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Abstract : 
 
Subduction mega-thrust earthquakes in the SW Ryukyu trench pose a seismic and tsunami hazard. 
One of the objectives of this study is to estimate the downdip width of the seismogenic zone using 
numerical modeling to determine the temperature distribution along the plate interface. However, this 
approach depends strongly on the thermal parameters of the subducting slab. While the Philippine Sea 
plate (PSP) subducting beneath the central and eastern Ryukyu arc is of Eocene age (35–50 Ma), its 
age west of the Gagua Ridge is uncertain, with proposed ages ranging from Lower Cretaceous (140 
Ma) to Upper Eocene (35 Ma). Since the sparse available heat flow data are insufficient to resolve this 
debate, both end-member hypotheses are tested as input parameters. We examined two transects at 
122.5°E and 123.5°E on either side of the N-S trending, 4-km high, Gagua Ridge. The shallow forearc 
geometry is obtained from wide-angle seismic data. The deep slab geometry was obtained from 
hypocenter distribution and tomography. For an Eocene slab age, we obtain a 100 km and 110 km wide 
seismogenic zone (between the 150 °C and 350 °C isotherms) west and east of Gagua Ridge, 
respectively. This is in good agreement with the observed distribution of hypocenters. Using a 
Cretaceous slab west of Gagua Ridge predicts a deep seismogenic zone (25 km–60 km depth), 
inconsistent with observed thrust earthquakes. Tomographic images at 122.5°E and 123.5°E show a 
similar slab thickness of 70–80 km suggesting that the oceanic lithosphere has a young (Eocene) 
thermal age. The westernmost PSP (Huatung Basin) may have been thermally rejuvenated by mantle 
convection near the slab corner. The tectonic history since 6 Ma (transition from subduction to collision 
beneath Taiwan) may have also perturbed the thermal structure. 
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Highlights 

► Numerical modeling of forearc thermal structure performed for the SW Ryukyu subduction ► Two 
transects examined at 122.5°E and 123.5°E, west and east of Gagua Ridge ► Slab age of westernmost 
Philippine Sea plate uncertain ► Modeling results indicate a 100–110 km wide seismogenic zone, in 
agreement with thrust earthquakes ► Modeling and tomographic images suggest Huatung basin has 
young Eocene thermal age. ► Huatung basin lithosphere possibly rejuvenated by mantle flow or recent 
tectonics 

 

Keywords : Subduction, Finite-element modeling, Forearc thermal structure, Seismogenic zone 
 
 

 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

2 

lithosphere has a young (Eocene) thermal age. The westernmost PSP (Huatung Basin) may 

have been thermally rejuvenated by mantle convection near the slab corner. The tectonic 

history since 6 Ma (transition from subduction to collision beneath Taiwan) may have also 

perturbed the thermal structure. 

1 Introduction and geodynamic setting 

Megathrust earthquakes occurring in subduction zones pose a long-term seismic 

hazard and tsunami hazard to inhabited regions nearby. Some subduction margins like Nankai 

(Ando 1975; Kumagai, 1996), Cascadia (Satake et al., 1996; Clague, 1997; Goldfinger et al., 

2003), NW Sumatra (Lay et al., 2005; Stein and Okal, 2005; Monecke et al., 2008; Jankaew et 

al., 2008), or Central Chile (Moreno et al., 2010; Metois et al., 2012) have a known history of 

long periods of quiescence, punctuated by great mega-thrust earthquakes with magnitudes 8-

9. However, other subduction zones where abundant strong to very strong earthquakes 

(magnitudes 7-8) occur, can also be the site of catastrophic mega-thrust earthquakes like NE 

Honshu (Simons et al., 2011), the Kurile-Kamchatka trench or the Aleutian arc (McCaffrey, 

2008). Since the size of the rupture zone together with the co-seismic slip determine the 

magnitude of an earthquake, a first estimate of maximum earthquake size can be obtained by 

determining the dimensions of the interplate seismogenic zone. The portion of the plate 

boundary fault considered to be “seismogenic” is partially or completely locked during long 

periods of time (decades to centuries) accumulating elastic strain, which is suddenly released 

during an earthquake. In the absence of recent megathrust earthquakes observed by 

seismographs, accelerometers, and geodetic stations, it is still possible to estimate the size of 

the seismogenic zone using indirect methods. One of these indirect methods is numerical 

modeling of forearc thermal structure, since the range over which quartzo-feldspathic rocks 

(like those in suduction zones) exhibit stick-slip behavior is considered to be between 150°C 

and 350°C (Hyndman and Wang, 1995; Oleskevich et al., 1999). 

We apply this method to examine the SW end of the Ryukyu subduction zone near 

Taiwan. First we use wide-angle seismic data to provide information on the geometry and 

structure of the oceanic crust, forearc and back-arc. Together with earthquake hypocenters 

and tomographic images we define the geometry of finite-element models, which are then 

used to calculate the forearc thermal structure. One of the primary objectives of this study is 

to determine the temperature distribution along the plate boundary fault of this subduction 

vthome
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zone in order to estimate the thermally predicted limits of the seismogenic zone. These results 

will be compared to the observed distribution of hypocenters and thrust type earthquakes and 

the calculated surface heat flow will be compared to available heat flow observations. 

This work focuses on the SW end of the Ryukyu subduction zone near Taiwan (Fig. 

1). In this region the Philippine Sea plate (PSP) moves in a WNW direction with respect to 

Eurasia at a velocity of about 8cm/y (Seno et al., 1993; Yu et al., 1997). South of Taiwan, this 

convergence is accommodated by a N-S trending subduction zone (the Manila trench), where 

the South China Sea oceanic lithosphere subducts eastwards beneath the PSP, generating the 

N-S trending Luzon volcanic arc (Suppe, 1981; Malavieille et al., 2002). Thus, the orogen and 

current tectonics of Taiwan result from the transition from the subduction of the South China 

Sea to the collision with the Luzon volcanic arc of the subducting continental passive margin 

of the South China block beneath Taiwan (Suppe, 1981; Ho, 1986; Tsai, 1986; Wu et al., 

1997; Teng et al., 2000; Lallemand et al., 2001; Malavielle and Trullenque, 2009). To the east 

of Taiwan, plate convergence is absorbed across the Ryukyu trench arc system, with the 

trench veering from a NE-SW orientation near Japan to an E-W orientation at its SW 

termination next to Taiwan defining another transition from subduction to collision 

(Lallemand et al., 1999; 2001). In this portion of the PSP there is a major N-S trending 

basement high, the Gagua Ridge (Fig. 1), with a height culminating at 4-5 km (with respect to 

the adjacent basement). This feature is thought to be a reactivated fracture zone and may have 

acted as a plate boundary in the past (Deschamps et al., 1998; Eakin et al., 2015). 

Unfortunately, the age of the subducting slab for the portion of the PSP west of Gagua Ridge 

(Huatung Basin) is not well known, with estimates ranging from upper Eocene in age (33 - 44 

Ma) (Hilde and Lee, 1984 (33 - 42 Ma) (Doo et al., 2015) to lower Cretaceous (119 - 131Ma) 

(Deschamps et al., 2000; Deschamps and Lallemand, 2002) (140 Ma) (Lallemand et al., 

2013). This age uncertainty can be expected to strongly influence the thermal structure 

predicted by the numerical modeling and thus the end-member hypotheses (35 Ma and 140 

Ma) will be tested here. 

Geodetic studies show that the Ryukyu continental fore-arc block moves 

independently with respect to Eurasia due to active extension in the Okinawa trough back-arc 

basin (Nakamura, 2004). The resulting oblique subduction of the PSP beneath the Ryukyu 

block is estimated to reach 14 cm/yr (Lallemand et al., 2013) and the orthogonal subduction 

velocity is about 9 cm/yr. Near Taiwan, the Ryukyu subduction is marked by frequent 
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moderate to strong earthquakes (Kao, 1998; Kao et al., 1998; Font and Lallemand, 2009; 

Theunissen et al, 2010). West of Gagua ridge most of the well-known thrust events produced 

by slip along the subduction interface occurred between 10km and 35km depth (Kao et al., 

1998; Lallemand et al., 2013). The long-term seismic hazard of the Ryukyu subduction 

remains an open question, with some authors suggesting that it bears some geometric 

similarities to the Sumatra-Andaman subduction zone (Hsu and Sibuet, 2005; Lin et al., 

2014). 

Heat flow data are available in the study area from several  sources. Older marine and 

terrestrial heat flow values were obtained from the Global Heat Flow Database ( 

http://www.heatflow.und.edu ). The heat flow pattern observed on the map (Fig. 2) can be 

subdivided into three regions; an oceanic domain (on the PSP south of the Ryukyu Trench), a 

forearc block and the Okinawa Trough backarc. In the oceanic domain, heat flow is typically 

40 - 60 mW/m
2
 though a few scattered values can exceed 100 mW/m

2
 (Fig. 2). The Ryukyu 

forearc block has few data (only three values west of 126.5°E) and these indicate low heat 

flow (between 30 and 60 mW/m
2
). The two values east of 126.5°E are higher, 60 - 80 

mW/m
2
. The former low values are consistent with a fore arc thermal low. The latter are 

somewhat higher than expected for a forearc, but may be influenced by local fluid flow. 

Finally, the Okinawa Trough back arc region shows a large scatter of values from below 20 

mW/m
2
 to well over 300 mW/m

2
. The most common values range from 100 - 160 mW/m

2
. 

This is consistent with high heat flow reported for other back arcs worldwide (Currie and 

Hyndman, 2006). The extremely high values (several hundred mW/m
2
) are located close to 

volcanic centers in the backarc (Fig. 2). There are only two heat flow data observations on the 

PSP west of Gagua Ridge (in the Huatung Basin), with one nearly on the ridge. These two 

observations fall within the range of values observed on the remainder of the PSP (Fig. 2). 

However, the paucity of observations makes it difficult to confirm or disprove the two 

competing hypotheses for the age of the Huatung basin (Eocene or Cretaceous). 

 

2 The limits of the seismogenic zone 

One of the major challenges in earth science is to understand how and where 

earthquakes are generated along the subduction plate interface (Byrne et al., 1988; Tichelaar 

and Ruff, 1993; Pacheco et al., 1993 Oleskevich et al., 1999; Wada and Wang, 2009; Lay, 
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2015). A popular model suggests that the uppermost portion of the plate boundary, below the 

accretionary wedge behaves aseismically primarily due to the presence of high porosity, fluid 

rich sediments (Byrne et al., 1988). While some margins have little to no accretionary wedge, 

it seems likely that high fluid pressure within sediments along the plate interface can have an 

impact on seismogenesis (Hubbert and Rubey, 1959; Davis et al., 1983; Byrne and Fisher, 

1990; Moore, et al., 1995; Saffer and Beakins, 2002). Other studies on the updip limit 

proposed a rheological control due to changes in the behavior of clay minerals and sediments 

as these undergo low-grade metamorphic reactions and diagenesis. Two important transitions, 

opal to quartz, and smectite to illite and chlorite, occur in the accretionary wedge (or shallow 

forearc) at temperatures of 100-150°C with the higher-grade minerals exhibiting a stick-slip 

rheology permitting seismogenic behavior (Vrolijk, 1990; Moore and Saffer, 2001). 

For the downdip limit, there are two competing models; a thermal control due to the 

transition to dislocation creep at high temperatures (Scholz, 1990) or alternatively, that the 

presence of a highly serpentinized mantle wedge, can permit aseismic sliding, and thus define 

the downdip limit of seismogenic behavior (Hyndman et al., 1995). Global statistical analyses 

of subduction megathrust earthquakes indicate that on average, the downdip limit occurs at 

depths of 40 ± 5 km (Tichelaar and Ruff, 1993) or 51 ± 8 km (Heuret et al., 2011). The more 

recent and exhaustive compilation suggests that the downdip limit commonly exceeds the 

fore-arc Moho depth and thus a serpentinized mantle wedge is seldom the controlling factor 

(Wada and Wang, 2009; Heuret et al., 2011). 

For many margins which have been investigated by numerical modeling of forearc 

thermal structure (SW Japan, Cascadia, Chile, Mexico, Alaska, Sumatra), there is good 

agreement between the thermally predicted updip and downdip limits, and these limits as 

obtained from other methods (e.g. - source-time studies, aftershock studies, geodetic studies, 

tsunami modeling) (Hyndman et al., 1995; Hyndman and Wang, 1995; Oleskevich et al., 

1999; Currie et al., 2002; Gutscher and Peacock, 2003; Klingelhoefer et al., 2010).  

 

3 Wide-angle seismic models 

Two wide-angle seismic models were used to constrain the shallow parts of the thermal 

model (Wang et al., 2001; Wang et al., 2004; Klingelhoefer et al., 2012). These profiles are 

located west of Gagua Ridge (Fig. 3).  Profile EW9509-1 was acquired in 1995 during the 
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TAICRUST experiment and the ACTS profile as part of the TAIGER experiment in 2009 

(Fig. 3). Both studies used the forward and inversion modeling code “Rayinvr” (Zelt and 

Ellis, 1988; Zelt and Smith, 1992; Zelt, 1999) resulting in overall similar velocity models 

(Figure 4). The crustal structure east of Gagua Ridge is less well known and sediment 

thickness at the trench and depth to basement values were obtained from published studies 

(Lester and McIntosh 2012; Van Avendonk et al., 2014; Eakin et al., 2015). 

Along the EW9509-1 profile, the sedimentary thickness increases from 2-3 km at the trench, 

to 7-8 km towards the north, resulting from the accretion of the sediments overlying the 

Philippine Sea plate to the overlying forearc (Wang et al., 2001). The boundary between the 

subducting oceanic plate and the Ryukyu Block basement starts at a depth of 5 km at km 50 

(Fig. 4), continues to a depth of 13 km below the center of the Nanao Basin (km 200), and 

reaches a depth of 22 km below the shallow portion of the Ryukyu Block slope (km 220). 

Along the ACTS profile, the sedimentary thickness on the oceanic plate is about 2–3 km, 

increasing to 10 km in the accretionary wedge (Figure 4B). The thickness of the oceanic crust 

is about 5–6 km, slightly thinner than normal oceanic crust of 7.2 km thickness. On this line 

the backstop is characterized by a very steep dip and characterized by low velocities, possibly 

due to erosion and fracturing.  

West of Gagua Ridge, the Philippine Sea plate subducts northward underneath the 

Ryukyu Block showing a slight deflection. This deflection beneath the forearc buttress may 

reveal compression and/or overloading. Further north, crustal thickness of the Ryukyu Block 

is about 25 km, thinning down to 15 km in the Okinawa Trough, as seen along the best 

constrained seismic refraction line (Fig. 4A). The upper mantle material underlying the 

oceanic plate is characterized by relatively low seismic velocities, which might be due to the 

partial serpentinization of the mantle peridotites by water passing through faults in the oceanic 

plate. The faults may be generated by the bending of the subducting plate before subducting, 

or possibly due to the original seafloor spreading fabric. Comparison of both wide-angle 

models shows good agreement in the sedimentary and crustal thicknesses. The difference in 

the apparent dip angle of the subducting plate can be explained by different orientations of the 

location of the profiles relative to the subduction zone. 
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4 Numerical modeling of the Ryukyu fore-arc thermal structure 

We applied finite-element modeling of forearc thermal structure in order to determine 

the temperature distribution along the plate interface and thereby try to predict the updip and 

downdip limits of the seismogenic zone. This approach is based on models, which consider 

temperature as the primary control of stick-slip rheological behavior that lead to earthquake 

rupture (Hyndman and Wang, 1993; Hyndman et al., 1997; Peacock and Wang, 1999; 

Gutscher and Peacock, 2003). The geometry of the subducting oceanic crust and the upper 

plate (down to 20-25 km depth) is constrained primarily by the wide-angle seismic data 

presented above (Wang et al., 2001; 2004; Klingelhoefer et al., 2012) (Fig. 4) and by 

available multi-channel seismic data as well (Font et al., 2001; 2009; Wang et al., 2004). The 

deeper geometry is obtained from the distribution of Wadati-Benioff zone hypocenters. For 

the earthquake hypocenters we consider two different catalogs the NEIC-PDE catalog (1973-

2014) (Fig. 1, Fig. 3) and a relocated Taiwan earthquake catalog (Theunissen et al., 2012a) 

(Fig. 4). The two hypocenter cross-sections show the N-ward dipping band of earthquakes. 

The upper limit of these hypocenters visible down to about 50 - 60 km depth appears to 

represent the plate boundary interface (Fig. 4) (Font and Lallemand, 2009; Theunissen et al., 

2012a,b). Earthquakes below this envelope are intra-slab earthquakes, which can be followed 

down to 100 km depth in these cross sections (Fig. 4). For the deeper geometry and overall 

slab dip, tomographic cross sections were also used (Fig. 5 A, B) from the global P-wave 

velocity model UU-P07 (Amaru, 2007; Hall and Spakman, 2015). These images show a 

somewhat more steeply dipping slab (60°) at depth for the western cross-section (Fig. 5A) and 

a more moderately dipping slab (45°) at depth further east (Fig. 5B). Together, these data are 

used to construct the geometry of the 2-D finite element grid (Fig. 6). 

We used the “new” version of finite element (FE) software “PGCtherm”, developed 

by Kelin Wang, Jiangheng He and co-workers (Currie et al., 2004; Wada and Wang, 2009). 

For the Ryukyu arc, we constructed several 500 km long FE-models consisting of 6 different 

layers; upper crust, lower crust, lithospheric mantle of the upper plate, the convecting 

asthenospheric wedge, the oceanic crust of the subducting plate and the oceanic mantle 

lithosphere of the subducting plate (together the latter two constitute the downgoing slab) 

(Figure 6). The models include induced convection (corner flow) in the asthenospheric 

wedge, with a maximum depth of decoupling along the plate interface of 60km (see white 

dashed line on Fig. 6) (for comparison see also Wada and Wang, 2009). Mantle flow was 
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permitted up to 50km depth below the upper plate backarc. Model runs were performed with 

both an iso-viscous asthenospheric wedge as well as a non-linear viscosity (temperature and 

pressure dependent viscosity) wedge (Wada and Wang, 2009). The effects of shear heating 

along the subduction interface were included for a modest effective friction coefficient of 0.03 

as discussed in recent modeling studies (Wada et al., 2008; Wada and Wang, 2009). Thermal 

conductivity in the mantle and oceanic crust is 3.1 W/mK consistent with the GDH1 model 

(Stein and Stein, 1992) and thermal conductivity in the continental crust is 2.5 W/mK 

(Peacock and Wang, 1999). Radiogenic heat generation in the upper continental crust is 0.6 

microWatt/m
2
 and in the lower continental crust is 0.4 microWatt/m

2
.  

The initial boundary conditions include: at the left side, oceanic lithosphere isotherms 

for a subducting oceanic plate of the appropriate age based on the GDH1 thermal cooling 

model (Stein and Stein, 1992), 0° C at the surface and a continental geotherm at the right side 

boundary (representing the upper plate). The three primary input parameters to the model are 

thus; the plate geometry, the age of the subducting lithosphere and the subduction velocity. 

Taking the component of plate motion perpendicular to the margin results in an orthogonal 

subduction velocity of 9 cm/yr, which was used for the thermal modeling. 

 

5 Results of thermal modeling 

The modeled thermal structure is presented in Figure 7 with projected NEIC-PDE 

earthquake hypocenters in order to use a homogeneous dataset along both lines. For the 

western profile at 122.5°E and a 35 Ma slab age, the 100°C isotherm is reached about 12 km 

from the trench (Fig. 7a). For the eastern profile the 100°C isotherm is only 5 km from the 

trench (Fig. 7c). This represents the beginning of the transition zone where seismogenic 

behavior can be expected to begin. This proximity to the trench appears to be largely due to 

the insulating effect of the relatively thick sedimentary cover at the trench as was also 

observed for the NW Sumatra margin (Klingelhoefer et al., 2010). The thermally predicted 

updip limit is compatible with the distribution of subduction thrust earthquakes, as shallow 

dipping compressional focal mechanisms are observed 50 - 100 km northwards of the trench 

at 122.5°E and 70 - 80 km northwards of the trench at 123.5°E (Fig. 7a,c). The 350°C and 

450°C isotherms, which are considered to correspond to the downdip limit, are located 150 

km and 165 km, respectively, from the trench axis for the western section (Fig. 7a) and at 145 
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km and 155 km for the eastern section (Fig. 7c). Most of the shallow (<50 km depth) 

hypocenters fall between the thermally predicted limits (between 150°C and 350°C) if they 

occurred on the plate interface. Thrust type earthquakes fall predominantly between the 

120°C and 250° C isotherms when projected to the plate interface (Fig. 7a). For the western 

section and a modeled slab age of 140 Ma, the predicted seismogenic zone is 120 - 165 km 

from the trench (between the 150°C and 350°C isotherms) and much deeper, 25 - 60 km deep 

(Fig. 7b). Examining the distribution of earthquakes from the Taiwan catalog (Theunissen et 

al., 2012) reveals a similar overall pattern (Fig. 4). The hypocenter distribution is far less 

scattered than for the PDE catalog (Fig. 7) and clearly defines a plate boundary interface (Fig. 

4). This interface can be traced down to about 40 km depth in both sections, and below this a 

broader band of intermediate depth earthquakes is observed defining the body of the 

downgoing slab (Fig. 4, Fig. 7). There is also a very strong activity of shallow crustal 

earthquakes in the uppermost 10 -15 km occurring below the Ryukyu forearc basins as 

described in previous work. Based on other earthquake catalogs, most of this seismicity 

occurred along the subduction interface or within the PSP along the so-called Hoping cluster 

with mainly thrust events (Font et Lallemand, 2009; Theunissen et al., 2012b; Lallemand et 

al., 2013) and within the upper-plate formed by Ryukyu forearc along the so-called Nanao 

cluster with normal events (Konstantinou et al., 2011; Theunissen et al., 2012b; Lallemand et 

al., 2013) and along the Suao cluster close to Taiwan with mainly strike-slip events 

(Theunissen et al., 2012b; Lallemand et al., 2013).  This shallow seismicity is interpreted as 

evidence for upper plate deformation and intraslab deformation due to the ongoing collision 

between the PSP slab and the Eurasian plate beneath and adjacent to Taiwan ( Theunissen et 

al., 2012b; Lallemand et al., 2013). A joint seismological and geodetic study performed 

following the 2002 Hualien M7.1 thrust earthquake indicated the presence of Slow Slip 

Events on the subduction interface between 123.2° and 124.2° E longitude (along the section 

from Fig. 7C) and strong afterslip (with an equivalent moment magnitude of 7.4) occurring on 

the plate interface between 122.5° and 123.2°E longitude (along the location of the section 

from Fig. 7A, B) (Nakamura, 2009). The depth of the interface for the calculated fault 

surfaces is primarily between 40 and 60km depth. This transitional seismic slip behavior 

seems to be in agreement with the calculated downdip limits obtained from the thermal 

modeling for a 35 Ma old slab (Fig. 7A, C). 
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The thermal models presented here feature mantle convection in the asthenospheric 

wedge with a non-linear (temperature and pressure dependent) viscosity (Wada and Wang, 

2009). Other model runs were performed using the same geometry and slab age and a 

constant viscosity in the asthenospheric mantle (Fig. 8). A comparison of the thermal 

structures obtained shows almost no difference (≤10 K) between the two temperature 

distributions along the shallow plate interface down to 25 km depth and somewhat cooler 

temperatures (50 - 100 K cooler) along the plate boundary down to 50 km depth for the 

temperature and pressure dependent viscosity. A temperature dependent viscosity produces 

the greatest differences in the convecting mantle corner (100 - 200 K hotter than for an iso-

viscous mantle), and in the deeper portion of the upper plate lithosphere (200 - 400 K cooler 

at 50 - 100 km depth, with respect to an iso-viscous mantle) (Fig. 8). This latter somewhat 

paradoxical effect (the cooler base of the upper plate lithosphere) has been discussed at length 

elsewhere (Wada and Wang, 2009), but has little bearing on our study which is focused on the 

fore-arc temperature structure. 

 

6 Comparison of observed and calculated heat flow 

The expected heat flow at the surface calculated using the thermal models presented 

here is shown in Figure 9 a, b. Unfortunately, there are very few heat flow data in the 

westernmost Philippine Sea west of Gagua Ridge (Huatung Basin). In order to establish the 

overall heat flow trend, observed data from 122°E to 124.5°E are projected onto both 

sections. For the western transect at 122.5°E, the calculated heat flow for the two different 

slab ages shows a significant difference only at the southern end of the profiles. A young, 

35 Ma slab age would correspond to a background heat flow of about 70-75mW/m
2
, whereas 

the older, 140 Ma slab age should produce a heat flow of about 40mW/m
2
. For the eastern 

transect at 123.5°E the expected heat flow for the undisturbed oceanic crust is even higher, 

about 90-95mW/m
2
. The difference between the expected heat flow at the trench, for the same 

slab age, east and west of Gagua is most likely an effect of the thickness of the trench fill 

sediments. The few available heat flow observations in the undisturbed oceanic domain (both 

east and west of Gagua) are in the range 35 - 105 mW/m
2
, with 4 out of 5 values between 35 

mW/m
2
 and 60 mW/m

2
. Such low values west of Gagua are compatible with a Cretaceous age 

oceanic lithosphere. The unusually low values east of Gagua are likely due to local fluid 
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circulation or to a thermal blanketing and cooling effect from rapid sedimentation in this 

particular environment adjacent to a rapidly growing orogen with high rates of erosion (e.g. 

Dadson et al., 2003). But with a total of only 10 heat flow values on the incoming Philippine 

Sea plate in the entire study area (Fig. 2) it is difficult to draw any reliable conclusions on the 

typical heat flow. The scatter in values is simply too large. The calculated heat flow curves 

show a similar pattern in all cases, with a general decline from the trench to the forearc with 

the coolest point located about 120 km from the trench, where heat flows of 25 - 35 mW/m
2
 

are predicted (Fig. 7a,b). In our models we used a hot continental geotherm (90 mW/m
2
) for 

the back-arc as recommended in a recent modeling study (Wada and Wang, 2009). However, 

the modeled heat flow in the back arc only increases to about 60 mW/m
2
 at the arc and then 

drops to 50 mW/m
2
 in the back-arc, which is lower than the surface heat flow typically 

observed in backarcs (Currie and Hyndman, 2006). This unusually cool back-arc is due to the 

non-linear viscosity in the asthenospheric wedge, as has been discussed elsewhere (Wada and 

Wang, 2009). Another way of obtaining high modeled heat flow in the back-arc would be to 

consider the axis of the Okinawa Trough to be a very young oceanic spreading center (age 0 

Ma). This would result in a very high predicted heat flow (>150 mW/m
2
). As it stands there 

are insufficient heat flow observations to favor one model or the other. 

 

7 Discussion 

 A 2-D tomographic cross section oriented E-W and crossing the Gagua Ridge from the 

global tomographic model UU-P07 (Amaru, 2007; Hall and Spakman, 2015) is shown here 

(Fig. 10). This global tomographic model is successful in imaging moderately old to old 

subducting oceanic lithosphere (van Benthem et al., 2013; Chertova et al., 2014; Hall and 

Spakman, 2015). The E-W cross-section (Fig. 10) as well as the two N-S tomographic cross-

sections at 122.5°E (Fig. 5A) and 123.5°E (Fig. 5B) reveal a similarly 70 - 80 km thick high 

P-wave velocity anomaly (the oceanic lithosphere of the incoming plate and the subducting 

slab) on the undisturbed Philippine Sea plate. The slab dip is somewhat steeper (about 60° 

between 100 km and 300 km depth) for the western section as expressed by the hypocenter 

distribution (Fig. 7a,c) with respect to the eastern section (about 45° between 100 km and 300 

km depth). Except for the dip, there is no significant difference observed east and west of 

Gagua Ridge, neither in the N-S sections (Fig. 5 A, B) nor in the E-W cross section (Fig. 10). 
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Based on the tomographic images presented here, the apparent lithospheric thickness remains 

a constant 70 - 80 km in all cases on both sides of the Gagua ridge, though the resolution of 

such global models is rather low in oceanic regions poorly constrained by earthquake ray-

paths. One tomographic model (Wei et al., 2015) shows a high positive S-wave velocity 

anomaly at the base of the upper-mantle at the southernmost part of the Ryukyu subduction 

which could indicate an old lithospheric slab, but it is not associated with a P-wave velocity 

anomaly. Other P-wave velocity tomographic models examined did not reveal any marked 

differences at 50 - 100 km depths below the Western PSP - Huatung basin (east and west of 

Gagua Ridge) at the resolution of the given models (Koulakov et al., 2014; Huang et al., 

2015; Wei et al., 2015) 

 Our thermal model using an Eocene plate age (35 Ma) predicts a 100 - 110 km wide 

downdip width (between the 150°C and 350°C isotherms), i.e. between 5 - 10km and 35 - 50 

km depth. Such a width brackets the observed hypocenter distribution in general (Figs. 7a,c) 

and more specifically spans the occurrence of interplate thrust type (shallow dipping 

compressional) earthquakes (Figs. 7a, c) with the vast majority of earthquakes falling between 

the 120°C and 300°C isotherms (when projected to the plate interface). Thrust earthquakes are 

far more abundant west of the Gagua Ridge than east of the ridge. Using the maximum 

proposed Cretaceous plate age (140 Ma) the predicted seismogenic zone is much deeper 

(between 25 and 60 km depth) and narrower (only 45 km downdip width). The majority of 

crustal depth earthquake hypocenters and very nearly all thrust type earthquakes occur above 

the 150°C isotherm predicted by this model, with about 1/3 of such thrust events occurring 

trenchward of the 100°C isotherm. Not a single thrust type earthquake occurs between 180°C 

and 350°C for this model (in all cases when hypocenters are projected to the plate interface). 

It therefore seems highly unlikely that the slab west of Gagua Ridge has a thermal age of 140 

Ma. On the basis of these observations and modeling we consider the thermal age of the 

lithosphere west of Gagua Ridge (the Huatung Basin) to be equivalent to the major part of the 

PSP (east of Gagua Ridge). 

The simplest explanation for a similar and young thermal age is that both portions east 

and west of Gagua Ridge are Eocene in age. This conclusion conflicts with the Early 

Cretaceous ages of the gabbros dredged in the southern part of the Huatung Basin 

(Deschamps et al., 2000). Since no heterogeneity supports a different nature in the oceanic 

crust of the basin from south to north, we also consider an alternative explanation, which may 
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reconcile the apparent conflicting data. It has been suggested that the lithosphere of the 

western portion of the PSP (Huatung Basin) may have been thermally rejuvenated by 

interaction with a plume during the Eocene (Deschamps et al., 2000, 2002). Alternatively, the 

location of the western PSP in the back-arc domain of the Luzon arc, due to asthenospheric 

convection in the mantle wedge could have also resulted in thermal erosion of the lithosphere. 

The proximity to the slab edge beneath Taiwan with strong toroidal flow could also produce a 

similar thermal erosion effect. Determining the tomographic expression of other well-

established slab edges is a subject that merits examination. 

Finally, one could argue that the recent collisional tectonics beneath Taiwan and in the 

westernmost Ryukyu trench may have produced a strongly transient thermo-mechanical state, 

which is not well represented by a steady-state thermal modeling approach. Both the 

westward propagation of the Ryukyu trench along the Ocean-Continent transition of the East 

China passive continental margin during last 6 Myrs (Lallemand et al., 2001), the current 

intra-slab deformation involving compression and fragmentation of the PSP beneath the SW 

Ryukyu forearc (Lallemand et al., 2013), as well as the westward propagation of the Okinawa 

trough rift (Sibuet et al., 1998) rapidly thinning the upper plate lithosphere, create 

perturbations in the thermal structure which cannot be adequately modeled using 2-D steady 

state models. Given the uncertainities described here, the poorly constrained thermal state of 

the PSP would justify acquisition of additional heat flow data, both east and west of Gagua 

Ridge. 

 

8 Conclusions 

 Thermal modeling of the SW Ryukyu subduction zone shows a minimum 100 - 110 

km (from 150°C to 350°C isotherms) to a maximum 150 km downdip width for the 

seismogenic zone (from 100°C to 450°C isotherms including transition zones). The modeled 

thermal structure obtained for a 35 Ma (upper Eocene) slab age is compatible with earthquake 

hypocenters and the distribution of thrust earthquakes. A 140 Ma slab age would predict a 

deeper seismogenic zone, which is not in agreement with the hypocenter distribution and 

presence of thrust type earthquakes. Tomographic images at 122.5°E and 123.5°E reveal a 

similar 70 - 80 km thick high P-wave velocity anomaly (the oceanic lithosphere of the 

incoming plate and the subducting slab). There is no significant difference observed east and 

west of Gagua Ridge, neither in the N-S sections nor in E-W cross sections. We consider it 
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likely that the subducting Philippine Sea plate has an Eocene thermal age all along the SW 

Ryukyu trench. 
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Figure captions 

Figure 1: General location map of Taiwan-Ryukyu convergent margin with earthquake 

hypocenters. The location of the geophysical transects investigated in this study are indicated 

by the black lines. Tomographic cross-sections are shown by green-dashed lines. 

 

Figure 2: Heat flow map of the Taiwan - Ryukyu trench region (colored circles coded 

according to heat flow: red = high, blue-violet = low). The location of observed and 

calculated heat flow transects shown in Fig. 8 is indicated. 

 

Figure 3: Map of the SW Ryukyu trench and SW Okinawa Trough region with the location of 

refraction seismic profiles shown. OBS are indicated by inverted black triangles. Sampling 

boxes for earthquake hypocenters shown in Fig. 7 are indicated. Bathymetry is from satellite 

altimetry (Sandwell and Smith, 1995) and multibeam data (Lallemand et al., 1996).  

 

Figure 4: P-wave velocity models from two seismic refraction lines from forward modeling 

with projected relocated earthquake hypocenters (Theunissen et al., 2012) superposed. (for 

sampling boxes see Fig. 3) A) The NNE-SSW oriented profile was recorded by 24 OBS; B) 

The N-S oriented profile at 122.5°E was recorded by 8 OBS.  

 

Figure 5: Tomographic cross sections from global travel-time P-wave velocity model (Amaru, 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

15 

2007; van Benthem et al., 2013) showing the north dipping Philippine Sea plate (PSP) slab 

subducting beneath the Eurasian plate at the southernmost Ryukyu trench. (A) N-S cross-

section at 122.5°E longitude. (B) N-S cross-section at 123.5°E longitude. 

 

Figure 6: Finite-element grids for the two modeled transects, indicating primary input 

parameters (slab geometry, age, velocity) and boundary conditions. Induced convection 

(corner flow) can occur below the lithospheric mantle (50 km depth) and seawards up to the 

white dashed line (60 km depth), which is the maximum depth of decoupling (for comparison 

see also Wada and Wang, 2009). 

 

Figure 7: 2-D thermal models obtained for a non-linear viscosity (temperature and pressure 

dependent) asthenospheric wedge (100°C isotherms shown), earthquake hypocenters from 

PDE catalog (1973-2014) shown as colored circles and thrust-type earthquakes (from CMT 

catalog) shown as colored circles with thick black rim (a) Western transect at 122.5°E for an 

Upper Eocene slab age of 35 Ma (b) Western transect at 122.5°E for a Lower Cretaceous slab 

age of 130 Ma (c) Eastern transect at 123.5°E for an Upper Eocene slab age of 35 Ma 

 

Figure 8: 2-D thermal models of the Western transect at 122.5°E for an Upper Eocene slab 

age of 35 Ma, comparing the results for an non-linear viscosity asthenospheric wedge (100°C 

isotherms shown in red - same thermal structure as for Figure 7A), to the results for a 

temperature-dependent viscosity in the asthenospheric wedge (100°C isotherms shown in 

black). The plate boundary is shown by the green curve. 

 

Figure 9: Observed (red and blue circles) and predicted (colored curve) heat flow along the N-

S transects. Solid lines show predicted surface heat flow for a non-linear viscosity 

asthenospheric wedge (Figs. 7A-C) and modest shear heating (effective friction 0.03), 

whereas dashed lines are for an isoviscous wedge and zero shear heating. The non-linear 

viscosity wedge predicts lower heat flow in the back-arc (Wada and Wang, 2009). (A) 

Western transect at 122.5°E longitude. (B) Eastern transect at 123.5°E longitude. Blue circles 

are values located between 122°E and 123°E and red circles are located between 123°E and 

124.6°E. Due to the paucity of data both groups of observed values are shown on both 

sections. 
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Figure 10: E-W oriented tomographic cross-section at 22.24°N latitude, from global travel-

time p-wave velocity model (Amaru, 2007; van Benthem et al., 2013; Hall and Spakman, 

2015). Note the apparent tomographic thickness of the Philippine Sea plate (PSP) on either 

side of Gaugua Ridge is identical (about 70 - 80 km). 
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