
1. Introduction
Subducting plates bulge and bend near trenches in the outer-rise region, leading to extensional and compressional 
stress regimes in the upper and lower regions, respectively, which are separated by a neutral plane (Chapple & 
Forsyth, 1979). It is generally accepted that the extensional stress may generate outer-rise normal faults, some of 
which have extended to the seafloor (Hilde, 1983; Jones et al., 1978). Indeed, prevalent bending-related faults, as 
evidenced by bathymetric data and multi-channel seismic (MCS) reflection profiles, have been observed in various 
subduction zones, including the Java Trench (McCaffrey et al., 1985), the Tonga Trench (Lonsdale, 1988), the Chile 
Trench (Ranero et al., 2005), the Japan Trench (Kobayashi et al., 1987; Renard et al., 1987), the Middle American 
Trench (Moore & Shipley, 1988; Shipley & Moore, 1985), and the Peru Trench (Warsi et al., 1983). According to 
these observations, outer-rise faults are often found within distances of ∼75 km from the trench axis. The faults 
are typically 5–30 km long with an inter-fault distance of 1–10 km, with the fault throws gradually decreasing 
seaward (Masson, 1991). Although the faults tend to form in a relatively narrow region, the deformation caused by 

Abstract Outer-rise faults are predominantly concentrated near ocean trenches due to subducted plate 
bending. These faults play crucial roles in the hydration of subducted plates and the consequent subducting 
processes. However, it has not yet been possible to develop high-resolution structures of outer-rise faults due to 
the lack of near-field observations. In this study we deployed an ocean bottom seismometer (OBS) network near 
the Challenger Deep in the Southernmost Mariana Trench, between December 2016 and June 2017, covering 
both the overriding and subducting plates. We applied a machine-learning phase detector (EQTransformer) 
to the OBS data and found more than 1,975 earthquakes. An identified outer-rise event cluster revealed an 
outer-rise fault penetrating to depths of 50 km, which was inferred as a normal fault based on the extensional 
depth from tomographic images in the region, shedding new lights on water input at the southmost Mariana 
subduction zone.

Plain Language Summary Estimating water input at subduction zones plays a crucial role in 
understanding the material cycles of the Earth and subduction zone dynamics. As outer-rise faults provide 
the primary channel for water to penetrate into the incoming plate, investigating the generation and extent 
of outer-rise faults is thus an effective way to understand the hydration degree. However, high-resolution 
structure of outer-rise faults is not common due to the lack of near-field observations. In this study, we apply 
a machine-learning phase detector (EQTransformer) to a new ocean bottom seismometer data set at the 
southernmost Mariana Subduction Zone. After careful analysis of earthquake location and clustering, we find 
a deep outer-rise fault extending to 50 km in depth. We interpret the fault as a normal fault based on the depth 
range of a cluster of events with high waveform similarity. Such a deep outer-rise fault implies much higher 
water input at southern most Mariana than had been previously estimated.

CHEN ET AL.

© 2022. American Geophysical Union. 
All Rights Reserved.

Deep Outer-Rise Faults in the Southern Mariana Subduction 
Zone Indicated by a Machine-Learning-Based High-Resolution 
Earthquake Catalog
Han Chen1  , Hongfeng Yang1,2  , Gaohua Zhu1,3,4  , Min Xu5,6  , Jian Lin5,7,8  , and Qingyu You9

1Earth System Science Programme, Faculty of Science, The Chinese University of Hong Kong, Hong Kong, China, 
2Shenzhen Research Institute, The Chinese University of Hong Kong, Shenzhen, China, 3CAS Key Laboratory of Marine 
Geology and Environment, Center for Ocean Mega-Science, Institute of Oceanology, Chinese Academy of Sciences, 
Qingdao, China, 4Laboratory for Marine Geology, Qingdao National Laboratory for Marine Science and Technology, 
Qingdao, China, 5Key Laboratory of Marginal Sea Geology, Chinese Academy of Sciences, South China Sea Institute 
of Oceanology, Guangzhou, China, 6Southern Marine Science and Engineering Guangdong Laboratory (Guangzhou), 
Guangzhou, China, 7Department of Ocean Science and Engineering, Southern University of Science and Technology, 
Shenzhen, China, 8Department of Geology and Geophysics, Woods Hole Oceanographic Institution, Falmouth, MA, USA, 
9Key Laboratory of Petroleum Resources Research, Institute of Geology and Geophysics, Chinese Academy of Sciences, 
Beijing, China

Key Points:
•  A machine-learning phase detector 

(EQTransformer) was applied to 
nearfield ocean bottom seismometer 
data at the southernmost Mariana 
trench

•  The outer-rise seismicity at the 
southernmost Marina trench varied 
along the trench, with one identified 
cluster

•  We identified an outer-rise fault that 
penetrates to depths of 50 km

Supporting Information:
Supporting Information may be found in 
the online version of this article.

Correspondence to:
H. Yang,
hyang@cuhk.edu.hk

Citation:
Chen, H., Yang, H., Zhu, G., Xu, 
M., Lin, J., & You, Q. (2022). Deep 
outer-rise faults in the Southern Mariana 
Subduction Zone indicated by a 
machine-learning-based high-resolution 
earthquake catalog. Geophysical Research 
Letters, 49, e2022GL097779. https://doi.
org/10.1029/2022GL097779

Received 13 JAN 2022
Accepted 2 JUN 2022

10.1029/2022GL097779
RESEARCH LETTER

1 of 12

https://orcid.org/0000-0002-7430-1290
https://orcid.org/0000-0002-5925-6487
https://orcid.org/0000-0003-4186-7375
https://orcid.org/0000-0001-6475-0394
https://orcid.org/0000-0002-6831-2014
https://doi.org/10.1029/2022GL097779
https://doi.org/10.1029/2022GL097779
https://doi.org/10.1029/2022GL097779
https://doi.org/10.1029/2022GL097779
https://doi.org/10.1029/2022GL097779
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022GL097779&domain=pdf&date_stamp=2022-06-15


Geophysical Research Letters

CHEN ET AL.

10.1029/2022GL097779

2 of 12

fault activities significantly influences the distribution of outer-rise earthquakes (Christensen & Ruff, 1988; Jiao 
et al., 2000; Ranero et al., 2005; Stauder, 1968) and oceanic plate hydration (Peacock, 2001; Ranero et al., 2003).

Incoming plates at subduction zones are the major regions where water can be transferred into the Earth's depths. 
Estimating the degree of hydration of the incoming plates usually requires high-resolution tomographic images 
based on near-field observations (Cai et  al.,  2018; Fujie et  al.,  2013; Shillington et  al.,  2015; Van Avendonk 
et al., 2011; G. Zhu et al., 2021). Since the outer-rise normal faults serve as pathways for water penetrating into the 
oceanic plate before subduction (Grevemeyer et al., 2007; Ivandic et al., 2010; Peacock, 2001; Ranero et al., 2003), 
the depth extent of outer-rise normal faults has been regarded as a good indicator of the water input in the subduc-
tion zones. MCS reflection profiles have been used to determine the extent of faults, and it has been recognized that 
the outer-rise faults sometimes cut through the crust and reach the upper mantle (Ranero et al., 2003). In addition, 
focal depths of outer-rise earthquakes have been commonly used as proxies for the deep extent of faults. The global 
outer-rise earthquake depths indicate that the normal faults penetrate around 20–25 km beneath the seafloor and 
reach the upper mantle (Figure 1) (Christensen & Ruff, 1988; Craig et al., 2014; Emry & Wiens, 2015). Numerical 
models of plate bending have also been developed to derive the yielding depth of the incoming plate, which is often 
used to infer fault depth extent and thus hydration degree of the plate (Hunter & Watts, 2016; F. Zhang et al., 2018; 
J. Zhang et al., 2021, 2022; Z. Zhou et al., 2015). However, a large number of outer-rise regions have so far been 
poorly investigated, because of the lack of available data. Detailed investigations relying on near-field observations 
through the deployment of ocean bottom seismometers (OBSs) are therefore important.

High-resolution seismic tomographic images derived from recent OBS experiments in the Southern Mariana 
Subduction Zone indicate hydration of the upper mantle near the trench (Wan et al., 2019; G. Zhu et al., 2021). 

Figure 1. Global Outer rise seismicity. (a) Global outer-rise seismicity with magnitudes larger than Mw 6.0 from 01 January 1976 to 12 December 2021. Outer-rise 
earthquakes with accurately constrained source parameters (catalog comes from (Craig & Copley, 2018; Craig et al., 2014)) are marked in various colored focal 
mechanism plots, according to their mechanism, thrust faulting - red; normal faulting - blue; strike-slip or oblique faulting - orange. Outer-rise events from GCMT 
Catalog are given by colored circles, the colors share the same meaning as the catalog from references. We modified the GCMT catalog by removing the events that 
same as the reference catalog. The red box represents the study region of this research. (b) The stacked histogram of the depth distribution of outer-rise seismicity in the 
modified GCMT catalog. The area of colored patches is proportional to the event number. (c) Shares the same meaning as panel (b), but for catalog comes from (Craig 
& Copley, 2018; Craig et al., 2014).
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Numerous outer-rise faults have been observed in the region, as shown in bathymetric data (Fisher,  1974; 
Nakanishi & Hashimoto, 2011; Z. Zhou et al., 2015), but the depths of these faults have yet to be determined. 
Given the constraints of the bathymetric data, numerical models have been developed to estimate the normal 
faulting in the Southern Mariana Trench. For example, Z. Zhou et al. (2015) conducted 2-D elastoplastic mode-
ling and suggested that the maximum depth extent of outer-rise normal faults in the trench was around 30 km 
below the seafloor, close to the depth of serpentinization within the incoming plate that was inferred from tomo-
graphic results (G. Zhu et al., 2021). The focal depths of extensional earthquakes have also been used as indi-
cators. Emry et al. (2014) located several extensional outer-rise earthquakes by inverting teleseismic P and SH 
waveforms, indicating a maximum focal depth of 12 km below the seafloor in the Central Mariana Trench, while 
Eimer et al. (2020) located incoming plate events with depths of ∼35 km below the seafloor in the same region 
using near-field OBS data. The inconsistent results of such studies indicate the high degree of uncertainty inher-
ent in investigating outer-rise faults. Similarly, a local earthquake catalog in the Southern Mariana Trench from 
a near-field OBS data set revealed outer-rise seismicity with a maximum depth of ∼40 km (G. Zhu et al., 2019). 
However, the vertical margin of error in their estimate of outer-rise seismicity could have amounted to several 
tens of kilometers, because the OBS network used in their study was located only on the overriding plate. The 
features of the outer-rise faults and the effects of along-trench variations of the plate on the development of the 
outer-rise faults remain unclear.

In this study, we use data recorded by the OBS network that covered both the subducting and the overriding 
plates in the Southern Mariana Subduction Zone to investigate outer-rise seismicity and faults (Figure 2). We first 
identify and pick P- and S-wave phases by using a machine-learning phase picker—EQTransformer (Mousavi 
et al., 2020) and associate detected phases using the Rapid Earthquake Association and Location (REAL) algo-
rithm (M. Zhang et al., 2019). We then locate the associated events using the Hypoinverse (Klein, 2002) and 
refine the location using the HypoDD program (Waldhauser & Ellsworth, 2000). The newly relocated outer-rise 
earthquakes provide constraints on the distribution and depth extent of the outer-rise faults.

2. Tectonic Setting
The Mariana Subduction Zone is located at the boundary between the eastern edge of the Philippine Sea Plate and 
the subducting Pacific Plate (Figure 2). Subduction along the boundary began in the Eocene prior to about 52 Ma 
(Arculus et al., 2015). The Mariana Trench migrated toward the east, relative to the West Philippine Sea Plate, due 
to the rolling back of the subducted plate. The geometry of the subduction system became bowed out eastward as 
the subducting plate rolled back, while it was pinned at the northern and southern ends of the trench system by the 
impinging Ogasawara Plateau and Caroline Ridge, respectively (Hsui & Youngquist, 1985; Moberly, 1972). The 
Central and Southern Mariana Troughs experienced different opening modes. Magmatic seafloor spreading was 
relatively focused in the Central Mariana Trough, but the spreading at the southern end of the trough was more 
diffuse (Sleeper et al., 2021). Subduction behaviors were also different along the trench under the influence of the 
geometry and the opening modes of the subduction system. For example, significant inclination changes of the 
subducted plate have been observed at the trench axis (Oakley et al., 2008; Z. Zhou et al., 2015).

The Mariana Subduction Zone is generally regarded as a water-rich system, based on the wide distribution of 
serpentinite mud volcanoes in the forearc and the observed serpentinized upper mantle (Fryer et al., 1999; Pozgay 
et al., 2009; Pyle et al., 2010). Bathymetric data shows that outer-rise normal faults are predominantly distrib-
uted in this subduction zone. Most of these outer-rise normal faults begin to develop at around 60–100 km from 
the trench axis (Oakley et al., 2008; Z. Zhou et al., 2015). Widely distributed outer-rise faults have promoted 
water penetration into the subducted plate and consequent plate hydration. Seismic images of the Central and 
Southernmost Mariana Trench have revealed a serpentinized uppermost mantle beneath the subducted plate (Cai 
et al., 2018; Wan et al., 2019; G. Zhu et al., 2021).

3. Data and Methods
The data used in this study was collected by two passive-source OBS experiments that were conducted near the 
Challenger Deep, which ran across the Southernmost Mariana Trench. Seven OBSs were deployed and 6 were 
recovered in the first experiment, which was conducted from 15 December 2016 to 12 June 2017, and 6 OBSs 
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were deployed and recovered in the second experiment, which was carried out from 28 February 2017 to 12 
June 2017 (Figure 2). The OBS time errors were corrected based on both teleseismic waveforms and ambient 
noise cross-correlation (CC) (G. Zhu et al., 2019). The orientation and polarity of the OBSs were corrected via 
polarization analysis and waveform modeling (G. Zhu et al., 2020). Except for the PG01 station, which was only 
included in phase detection because of its irregular time shift (G. Zhu et al., 2020), all other OBSs were used in 
both earthquake detection and location in this study.

We adopted EQTransformer (Mousavi et  al.,  2020) in the earthquake phase picking and the REAL method  
(M. Zhang et  al.,  2019) to associate the detected phases. We located the detected earthquakes by the 
Hypoinverse-2000 program (Klein,  2002) and further improved the earthquake locations using the double- 
difference relocation algorithm (HypoDD) (Waldhauser & Ellsworth,  2000). The seismogenic fault of the 
outer-rise cluster was identified based on the locations of events with high similarity in waveforms.

Figure 2. (a) The locations of ocean bottom seismographs (OBSs) are indicated by triangles. Cyan triangles denote OBSs deployed from 28 February 2017 to 12 June 
2017, while green ones show long-term OBSs deployed between 15 December 2016 and 12 June 2017. The yellow triangle represents the GUMO station. The HypoDD 
located earthquakes were plotted as circles that were colored by depth. The red focal mechanism plots denote outer-rise earthquakes reported by Emry et al. (2014). The 
black focal mechanism plots denote earthquakes reported by GCMT during the period of OBSs deployment. The gray crosses represent earthquakes with magnitudes 
larger than 5 in the ISC catalog from 1962 to 2021. The dashed gold line represents the active air-gun source ocean bottom seismometer profile (Wan et al., 2019), 
while the dashed white lines represent the cross-sections. The outer-rise region was roughly marked by the white-filled polygon. (b) The velocity model we used in 
relocation. Red and blue lines represent the P-wave and S-wave velocities, respectively. (c, d, e, and f) Cross-section views of seismicity (gray dots) with a bin width of 
30 km. Trench locations are marked as 0 km.
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4. Results
4.1. Earthquake Phase Detection and Association

We first examined the performance of PhaseNet (W. Zhu & Beroza,  2019) and EQTransformer (Mousavi 
et al., 2020) on our test OBS data set (pre-obtained 1,461 event waveforms with manual labeled P- and S-wave 
arrivals) with various frequency bands (Text S1 in Supporting Information S1). The result showed that the perfor-
mance is the best (i.e., with the highest recall and precision rate) on 1-Hz high pass filtered data for both meth-
ods (Figures 3 and S4 in Supporting Information S1). Although the recall rate of EQTransformer is lower than 

Figure 3. The recall rate and precision of EQTransformer while applying to ocean bottom seismometer data with different filter bands. (a) shows the recall rate and 
(b) shows the precision of EQTransformer on a 1–10 Hz bandpass filtered data. (c and d), (e and f), and (g and h) are recall rates and precisions for 2–10 Hz band-pass 
filtered, a 1 Hz high-pass filtered, and a 2 Hz high-pass filtered data, respectively. Green and pink bars represent P picks and S picks, respectively.
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PhaseNet, EQTransformer reported fewer false positives. We thus adopted The EQTransformer and 1 Hz high 
pass filter in our three-components continuous data for phase picking.

We then associated the detected phases by REAL. The searching range was set as 2° around the OBS station which 
recorded the first signal of an event, with a grid size of 0.1°. The searching depth ranged from 0 to 300 km, with a 
grid size of 10 km. The thresholds of the P, S, and total arrival numbers were set as 3, 0, and 5 for the data from 1 
January 2017 to 3 May 2017 (only PA stations deployed) and 4, 0, and 6 for the data from 4 May 2017 to 13 June 
2017 (both PA and PG stations deployed). The velocity model we used in the REAL association is the IASP91 
global velocity model (Kennett & Engdahl, 1991). In total, 24,403 P-phases and 26,160 S-phases were picked in 
the continuous data. 17,273 out of 50,563 phases were associated, forming 1,975 events with initial locations.

4.2. Earthquake Relocation

The detected earthquakes were first located by the Hypoinverse method, in which a hypoellipse velocity model 
that counted station elevation during inversion (Klein, 2002) was adopted to eliminate the influence of the large 
variation in OBS elevations. Here we used a newly constructed velocity model (Figure  2b), which incorpo-
rated a more accurate shallow velocity structure obtained through an active source OBS experiment across the 
Challenger Deep (Wan et al., 2019). Below 7 km we still used the IASP91 global velocity model (Kennett & 
Engdahl, 1991).

The locations were then refined by the HypoDD method, utilizing both catalog and CC differential times. The 
catalog differential times were calculated directly based on the P- and S-wave picks. The CC differential times 
were obtained through waveform CC on 0.5–4 Hz bandpass filtered three-components data (Yang et al., 2009) 
with a CC coefficient threshold of 0.6. We conducted 25 iterations in HypoDD location, with strong weighted 
(1.0 for P-wave and 0.5 for S-wave) catalog differential times and weak weighted (0.1 for P-wave and 0.1 for 
S-wave) CC differential times during the first 10 iterations, and a reversed weighting strategy during the latter 15 
iterations, to properly combine the two sets of differential times and resolve both large- and small-scale distribu-
tion characteristics of the events.

1,972 out of 1,975 earthquakes were relocated by Hypoinverse (Figure S1 in Supporting Information S1) and 
898 earthquakes were then relocated by HypoDD (Figure 2). The located slab-related earthquakes suggest that 
the length and dip angle of the subducted plate length increased from the west to the northeast. Furthermore, the 
seismicity in the outer-rise region clearly varies along trench although normal faults were pervasively distributed, 
with an events cluster close to OBS PG06 and a seismicity gap remaining between PG02 and PG06 stations. The 
maximum depth of the outer-rise cluster extended to ∼50 km, while the depths of the isolated outer-rise events 
were mostly less than 30 km. Moreover, the back-arc seismicity is limited toward the southern end of WMR, with 
numerous shallow earthquakes, and nearly no earthquake occurring to the north.

4.3. Outer-Rise Fault Identification

A seismogenic fault was identified based on the outer-rise sub-cluster events. We first relocated the outer-rise 
events, bounded by latitudes [10°N−11.5°N] and longitudes [142.5°E−143.5°E], specifically. We inspected 
and corrected the phases of the outer-rise events manually and labeled phases that were missed, and relocated 
the cluster events following the same processes above. We then conducted waveform CC on data recorded by 
the  closest PG06 station in a filter band of 0.5–8 Hz and a time window 0.5 s before and 2.5 s after the S-wave 
arrival to search for sub-clusters with highly similar waveforms. The CC coefficient matrix (Figure S2 in 
Supporting Information S1) showed an obvious clustering feature of the outer-rise cluster. The outer-rise clus-
ter was thus separated into sub-clusters based on the waveform CC coefficient. For each event (the template), 
we searched for and counted the number of events with CC coefficients large than 0.7 to form sub-clusters. 
We then determined the outer-rise fault plane by visually inspecting the cross-sections of the sub-cluster with 
the largest event number.

The location uncertainties were estimated from the bootstrapping (Billings et al., 1994) and jackknife methods 
(Tichelaar & Ruff, 1989). In the bootstrapping process, random errors following normal distribution were added 
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to the arrival times in each Hypoinverse iteration. The normal distribution parameters ([P-wave: σ = 0.33 and 
μ = 0.015] and [S-wave: σ = 0.265 and μ = 0.111]) were obtained based on the time residual between manual 
(from the test OBS data set) and EQTransformer picks (Figure S6 in Supporting Information S1). In the jack-
knifing process, 90% of the differential time pairs (both catalog and CC differential times) were randomly 
selected and used in each HypoDD iteration. We repeated both the bootstrapping and jackknife processes 300 
times and estimated the uncertainties as the double standard deviations (2σ) of the locations. Because of the 
limited spatial coverage of our OBS network, the outer-rise cluster was located to the east of stations. We also 
evaluated the influence of the large azimuth gap resulting from the relative location between the cluster and the 
OBS network by relocating synthetic events. Our results showed that the relative position between the network 
and events had little influence on the HypoDD location result. The details are included in Text S2 in Supporting 
Information S1.

The relocated outer-rise cluster included 101 events and was centered on longitude 143.09°E and latitude 
11.09°N, with a depth range of 20–55 km (Figure 4). We obtained a sub-cluster with highly similar wave-
forms (Figure S3 in Supporting Information  S1), which delineated an outer-rise fault. The projection of 
sub-cluster events to the BB’ cross-section (strike −50°N) showed a clear linear trend while projection to 
AA’ cross-section (strike 40°N) was more scattered, indicating a seaward dipping fault plane with a strike of 
40°N, ranging from 20 to 50 km below the seafloor (Figures 4a–4c). The absolute horizontal (E-W and N-S 
directions) and vertical location uncertainties of all outer-rise events in different depths were calculated, with 
conservative estimate values less than 5 and 10 km, respectively (Figures 4d–4f), because the generated error 
pool was more scattered than the data (Figure S6 in Supporting Information S1). The relative location uncer-
tainties of sub-cluster events were mostly less than 1 km in horizontal (E-W and N-S direction) and 2 km in 
vertical directions (Figures 4g–4i).

5. Discussion
5.1. Machine Learning Method Application on OBS Data

To the best of our knowledge, this is the first study in which machine learning algorithms have been applied to 
OBS data in the Southern Mariana Trench. The machine learning algorithm detected local earthquakes with a 
high degree of accuracy on our OBS network data, with most of the newly detected earthquakes being small 
magnitude (M < 3) events that were missed by global stations (Figure 2 and S1 in Supporting Information S1). 
The newly detected outer-rise earthquakes provided constraints on the depth extent of outer-rise faults.

Although machine learning methods are powerful in handling massive amounts of seismic data in a short time, 
no model trained based on OBS data is available now. We tried to transfer training the PhaseNet model based on 
our event data set (see details in Text S3 in Supporting Information S1) but did not find significant improvement 
due to the limited event numbers in the training data set. If sufficient OBS data could be collected and utilized, a 
better machine learning model for OBS data could be obtained in the future.

5.2. The Generating Modes of the Identified Fault

The strike of outer-rise faults is an important parameter in determining whether the faults are reactivated seafloor 
fabrics or newly generated faults (Billen et al., 2007; Henza et al., 2010; Masson, 1991; Ranero et al., 2005). The 
located outer-rise sub-cluster depicts a fault plane with a strike of around 45°, which is subparallel to the magnetic 
line in the Southernmost Mariana Trench (Figures 4a and 4c), suggesting a generating mode of inherited seafloor 
fabrics reactivation.

Observations (Masson, 1991; Ranero et al., 2005) and experimental model simulations (Henza et al., 2010) show 
that the angle between the pre-existing weakening zones (inherited seafloor fabrics) and the trench axis controlled 
the development of the outer-rise faults. Reactivation of inherited seafloor fabrics and the generation of new 
faults may coexist when the angle is around 30° (Masson, 1991). In the study region, the magnetic lines are with 
angles about 30° to the trench axis and the fault scarp shown in the bathymetry data, indicating that reactivation 
of inherited seafloor fabrics and generation of new faults may both exist. Thus, we conclude that the identified 
outer-rise fault was a reactivated inherited seafloor fabric.
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Figure 4. (a) HypoDD locations of the outer-rise cluster (green crosses) and sub-cluster events (circles colored by depth). The cross-section view of the earthquakes 
aligned (b) parallel and (c) perpendicular to the magnetic line, respectively. (d–f) Absolute (Hypoinverse) location uncertainties in E-W, N-S, and vertical directions, 
respectively. Colors indicate event depths. (g–i) Relative (HypoDD) location uncertainties in E-W, N-S, and vertical directions, respectively. Light-gray bars represent 
all the outer-rise cluster events and dark-gray bars represent the sub-cluster events.
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5.3. The Depth Extent and Faulting Type of the Identified Fault

Studies have demonstrated that the hydration of subducting oceanic plates mostly occurs in the outer-rise 
region, where normal faults are widely distributed (Cai et al., 2018; Peacock, 2001; Ranero et al., 2003; G. Zhu 
et al., 2021). The depth extent of outer-rise faults determines how deep the fluid can penetrate into the plate, and 
is, therefore, an important factor in estimating the hydration degree of the plate. Based on the earthquake location, 
we infer that the depth extent of the identified fault is around 50 km beneath the seafloor, much deeper than the 
extensional yield zone (∼30 km) derived from elastoplastic model simulations (Z. Zhou & Lin, 2018; Z. Zhou 
et al., 2015).

The global outer-rise normal fault earthquakes are generally shallower than 20–25  km beneath the seafloor 
(Christensen & Ruff, 1988; Craig et al., 2014). However, some studies have also reported outer-rise normal fault 
events at larger depths, such as the Mw 7.2 earthquake in the Aleutian Trench in 1965 (Abe, 1972) and the Mw 
8.3 normal earthquake in the Sumba Trench in 2012 (Lynnes & Lay, 1988). Ward (1984) suggested that additional 
regional stresses in an elastic bending plate model could change the depth of the neutral plane with a magnitude 
of 20 km without significant changes in plate profile and maximum internal stress. The 3-D plate bending model 
in the Southernmost Mariana Trench shows a significant variation of bending stress in the identified fault posi-
tion due to the trench-parallel variation of plate bending deformation (J. Zhang et al., 2020), which might have 
changed the neutral plane depth in the region and resulted in a deep outer-rise fault.

We attempted to determine the focal mechanisms of large sub-cluster earthquakes (M > 4) to determine the 
fault type. We first conducted a focal mechanism inversion by using the Cut and Paste (CAP) waveform mode-
ling method (L. Zhu & Helmberger, 1996). However, we were unable to robustly recover the focal mechanisms 
(Figure S10 in Supporting Information S1). Because of the limited station coverage, the resolutions were limited 
even when we used synthetic waveforms. Besides the CAP method, we also used HASH, a method of obtaining 
focal mechanism solutions based on P-wave first motion polarity. However, due to the large azimuth gap (nearly 
270°) and limited clear P-wave onset records, the inversion results had no resolution at all (Figure S12 in Support-
ing Information S1). We also tried to determine the rake of the identified outer-rise fault by the waveform forward 
modeling, in which we compare the real data with the synthetic waveforms that were generated based on the fault 
geometry and various rakes (0–360°). However, no optimal rake was found. Details of these attempts are included 
in Texts S4, S5, and S6 in Supporting Information S1.

The newly constructed SV-wave velocity model of the study region demonstrates serpentinization extending to 
a depth of ∼32 km below the seafloor (G. Zhu et al., 2021), indicating that the extensional stress region and the 
extent of normal faults may extend to a greater depth. The extensional stress region in the study region obtained 
from numerical modeling also extends to ∼30 km in depth (F. Zhang et al., 2018; J. Zhang et al., 2021; Z. Zhou 
et al., 2015). Because the sub-cluster events span in depths of 20–50 km, we thus infer the identified fault as a 
normal fault.

Unfortunately, we are unable to conclude whether the deep outer-rise fault is ubiquitous in southern Mariana 
because of the limited station coverage. However, if such normal faults with a large depth extent are widespread 
in the outer-rise, the water input in the Southern Mariana subduction zone will be higher than what has been 
previously estimated. Further investigations are needed to obtain the whole picture of outer-rise faults at the 
southernmost Mariana subduction zone.

6. Conclusion
We applied the machine-learning-based earthquake detection method to a new OBS data set at the southernmost 
Mariana subduction zone and found nearly 2,000 earthquakes. The seismicity in the outer-rise region varies along 
the trench, with an outer-rise earthquake cluster identified. The outer-rise sub-cluster depicted a normal fault, 
resulting from the reactivation of the inherited seafloor fabrics, that penetrated to a depth of 50 km. This result 
indicated that there might be larger water input in the Southern Mariana Subduction Zone than had previously 
been estimated.
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Data Availability Statement
The relocated event waveform data are available online (https://doi.org/10.6084/m9.figshare.18266960.v2).
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