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A B S T R A C T

The Ryukyu subduction zone is typical of the subduction of an oceanic ridge (seamount or plateau) and back-arc 
rifting. How the upper plate responds to the combined effect of subduction of a bathymetric high and back-arc 
spreading is not fully understood. We investigate the combined effect by calculating the T-axis from regional 
focal mechanisms. Three patterns are observed from the outer rise to the back arc, showing a coherent trench- 
normal T-axis along the strike. They can be readily explained by outer-rise plate bending, forearc upper-plate 
bending induced by seamount subduction, and back-arc spreading associated with slab rollback. A distinct 
pattern of trench-parallel T-axes along the strike is also observed in the arc. This can be attributed to the dif
ference in the extension rate between forearc extension and back-arc rifting of the upper plate, where the rate of 
back-arc extension driven by slab rollback is faster than that of forearc trench-normal extension attributed to 
seamount subduction. We also examine the T-axis patterns in other systems with seamount subduction, including 
the southern Manila subduction zone and the southern Central to northern South American subduction zones, 
displaying similar trench-normal T-axes in the forearc. Therefore, our observations have a broader implication in 
upper-plate deformation in response to seamount subduction.

1. Introduction

The NE-trending Ryukyu subduction system extends ~ 1,000 km 
from the southwest of Kyushu, Japan, to the east of Taiwan. It results 
from the Philippine Sea plate (PSP) subduction beneath the Eurasian 
plate (Fig. 1). Several key tectonic components uniquely characterize 
this system, including (1) an active back-arc basin of the Okinawa 
Trough (OT) with a rifting rate that progressively increases from ~ 23 
mm/yr in the north to ~ 46 mm/yr in the south (Arai et al., 2017), (2) 
intraplate seismicity with a focal depth of 150–300 km (Jia and Sun, 
2021), (3) bathymetric anomalies (the Gauga Ridge, the Daito Ridge, 
and the Amami Plateau) interacting with the Ryukyu Trench (He et al., 
2022; Wang et al., 2022).

It has long been recognized that subduction of a bathymetric high, 
such as a fossil oceanic ridge, oceanic plateau, or seamount, affects 
various tectonic processes at a subduction zone (e.g., Dominguez et al., 
2000; Wang and Bilek, 2011; Morgan and Bangs, 2017; Tao et al., 2020; 
Liu, 2021; Pajang et al., 2022; Passarelli et al., 2022; Yan et al., 2022). 
More specifically, it affects (1) plate hydration and arc magmatism (e.g., 
Kim and Clayton, 2015; Jang et al., 2019; He et al., 2022; Pan and He, 

2023), (2) slab dip angle (e.g., Liu et al., 2008; Zhao and Leng, 2023), (3) 
subduction erosion (e.g., Dominguez et al., 2000; Bangs et al., 2006; 
Straub et al., 2020), (4) interplate coupling and seismic rupture (e.g., 
Scholz and Small, 1997; Sun et al., 2020; Wang and Lin, 2022; Gase 
et al., 2023), (5) slab break-off timing (e.g., Cheng et al., 2019), (6) 
intraplate seismicity (e.g., Zhang et al., 2021), (7) upper plate fracturing 
(e.g., Prada et al., 2023), (8) accretionary wedge deformation (e.g., Ruh 
et al., 2016; Wang et al., 2019; Wang et al., 2021; Miyakawa et al., 
2022), (9) forearc drainage system (e.g., Zeumann and Hampel, 2017), 
and (10) coastal uplift (e.g., Pedoja et al., 2006).

The Ryukyu subduction zone is a typical setting with more than one 
bathymetric high at the trench (Fig. 1), where from west to east, the 
Gagua Ridge (e.g., Wang et al., 2022), the Daito Ridge and the Amami 
Plateau interact with the trench (e.g., He et al., 2022). In addition, this 
subduction zone has perhaps experienced back-arc rifting at the Oki
nawa Trough since the early Pleistocene (e.g., Kimura, 1985; Minami 
et al., 2022). It is well known that the arrival of a bathymetric high at the 
trench prevents the trench retreat (e.g., Zhao and Leng, 2023), a vital 
process for maintaining back-arc opening (Sdrolias and Müller, 2006). 
The coexistence of oceanic plateaus at the trench and active back-arc 
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rifting thus makes this subduction zone a unique setting for under
standing how different competing factors influence upper plate defor
mation, which is intriguing but has not been addressed.

A subduction setting is abundant in thrust-fault earthquakes due to 
two plates’ convergence, but occasionally, normal-fault earthquakes 
occur. What processes are responsible for normal-fault earthquakes? 
This study calculates the T-axis (Tension axis) to examine the upper 
plate’s deformation patterns, which directly reflect extensional stress 
based on regional focal mechanisms. We discuss how the upper plate 
responds to the combined effect of the subduction of multiple bathy
metric anomalies at the trench and the back-arc spreading. We also 
examine the T-axis patterns in other subduction systems with the sub
duction of a bathymetric high, including the southern Manila subduc
tion zone and the southern Central to northern South American 
subduction zones, to characterize the behavior of upper-plate extension 
under similar tectonic environments.

2. Data and analysis

From the global CMT catalog (Dziewoński et al., 1981; Ekström et al., 
2012), we collect the focal mechanisms for the regional M > 4.5 
earthquakes with focal depths less than 50 km from 1 January 1976 to 1 
January 2023. Fig. 1 shows the plotted focal mechanisms in colored 
beachballs and event-type classification of the earthquakes in a pie 
chart, with normal-fault earthquakes accounting for nearly 30 % of the 
total events. We followed our previous scheme applied to the Japanese 
subduction zone (Choi et al., 2012). It is similar to the procedure 
introduced by Gasperinia and Vannuccib (2003). Specifically, the di
rections of extensional stress axes (T-axes) are calculated from the fault- 
plane solutions and slip vectors. The T-axis unit vector, t̂, is given by 
(Aki and Richards, 1980) 

t̂ =
n̂ + d̂

̅̅̅
2

√ (1) 

Fig. 1. Tectonic map of the Ryukyu subduction zone showing M > 4.5 earthquakes with focal depths less than 50 km occurred from Jan. 1, 1976, to Jan. 1, 2023, 
exhibited by focal mechanisms (beachballs), which is characterized by subduction of Gagua Ridge, Daigo Ridge, and Amami Plateau and back-arc rifting in the 
Okinawa Trough. The bottom right insert (Pie chart) shows the event type classification of earthquakes. The arrow indicates the absolute plate motion of the 
Philippine Sea plate given by the No-Net-Rotation model of NNR-MORVEL56 (Argus et al., 2011). The plate boundary data, depicted with red (in the upper left 
insert) and green lines, are given by the PB2002 model (Bird, 2003).
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where n̂ is the unit normal vector of the fault plane, and d̂ is the unit slip 
vector. Note that the P and T axes are at angles of 45◦ with the nodal 
planes.

The T-axis calculations in this study are restricted to normal-fault 
earthquakes. The calculated results are shown in Fig. 2.

3. Results and discussion

Trench-normal or trench-parallel T-axes along the strike are 
observed in this subduction zone. Specifically, three belts along the 
strike have trench-normal T-axes, and one belt has trench-parallel T- 
axes. Three trench-parallel T-axis belts are distributed in the outer rise, 
forearc, and back-arc regions, while one trench-parallel T-axis belt co
incides spatially with the arc region (Fig. 2).

3.1. Trench-normal T-axis in the outer rise

The trench-normal T-axis in the outer rise can be readily explained 
by the bending of the descending PSP, which leads to trench-normal 
extensional stress. This scenario has been well-studied observationally 

(e.g., Levitt and Sandwell, 1995; Mark et al., 2023) and numerically (e. 
g., Zhou et al., 2015; Yang et al., 2022) in different subduction zones. 
The outer rise bending also contributes to plate hydration, which carries 
water flux into the mantle (Pan and He, 2023).

3.2. Trench-normal T-axis in the forearc

The trench-normal T-axes in the forearc can be explained by upper 
plate flexure driven by seamount subduction, a tectonic process that 
leads to normal faulting in the upper plate and is closely associated with 
seamount subduction (Clift et al., 2003; von Huene et al., 2004; Straub 
et al., 2020). This process plays an important role in removing upper- 
plate material from the forearc at convergent margins, which transfer 
a significant amount of crustal material into the Earth’s mantle at sub
duction zones; in particular, seamount subduction favors tectonic 
erosion of the frontal margin (e.g., Dominguez et al., 2000).

Upper-plate bending in the forearc is particularly favored by 
seamount subduction because the arrival of seamounts at the trench 
significantly increases the interplate coupling (e.g., Sun et al., 2020) and 
uplifts the upper plate (Prada et al., 2023). It thereby increases the 

Fig. 2. Tectonic map of the Ryukyu subduction zone showing normal fault earthquakes (beach balls) and calculated T-axes (short bars). The upper left insert shows 
histograms of the event magnitude distribution of normal fault earthquakes. The green shadow indicates the zone subjected to trench-parallel extension. The purple 
shadow indicates the zone subjected to trench-normal extension induced by subduction erosion. The back-arc trench-normal extension occurs in the Okinawa Trough.
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forearc slope angle up to ~ 5.2◦ in the Ryukyu subduction zone (Clift 
and Vannucchi, 2004), a value larger than the 1.5◦ to 2.5◦ values mainly 
found in the accretionary margins (Clift and Vannucchi, 2004). The 
materials in the upper plate, particularly the frontal prism, can be 
passively dragged down into subduction channels by the descending 
slab, resulting in an extensional upper plate and normal faults (von 
Huene et al., 2004). Therefore, trench-normal extensional stress can 
develop in the forearc as seamount subduction occurs, consistent with 
the trench-normal T-axes observed along the strike.

Upper-plate bending in the forearc is particularly favorable in the 
Ryukyu subduction zone because three bathymetric anomalies interact 
with the trench from west to east. This results in an intensely stretched 
upper plate, as evidenced by the wide distribution of normal-fault 
earthquakes in the forearc (Fig. 2). A recent study suggests that sub
ducting ridges uplift the margin, causing upper plate fractures and areas 
of low rigidity (Prada et al., 2023). Moreover, fluids from the subducted 
plate flow into the upper plate, penetrating extensional fractures (von 
Huene et al., 2004). All these consequences provide favorable conditions 
for upper plate deformation, especially forearc trench-normal extension 
accompanied by the descending slab.

3.3. Comparisons with other subduction systems

To further support our argument that trench-normal extension 

occurs in the erosional margins, we present a similar T-axis distribution 
map in the southern Central to northern South American subduction 
zones (Fig. 3) where subduction erosion has been recognized in the 
margins (Clift and Vannucchi, 2004) and is favored by ridge subduction 
such as the Cocos Ridge (e.g., Zeumann and Hampel, 2017) and Car
negie Ridge (e.g., Pedoja et al., 2006; Hernández et al., 2020; Margirier 
et al., 2023). As expected, trench-normal T-axes are observed along the 
strike in the margins, suggesting a similar stretching process in the upper 
plate associated with seamount subduction. We find no trench-parallel 
T-axes in the arc, which can be explained by the lack of back-arc 
spreading associated with slab rollback in the two subduction zones.

We also examine the T-axis distribution in the southern Manila 
subduction zone, where the convergence of two plates (i.e., the South 
China Sea plate and the PSP) occurs beneath Luzon and where the 
Zhenbei-Huangyan seamount chain in the south and a subducted 
oceanic plateau in the north meet the subduction zone, respectively 
(Fig. 4). As expected, trench-normal T-axes, associated with subduction 
of the seamount(s), are also observed along the strike in the margins. 
Interestingly, we observe trench-parallel T-axes along the strike near the 
arc. Unlike those in the Ryukyu subduction zone, which we attribute to 
the difference in extensional rate between two competing extensional 
processes, here we explain the trench-parallel T-axes as resulting from 
the interaction between two subductions (i.e., the southern Manila 
subduction and the east Luzon trough). The convergence of two 

Fig. 3. Tectonic map of the southern Central American subduction zone and northern South American subduction zone, showing normal fault earthquakes (beach 
balls) and calculated T-axes (short bars), where the Cocos Ridge and Carnegie Ridge meet the trenches. Trench-normal T-axes (green shadows), indicating trench- 
normal extensions, are observed at the forearc in response to the arrival of the ridges at the trenches.
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subductions leads to trench-parallel extensions, as suggested by the 
trench-parallel T-axes (Fig. 4).

3.4. Rift axis-normal T-axis in the back-arc spreading center

The T-axes observed in the Okinawa Trough are consistently normal 
to the rift axis, indicating the active rifting process in the back-arc basin. 
Previous geophysical (e.g., Sato et al., 1994; Chen et al., 2018) and 
geochemical (e.g., Zeng et al., 2010) observations have also revealed the 
back-arc spreading operating in the Okinawa Trough. Thus, all lines of 
evidence point to a mature back-arc spreading in the Okinawa Trough, 
most likely driven by slab rollback and trench retreat.

3.5. Trench-parallel T-axis in the arc

The most intriguing tectonic signature is the trench-parallel T-axes 
along the strike observed in the arc. Although the number of normal- 
fault earthquakes exhibiting trench-parallel T-axes is small, they are 

coherently distributed along the strike in the arc (Fig. 2), suggesting a 
similar origin. As mentioned above, we attribute the trench-parallel 
extension to the difference in extensional rate between the back-arc 
rifting and forearc extension. It is proposed that a trench-normal 
compressional regime can develop if the back-arc spreading rate is 
faster than the extensional rate in the forearc. Such trench-normal 
compressional stress can readily generate trench-parallel extensional 
stress. This scenario is consistent with the trench-parallel T-axes 
observed along the strike in the arc. This trench-parallel extension plays 
a role in influencing the magmatic activity in the arc.

The different extensional rates in the upper plate can be estimated. 
More specifically, the orthogonal convergence rate in the Ryukyu sub
duction zone is ~ 70 mm/yr (Clift and Vannucchi, 2004), a value of the 
relative plate motion rate between the PSP and the upper Eurasian plate. 
The absolute plate motion of the PSP is ~ 47 mm/yr (Argus et al., 2011), 
leaving ~ 23 mm/yr for the upper plate. In contrast, the Okinawa 
Trough has an average half-spreading rate of ~ 12 mm/yr in the north 
to ~ 20 mm/yr in the south (Kimura, 1985; Arai et al., 2017). Thus, 

Fig. 4. Tectonic map of the southern Manila subduction zone, showing normal fault earthquakes (beach balls) and calculated T-axes (short bars), where the Zhenbei- 
Huangyan seamount chain (depicted with an orange dashed line) meets the trench in the south, and an oceanic plateau (depicted with a black dashed line) has long 
been recognized to subduct in the north (e.g., Ma et al., 2022).
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back-arc spreading has accommodated most of the trench-ward 
extension.

It is important to note that extensional forearc earthquakes can 
sometimes occur as aftershocks of large megathrust earthquakes (e.g., 
Klein et al., 2016). However, it cannot be applied to explain our ob
servations for two reasons. First, the earthquake catalog employed in 
this study is not limited to aftershocks but includes all extensional 
earthquakes. Second, the subduction zone with seamount subduction is 
often not prone to megathrust earthquakes (e.g., Wang and Bilek, 2011; 
2014), and the collected earthquakes are thus less likely to occur as 
aftershocks of large megathrust earthquakes.

Fig. 5 schematically illustrates the various tectonic processes leading 
to trench-normal or trench-parallel extension in this subduction zone. 
The conceptual model proposed in this study can be applied to other 
subduction zones with similar tectonic processes, especially those with 
seamount subduction and back-arc spreading.

4. Conclusions

Based on the calculated T-axes of normal-fault earthquakes, which 
mainly occurred in the upper plate in the Ryukyu subduction zone, this 
study shows how the upper plate stretches in response to the subduction 
of bathymetric highs and back-arc rifting. In particular, the trench- 
normal T-axes along the strike seen in the forearc can be attributed to 
upper-plate bending induced by oceanic plateau subduction. In contrast, 
the trench-parallel T-axes along the strike observed in the arc can be 
explained by the difference in strain rate driven by back-arc rifting and 
forearc trench-normal extension. The trench-normal T-axis is also 
observed in the outer rise along the trench axis, which the bending of the 
descending PSP can readily explain. Similar upper plate extension be
haviors are found in other subduction zones with seamount subduction, 
such as the southern Manila subduction zone. The similarities across 
different subduction systems imply the broader implications of this 
study.
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