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S U M M A R Y
We have conducted the first passive Ocean Bottom Seismograph (OBS) experiment near the
Challenger Deep at the southernmost Mariana subduction zone by deploying and recovering an
array of 6 broad-band OBSs during December 2016–June 2017. The obtained passive-source
seismic records provide the first-ever near-field seismic observations in the southernmost
Mariana subduction zone. We first correct clock errors of the OBS recordings based on both
teleseismic waveforms and ambient noise cross-correlation. We then perform matched filter
earthquake detection using 53 template events in the catalogue of the US Geological Survey and
find >7000 local earthquakes during the 6-month OBS deployment period. Results of the two
independent approaches show that the maximum clock drifting was ∼2 s on one instrument
(OBS PA01), while the rest of OBS waveforms had negligible time drifting. After timing
correction, we locate the detected earthquakes using a newly refined local velocity model
that was derived from a companion active source experiment in the same region. In total,
2004 earthquakes are located with relatively high resolution. Furthermore, we calibrate the
magnitudes of the detected earthquakes by measuring the relative amplitudes to their nearest
relocated templates on all OBSs and acquire a high-resolution local earthquake catalogue.
The magnitudes of earthquakes in our new catalogue range from 1.1 to 5.6. The earthquakes
span over the Southwest Mariana rift, the megathrust interface, forearc and outer-rise regions.
While most earthquakes are shallow, depths of the slab earthquakes increase from ∼100
to ∼240 km from west to east towards Guam. We also delineate the subducting interface
from seismicity distribution and find an increasing trend in dip angles from west to east.
The observed along-strike variation in slab dip angles and its downdip extents provide new
constraints on geodynamic processes of the southernmost Mariana subduction zone.

Key words: Seismicity and tectonics; Dynamics: seismotectonics; Subduction zone pro-
cesses.

1 I N T RO D U C T I O N

The Mariana subduction zone is part of the Izu-Bonin-Mariana
(IBM) subduction system, a classical example of intraoceanic con-
vergent margin that was first formed ∼43 Ma (Katsumata & Sykes
1969; Gribble et al. 1996; Stern et al. 2003). The old incoming
Pacific Plate is considered to sink nearly vertically beneath the
trench (Katsumata & Sykes 1969; Nakamura et al. 1998). Indeed,
the steep subducting angle is regarded as characteristic of the Mar-
iana subduction zone. As illustrated by distribution of intermediate

and deep earthquakes, the maximum depth of seismicity extends
from ∼250 km in the south to ∼600 km in the north, delineating
the subducting slab geometries that are consistent with seismic to-
mographic images (Gudmundsson & Sambridge 1998; Fryer et al.
2003; Miller et al. 2006). In comparison, the distribution of local
earthquakes derived from near-field seismic observations show that
the dip angle is ∼21◦ at the shallow megathrust in the central Mari-
ana subduction zone, much smaller than the illustration of a nearly
vertical slab at greater depths (Emry et al. 2011). Therefore, precise
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earthquake locations are critical for delineating subducting slab and
further understanding subduction zone dynamics.

However, due to the paucity of local seismic stations, historical
earthquake locations along the Mariana subduction zone may have
lateral uncertainties up to tens of km (Emry et al. 2011), making
it difficult to delineate the shallow megathrust and to consequently
infer the dynamics of the shallow subduction zone. Furthermore,
large uncertainties in earthquake locations obscure the stress state
that can be inferred from focal mechanism solutions of moderate
to large earthquakes in the region (Emry et al. 2011; Ekström et al.
2012; Martinez et al. 2018). A near-field seismic network is neces-
sary to acquire precise earthquake locations, but is only available
in the central Mariana subduction zone where three Ocean Bottom
Seismograph (OBS) experiments were carried out in 2001, 2003
and 2012, respectively (Pyle et al. 2010; Shiobara et al. 2010; Emry
et al. 2011; Barklage et al. 2015; Cai et al. 2018).

Compared to the central segment, the southern Mariana sub-
duction zone (the area south of the latitude of Guam at ∼13.5◦N)
remains poorly known since there is no near-field observation, al-
though the southern part is suggested to be more seismically coupled
(Scholz & Campos 1995, 2012; Emry et al. 2014). This is especially
true near the Challenger Deep, the deepest point on the Earth’s sur-
face (at depth of ∼10.9 km), as the closest land station (GUMO
station at the Guam Island) is more than 350 km in distance. To fill
the near-field observational gap at the southern Mariana subduction
zone, we conduct an OBS experiment near the Challenger Deep
and obtain the first data set of 6-month local seismic observations
(Fig. 1a).

In this study, we use the first near-field OBS observations to-
gether with the GUMO land station to obtain a relatively precise
local earthquake catalogue during December 2016–June 2017 in
the southernmost Mariana margin. Using the OBS recordings, we
first detect local earthquakes using template earthquakes in the US
Geological Survey (USGS) catalogue. We then inspect and cor-
rect the time drifting of OBS recordings, based on both teleseismic
waveforms and ambient noise cross-correlation. Next we conduct
both absolute and relative earthquake location using a newly ac-
quired local velocity model (Wan et al. 2019). We also calibrate the
magnitudes of all located earthquakes by measuring relative ampli-
tudes to their nearest templates on all OBSs. Our results produce
the first high-resolution earthquake catalogue in the southernmost
Mariana subduction zone, which provides valuable constraints on
the geometry of subducting slab and subduction zone dynamics.

2 E X P E D I T I O N S A N D O B S
E X P E R I M E N T S

The first ‘Challenger Deep’ expedition was conducted by the R/V
Shiyan 3 of the South China Sea Institute of Oceanology (SCSIO) in
December 2016, in which a variety of multidisciplinary experiments
were carried out, including physical oceanography, sediment sam-
pling, gravity and magnetic measurements, and active and passive
source seismic survey (Lin et al. 2017; Li et al. 2019). The active
source seismic experiment lasted 2 weeks from 1 December 2016
with 18 OBSs deployed along a ∼350-km-long NW–SE-trending
profile across the Challenger Deep (Fig. 1a). A 2-D crustal P-wave
velocity model was obtained based on wide-angle reflection and
refraction study (Wan et al. 2019).

During the first expedition in December 2016, we also deployed 7
long-term broad-band OBSs on the overriding plate to record earth-
quakes (Fig. 1a). The OBSs were equipped with three-component

sensors, with a response band from 60 s to 50 Hz, and a hydrophone.
The sampling rate of digital recorders was 100 samples per second.
In June 2017, we carried out the second expedition to the south-
ernmost Mariana Trench and successfully recovered 6 long-term
OBSs. During the 6-month deployment period, 53 local earthquakes
(Fig. 1a) and 49 M > 6 teleseismic earthquakes (Fig. 1b) were re-
ported in the USGS catalogue.

3 I N S P E C T I O N A N D C O R R E C T I O N O F
O B S T I M I N G

3.1 Inspection of OBS timing from teleseismic
earthquakes

Accurate timing of seismic recording is critical for earthquake loca-
tions. The synchronization with Global Positioning System (GPS) is
one option for on-land deployments. However, this does not work for
typical OBS deployments, as electromagnetic signals cannot prop-
agate far in water (Gouédard et al. 2014). The timing of an OBS
recording depends on its own internal clock, which is only synchro-
nized with GPS before deployment and after recovery. Large timing
error might arise from glitches with the clock or data logger (Le
et al. 2018). Therefore, we corrected timing errors of each OBS
prior to locating earthquakes.

We initially used teleseismic earthquake recordings to evaluate
the timing. For teleseismic earthquakes from nearby locations, travel
times of one seismic phase should be similar on all OBSs due to
similar source-receiver paths. The differences in travel times of
the phase between OBSs stem from seismic array geometry, local
velocity structure and possible time drifting of OBSs. If there is
no time drifting, the differential travel time between two OBSs
is only caused by local velocity structure and thus should remain
stable over time. To reduce the potential hand-picked travel time
errors, we only used teleseismic earthquakes that generated clear
impulsive P arrivals. In total nine teleseismic earthquakes nearly
spanning most of the deployment period met our selection criteria
and were divided into three groups according to their azimuths and
locations (Fig. 2d).

We chose one OBS (PA02) as the reference station. For each
earthquake, the differential times of P-wave between PA02 and other
OBSs were calculated by waveform cross-correlation. In addition to
differential times between OBSs, we also calculated the differential
time between PA02 and the closest permanent land station, GUMO.
We then plotted the differential times with their occurrence dates
(Figs 2a–c). The differential times of the OBS PA03, PA06, PA07,
PA09 and the GUMO station were stable, indicating subtle time
drifting of these stations. In contrast, the differential times of PA01
showed a linear drifting relative to other stations, indicating a timing
problem of the PA01 OBS station. We also selected other OBS
and GUMO as the reference station and found that the trend of
differential time between two specific stations did not depend on
the choice of the reference station.

3.2 OBS timing correction using ambient noise
cross-correlation

To accurately estimate the timing shift of OBSs, we then adopted
time symmetry analysis using ambient noise cross-correlation func-
tions (NCCF, Stehly et al. 2007; Gouédard et al. 2014; Le et al.
2018). Cross-correlation of a diffuse field yields empirical Green’s
functions of the medium between two receivers (Shapiro et al. 2005;
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(a) (b)

(c)

Figure 1. (a) Locations of Ocean Bottom Seismgraph (OBS, triangles) deployed and recovered in two Mariana expeditions. The orange dashed line shows the
profile of multichannel seismic reflection using air-gun source. Orange triangles denote OBSs deployed during 1–16 December 2017, while magenta ones show
long-term OBS that were deployed between 15 December 2016 and 12 June 2017. Earthquakes in the USGS catalogue (circles) during the 6-month deployment
are coloured by depth. Focal mechanism solutions are from Global Centroid Moment Tensor (GCMT) catalogue. Red arrow shows the convergent direction
of Pacific Plate relative to the fore arc (Kato et al. 2003). WMR, West Mariana Ridge; SWMR, Southwest Mariana rift; MGR, Malaguana-Gadao Ridges;
DSZ, Diffuse spreading zone (Martinez et al. 2018). Inset: Location of the study area (red frame). (b) A map showing distribution of M > 6 earthquakes
(orange circles) during the deployment of OBS (magenta triangle). The waveform profile of the earthquake with blue focal mechanism is shown in panel (c).
(c) Waveform profiles of a M 6.8 earthquake the focal mechanism of which is shown in panel (b). Red bars indicate theoretical travel times of P waves based
on the IASP91 velocity model.
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Figure 2. (a–c) Differential times of P arrivals between OBSs and the reference station (PA02) for three groups of earthquakes from different backazimuths
(d).
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Yao et al. 2006; Bensen et al. 2007). If the noise field is isotropic,
a NCCF is symmetric in time, with positive and negative times cor-
responding to causal and acausal waveforms, respectively (Stehly
et al. 2007; Gouédard et al. 2014). Otherwise amplitudes of causal
and acausal waveforms may differ, but positive and negative times
should stay symmetric (Gouédard et al. 2014). If there are any time
drifting in receivers, the time symmetry of NCCF will be broken
(Stehly et al. 2007; Gouédard et al. 2014). Therefore, we could
characterize the relative clock error based on the time symmetry of
NCCF between station pairs.

We preferentially used the hydrophone recordings because they
provided higher signal-to-noise ratio (SNR) in NCCF than seis-
mometers (Le et al. 2018). Since the hydrophone at PA09 station
was not functional, we used the vertical component of PA09 OBS to
calculate the NCCF with other vertical components. Daily record-
ings were divided into segments of 2 hr to compute the NCCF. After
applying a 2–5 s bandpass filter to continuous data, we adopted
the temporal normalization cross-correlation method to reduce the
disturbance of seismic waveforms (Bensen et al. 2007). To en-
hance the SNR, we stacked the NCCF of 11 d (5 d before and 5
d after) and slid the time window for the entire deployment pe-
riod. The stacked NCCF were then aligned by date. Subtle changes
in the lag time of the largest amplitudes indicate negligible rela-
tive time drifting (Fig. 3a). Otherwise, temporal evolution of lag
time can be attributed to relative clock errors between two stations
(Fig. 3b). We calculated temporal evolution of lag time by cross-
correlating NCCF with the first NCCF, and then plotted them versus
date (Fig. 4).

After analysis of all NCCF pairs, we found that a linear time
drifting was discernible between PA01 and other OBSs, indicating
relative clock errors between PA01 and other OBSs (Fig. 4). In
contrast, the relative clock errors between OBS PA02, PA03, PA06,
PA07 and PA09 were close to zero, indicating subtle relative time
error of these stations (Fig. 4). Combined with the analysis of tele-
seismic waveforms, we concluded that the PA01 station had clock
error, with maximum time drifting of ∼2 s. The clock errors of
OBSs were well consistent with the results obtained by teleseis-
mic waveforms. Therefore, we adopted a linear time correction for
PA01 and ignored time errors of other OBSs, which should be much
smaller.

4 E A RT H Q UA K E D E T E C T I O N A N D
R E L O C AT I O N

4.1 Earthquake detection

To find missing earthquakes, we detected local earthquakes by cross-
correlating continuous waveform data with template waveforms
using the sliding-window cross-correlation (SCC) detection tech-
nique (Yang et al. 2009). We initially selected 53 local catalogue
earthquakes during the observation period as template earthquakes
(Fig. 1a), whose magnitudes range from 3.9 to 5.6. To maximize the
number of detected earthquakes, we conducted the SCC detection
using three components of waveforms on a single station. For each
template earthquake, waveforms of the nearest OBS were used. If
the waveforms on the nearest OBS were noisy, we then used the
waveforms of the second nearest OBS.

A 2–8 Hz bandpass filter was applied to both template waveforms
and continuous waveforms. We used a 10-s time window of template
waveforms (2 s before and 8 s after the S arrival). The threshold
value of SCC coefficient was 0.5. We then estimated the origin

times of detected earthquakes based on detection times. The initial
locations of the detected earthquakes were assumed to be identical
to the template earthquakes. The magnitude of the detected event
was calculated based on the ratio (R) of the maximum amplitude
between the template and detected events on the selected single
station:

Mdetected = Mtemplate + c ∗ log10 (R) , (1)

where c is a constant linking magnitude and amplitude. For local
magnitude, the c value of 1.0 is used in most studies, indicating that
a tenfold increase in amplitude corresponds to one unit increase
in magnitude (Yang et al. 2009; Benz et al. 2015). In our study,
the magnitude was determined based on body wave amplitude (mb)
rather than local magnitude of the template events. By analogy with
the procedure for local magnitude, we simply took c = 1 during
detection for the initial estimation, although mb was measured at
slightly lower frequency than our filter band.

After visual inspection to discard false detections, a total of 2150
events were identified. We then repeated the cross-correlation pro-
cess with the newly detected earthquakes serving as new template
earthquakes. After two iterations of earthquake detection and visual
inspection to remove false detections, we eventually obtained 7634
local earthquakes with magnitudes ranging from –1 to 5.6, the total
number of which is two orders of magnitude more than that in the
USGS catalogue.

4.2 Earthquake location

4.2.1 Layered 1-D velocity model in the southernmost Mariana

We derived a 1-D local velocity model (red line in Fig. 5) based on
the crust1.0 model (Laske et al. 2013) and the newly acquired 2-D
crustal P-wave velocity model, which was derived from seismic
reflection data (Wan et al. 2019). We obtained a 1-D continuous
velocity model by averaging the 2-D model at the same depth. We
then modified the layered crust1.0 velocity using the average value
of the 1-D continuous model in each layer at depths shallower than
20 km where the new model had good constraints (Wan et al. 2019).
The Vs was estimated by Vp/1.75. The mantle velocity follows the
AK135 velocity model (Kennett et al. 1995). Our modified velocity
model is shown in Table 1.

4.2.2 Absolute earthquake location using Hypoinverse2000

We then obtained absolute locations for earthquakes with clear ar-
rivals on at least four stations using Hypoinverse2000 (Klein 2002).
In addition to our OBS stations, we also used available arrival times
at the GUMO station. After applying a 2–8 Hz bandpass filter to the
data, we manually picked 4447 P and 5172 S phases. The distance
weighting function was 1.0 for stations closer than 300 km, fol-
lowed a cosine taper, and then decreased to 0.0 for stations farther
than 600 km. The residual weighting function was 1.0 for residu-
als <0.5 s, 0 for residuals >2 s, and also followed a cosine taper
in between (Klein 2002). For absolute location, we adopted the cri-
terion that both the horizontal and vertical errors were less than
50 km.

A total of 1248 events were located by Hypoinverse2000. The av-
erage time residual was reduced from 3.22 to 0.34 s after relocation,
indicating significant improvement in these earthquake locations.
The average horizontal and vertical uncertainties of all absolute lo-
cations were 6.3 and 14.5 km, respectively. For events near the OBS
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Figure 3. Noise cross-correlation functions (NCCF) from hydrophone recordings at two OBS pairs, with colour indicating the amplitudes of the NCCF. (a)
Very little change in arrival time of the largest amplitude, whose zoom-in window is shown in the right-hand panel. Black trace is the stacked NCCF over all
days. (b) Clear time drifting indicated by the change of the NCCF between PA02 and PA01 stations.

stations such as the earthquakes along the BB’ profile (Fig. 6b), the
uncertainties were smaller, 4.3 km in lateral direction and 13.3 km in
depth, respectively. In contrast, uncertainties of absolute locations
were large for events far away from our OBS stations, for example
earthquakes along another three profiles (Fig. 6b). Because of the
relatively large epicentral distances, outer-rise events generally had
large location uncertainties (Figs 6 and S02).

4.2.3 Neighbouring earthquakes

Due to the insufficient number of clear impulsive P and S arrivals,
a large number of detected events were not located. Here we used

the well-located 1248 earthquakes as templates to search for ‘re-
peating’ or ‘neighbouring’ earthquakes according to their waveform
similarity. Any earthquakes that had waveform cross-correlation co-
efficients larger than 0.8 on a single OBS were assigned with same
locations of the templates. For example, waveforms of an earthquake
(M2.6) located by Hypoinverse2000 exhibited impulsive arrivals on
four OBSs, while waveforms of a detected, neighboring earthquake
(M1.8) were only visible on PA03 station (Fig. 7). Earthquakes sim-
ilar to the M1.8 event could not be located by Hypoinverse2000, but
were located by our neighboring earthquake approximation.

We then repeated the cross-correlation process between newly
located, neighboring events and the remaining earthquakes from
SCC detection. The cross-correlation process was stopped after 6
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Seismicity through Mariana OBS experiments 2127

Figure 4. Temporal variation of relative clock errors between each OBS pair determined by the changes in the largest amplitude of the NCCF. (a–d) Obvious
linear time drifting between PA01 and other OBSs. Red lines show the best-fitting linear trend. (e–i) Subtle time drifting among PA02, PA03, PA06, PA07 and
PA09 OBSs.

Figure 5. The blue line denotes the Crust 1.0 velocity model in the region.
The green curve shows the average new P-wave velocity derived from multi-
channel seismic reflection experiment (Wan et al. 2019). The red is modified
based on the two and is used in earthquake location.

iterations because of little new findings (<10 events) in additional it-
eration. Finally, we found 756 additional neighbouring earthquakes
and thus obtained locations of 2004 earthquakes in total (Table 2).

Table 1. Layered 1-D velocity model used in this study. The velocity cor-
responds to the value at the top of each layer.

Depth
(km)

Vp

(km s–1)
Vs

(km s–1)

0.00 2.98 1.70
0.72 4.49 2.57
2.18 6.09 3.48
6.93 7.90 4.51
77.5 8.05 4.49
165 8.17 4.51
210 8.30 4.52
260 8.48 4.61
310 8.67 4.70

4.2.4 Relative earthquake relocation (HypoDD)

We further improved the locations using the double-difference relo-
cation algorithm (HypoDD), which can effectively reduce location
errors due to structural variations and an imperfect velocity model
(Waldhauser & Ellsworth 2000). We obtained accurate P- and S-
wave differential times between any two events at an individual
station by waveform cross-correlation (Yang et al. 2009). In total
we got 421 172 P- and 481 359 S-wave differential time measure-
ments. The minimum number of observations for each event pair
was 3. The maximum radius for clustering events was 10 km, larger
than those normally used for inland data (e.g. Yang et al. 2009),
because the precision of our initial absolute locations was relatively
low due to the station coverage. Therefore, events with a separation
distance of no more than 10 km belong to a same cluster during the
relocation process.
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Figure 6. (a) Map of absolute earthquake locations (circles) coloured by depth based on the first OBS (triangles) observation in the southern Mariana subduction
zone. (b) Cross-section view with a bin width of 30 km of seismicity (red dots) with locations shown panel (a). The horizontal and vertical black bars represent
horizontal and vertical location uncertainties, respectively. Trench locations are marked as 0 km.

Finally, 645 of the 2004 earthquakes were successfully relocated
by HypoDD subject to the above prescribed requirements. The re-
located earthquakes mainly distributed near the OBS locations and
exhibited a few clusters, such as near the Southwest Mariana rift
(SWMR). Most of them were shallow in depth, despite a few events
extending to 180 km towards Guam. The average uncertainties of
the HypoDD-located earthquakes were much reduced compared to
the absolute locations, with horizontal uncertainty of 1.98 km and
vertical one of 1.42 km (Fig. 8).

5 R E S U LT S

5.1 Spatial distribution of seismicity

A total of 7634 local earthquakes were detected in our 6-month
deployment period of the OBS stations. Many detected events gen-
erated weak seismic signals on only one or two OBSs, and thus they
were not well located. Eventually 2004 detected earthquakes were
located, distributing over the outer-rise region, the slab, overriding
plate and subduction interface (Fig. 9a). Within the subducting slab,
a number of outer-rise earthquakes occurred in the Pacific Plate
within 90 km from the trench axis. Most outer-rise earthquakes
were shallower than 25 km in depth, except a few deeper than
50 km near the cross-sections AA’ and CC’ (Fig. 9). Although the
shallow outer-rise earthquakes may be presumably normal faulting

events, to delineate the extensional-compressional boundary within
the incoming plate requires event focal mechanisms, which will be
obtained in future work.

In contrast, we found a number of earthquakes at depths greater
than 80 km and we interpreted these as slab earthquakes that can de-
lineate the geometry of the subducting plate. As shown in Fig. 9(b),
the subducting slab reaches ∼120 km in depth west of the Chal-
lenger Deep and extends to ∼240 km east of the Challenger Deep.
Also, the dip angle of the slab increases from the west of the Chal-
lenger Deep to the east towards Guam at depths greater than 40 km
(Fig. 9b). We noted two ‘anomalous’ earthquakes near the cross-
section DD’ that were located between ∼140 and 190 km in depth.
The two earthquakes did not generate clear waveforms at the GUMO
station and thus were purely constrained by our OBS data. Because
of the large hypocentral distance, their location uncertainties were
large.

In the overriding plate, numerous earthquakes are concentrated
along the northwest flank of the SWMR (140.5–141.5◦E, 12–13◦N),
within distances of 100–150 km perpendicular to the trench axis
(Fig. 9). These earthquakes occurred at depths shallower than
50 km. The northwest flank of the SWMR is clearly associated with
seismicity at shallow depth, indicating the SWMR is undergoing
active rifting. Between the SWMR and the trench, we also observed
abundant shallow earthquakes (<50 km) near the OBS array, in-
cluding that these events occurring on the subduction interface.
Although few shallow earthquakes were located in the region far
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Figure 7. Waveforms of an earthquake located using Hypoinverse (black)
and a detected, neighboring earthquake (red) aligned by S-wave arrivals.
The grey shadow marks the time window (2 s before and 8 s after the S-
wave arrival) used for waveform cross-correlation. The station names and
cross-correlation coefficients are marked on the left.

Table 2. Number of events analysed by different methods.

Analysis Method Number

Earthquake identification Matched filter 7634
Absolute location Hypoinverse2000 1248 2004

Neighboring events 756
Relative location HypoDD 645 out of 2004

away from the OBS array, we did find a number of slab earthquakes
of intermediate depths between our OBS array and the Guam Island
(Fig. 9).

5.2 Magnitude calibration

We calibrated the magnitudes of all located earthquakes by measur-
ing relative amplitudes to their nearest catalogue earthquakes on all
OBSs using eq. (1). Typically, magnitudes of detected small events
are estimated based on local magnitude (e.g. Yang et al. 2009). How-
ever, due to the lack of near-field stations in the southern Mariana,
template earthquakes in the USGS catalogue only have body wave
magnitude (mb). Therefore, our calibrated magnitudes were derived
based on mb with amplitude–magnitude scaling c = 1, although
small local events were detected in a slightly higher frequency band
than teleseismic body wave.

The magnitudes of all located earthquakes range from 1.1 to 5.6
(Fig. 10a). Apparently, our new catalogue contains a large number
of small magnitude events that were missed in the USGS cata-
logue. Most of them occurred in the overriding plate close to our
OBS network, including the SWMR segment. However, it was sur-
prising that many moderate earthquakes were also missed in the
USGS catalogue, including four M > 5 earthquakes. An outer-rise
M5.3 event did not cause any impulsive features at the GUMO sta-
tion (Fig. 11), and thus was not reported by the USGS catalogue.
However, other three M > 5 events generated clear waveforms
on the GUMO station, but still were not reported by the USGS
catalogue.

For all located earthquakes, we compared the calibrated magni-
tude with their initial magnitude determined during the match filter
detection. The difference in magnitude before and after calibration
obeys a normal distribution, with a mean value of 0.22 and the stan-
dard deviation of 0.56 (Fig. 10c). Its 95 per cent confidence interval
is between –0.88 and 1.32. Because the magnitude is determined in
a relative sense based on waveform amplitude ratio, it is affected by
the total number of available stations and the time window, which
is related to the earthquake locations (e.g. Meng et al. 2018). Large
magnitude differences (>1) could result from changes in the cho-
sen reference USGS events and using different waveform segments
during earthquake detection and magnitude calibration.

6 D I S C U S S I O N

Using the near-field recordings acquired in the first OBS experi-
ment in the southern Mariana subduction zone, we constructed a
comprehensive catalogue of earthquakes in the region between De-
cember 2016 and June 2017. Our significantly improved catalogue
provides a valuable resource to study the spatial distribution of the
events, and to understand the active fault system and subduction
zone dynamics.

6.1 Improvement of earthquake catalogue in the southern
Mariana subduction zone

The OBS array in the southernmost Mariana subduction zone en-
able us to significantly improve the local earthquake catalogue,
including the magnitude of completeness and the level of seismic
activity. Using 53 template earthquakes, we have successfully de-
tected more than 7000 earthquakes during the 6-month deployment
period, which is two order of magnitudes more than the USGS cat-
alogue earthquakes. Such improvement in the recorded seismicity
has not been found on land data, in which several to 10-fold in-
crease is usually reported (Peng & Zhao 2009; Yang et al. 2009;
Lengliné et al. 2012; Meng et al. 2012). The stark contrast likely
stems from a more complete land-based catalogue because of bet-
ter station coverage and SNR. But it also highlights the signifi-
cant deficiency of the USGS earthquake catalogue in the Mariana
region.

Such deficiency in the Mariana earthquake catalogue is attributed
to sparse seismic network and strong fluctuation of noise levels that
may obscure the impulsive earthquake waveforms. This is reflected
in our new catalogue that a number of earthquakes with magnitudes
greater than 4 were not reported in the USGS catalogue, including
four M > 5 earthquakes. If the nearest GUMO station is noisy, these
moderate earthquakes may not be reported, as shown in our exam-
ple of one M5.3 earthquake (Fig. 11). This is why the earthquakes
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(a)

(b)

(c)

Figure 8. (a) Map of relative earthquake locations (circles) coloured by depth. (b) See Fig. 6(b) for more details for the legend. (c) Histogram distribution of
horizontal and vertical relative location uncertainties.

in the USGS catalogue are limited to M4 during our OBS deploy-
ment period (Fig. 10b). Moreover, fluctuation of noise levels on
our OBS recordings may limit our detection and location threshold.
For instance, one M2.6 earthquake was located using recordings
on four OBS stations. We then used this event to find ‘repeating’
or ‘neighbouring’ earthquakes and found one earthquake that had
nearly identical waveforms on the PA03 OBS but was not located by
Hypoinverse or HypoDD (Fig. 7). The magnitude of this event was
1.8, which did not generate clear impulsive signals on other OBSs
due to the strong noise. Thus we can also increase the number of

located earthquakes by finding such ‘repeating’ or ‘neighbouring’
events that were not initially located due to the insufficient clear
arrivals.

Our template catalogue is from the USGS and thus our estimated
magnitudes of the detected earthquakes are relative to the USGS
magnitudes. Although most earthquake magnitudes are generally
consistent among different catalogues, for example the USGS and
China network catalogue (Bormann et al. 2007), magnitudes of
Mariana earthquakes may differ significantly from one catalogue
to another. For instance, the mb are systematically greater in the
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Figure 9. (a) Map of all located earthquakes (circles). The star marks an earthquake whose waveforms are shown in Fig. 11. (b) Cross-section view with a
bin width of 30 km of seismicity (grey circles) with locations shown panel (a). Open dots represent historical earthquakes with depth greater than 70 km in
the USGS catalogue since 1900. The shapes of the green slabs come from the located seismicity. The red dashed lines show the slab traces according to the
Slab2.0 model (Hayes et al. 2018).

USGS catalogue than those in the International Data Center (IDC)
catalogue (Murphy & Barker 2003), probably due to differences
in seismograph response, calibration functions and different time
window for measurement of maximum P-wave amplitudes (Mur-
phy & Barker 2003; Bormann et al. 2007). In fact, the magnitude
differences are especially significant in the southern Mariana, with
the IDC values being lower by an average of 0.5 magnitude units
(Fig. S1), with large scattering from –1.6 to 0.8.

6.2 b Value

We also calculated the b value using our newly acquired catalogue.
The magnitude and frequency distribution of our located earth-
quakes show that the magnitude becomes incomplete below 1.8,
which was calculated using the software ZMAP (Wiemer 2001;
Fig. 10b). Therefore, we performed linear regression to derive the
b value only for magnitudes larger than 1.8. The best-fitting b value
is 0.76 ± 0.03, lower than the b value of ∼1.3 reported using the
Advanced National Seismic System (ANSS) earthquake catalogue
in a much longer time window (Nishikawa & Ide 2014). Because
of our network coverage, we may have omitted locations of small

earthquakes that were far from the OBS stations, which could lead
to underestimation of the b value.

In addition, the b value may be affected by the scaling factor
c when we calibrated the magnitudes of our located earthquakes.
Because our template earthquakes have body wave magnitudes that
were derived from logarithmic value of P-wave amplitude, we sim-
ply took c = 1. Indeed, the amplitude–magnitude scaling c values
might be more complicated (Shelly et al. 2016). Although many
studies using local magnitudes (ML) adopted c = 1 (e.g. Yang et al.
2009; Benz et al. 2015), it is suggested that c should reflect the
ratio of seismic moments for the frequency band of 2–15 Hz, which
is 2/3 (Hanks & Kanamori 1979; Shelly et al. 2016). In order to
reduce such bias caused by c, recent studies calibrate c value by
performing linear fit between the magnitude differences and ampli-
tude ratios for a large number of template earthquakes, obtaining
c = 0.787 (Shelly et al. 2016) and c = 0.788 (Meng et al. 2018),
respectively. However, due to the small number of our template
earthquakes, we could not examine c following the procedure of
Shelly et al. (2016). Future studies using more OBS stations and
longer deployment period would continue to improve the b value
evaluation.
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Figure 10. (a) Magnitudes and occurrence times of earthquakes in our new (grey) and the USGS (blue) catalogs. (b) Frequency–magnitude distribution.
Blue (USGS) and grey (this study) histograms show the number of earthquakes in each bin (width of 0.1). Black triangles represent cumulative number of
earthquakes. The black dashed line shows the optimal least-square fit for earthquakes larger than M1.8. (c) Difference before (M) and after (Mnew) magnitude
calibration. The solid red curve shows the normal probability density function (PDF) of magnitude difference with the 95 per cent confidence interval (–0.88,
1.32) marked by the two red dashed lines.

6.3 Constraints on the subducting slab geometry and plate
deformation

A fundamental issue in subduction zones is the slab geometry,
which could be delineated by seismicity (Katsumata & Sykes 1969;
Samowitz & Forsyth 1981; Nakamura et al. 1998; Peacock 2001).
However, location uncertainties of historical earthquakes in the Mar-
iana region are quite large, which may hinder the more accurate
determination of the position and geometry of the slab (Shiobara
et al. 2010; Emry et al. 2011). Our new catalogue based on the
near-field OBS recordings can now provide improved constraints
on the subducting slab. We can clearly identify slab-related earth-
quakes according to the distribution of earthquakes, delineating the
subducting slab in the southern Mariana subduction zone (Fig. 9b).
The Wadati-Benioff zone (WBZ) of the southern Mariana varies
significantly along the trench. It terminates at ∼100 km depth in
the west near the cross section AA´, gradually extends to greater
depths toward Guam, and reaches at depth of ∼240 km near the

cross section DD´ (Fig. 9b). The average dip angle increases from
∼30◦ to ∼60◦ eastward at depth greater than 30 km, which is slightly
steeper than the Slab2.0 model (Hayes et al. 2018) at the same depth
(Figs 9b and S04). In comparison, our results are consistent with the
Slab2.0 model at depth shallower than 30 km, yielding an average
dip angle of ∼18◦.

The present-day geometry of subducting slab is significantly
different between the southern and central Mariana. Beneath the
central Mariana trench, earthquakes extend to ∼600 km depth, re-
flecting a ∼1300-km-long WBZ with a nearly vertical dip angle
at greater depths (Gudmundsson & Sambridge 1998; Fryer et al.
2003; Gvirtzman & Stern 2004; Miller et al. 2006), suggesting that
the slab is anchored in the lower mantle (Van der Hilst & Seno 1993;
Gvirtzman & Stern 2004). According to earthquake locations in the
USGS earthquake catalogue, the slab bends remarkably at depth of
100–200 km that separates a nearly vertical lower portion from a
shallow-dipping upper segment (∼16◦–17◦ at depth of 50–100 km,
Gvirtzman & Stern 2004). In comparison, the WBZ beneath the
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Figure 11. Waveforms of a M5.3 earthquake (location shown as the red star
in Fig. 9a) that is missed in the USGS catalogue due to a lack of impulsive
arrivals at GUMO. Red bars and blue dots indicate the theoretical and hand-
picked arrival times of P and S waves, respectively.

southernmost Mariana is only traced by earthquakes to depths of
∼100–240 km, consistent with the tomographic results that indi-
cated a short slab (∼250 km in length) south of the Guam Island
(Miller et al. 2006).

The improved constraints on the slab geometry are important
for understanding dynamics of slab and upper plate in the southern
Mariana. Smaller slab dip angles usually correlate with compression
in continental advancing upper plates, whereas large dip angles are
often associated with extension in oceanic retreating upper plates
(Ruff & Kanamori 1980; Lallemand et al. 2005). It has been sug-
gested that active backarc spreading is associated with dips larger
than 50◦ (Lallemand et al. 2005). Based on southwardly narrowing
of the forearc and steepening slab at depth of 50–100-km along the
Mariana, Gvirtzman & Stern (2004) hypothesized that the width of
interplate coupling zone decreased southward. Our results confirm
a steeper slab in the south (∼35◦–45◦) than in the central Mariana
(∼16◦–17◦) at middle depth range (50–100 km), and thus indicate
less compressional stress state in the forearc and decreasing width
of plate coupling zone and/or coupling degree.

Furthermore, the increasing dip angle from west to east (AA´–
DD´) implies potential slab tear, which was proposed near Guam
although the exact locations were in debate (Gvirtzman & Stern
2004; Miller et al. 2006). Gvirtzman & Stern (2004) proposed a
north–south trending slab tear south of the Guam Island, while
Miller et al. (2006) suggested an east–west tearing north of Guam
based on tomographic images and seismicity. Because of our OBS
coverage, we cannot resolve the slab structure beneath Guam. How-
ever, our new local earthquake data can provide critical constraints
on flexural bending of the subducting plate, as done by 2-D models
at the southern Mariana (e.g. Zhang et al. 2014, 2018; Zhou et al.
2015; Zhou & Lin 2018). As shown in a recent 3-D model (Zhang
et al. 2018), slab tearing can be inferred by quantifying non-elastic
deformation. Such 3-D modelling will be conducted to investigate

the location of slab tear in the southern Mariana with constraints
from our seismicity locations.

The observed short subducting slab, which is not anchored by the
resistance of lower mantle, may be a favorable factor triggering rapid
slab steepening (or rollback) in the southernmost Mariana. With an
old plate age (large density) in the Mariana trench, the slab can sink
due to the negative buoyancy from the mantle without resistance
from the lower mantle (Stern et al. 2003; Gvirtzman & Stern 2004).
In addition, proximity to the lateral slab edge may also promote slab
rollback by facilitating return flow around the edge (Gvirtzman &
Stern 2004; Schellart et al. 2007). The slab rollback in the southern
Mariana has already been revealed by two evidences: the south-
wardly increasing opening rate of the Mariana Trough (Kato et al.
2003) and the numerous normal faults in the forearc west of the
Guam Island (Martinez & Baker 2000; Miller et al. 2006; Martinez
et al. 2018). However, one may argue that the slab should be steeper
westward in the southern Mariana, if a short slab favors slab roll-
back. We suggest that increasing length of slab is a positive factor
controlling the slab rollback in the southern Mariana, where the slab
is not anchored by the lower mantle. Increase in slab length could
facilitate slab rollback until the slab tip approaches the transition
zone (Schellart 2004). Therefore, it is reasonable that the slab of
greater length is steeper in the eastern side, while it is shallower with
a shorter length in the western side. Moreover, the interpretation of
controls on slab rollback may be rather complex, because rollback
velocity is related to many factors, such as the subducting slab age,
density, thickness, lithospheric strength, viscosity, the overriding
plate motion and rheological strength (Capitanio et al. 2010; Yang
et al. 2017, 2018).

Future studies on focal mechanisms of earthquakes and seismic
tomography can provide more evidences on local stress field and
subduction zone dynamics. Such studies have been conducted in the
central Mariana. For example, the shallow megathrust defined by
shallowly dipping thrust earthquakes, shows an average dip of only
21◦ at depth of 20–60 km and a seismogenic zone width of ∼100 km
(Emry et al. 2011), contradicting the views of steep slab and a nar-
row seismogenic width (Pacheco et al. 1993; Hyndman et al. 1997).
The downdip seismogenic width has been suggested to play criti-
cal roles in along-strike rupture extent and thus future earthquake
magnitude (Weng & Yang 2017). Moreover, seismic tomography
based on the well-constrained local seismicity is effective to con-
strain mantle wedge processes associated with subduction, such
as serpentinization of mantle wedge and forearc (Barklage et al.
2015). These studies will be conducted using our OBS data from
the southern Mariana after we correct the polarities of waveforms
of the horizontal components.

7 C O N C LU S I O N S

We conducted the first OBS experiment near the Challenger Deep
from December 2016 to June 2017 and acquired the first local OBS
data set in the region. After correcting the instrumental time drift-
ing, we performed matched filter detection and earthquake location
and constructed a comprehensive catalogue of local earthquakes.
Using the only 53 available earthquakes of the USGS catalogue
as template, we found more than 7600 local earthquakes in the 6-
month deployment period of our OBS stations and located >2000
of events with relatively high resolution. The northwest flank of
the SWMR is clearly associated with seismicity at shallow depth,
indicating that the SWMR is undergoing active rifting. According
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to the location results, the maximum hypocentral depths of slab-
related earthquakes vary significantly along strike, increasing from
∼100 km in the west to ∼240 km in the east towards Guam. The slab
dip angle also increases from the Challenger Deep towards Guam.
Comparing with the central Mariana, seismicity outlines a relatively
short downdip length of the subducting slab in the southern Mar-
iana, which plays an important role in controlling the subduction
dynamics of the southern segment.
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Figure S1. Magnitude differences of reported earthquakes in the
southern Mariana subduction zone between the USGS and the In-
ternational Data Center (IDC) catalogue.
Figure S2. (a, b) The distribution of horizontal and vertical un-
certainties of absolute locations versus distances. (c, d) Histogram
distribution of horizontal and vertical uncertainties of absolute lo-
cations.
Figure S3. Map of background seismicity using the International
Seismological Centre (ISC) catalogue during 1962–2018.
Figure S4. The slab geometry in the southern Mariana based on
SLAB2.0 model. All located earthquakes (circles) are plotted.
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