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A B S T R A C T

Intermediate-depth earthquakes, i.e., earthquakes occurring at depths of 60 to 300 km, have been observed 
globally. However, the mechanisms underlying intermediate-depth earthquakes and their potential relationship 
with shallow subduction zone structures are still poorly understood. Utilizing newly obtained near-field Ocean 
Bottom Seismometer (OBS) data and a machine-learning-based method (EQTransformer), we have detected and 
located 613 earthquakes from 5 September 2018 to 22 October 2019. The observation identifies the variations in 
the distribution patterns of intermediate-depth earthquakes at the junction of the Pacific plate and the Caroline 
Plateau. Double seismic zones (DSZs) were observed in the Pacific segment, while a single seismic zone (SSZ) was 
found in the Caroline segment. The consistency between observed seismicity patterns, tectonic geomorphology, 
outer-rise faulting, and slab P-T modeling strongly suggests intermediate-depth earthquakes are likely related to 
the dehydration of hydrous minerals. We propose that the seismicity difference between the two segments is 
attributed to the subducted oceanic plateau, which restricts hydration of the subducting plate thereby sup
pressing the generation of intermediate-depth earthquakes. Our results emphasize the important influence of 
oceanic plateau subduction in the generation and distribution of intermediate-depth earthquakes.

1. Introduction

Intermediate-depth earthquakes are intraplate earthquakes within 
the subducted plates with depths of around 60 to 300 km (Gutenberg 
and Richter, 1954). Investigations of intermediate-depth earthquakes 
have enhanced knowledge of the Earth’s structure, subduction process, 
and plate tectonics theory (Aki and Lee, 1976; Christova and Scholz, 
2003; Hirahara, 1977; Isacks et al., 1968; Owens et al., 1984; Revenaugh 
and Jordan, 1991). Intermediate-depth earthquakes differ from shallow 
events in their seismogenic mechanisms, as the high pressure and 

temperature at these depths promote ductile rather than brittle defor
mation (Frohlich, 2006). Several mechanisms have been proposed to 
explain intermediate-depth earthquakes (Zhan, 2020), including trans
formational faulting (Incel et al., 2017; Kao and Liu, 1995), self- 
localizing thermal shear runaway (Kelemen and Hirth, 2007; Ogawa, 
1987; Prakash et al., 2023; Prieto et al., 2013; Wiens and Snider, 2001), 
dehydration embrittlement (Green and Houston, 1995; Kirby, 1995; 
Mark et al., 2024; Pérez-Forero et al., 2023), fluid-related embrittlement 
(van Keken et al., 2012; Wei et al., 2017), dehydration-driven stress 
transfer (Ferrand et al., 2017) and inner slab stress and strain changes 
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(Malatesta et al., 2024; Zeng et al., 2025). However, there is still con
troversy among these views, and the mechanism of intermediate-depth 
earthquakes is not yet clear.

The spatial pattern of intermediate-depth earthquakes—occurring in 
either single seismic zones (SSZs) or double seismic zones (DSZs) sub
parallel along the subducted slab—may provide critical insights into this 
question. The DSZs have been observed globally in subduction zones 
(Fig. 1) (Brudzinski et al., 2007; Florez and Prieto, 2019; Sippl et al., 
2022; Wiens et al., 1993), with the separation distance between the two 
seismicity layers ranging from 10 km to 40 km (Brudzinski et al., 2007; 
Frohlich, 2006). While the global ubiquity of SSZs remains unresolved, 
their existence has been documented in several subduction zones, such 
as the Aleutian, Kyushu, and Tonga, Izu Bonin, and Hikurangi trenches 
(Hudnut and Taber, 1987; Wei et al., 2021; Wei et al., 2017). The for
mation of DSZs was initially attributed to the unbending of the sub
ducted plate, with downdip compressional earthquakes occurring in the 
upper seismogenic layer and extensional earthquakes in the lower layer 
(Engdahl and Scholz, 1977; Wang, 2002). However, observations 
revealed downdip extensional events in the upper layer (Dorbath et al., 
2008; Kao and Rau, 1999; McGinty et al., 2000; Ratchkovsky et al., 
1997; Sippl et al., 2019), suggesting other mechanisms have played a 
role.

Studies have linked along-strike variations in intermediate-depth 
earthquake distribution to features of subducting plate, including the 
outer-rise fault (Boneh et al., 2019; Kirby et al., 1996a; Ranero et al., 
2003), topographic changes (Geersen et al., 2022; Nakajima, 2019), 
orientation of pre-existing fabrics, and subducted sediment thickness 
(Wei et al., 2021). The observed correlation between seismic distribu
tion and plate features is suggested to result from variations in 
hydration-dehydration conditions (Boneh et al., 2019; Geersen et al., 
2022; Nakajima, 2019; Wei et al., 2021). In particular, the transition 
between SSZ and DSZs has been observed in several subduction zones, 
such as the Aleutian, Kyushu, and southern Tonga trenches. The spatial 
patterns of intermediate-depth earthquakes reflect multiple controlling 
factors of intermediate-depth earthquake genesis, such as slab stress 
state and thermal structure (Hudnut and Taber, 1987; Wei et al., 2017), 
regional tectonic structure and slab ages (Nakajima, 2019), as well as 
pre-existing fabrics, and sediments on the slab (Wei et al., 2021). 
Therefore, investigating the transition of intermediate-depth earth
quakes in layered structures might provide insights into their seismo
genic mechanisms.

The southernmost segments of the Mariana subduction zone, where 
the young North Caroline Plateau is subducting along with the old Pa
cific plate (Fig. 2), provide a natural laboratory for investigating both 

Fig. 1. Map of intermediate-depth earthquakes in subduction zones globally, the slab surface depth is from slab 2.0 data (Hayes, 2018). (a) Global map view of 
locations of panels b-h. (b) Japan-Kuril-Kamchatka subduction zones. (c) Aleutian-Cascadia and Mexican subduction zones. (d) Central American margin. (e) Mariana 
subduction zone. (f) Andaman-Sumatra-Java margin. (g) Tonga subduction zones. (h) South American margin. The locations of observed DSZs (red pentagons, red 
rhombus, purple triangles, green inverted triangles) come from (Sippl et al., 2022; Xi et al., 2024). The SSZ (blue circles) come from (Engdahl and Scholz, 1977; 
Hudnut and Taber, 1987; Nakajima, 2019; Wei et al., 2021; Wei et al., 2017). The data points shown in the figure are not exhaustive. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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the transition of intermediate-depth earthquakes layered structure and 
subducting plate influences. Several previous studies have shown a 
highly hydrated subducting plate in the Pacific segment, evidenced by 
the deep-cutting outer-rise fault and seismicity (Chen et al., 2022; Emry 
et al., 2014; Zhou and Lin, 2018; Zhu et al., 2019) and reduction of 
seismic velocities (He et al., 2025; Wan et al., 2019; Zhu et al., 2021). On 
the other hand, most studies about the Caroline Ridge subduction focus 
on the subduction in the Yap Trench (Altis, 1999; Fan et al., 2022; 
Sangana et al., 2022; Zhang et al., 2021; Zhu et al., 2024), the segment in 
the southernmost Mariana subduction zone has received less attention. 
Previous near-field earthquake catalogs derived from ocean bottom 
seismometer (OBS) arrays deployed near the Pacific plate segment 
(Chen et al., 2022; Zhu et al., 2019) exhibited limited resolution for the 
Caroline segment, introducing a regional bias (Fig. 3).

In this study, we utilized a one-year deployment of OBS in the 
southern Mariana back-arc region simultaneously monitoring 
intermediate-depth seismicity across both the Pacific and Caroline seg
ments, to investigate the characteristics of intermediate-depth earth
quakes and the subducting plate influences. Earthquakes were detected 
using a machine-learning phase picker, and then located and magnitude- 
calibrated. The slab thermal structures in both segments were modeled, 
and the seismogenic mechanism was analyzed. Our observations 
revealed DSZs and SSZ in the subducted Pacific plate and Caroline 
Plateau, determined the thermal-pressure condition and seismogenic 
mechanism of earthquakes, and concluded the influences from sub
duction of the oceanic plateau in the generation of intermediate-depth 
earthquakes.

2. Tectonic setting and data

The Mariana subduction zone is located at the boundary between the 
eastern edge of the Philippine Sea Plate and the subducting Pacific Plate. 

The subduction began in the Eocene prior to about 52 Ma (Arculus et al., 
2015). The subducted plate rolled back while it was pinned at the 
northern and southern ends of the trench system by the impinging 
Ogasawara Plateau and the Caroline Ridge, respectively (Hsui and 
Youngquist, 1985; Moberly, 1972), leading to an eastward bow-shaped 
geometry of the trench (Fig. 1e, Fig. 2). The northern, central, and 
southern Mariana Trough thus experienced different modes of opening, 
resulting in significant variations in seismicity and geological structure 
along the strike of the subduction zone (Sleeper et al., 2021). The 
Mariana subduction zone is a water-rich system, as indicated by the 
presence of serpentinite lithospheric mantle in both central and south
ern Mariana Trench, as revealed by seismic tomography results (Cai 
et al., 2018; Pozgay et al., 2009; Pyle et al., 2010; Wan et al., 2019; Zhu 
et al., 2021).

The southern end of the Mariana Trench is connected with the Yap 
Trench at around 11.16◦ N, where the Caroline Plateau subducts 
beneath the Philippine Sea Plate at an extremely slow convergence ve
locity of <1 cm per year (Kotake, 2000; Seno et al., 1993). The Caroline 
Plateau was formed by mantle plume activity between 33 and 15 million 
years ago (Zhang et al., 2023a). The initiation of the collision is yet well- 
determined, ranging from the late Oligocene to the middle Miocene 
(Dong et al., 2018; Fujiwara et al., 2000). It is a topography high located 
on the Caroline Plate, which was formed by hotspot activity in the late 
Oligocene (Keating et al., 1984; Weissel and Anderson, 1978). As such, 
the Caroline Plateau is characterized as a young, buoyant oceanic 
plateau with an over-thickened crust (Gan et al., 2021), contrasting with 
the older and relatively thinner Pacific oceanic crust to its north. Lee 
(2004) suggested that the subduction of the thick Caroline Plateau and 
the slow convergence velocity might result in a lack of intermediate- 
depth earthquakes in the region.

We utilized seismic data collected from a passive-source OBS 
experiment, which contains 5 three-component OBSs, conducted from 5 

Fig. 2. Map of the OBS network and tectonic setting in the southernmost Mariana subduction zone. Green triangles indicate the locations of OBS. The shaded area 
shows the subducted slab from slab 2.0 model (Hayes, 2018). The red dashed lines represent the major faults in the outer-rise regions. The dashed orange line 
represents the active air-gun source OBS profile (Wan et al., 2019). The white arrows indicate the subduction rate of the slab (Kotake, 2000; Lee, 2004; Schellart, 
2023). White circles and beach balls represent the earthquake catalog from International Seismological Centre (ISC, 1962–2024) and Global Centroid Moment Tensor 
Project (GCMT, 1976–2024), respectively. SWMR, Southwest Mariana rift; WMR, West Mariana Ridge; MGR, Malaguana-Gadao Ridges; DSB, Diffuse spreading belt. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. (a) Map of absolute earthquake locations (circles) colored by depth based on the OBS (green triangles) observation in the southernmost Mariana subduction 
zone. The shaded area shows the subducted slab from slab 2.0 model (Hayes, 2018). The red dashed lines represent the major faults in the outer-rise regions. The 
dashed yellow lines represent the cross-sections. The white arrows indicate the subduction rate of the slab (Kotake, 2000; Lee, 2004; Schellart, 2023). (b) Cross- 
section views with a bin width of 20 km of earthquakes (gray open circles) with locations shown in panel (a) as well as earthquakes relocated using the double- 
difference (hypoDD) method (red circles). The location errors in vertical and horizontal directions were plotted as error bars. Trench locations are marked as 0 
km. The gray circles represent earthquakes in (Chen et al., 2022) catalog. The pink area denotes the intermediate depth range. The black dashed line shows the 
boundary of the subducted slab as depicted by earthquake locations and black line shows that from slab 2.0 model. The dark gray lines in cross-section F,G represent 
the plate boundaries from (Wang et al., 2024). The geometry of the subducting slab is better constrained by our localization data. WMR, West Mariana Ridge; DSB, 
Diffuse spreading belt. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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September 2018 to 22 October 2019 (Fig. 2). These data were collected 
by the R/V Tan Suo Yi Hao and Shi Yan San Hao. Unlike previous OBS 
experiments in the southern Mariana region (Chen et al., 2022), the 
array in this study was situated on the overriding plate near the 
Southwest Mariana Rift (SWMR) and operated continuously for over a 
year. Time-drifting issues of the instruments were corrected by 
employing the ambient noise cross-correlation method (Abbas et al., 
2023).

3. Methods and results

3.1. Earthquake detection, location, and magnitude calibration

We applied the EQTransformer method (Mousavi et al., 2020) to 
three-component continuous waveforms filtered at 1 Hz high-pass, using 
default probability thresholds (0.1 for event detection and 0.3 for phase 
picking), as validated by previous tests (Chen et al., 2022). We used the 
hydrophone component of the OBS H34 instead of its low signal-to-noise 
ratio vertical component. The detected phases were then associated 
using the REAL method (Zhang et al., 2019) within a searching volume 
of 1 degree in horizontal directions and 200 km in depth around the OBS 
station, which recorded the first P-arrival, with grid sizes of 0.05 degrees 
and 10 km in horizontal and vertical directions, respectively. The 
thresholds of P-, S-, and total arrivals were set as 2, 2, and 5, respec
tively. We used the IASP91 global velocity model (Kennett and Engdahl, 
1991) in phase association. Given the expected deviations from the 
IASP91 global velocity model (Kennett and Engdahl, 1991) in the study 
region, we adopted relatively large time windows (1.5 s for P-waves and 
2.5 s for S-waves) during phase association. 16,577 P- and 17,531 S- 
wave phases were detected (Fig. S1), among which 3942 P- and 3819 S- 
wave phases were associated, generating 1172 events.

To eliminate earthquake location errors caused by picking errors and 
to exclude false events, we manually corrected the phases picked by 
EQTransformer after denoising the waveforms using a continuous 
wavelet-transform-based seismic method (Mousavi, 2016). For both P- 
and S-wave arrivals, about 1/3 of P- and S-wave arrivals were corrected, 
with 16.8 % and 13.6 % showing errors over 1 s (Fig. S3). Such picking 
errors could introduce several kilometers of location errors. Subse
quently, the earthquakes were located using both absolute and relative 
earthquake location methods. During the earthquake location process, 
we first constructed a localized 1D velocity model for the study region 
(Fig. S4) by combining the upper 70 km from a 1D velocity structure 
(Wan et al., 2019) with the deeper part of the IASP91 global velocity 
model (Kennett and Engdahl, 1991). Then, using the Hypoinverse pro
gram (Klein, 2002), we located the detected events based on the P- and 
S-wave arrivals. We finally obtained a local earthquake catalog con
taining 613 well-located earthquakes (with location errors of less than 
10 km and RMS values of less than 1 s) (Fig. 3a), including shallow 
intraplate events, interplate events, and intermediate-depth earth
quakes. Using the HypoDD method (Waldhauser and Ellsworth, 2000), 
385 of these events were further refined based on differential times 
(Fig. S5, red dots). Detailed descriptions of HypoDD relocation are 
provided in Text S1. Compared to the results from Chen et al. (2022)
(gray open circles in Fig. 3b), our observations in the Caroline segment 
detected a significantly greater number of earthquakes (gray solid cir
cles), providing enhanced constraints for analyzing seismic distribution 
characteristics.

After that, we calculated the magnitudes of the events based on the 
amplitude ratio as follows: 

M = Mtemplate +Clog10R (1) 

where Mtemplate is the magnitude of the closest USGS events, C is a 
constant, and R is the amplitude ratio between the target event and the 
template (Schaff and Richards, 2014). We took C = 1 because we 
adopted the template event’s local magnitude (Shelly et al., 2016). 

Events from the USGS catalog during the instrument deployment time 
were used as templates. The magnitude of detected events ranges from 
1.5 to 5.2. No significant differences were observed between the two 
segments, with a minimum magnitude of 1.7 in the Caroline segment 
and 1.5 in the Pacific segment.

Bootstrapping (Billings et al., 1994) and jackknifing techniques 
(Tichelaar and Ruff, 1989) were used to estimate uncertainties of 
Hypoinverse and HypoDD results, respectively. Hypoinverse location 
uncertainties for the majority of events were constrained to <5 km 
horizontally (both E-W and N-S components) and < 10 km vertically 
(Figs. S5, S6 a, b, c). For the HypoDD results, most events exhibited 
location uncertainties of <2 km horizontally and < 3 km vertically 
(Refer to Text S2.1 and Fig. S6). To evaluate the effects of limited 
azimuthal station coverage inherent to our network geometry, we con
ducted synthetic earthquake tests. The results show that the inclined 
distribution of earthquakes can be constrained effectively with the 
current network coverage (Refer to Text S2.2 and Fig. S7). In addition, 
we assessed whether the different numbers of earthquakes in two seg
ments come from differences in station number (i.e., detection capa
bility) (Refer to Text S2.3 and Fig. S8).

3.2. The along-strike variation of Intermediate-depth earthquake

Significant along-strike variation of intermediate-depth earthquakes 
was observed in earthquake location results. Here, we defined two 
segments of the subduction zone as the Caroline and Pacific segments 
corresponding to the Caroline Plateau and Pacific Plate (Fig. 3a). We 
projected the relocated hypocenters onto eight 20-km-wide cross- 
sectional profiles (yellow dashed lines in Fig. 3a) to analyze the earth
quake distribution characteristics. The cross-section views show that 
IDE activities varied in the two subduction segments in terms of the 
number of events as well as the thickness of the seismicity zones. In 
profiles A-D, earthquake depths systematically decrease westward. We 
demonstrate that this pattern cannot be explained by seismic network 
coverage limitations, as evidenced by our detection of earthquakes 
>120 km depth east of profile H at comparable network distances. This 
observed along-strike shallowing of seismicity reflects corresponding 
variations in slab geometry, indicating significantly shallower subduc
tion in the western segment. This observation aligns with the expected 
behavior of younger slabs, which exhibit higher thermal buoyancy 
(Kirby et al., 1996a; Bina et al., 2001; Gan et al., 2021).

In general, the subducted slab in the Caroline segment experienced 
fewer Intermediate-depth earthquake activities that extend to around 
120 km depth, showing a concentrated single seismicity zone with a 
thickness of around 20 km, compatible with the 20 km average crustal 
thickness in the Caroline Ridge region (Altis, 1999). To the Pacific 
segment, the IDE seismicity increased significantly, showing a scattered 
seismicity zone with a thickness of around 50 km that extends to around 
130 km depth. According to previous observations (Abers, 1992; Hase
gawa et al., 1978; Kawakatsu, 1986; Shiobara et al., 2010), at regions 
where DSZs existed, the thickness of seismogenic zones (from upper 
layer to lower layer) was typically larger than 30–40 km. The approxi
mately 50 km thick seismogenic zone observed in the Pacific segment 
substantially exceeds the thickness of typical oceanic crust (~8 km; Wan 
et al., 2019), demonstrating that seismic activity extends through both 
the subducted crust and upper mantle lithosphere.

Our relocation results did not reveal two distinct, well-separated 
seismic layers—likely due to limitations in recording duration and 
location accuracy. We thus evaluated the potential existence of DSZs 
using the methodology established by Brudzinski et al. (2007), which 
has been successfully applied in multiple local seismic network studies 
(Sippl et al., 2019; Wei et al., 2017). The method rotates the slab in the 
horizontal direction to obtain the slab-normal distribution of 
intermediate-depth earthquakes. Then, it checks the existence of DSZs 
by using dip testing, which determines whether there is a multimodal 
distribution in the histogram (Hartigan and Hartigan, 1985). We first 
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determined the rotation angle in the Caroline segment and the Pacific 
segment (65◦ and 50◦) based on the slab geometry depicted in the cross- 
section views (Fig. 4a, b). Due to the absence of the slab 2.0 model data 
(Hayes, 2018) in the Caroline segment (Fig. 3b) and large location errors 
in the global earthquake catalog for this area, we were previously unable 
to identify the geometry of the subduction plate. In comparison, the 
subducted plate can be clearly delineated based on our improved 
earthquake distribution (Fig. 3b, Fig. 4a).

We then calculated the slab-normal distribution of intermediate- 
depth earthquakes across all cross-sections and aggregated them for 
each region. Beneath the Pacific segment, there are two obvious peaks of 
the number of earthquakes (Fig. 4d), separated by approximately 20 km. 
In contrast, only a single peak is observed beneath the Caroline segment 
(Fig. 4c). We performed the same process using earthquakes from the 
long-term USGS catalog, but the pattern did not show a single-peak or 
double-peak feature (Fig. S9), which is likely caused by large location 
errors (up to 100 km) of the global catalog (Fig. S10) in the study region 
as demonstrated in Text S3. To further analyze the depth pattern of our 
observed seismicity, we applied Gaussian Mixture Modeling (GMM) 
(Reynolds, 2009; Seydoux et al., 2020) to assess whether the seismicity 
distributions in two regions form distinct layers. The GMM results reveal 
distinct stratification patterns between segments. In the Pacific segment, 
Intermediate-depth earthquakes separate into two statistically distinct 
clusters with inter-layer spacing around 20 km, while in the Caroline 
segment, seismicity forms a single cluster (Fig. S11, S12). This finding 
provides independent evidence supporting the existence of DSZs in the 
Pacific segment.

4. Discussion

4.1. Correlation between seismic patterns and the plate tectonic features

The variation in intermediate-depth earthquake patterns beneath the 
Pacific and Caroline segments is likely related to different structural 
features of the incoming plate, including bending faults and plate 
topography. The Caroline Plateau is located in the outer rise of the 
Caroline segment and experienced plateau-arc collision (Zhang et al., 
2023a, 2023b) (Fig. 2). Bathymetric data show fewer outer-rise faults in 
the Caroline segment compared to the Pacific segment (Fig. 2, S10a). In 
contrast, the Pacific oceanic plate subducts in the Pacific segment, 
creating extensive outer-rise faults (Fig. 2) (Chen et al., 2022; Zhu et al., 
2021). We identified potential normal faults in cross-section and map 
views of high-resolution bathymetric data (Fig. S13). In total, there were 
41 faults identified from the high-resolution bathymetric data in the 
Caroline segment, while 129 faults were identified in the Pacific 
segment. The number of intermediate-depth earthquakes in both seg
ments (261 in the Caroline and 525 in the Pacific segment) is closely 
proportional to the number of faults (Fig. S10c, blue line and red line). In 
addition, the peaks in the slab-normal distribution of intermediate- 
depth earthquakes in two segments (15 km and 30 km) match well 
with the fault development depth (Fig. 4c, d). For plateau subduction 
(Caroline segment), Zhang et al. (2022) note that the subduction of an 
oceanic plateau results in fewer and shallower normal outer-rise faults 
(around 10–15 km). The deepest outer-rise fault in the Pacific segment 
reaches the lithospheric mantle (~30 km), supported by numerical 

Fig. 4. (a) The combined projection of intermediate-depth earthquakes in the Caroline segment. The black dashed line shows the boundary of the subducted slab as 
depicted by earthquake locations. Earthquake location uncertainties (error bars) derived from the bootstrapping of HypoDD location. (b) The same as figure (a), but 
for the Pacific segment (c) The rotated combined projection of intermediate-depth earthquakes from HypoDD result (red circles) in the Caroline segment, the black 
line represents the number of rotated events with a bin width of 4 km. (d) The same as figure (c), but for the Pacific segment. The blue dashed line shows the fault 
depth simulated by Zhang et al. (2022), while the red dashed line represents the fault depth revealed by numerical simulations and surface wave imaging (Zhou et al., 
2015; Zhu et al., 2021). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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modeling, ambient noise tomography, and earthquake studies (Chen 
et al., 2022; Zhou et al., 2015; Zhu et al., 2021).

Previous studies showed that well-developed bending faults lead to 
more extensive plate hydration (Boneh et al., 2019; Geersen et al., 2022) 
as outer-rise faults serve as pathways for water to infiltrate into the 
subducting plate (Ranero et al., 2003). We thus estimated serpentini
zation of the subducted slab by calculating the water-penetrated fault 
zone volume along each cross-section (Text S4). The serpentinized vol
ume was calculated by multiplying the parameters by fault counts. The 
estimation shows that the average serpentinized volume was around 
76–615 km^3 and 725–5805 km^3 in the Caroline and Pacific segments, 
respectively (Fig. S14c). The Pacific segment carries about ten times 
more water than the Caroline segment. Besides, both active-source 
seismic tomography (Contreras-Reyes, 2025; He et al., 2023; He et al., 
2025; Li et al., 2023; Wan et al., 2019) and ambient noise tomography 
(Zhu et al., 2021) in our study region revealed low-velocity anomalies in 
the outer rise and near-trench regions, suggesting a higher degree of slab 
hydration. Although a tomography study is lacking in the Caroline 
segment, the multi-channel seismic profiles reveal that the faults in this 
area are relatively shallowly developed, suggesting lower slab hydration 
levels (Zhang et al., 2021). These results provide additional evidence for 
distinct hydration states between the two segments.

In summary, the number of intermediate-depth earthquakes in
creases from the Caroline to the Pacific segments, corresponding to the 
increase in outer-rise faults and estimated slab hydration volume. The 
peaks in the slab-normal distribution of intermediate-depth earthquakes 
closely match the depths of outer-rise faults identified in previous 
research (Zhang et al., 2022; Zhou et al., 2015; Zhu et al., 2021).

4.2. The thermal and pressure conditions of intermediate-depth 
earthquakes

The thermal and pressure condition of the subducted slab signifi
cantly influences the occurrence of mineral phase change and dehy
dration processes (Abers et al., 2006), thus playing an important role in 
intermediate-depth earthquake generation (Hacker et al., 2003; Pea
cock, 2003; van Keken et al., 2012). To verify the thermal control of 
intermediate-depth earthquake genesis and to distinguish the patterns of 
subducted plate affiliations, we analyzed the thermal-pressure structure 
of both segments. The temperature distribution in the two segments was 
obtained by solving the thermal-kinetic equation, considering a given 
velocity field (Negredo et al., 2004; Peacock, 2003, 2020; van Keken 
et al., 2008), with the velocity field described by the analytical expres
sion provided by Negredo et al. (2004). The slab age, slab dip, conver
gence rate, and shear heating are the most important factors controlling 
the slab’s thermal structure (Peacock, 2003, 2020; van Keken et al., 
2008). Shear heating was not included in the thermal model calculation 
because it only has a minor effect on the thermal structure and is limited 
to regions close to the shear zone (Yamasaki and Seno, 2003).

Due to the pronounced correlation between seismic distribution 
patterns and plate structural characteristics, we inferred that the sub
ducted plate in the Caroline segment corresponds to the Caroline 
Plateau, not the Pacific plate. In our model, the ages of the Pacific and 
Caroline segments are set to 125 Ma (Xu et al., 2023) and 20 Ma (Zhang 
et al., 2023a) respectively, with vertical subduction rates of 3.7 cm/yr 
(Schellart, 2023) and 1.0 cm/yr (Kotake, 2000; Lee, 2004) respectively. 
For the dip angles in the intermediate-depth range, we determined them 
based on the earthquake location results. The dip angle is set as 50◦ and 
65◦ for the Pacific and Caroline segments according to our location re
sults, respectively. The initial temperature structure is calculated using 
the thermal plate model GDH1 by Stein and Stein (1994). In addition, we 
also consider the scenario where the subducting plates in the Caroline 
segment are part of the Pacific Plate, differing from the Pacific segment 
only in dip angle (Fig. S15a). The potential existence of a Caroline 
mantle plume (Zhong et al., 2025) may thermally perturb the local 
mantle. Following (Zhang et al., 2023b), we therefore conducted 

additional numerical tests (Fig. S15c) with an elevated mantle temper
ature of 1550 ◦C (compared to the baseline 1450 ◦C model).

To assess the uncertainties introduced by parameter selection, we 
performed comprehensive thermal modeling of the subducting slabs by 
varying three key parameters: slab age, convergence rate, and dip angle. 
For the Pacific segment, we tested slab ages of 105, 115, 125, and 135 
Ma; convergence rates from 3.0 to 4.0 cm/yr in 0.2 cm/yr increments; 
and dip angles of 45◦, 50◦, and 55◦, resulting in 72 parameter combi
nations. For the Caroline segment, we considered slab ages (15, 20, and 
25 Ma), convergence rates (0.8, 1.0, and 1.2 cm/yr), and dips (60◦, 65◦, 
and 70◦), generating 27 distinct models. Due to the Yap slab’s younger 
age and slower subduction velocity, the limited parameter variations in 
our tests already cover a significant portion of its plausible thermal- 
pressure range. We analyzed the temperature-pressure (P-T) condi
tions of earthquakes across all model configurations, assigning each 
event an uncertainty range of ±2 standard deviations (error bars in 
Fig. 5c, d). The results reveal maximum temperature uncertainties 
reaching ~200 ◦C, predominantly observed for high-pressure (i.e., 
deeper) earthquakes. This significant thermal variability is primarily 
generated from dip angle variations because variations in slab dip angle 
induce larger displacements in slab position at greater depths. In 
contrast, uncertainties induced by slab age and convergence rate vari
ations remain comparatively minor, particularly for shallow earth
quakes (lower pressure regimes).

The locations of intermediate-depth earthquakes in both the Caroline 
and Pacific segments were mapped onto the thermal contours (Fig. 5a, 
b). Generally, most of the intermediate-depth earthquakes are located 
within the region under a temperature of 600 degrees Celsius and the 
maximum depth of the intermediate-depth earthquakes increases with 
the subduction thermal parameter, which is calculated based on slab 
age, convergence velocity, and slab dip angle (Kirby et al., 1996b). In the 
Caroline segment, the P-T range for intermediate-depth earthquakes is 
approximately 400–600 ◦C and 1.5–3.4 GPa. In the Pacific segment, the 
upper plane seismicity exists under P-T conditions of about 200–400 ◦C 
and 1–3.6 GPa, while the lower plane seismicity is found within a P-T 
range of 400–600 ◦C and 2–3.8 GPa. The temperature range for the 
lower plane seismicity matches the findings reported by Aziz Zanjani 
et al. (2021).

We superimposed the intermediate-depth earthquakes of the Caro
line segment and the upper layers of the Pacific segment onto the phase 
diagram from Hacker et al. (2003) (Fig. 5c). These events are chiefly 
located in the hydration path of the hydrous minerals, suggesting that 
the dehydration of blueschists in the oceanic crust might be the seis
mogenesis of these events. In the Caroline segment, Lawsonite blues
chists transform into amphibole-eclogite facies and then into zoisite 
eclogite facies as P-T increases from approximately 300 ◦C and 1.5–2 
GPa to 600 ◦C and around 3 GPa. In the Pacific segment, Lawsonite 
blueschists transform into jadeite-lawsonite blueschist facies and sub
sequently into Lawsonite amphibole-eclogite facies as P-T increase from 
approximately 175 ◦C and 1–1.5 GPa to 400 ◦C and around 3.5 GPa. The 
distribution of the intermediate-depth earthquakes in the Caroline and 
Pacific segments also aligns with the P-T regimes of intermediate-depth 
earthquakes in the Tohoku upper zone and Costa Rica. The correlation is 
not perfect, suggesting potential uncertainties in the locations of the 
earthquakes, thermal modeling, or petrological modeling. In the sce
nario where the subducting plates in the Caroline segment are part of the 
Pacific Plate (Fig. S15a, b), the intermediate-depth earthquakes are 
located in two-phase change paths mentioned above, which seems 
inconsistent with the spatial distribution of intermediate-depth earth
quakes concentrated in the Caroline segment. Furthermore, if the pres
ence of a mantle plume elevates mantle temperatures, our modeling 
results demonstrate that this has minimal impact on the thermopressure 
conditions governing intraslab seismicity (Fig. S15c, d).

The lower plane seismicity in the Pacific segment occurs in the plate 
mantle, where the principal hydrous minerals are serpentine (antigorite) 
and chlorite. We superimposed these intermediate-depth earthquakes 
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onto the metamorphic facies for harzburgite (Hacker et al., 2003) 
(Fig. 5d). Those events also correlate spatially with the phase change 
path of serpentine, showing a contribution from the dehydration of 
serpentine, as suggested by Hacker et al. (2003). Given the strong cor
relation between lower-plane seismicity and outer-rise plate hydration 
reaching the mantle, we suggest that lower-plane seismicity is also 
caused by antigorite dehydration. Notably, Yamasaki and Seno (2003)
showed that antigorite is stable under P-T conditions of 400–600 ◦C and 
2–4 GPa. Different reaction boundaries may result from the composi
tional and structural states of the starting materials (Yamasaki and Seno, 
2003). Additionally, observations of the dry lithospheric mantle (and 
the lower layer of DSZs) in studies (Fang and van der Hilst, 2019; Florez 
and Prieto, 2019) challenge the dehydration embrittlement mechanism, 
indicating the complexity of the mechanisms underlying lower-layer 
seismicity.

4.3. The impact of oceanic plateau on intermediate-depth earthquakes

Our observations reveal intermediate-depth seismicity patterns that 
correlate closely with the distinct characteristics of the subducting slab. 
Besides, the distribution of intermediate-depth earthquakes in the In
ternational Seismological Centre catalog shows a sudden change be
tween the Caroline and Pacific segments (Fig. 2) (Lee, 2004). The two 
main tectonic units in the study area—the Challenger Deep and the 
Southwest Mariana Rift—are developed only in the Pacific segment, also 
indicating different tectonic settings in the two segments (Fig. 2). The 
distinct seismic characteristics, combined with the contrasting features 
of the subduction zone and back-arc region, as well as the markedly 
segmented outer-rise morphology between the Pacific and Caroline 
segments, suggest that differences in subducting plate features are 
responsible for these pronounced variations. As we inferred, the sub
ducted plate in the Caroline segment corresponds to the Caroline 
Plateau, not the Pacific plate. This could explain the shallower trench in 

the Caroline segment, as the greater the age of subducting plate, the 
greater the trench depth (Fryer et al., 2003; Hilde and Uyeda, 1983). 
This also explains the lack of a back-arc rift in the Caroline segment, as 
dehydration-released fluid migration promotes the back-arc spreading 
(Hanyu et al., 2006; Zhao et al., 1997), but the subducting Caroline plate 
experiences a lower degree of hydration, dehydration and released fluid 
migration.

However, since profiles A-D also appear to lie along the current 
subduction direction of the Pacific slab, how can they be attributed to 
the subducting Caroline plate? In curved subduction zones, the convex- 
outward bending of the central subducted slab drives inward motion of 
both flanking segments, as observed in other subduction zones such as 
those in Mariana, Alaska, and Sumatra trench from the Slab 2.0 model 
(Hayes, 2018). What’s more, the slab retreating induces toroidal mantle 
flow (Liu et al., 2019; Zhu et al., 2020), drawing the adjacent slab edges 
inward. Because the subducted Caroline slab has broken off, revealed by 
P-wave tomography and Receiver Function analysis results (Fan et al., 
2022). Consequently, in our study area, the Caroline Plateau (specif
ically the North Caroline Ridge) remains structurally connected to the 
Pacific Plate but has become detached from the Caroline Plate proper. 
We thus suggest that the combined effects of the strongly curved 
Mariana Trench geometry and retreating Pacific slab (Hsui and Young
quist, 1985; Moberly, 1972) collectively dragged the Caroline segment 
into its current position beneath profiles A-D. An alternative explanation 
is that both segments of the subducting plates belong to the Pacific Plate 
but have undergone different developments of outer-rise faults and hy
dration processes. In this scenario, the existence of the Caroline Plateau 
limits hydration in the outer rise region of the Caroline segment, as the 
less developed faults are shown in high-resolution bathymetric data.

Based on the above observations and analyses, we propose a con
ceptual model (Fig. 6) that establishes how hydration heterogeneity 
coming from different plate structures affects the occurrence and dis
tribution of intermediate-depth earthquakes. The subduction of thin 

Fig. 5. (a) The 4 cross-sections combined projection of intermediate-depth earthquakes from HypoDD results in the Caroline segment. The contours denote the slab 
temperature with an interval of 200 ◦C, the dashed orange lines mark the antigorite stability (Schmidt and Poli, 1998), and the dashed black lines depict the 
subducted slab. (b) The same as figure (a), but for the Pacific segment. (c) Pressure-temperature (P-T) conditions of intermediate-depth earthquakes of the Caroline 
segment and upper plane of the Pacific segment. The background phase diagram is from (Hacker et al., 2003), and the dots indicate the P-T conditions of 
intermediate-depth earthquakes. Temperature uncertainties are displayed by error bars. (d) The same as figure (c), but for the lower plane intermediate-depth 
earthquakes of the Pacific segment. Abbreviations: PA: prehnite-actinolite facies; GS: greenschist facies; EA: epidote-amphibolite facies; AM: amphibolite facies; 
EA: epidote amphibolite; BS: blueschist facies; eB: epidote blueschist; jeB: jadeite-epidote blueschist facies; jLB: jadeite-lawsonite blueschist facies; Am Ec: amphibole 
eclogite facies; Zo: zoisite; and Co: coesite.
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oceanic slabs with well-developed outer-rise faults leads to a higher 
degree of slab hydration. This hydrated slab subsequently dehydrated, 
triggering more active intermediate-depth earthquakes and the forma
tion of DSZs (Fig. 6a). In contrast, the subduction of thick oceanic pla
teaus produces limited outer-rise faulting, restricting plate hydration to 
shallow levels. The absence of deep dehydration reactions prevents 
lower-layer seismicity and formation of SSZ (Fig. 6b). Our results sug
gest that outer-rise hydration significantly influences the generation and 
distribution of intermediate-depth earthquakes, which agrees with 
previous studies (Nakajima, 2019; Shillington et al., 2015; Wei et al., 
2021).

It should be noted that the limited one-year duration and restricted 
spatial coverage of our dataset may not comprehensively represent the 
full spectrum of seismic distributions. To achieve more comprehensive 
results, future studies should employ expanded seismic networks with 
broader spatial coverage and longer monitoring periods. Investigating 
subduction zones with diverse shallow structures – including the 
northern Mariana (oceanic plateau), Sumatran and western Alaskan, 
and Peruvian (mid-ocean ridge) subduction zones - will provide a more 
comprehensive framework for understanding intermediate-to-deep 
focus earthquake generation mechanisms. Additionally, further inves
tigation into the focal mechanisms of intermediate-depth earthquakes in 

situ is essential to advance our understanding of the physical conditions 
and seismogenic mechanisms within subduction zones.

5. Conclusions

A one-year OBS experiment was conducted at the southernmost 
Mariana subduction zone with an array of 5 OBSs during the period from 
5 September 2018 to 22 October 2019. Using the OBS data, we per
formed a machine-learning-based earthquake detection method 
(EQTransformer) and the seismic phase association (REAL) method. We 
finally located 613 earthquakes utilizing the Hypoinverse and HypoDD 
algorithms. The observation identifies the variations in the distribution 
patterns of intermediate-depth earthquakes at the junction of the Pacific 
plate and the Caroline Plateau. Double seismic zones were observed in 
the Pacific segment, while a single seismic zone was found in the 
Caroline segment. The result reveals spatially varied single and double 
seismicity layers of intermediate-depth earthquakes in the southernmost 
Mariana Trench, which is consistent with the along-strike variations in 
subducted slab features. Besides, the thermal-pressure modeling results 
of the slab suggest that dehydration of hydrous minerals (blueschists, 
antigorite, etc.) drives intermediate-depth earthquake generation in the 
study area. Combined with the regional tectonic setting, the results 

Fig. 6. Cartoon figures illustrate the relationship among the slab topography, the outer-rise faulting, plate hydration-dehydration, and the occurrence of 
intermediate-depth earthquakes for oceanic plate subduction (a) and plateau subduction (b) segments. Black dashed lines represent the faults. The yellow dashed line 
represents the lower boundary of the oceanic crust, and the white dashed lines represent the boundary of the lithospheric mantle. Blue-shadowed regions indicate the 
hydrated material and blue arrows denote the fluid release. The yellow stars correspond to earthquakes. The brown areas represent the melting mantle material. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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suggest that the subducting oceanic plateaus generate distinct patterns 
of bending-related outer-rise faulting versus normal oceanic crust, 
which in turn causes plate hydration heterogeneity and influences the 
distribution of intermediate-depth earthquakes.
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