line shows the wide-angle seismic pro�le and major physiographic features are486

annotated. Inverted triangles mark OBS positions of the RATS-3 pro�le and circles487

position of OBS from the passive experiment. Dashed lines labelled EW refer to the wide-488

angle pro�les acquired during the TAICRUST cruise onboard R/V M. Erwing in 1995.489

Inset shows regional setting.490

Figure 2: Examples of the wide-angle seismic data. Processing included deconvolution,491

application of a 5�15 Hz Butterworth �lter and equalization. (A) OBS 03 located in the492

Okinawa Trough (B) OBS 17 located on the accretionary wedge (C) OBS 23 located on493

the Philippine Sea Plate.494

Figure 3: (A) Multichannel seismic data. (B) Multichannel seismic data with overlain495

layer boundaries from velocity modelling.496

Figure 4: (A) Result of the tomographic inversion of �rst arrivals on a 0.5 x 0.5 km grid.497

Model boundaries from the forward modelling are overlain. OBS locations are indicated498

by red circles. (B) Ray coverage of the velocity model (0.5 x 0.5 km grid).499

Figure 5: (A) Final velocity model from forward modelling including the model bound-500

aries (solid lines) and isovelocity contours every 0.50 km/s. OBS locations are indicated501

by red circles. Areas unconstrained by raytracing modelling are shaded. (B) Ray coverage502

of the velocity model (0.5 x 0.5 km grid).503
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Figure 6: Results fromt the test of di�erent starting models. (A) Starting model including504

a �at Moho at 12 km depth. (B) Resulting model after 5 iterations. (C) Starting model505

including a Moho dipping to the NE. (D) Resulting model after 5 iterations. (E) Starting506

model including a Moho dipping to the SW. (F) Resulting model after 5 iterations.507

Figure 7: Results of the checkerboard test. (A) synthetic model including anomalies of508

the size 10 km x 5 km. (B) Resulting model after one iteration. (C) synthetic model509

including anomalies of the size 20 km x 10 km. (D) Resulting model after one iteration.510

(E) synthetic model including anomalies of the size 40 km x 15 km. (F) Resulting model511

after one iteration.512

Figure 8: (a) Bandpass �ltered (3-5 Hz, 24-36 Hz) vertical geophone data section from513

OBS 17. The data are displayed with a gain proportional to source-receiver o�set and514

are reduced at a velocity of 8 km/s. PmP (re�ection from the Moho), and Pn (turning515

waves fromt he upper mantle) are annotated (b) Synthetic seismograms calculated from516

the velocity model for the same station using the �nite-di�erence modelling code from517

the Seismic Unix package (Cohen, 2003; Stockwell, 1999). The synthetic seismograms are518

calculated every 100 m with a source frequency centred around 5 Hz.519

Figure 9: (a) Di�erent geometries of the backstop. (a) model with a smoothly decling520

backstop (b) model with a steep backstop (c) �nal velocity model521

Figure 10: Comparison of the velocity models with multi-channel seismic data. (A) MCS522

data underlain by the tomographic velocity model. Red dots mark position of the OBS.523

(B) MCS data underlain by the forward velocity model. Red dots mark position of the524

OBS.525
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Figure 11: Interpreted geological cross section based on the forward and tomographic526

velocity model.527

Figure 12: Velocity-depth relationship for the oceanic crust at -50, -25, 0 25 and 50 km528

model distance. Black lines are from the forward and dashed lines from the tomographic529

model. Grey-shaded area is from White et al. [1992] for normal oceanic crust.530

Figure 11: Bathymetry of the study area. Location of the Pro�les RATS-3 and531

TAICRUST EW9509-1 are marked by black lines and position of the OBS by inverted532

triangles.533
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Phase No of picks RMS traveltime residual chi-squared

Water 1 1785 0.040 0.163

Sediments 1 2 107 0.101 1.040

Sediments 1 re�ection 3 378 0.131 1.721

Sediments 2 4 1708 0.182 3.303

Sediments 2 re�ection 5 1717 0.123 1.515

Arc upper crust 6 3831 0.130 1.685

Arc Moho 7 1873 0.182 3.296

Oceanic crust 8 3187 0.155 2.402

Oceanic Moho 9 320 0.150 2.258

Oceanic mantle 11 2843 0.133 1.757

Arc lower crust 12 7863 0.143 2.059

All Phases 25612 0.142 2.009

Table 1. Traveltime residuals and chi squared error for all phases and the complete

model.
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Figure 2.
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Figure 8.

D R A F T March 16, 2011, 11:11am D R A F T



X - 36 :

 30

 25

 20

 15

 10

 5

0
D

ep
th

 (
km

)

 30

 25

 20

 15

 10

 5

0

D
ep

th
 (

km
)

 30

 25

 20

 15

 10

 5

0

D
ep

th
 (

km
)

 50 0 50 100 150 200

Distance (km)

C

B

A

SW NE

91 %
RMS 196 ms

91 %
RMS 199 ms

95 %
RMS 142 ms

2 3 4 5 6 7 8

Velocity

km/s

Figure 9.

D R A F T March 16, 2011, 11:11am D R A F T



: X - 37

Figure 10.
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