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Abstract The southernmost Mariana margin lacks a mature island arc and thus differs significantly from
the central-north Mariana and Izu-Bonin margins. This paper presents a new P wave velocity model of the
crust and uppermost mantle structure based on a 349-km-long profile of wide-angle reflection/refraction
data. The active source seismic experiment was conducted from the subducting Pacific plate to the
overriding Philippine plate, passing through the Challenger Deep. The subducting plate has an average
crustal thickness of ~6.0 km with Vp of 7.0 + 0.2 km/s at the base of the crust and low values of only
5.5-6.9 km/s near the trench axis. The uppermost mantle of the subducting plate is characterized by low
velocities of 7.0-7.3 km/s. The overriding plate has a maximum crustal thickness of ~18 km beneath the
forearc with Vp of ~7.4 km/s at the crustal bottom and 7.5-7.8 km/s in the uppermost mantle. A zone of
slight velocity reduction is imaged beneath the Southwest Mariana Rift that is undergoing active rifting. The
observed significant velocity reduction in a near-trench crustal zone of ~20-30 km in the subducting plate

is interpreted as a result of faulting-induced porosity changes and fracture-filling fluids. The velocity reduction
in the uppermost mantle of both subducting and overriding plates is interpreted as mantle serpentinization
with fluid sources from dehydration of the subducting plate and/or fluid penetration along faults.

Plain Language Summary The southernmost Mariana margin is a convergence margin that
lacks a mature island arc. The trench reaches the deepest point on Earth at the Challenger Deep, the
origin of which is still little known. We acquired and analyzed new active source wide-angle
reflection/refraction seismic data along a profile across the Challenge Deep, obtaining a new model of
crustal and uppermost mantle velocity structure of both the subducting Pacific and overriding Philippine Sea
plates. Significant velocity reduction is observed in the crust of the subducting plate, especially in a 20- to
30-km-wide zone near the trench axis, which is interpreted as a result of faulting-induced porosity changes
and fracture-filling fluids. A zone of slight velocity reduction is imaged beneath the tectonically active
Southwest Mariana Rift. Significant velocity reduction is also observed in the uppermost mantle of both
subducting and overriding plates and is interpreted as a result of mantle serpentinization.

1. Introduction

Arcrifting and plate hydration play critical roles in the tectonics, magmatism, water cycling, and earthquake
rupture of a subduction system (e.g., Brown & Ryan, 2011; Horiuchi & Iwamori, 2016; Suyehiro et al., 1996;
Takahashi et al., 2008, 2009; Van Avendonk et al., 2011). The Izu-Bonin-Mariana (IBM) subduction zone is a
prominent example of an intraoceanic convergent margin, where the arc has not experienced arc-arc or arc-
continental collision, except at the northern end (Figure 1). The IBM has experienced a complex arc rifting
history (Ishizuka et al., 2006; Okino et al., 1994; Ribeiro et al., 2013; Takahashi et al., 2008, 2009), and thus is
one of the best locations to study arc rifting.

The degree of arc evolution is variable along the IBM subduction system. The Southwest Mariana Rift
(SWMR) is located at the southernmost Mariana, which separates the Western Mariana Ridge (WMR)
and forearc blocks (Martinez et al., 2018). The SWMR differs from the Mariana Trough (MT) along the
central-north Mariana. The MT is a well-developed back-arc basin with crustal thickness of mostly
5-6 km between the Mariana arc (MA) and WMR (Bibee et al., 1980; Takahashi et al., 2008). However,
the SWMR has undergone much less opening and is in a stage of tectonic rifting (Martinez et al., 2018).
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Figure 1. Bathymetry of the Izu-Bonin-Mariana arc-back-arc system showing the locations of earthquakes, volcanoes,
and IODP drill sites. White box at the southern end of the Mariana Trench encloses the study area and is enlarged in
Figure 2. Earthquake focal mechanisms are from the Global Centroid Moment Tensor project (Dziewonski et al., 1981;
Ekstrom et al., 2012). Dashed black lines denote seismic profiles of Takahashi et al. (2008, 2009) and Kodaira et al. (2007).
Dashed rectangle indicates the location of the 3-D survey of Calvert et al. (2008). Solid black lines are the plate boundaries.

The structural differences between the SWMR and MT are complex and still poorly known. This study will
provide new constraints on the structure and possible mechanisms for the formation of the SWMR.

Hydration of the crust and upper mantle near trenches has a major impact on the subduction water cycle
(e.g., Cai et al., 2018; Shillington, 2018). The hydration process at the IBM system has long been considered
to be vigorous based on the prevalence of serpentinite mud volcanoes in the forearc (Suyehiro et al., 1996;
Wheat et al., 2008), exposed serpentinized peridotites on seafloor (Ohara et al., 2012; Ohara & Ishit, 1998),
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Figure 2. (a) Overview map of the southernmost Mariana showing the location of our wide-angle seismic profile. The slab
depth contours (thin white lines) are from Slab 2,0 model of Hayes et al. (2018). White circles denote OBS stations of
successful recovery and gray circles represent lost OBSs. The green solid line is the MGR. Locations of the DSZ and the
SWMR are as identified by Martinez et al. (2018); SSF from Ohara et al. (2012); FNVC from Brounce et al. (2016); and FA
blocks from Martinez et al. (2018). Seafloor depth scale is the same as in Figure 1. (b) Active source OBS stations (white
circles) along the seismic profile across the Challenger Deep. FA = forearc; SWMR = Southwest Mariana Rift;

DSZ = diffuse spreading zone; MGR = Malaguana-Gadao Ridge; FNVC = Fina Nagu Volcanic Chain; SSF = Shinkai Seep
Field; PVB = Parece Vela basin; WMR = West Mariana Ridge; OBS = ocean bottom seismometer.

reduced seismic velocity anomalies that were interpreted as serpentinized forearc mantle (Barklage et al.,
2015; Cai et al., 2018), and geochemical evidence for hydrous arc (Kelley et al., 2010). Recent studies of
Cai et al. (2018) of the central Mariana Trench suggested that significantly greater amount of water has
entered the Earth than previously thought. Although an outcrop of serpentinized peridotite was observed
in the Shinkai Seep Field at about ~100 km northeast of the Challenger Deep (Ohara et al., 2012,
Figure 2), the overall plate hydration process across the southernmost Mariana Trench is still poorly known.

Over the past 20 years, a number of wide-angle seismic experiments, including experiments along five 2-D
profiles and on a 3-D grid, have been conducted to constrain the variation in crustal structure of the IBM
subduction system (Calvert et al., 2008; Kodaira et al., 2007; Kodaira et al., 2007; Kodaira et al., 2008;
Stern et al., 2003; Suyehiro et al., 1996; Takahashi et al., 2007; Takahashi et al., 2008, 2009). However, the
existing seismic profiles are mostly limited only to the northern-central IBM system, and little seismic data
were available for the southernmost Mariana. In November-December 2016 we carried out an active source
seismic experiment across the Challenger Deep and the SWMR, obtaining critical constraints on the crustal
and upper mantle velocity structure of the southernmost Mariana. In this paper we present the key results of
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a detailed analysis of the seismic data. The analysis revealed a zone of low velocity and crustal thinning
beneath the SWMR, which is interpreted as the result of active rifting. In the subducting Pacific plate, velo-
city reduction in the crust is observed, especially in a near-trench zone of ~20-30 km, possibly due to
faulting-related porosity changes and fracture-filling fluids. Furthermore, relatively low upper mantle velo-
cities are found in both the subducting and overriding plates, interpreted as evidence for
mantle serpentinization.

2. Geological Setting

The IBM subduction zone is located along the eastern margin of the Philippine Sea plate with the IBM arc
began ~52 Ma (Ishizuka et al., 2011, 2018). The arc system has experienced back-arc opening twice in its evo-
lution history (Okino et al., 1994; Okino et al., 1998; Stern et al., 2003; Yamazaki & Stern, 1997). The early arc
experienced an initial rifting episode in the Oligocene followed by back-arc spreading, creating the Shikoku
basin in the north and the Parece Vela basin in the south (Okino et al., 1994; Taylor, 1992). After this rifting
episode, the IBM arcs experienced new episodes of nonsynchronous rifting.

Previous seismic studies (Calvert et al., 2008; Suyehiro et al., 1996; Takahashi et al., 2008, 2009) and high-
resolution topography (Figure 1) have revealed that the crustal structure is distinctly different between
the northern and southern IBM arc system. In the north-central Mariana, the MA was separated from the
WMR at about ~8 Ma, and a secondary seafloor spreading episode commenced 3-4 Ma, creating the MT
(Crawford et al., 1981; Fryer, 1995; Stern et al., 2003). The northern Izu-Bonin arc has experienced more
arc-rifting than the MA (Takahashi et al., 2007, 2009). The Bonin arc has experienced two episodes of arc
rifting, forming two distinctive troughs, that is, the Ogasawara Trough and Nishinoshima Trough. The
Ogasawara Trough was created 41-45 Ma (Ishizuka et al., 2006), significantly earlier than the
Nishinoshima Trough that was formed after the Pliocene (Higuchi et al., 2007). The current rifting phase
of the Izu arc started ~2 Ma, creating a series of rift basins instead of spreading centers (Taylor, 1992).

The convergence between the Pacific and Philippine Sea plates is approximately orthogonal to the E-W
trench in the southernmost Mariana margin, which differs significantly from the mostly N-S trend of the
IBM arc (Figure 1; Bird, 2003). In the southernmost Mariana, the trench reaches the deepest point on
Earth at the Challenger Deep, which is subjected to the greatest tectonic loading and bending (Zhang
et al., 2014, 2018). This region lacks a well-defined arc and is characterized by spatially distributed forearc
segments that are separated from the Mariana forearc farther north (Figure 2; Martinez et al., 2018;
Ribeiro et al., 2013). The Eocene Mariana forearc block was stretched in the late Neogene to accommodate
the opening of the MT, resulting in the Southeast Mariana Forearc Rifts and the separation of the Mariana
forearc into the northern and western segments (Ribeiro et al., 2013; Martinez et al., 2018).

3. Data Acquisition and Processing

The R/V Shiyan 3 of the South China Sea Institute of Oceanology conducted an active source seismic
experiment with an array of ocean bottom seismometers (OBSs) from November to December 2016 in the
southernmost Mariana Trench. Eighteen four-component OBSs, comprising one hydrophone and three-
component geophones, were deployed along the 349-km-long NW-SE profile along both the subducting
and overriding plates and across the Challenger Deep; 14 OBS instruments were recovered (Figure 2). We
deployed the OBSs at a spacing of ~15 km, expect near the trench where the station spacing is larger due
to the excessively deep water. The seismic source, which has characteristic low frequency of 3-15 Hz, con-
sisted of an array of four 1,500 cubic inch airguns that were operated at a pressure of 2000 psi
(13.79 MPa). The shot interval was set to 90 s, and a total of 1,572 shots were fired from southeast to north-
west along the AOBS-2 profile (Figure 2). The data were recorded at a 10 ms sampling rate.

The OBS data were processed first by correcting time drifts and position errors. The OBS clock offsets were
corrected assuming a linear drift during the data collection period. Relocations of instruments on the sea-
floor were determined by best-fitting the arrival time of the direct water wave using the Monte Carlo and
least-square methods. Next, continuously recorded data were converted to the standard SEG-Y format.
The recorded phases were filtered from 3 to 15 Hz through a standard band-pass Butterworth filter to
enhance the signal-to-noise (S/N) ratios of weak seismic phases; a gain was then applied as a function of
the offset to optimize the picking at different offset ranges. Overall, the seismic data are of good quality
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with arrivals on some OBS recorded up to a maximum offset of 140 km. Five recorded sections with identi-
fied seismic phases are shown in Figure 3.

4. Travel Time Picking and Modeling

We manually selected 8,574 clear refraction arrivals, including intracrustal refracted phases (Pg) and
refracted phases in the upper mantle (Pn), as well as 3,076 reflections at the crust-mantle boundary
(PmP). These arrivals were mainly picked from the vertical components of most of the OBS instruments
together with hydrophone components of OBS-Y02, OBS-Y07, OBS-Y09, OBS-L25, and OBS-L27, which
are of higher quality than the corresponding vertical components. We used offset-variable travel time pick
errors in model inversion. Picking errors of 50 and 80-100 ms were assigned to near and far offset refraction
arrivals, respectively. The PmP arrivals were assigned a picking error of 100 ms.

A joint refraction and reflection travel time inversion method (Korenaga et al., 2000) was utilized to con-
struct a 2-D velocity model along the AOBS-2 profile. The tomographic approach of Korenaga et al. (2000)
provides a smooth velocity model constrained by the first arrivals (refracted phases) and the reflection from
the crust-mantle boundary. The starting model was generated based on multibeam bathymetry and a 1-D
velocity model below the seafloor, which increase from 2.0 km/s at the seafloor to 7.0 km/s at 30 km depth.
We set the initial Moho to be horizontal at depth of 15 km. After five iterations, the RMS misfit was reduced
from the first iteration (initial misfit of 0.675 s) to the last iteration (final misfit of 0.112 s). For the final
model, more than 95% of the travel-time residuals are smaller than 0.2 s (Figure S1). We also tested various
combinations of vertical and horizontal correlation lengths for velocity nodes as well as the smoothing and
damping parameters. For the final model, we used a horizontal correlation length of 2 km at the top of the
model that increases to 8 km at the bottom. Correspondingly, the vertical correlation length was set to
increase from 1 km at the top of the model to 4 km at the bottom. The smoothing values for velocity and
depth were set to 120 and 4, respectively, while the damping values were set to 4 and 6 for velocity and depth,
respectively. The correlation length for the Moho interface is 6 km.

5. Results

5.1. Model Resolution and Uncertainties

A final velocity model obtained is shown in Figure 4a. The derivative weight sum (Figure 4b) provides infor-
mation on the linear sensitivity of the inversion. Before we describe the details of the crustal structure, we
must first evaluate the reliability of the final tomographic inversion model. The reliability of the velocity
model was evaluated using the checkerboard test (Zhao et al., 1992). The size of each anomaly block was
20 (horizontal) x 5 (vertical) or 15 (horizontal) x 3 km (vertical), while a peak anomaly value of +5% of
the background velocity was imposed (Figure S2). The checkerboard test results show good recovery of
the pattern along the most of the profile, especially in the central part (e.g., at distance of 100-200 km),
where the ray coverage is excellent.

To determine the uncertainties and robustness of our final velocity model, a Monte Carlo method (Korenaga
et al., 2000) was employed. We changed the Moho depth within +4 km, thereby generating 100 random
initial velocity models. A total of 100 final models were acquired, and the RMS values of the first iteration
and the last iteration are shown in Figure S3b, revealing that all of the starting models have converged to
the preferred final model. Figure S3a depicts the Moho and velocity uncertainties calculated from the 100
final models. In the upper part of the overriding arc crust, the standard deviation uncertainties in velocity
are mostly less than 0.03 km/s, due to the relatively high ray density in the region. In the lower crust and
uppermost mantle beneath the overriding plate, uncertainties are greater than 0.03 km/s but typically less
than 0.06 km/s. In the northwest of the profile (at distance of 40-90 km), uncertainties are mostly greater
than 0.06 km/s. In the oceanic crust of the subducting plate, uncertainties range from 0.03 to 0.09 km/s.
Uncertainties increase up to 0.3 km/s at the northwest edge (at distance of 0-40 km) and 0.2 km/s at the
southeastward edge (at 330-349 km). The uncertainties in the Moho depth of the overriding plate range from
0.4 to 1.0 km, while the average Moho depth uncertainties for the subducting Pacific plate are smaller
at 0.3 km.
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Figure 4. (a) Results of travel-time inversion using the code Tomo2D. Contour interval is 0.5 km/s. The model is divided into the Pacific plate, ITS, FA, SWMR,
WMR, and PVB. Brown solid lines indicate the Moho depths relatively well constrained by PmP arrivals. Dash lines indicate the estimated Moho depths
without good PmP constraints. C-M Transition Lower Bound. stands for the lower boundary of a hypothesized crust-mantle transition layer, which is based on the
deep reflections in OBS Y94 (Figure 3b). (b) DWS for rays traveling throughout the model. PVB = Parece Vela basin; WMR = West Mariana Ridge;

SWMR = Southwest Mariana Rift; FA = forearc; ITS = inner trench slope; DWS = derivative weight sum.

To minimize the dependence of the final model on the starting models and to reduce the uncertainties,
we calculated a model of the velocity difference AV, _; between the average Monte Carlo model and
the average of the starting models (Figure 5a). This approach is effective in illustrating anomalous struc-
tures (Delescluse et al., 2015; Wan et al., 2017). We also display AVj,c_-0 and AVy,c_; + o (Figures 5b and
5c), where o is the Monte Carlo standard deviation. The relatively low velocities below SWMR and in a
zone in the subducting plate near the trench axis are visible in all three figures, illustrating that the
results of these calculated velocity anomalies are relatively robust and do not depend appreciably on
the starting models.

5.2. Crustal Velocity Anomalies

In the study region of the southernmost Mariana, there is no obvious magmatic arc as in the central-
northern Mariana margin; instead, a forearc block lies to the east of the WMR (Figures 2 and 4a). The
back-arc spreading center of the MT also did not reach the forearc block (Figure 2). Meanwhile, active tec-
tonic rifting appears to be ongoing at the SWMR, which separates the forearc from the WMR (Figures 2, 4a,
and 8). Therefore, we divide the model domain into six regions based on their structural characteristics: the
Pacific plate, trench, inner trench slope (ITS), forearc, SWMR, and WMR (Figures 4a and 8). Distinctive velo-
city gradients were imaged beneath the different regions. Furthermore, these regions show strong lateral
heterogeneity in crustal velocity and thickness (Figure 4). In this section, we describe in detail the velocity
models in terms of lateral variations in the crust and uppermost mantle.

5.2.1. Pacific Plate

In the southeastern part of the seismic profile (at distance of 230-349 km), the Pacific plate has relatively uni-
form crustal thickness of 6.0 + 0.5 km (Figure 4a). On top of the basement is a thin sedimentary cover of
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'AND SPACE SCiENCE

Journal of Geophysical Research: Solid Earth 10.1029/2018JB017080

B
<
; ‘
=S
()
[m)] .
25 Transition /
30 Lower Bound.
0 50 100 150 200 250 300 340
0
5 OBSYS veg Y07, e NG & YA vos AVMC-{(_ 6 Y14 Y36

0. "% . ‘ e

Depth (km)
a

O

i'. |

Q.
201
25 Transitioﬁ
30 Lower Bound.
0 50 100 150 200 250 300 340
0
5 - yes_ Y7, . 4 Y03 vg AVMC-/ + 6 Yia Y36
_ 5 A .«
E 10 4 - . .
= 154
201 Cile,
25 Transition © -15-10-05 00 05 1.0 15
30 Lower Bound. AVp (km/s)
0 50 100 150 200 250 300 340

Distance (km)

Figure 5. (a) Velocity difference AVyjc-i between the Monte Carlo average model (Figure 4a) and the average initial
model. (b) Velocity difference AVy;c-i minus the Monte Carlo standard deviation o. (c) Velocity difference AVy;c-i

plus the Monte Carlo standard deviation o. The low-velocity anomalies beneath the Southwest Mariana Rift (distance of
80-110 km) and near the trench axis (220-250 km) are observed in all three panels.

<200 m thick with velocities of typical pelagic sediments (1.6-2.0 km/s; Ito et al., 1995). The oceanic crust
consists of the upper and lower layers with thickness of 2.0 and 3.0-4.0 km, respectively. The velocity
range of the upper layer is 3.0-6.0 km/s at 250-320 km; local velocity reduction to 5.5 km/s is observed
near the trench axis (at 230-250 km) and to the southeast end of the profile (at 320-349 km). However,
the velocity structure is not well constrained at the southeast end of the profile.

The crustal structure of the Pacific plate along the profile is characterized by low velocities both in the crust
and uppermost mantle. The lower crustal velocity range at distance of 250-320 km is 6.0-7.1 km/s. Near the
trench axis (at 230-250 km), the velocity range decreases to 5.5-6.8 km/s, which is significantly lower than
the typical oceanic crust (Figure 6b). The uppermost mantle is characterized by extremely low velocities
(7.0-7.5 km/s), similar to those found near the Tonga Trench (Contreras-Reyes et al., 2011) but much lower
than those of the typical oceanic upper mantle (Figure 6b, Bratt & Purdy, 1984; White et al., 1992).

5.2.2. ITS

An ITS region of 65-km-wide is identified in the southernmost Mariana (at distance of 165-230 km,
Figure 4a). The Moho interface is well constrained at 165-180 km (Figure S6), but cannot be identified at
distance of 180-230 km. A reflection boundary was identified in the velocity model, which deepens from
~11 km at distance of 180 km to ~17 km toward the trench axis; this boundary was constrained by deep
reflection (Figures 3b and S6) phases. Crustal thickness of the ITS region is about 12 km at distance of
165-180 km; the crust can be divided into the upper and lower layers with thickness of 4.0 and 8.0 km,
respectively. The upper crust velocity increases from 3.5 km/s near the seafloor to 6.0 km/s at 9 km depth.
The thick lower crust layer has velocity range of 6.0-7.0 km/s but is dominated by velocities of 6.5-7.0 km/s.

WAN ET AL.
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values of other island arcs (Calvert, 2011). The observed velocity profiles of our study area tend to fall outside the velo-
city envelope of other island arcs. (b) Comparison with velocity values of the mature Pacific oceanic crust (White et al.,
1992). WMR = West Mariana Ridge; SWMR = Southwest Mariana Rift; M.D. = model distances.

Considering that serpentinized peridotite outcrops were found on the ITS further to the east of the study
region (Ohara et al., 2012; Ohara & Ishit, 1998), we hypothesize that the observed deep reflector beneath
the ITS (distance of 180-210 km) may not be the Moho. Instead, we interpret the deep reflector as the
lower boundary of a hypothesized crust-mantle transition layer. Similar transition layer may exist in
the Izu margin (e.g., Tatsumi et al., 2008; Takahashi et al., 2009). Meanwhile, the lack of a clear Moho
reflector may be related to mantle serpentinization beneath the ITS, resulting in reduced upper mantle
velocity of only 6.0-7.7 km/s and lesser crust-mantle velocity contrast. Furthermore, no significant accre-
tionary wedge is developed in the ITS, which could be due to either restricted sediment input and/or sig-
nificant sediment subduction.

5.2.3. Forearc

The forearc highland is located at distance of 110-165 km in our model, ~65 km away from the Mariana
Trench (Figure 4a). The forearc exhibits high topography and relatively deep Moho, corresponding to a
maximum crustal thickness of ~18 km. A thin sedimentary layer of <200 m thick cover the area and
has velocity of <2.5 km/s. Underneath the thin sediment are the upper, middle, and lower crustal layers
with velocities of 3.5-6.0, 6.0-6.5, and 6.5-7.4 km/s, respectively. The uppermost mantle has a velocity
range of 7.5-7.8 km/s, which is lower than the normal upper mantle velocity of ~8.0-8.2 km/s
(Figure 6b, White et al., 1992).

The upper crust has relatively uniform thickness of ~4 km, exhibits a low vertical velocity gradient, and has
no significant lateral velocity variation (Figures 5a and 7c). However, the forearc shows markedly lateral var-
iations in the middle and lower crust. The middle crust has a maximum thickness of ~4 km at distance of
110-125 km, but is only 1 km thick at distance of 130-140 km, corresponding to the shallowest seafloor.
In the eastern part of the forearc (at 140-165 km), the middle crustal layer has a maximum thickness of
~3 km and nearly pinches out eastward (Figure 7c). The lower crust beneath the forearc has velocities of
6.5-7.4 km/s. The thickness of the lower crust reaches a maximum of 12 km in the central part of the forearc,
where the middle crust is the thinnest.

5.2.4. SWMR

The SWMR is a narrow active rift located at profile distance of 80-110 km between the forearc and WMR
(Figures 4a and 7c). A distinct fault scarp of >3 km of fault offset is located at the northwestern boundary
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Figure 7. Comparison of velocity structure of the crust and uppermost mantle in three profiles across the Mariana margin.
(a) A profile across the central Mariana (Takahashi et al., 2008); (b) a profile across the southern Izu (Takahashi et al.,
2009); and (c) our profile across the southernmost Mariana. Locations of profiles (a) and (b) are in Figure 1 and profile
(c) in Figure 2. PVB = Parece Vela basin; WMR = West Mariana Ridge; MT = Mariana Trough; NT = Nishinoshima
Trough; OT = Ogasawara Trough; SWMR = Southwest Mariana Rift; FA = forearc; ITS = inner trench slope.

of the SWMR; the fault offset on the conjugate southeastern rift boundary appears to be less steep. The
crustal thickness of the SWMR is 12-14 km, which is slightly thinner than that of the forearc. The
sediment layer is relatively thick with a maximum thickness of ~1 km in the western part of the SWMR
and thins eastward. Underlying the sedimentary layer, we identified three crustal layers: the upper
(3.5-6.0 km/s), middle (6.0-6.5 km/s), and lower (6.5-7.2 km/s) crust (Figure 7c). The middle crust is
relatively thin with thickness of only 1.0-1.5 km. A weak velocity reduction was identified beneath the
SWMR (Figure 4a).

5.2.5. West Mariana Ridge

The WMR is located west of the SWMR at profile distance of 30-80 km (Figure 4a); the ridge is a remnant
arc that was separated from the MA. The southeastern boundary of the WMR is the distinct fault scarp
bounding the SWMR. Underlying a thin sediment layer, the crust can be divided into three layers:
Upper (3.5-6.0 km/s), middle (6.0-6.5 km/s), and lower (6.7-7.4 km/s) crust. The middle and lower crus-
tal layers of the WMR are much thinner than that of the forearc to the southeast (Figure 7c). The entire
crustal thickness of the WMR in the study region is ~9-12 km, which is thinner than that of the WMR
farther north that has maximum crustal thickness of 17 km (Takahashi et al., 2008). The velocity-depth
profiles of the WMR appear to fall outside of the envelope of typical active island arcs (Figure 6a). The
middle crust tapers toward the PVB and is pinched out beneath a seamount between the WMR and
PVB (Figures 4a and 7c). The seamount appears to be extinct and is underlain by the upper and lower
crust of relatively high velocity. The uppermost mantle beneath the WMR is also characterized by rela-
tively low velocities (7.5-7.8 km/s).
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6. Discussion

6.1. Similarities and Differences in Seismic Structure Along the IBM

The crustal structure in the southernmost Mariana (Figure 7c) is distinctive when comparing with other two
cross-sections of the IBM system (Figures 7a and 7b; Calvert et al., 2008; Kodaira et al., 2008; Suyehiro et al.,
1996; Takahashi et al., 2007; Takahashi et al., 2009). Along a profile across the central Mariana, conduit-like
features of relatively high velocity appear at profile distance of 240 km and depth of 2-5 km (Figure 7a).
Similar features also appear on a profile across the southern Izu at distance of 320 km and depth of
4-6 km (Figure 7b). Suyehiro et al. (1996) hypothesized that the conduit-like features may be caused by dike
swarms that feed monogenetic volcanoes. Such zones of high velocity have been found in the upper crust of
both the remnant and current arcs in much of the Izu-Bonin and north-central Mariana, suggesting massive
volcanic activity along most of the IBM arc (Suyehiro et al., 1996; Takahashi et al., 2008, 2009). In contrast, in
our velocity model of the southernmost Mariana, much of the velocity structure of the upper crust under
the forearc is relatively homogeneous without obvious conduit-like features of high velocity (Figure 7c).
The lack of such conduit-like features further supports the notion of less arc volcanism in the
southernmost Mariana.

The middle arc crust, which is typically associated with velocities of 6.0-6.5 km/s, has been identified in
the IBM arc and interpreted to represent tonalitic crust (Calvert et al., 2008; Suyehiro et al., 1996;
Takahashi et al., 2007; Takahashi et al., 2008, 2009). The maximum thickness of the middle arc crust
across the Izu, Bonin, and MAs are ~7, 6, and 8 km, respectively (Figures 7a and 7b). However, in
the southernmost Mariana, the middle arc crust has a maximum thickness of only 4 km (Figure 7c).
While the average crustal thickness is similar along the IBM system, the Izu-Bonin and central-northern
MASs are much wider than that of the southernmost Mariana; the volume of the arc crust is also smaller
at the southernmost Mariana than the rest of the IBM system. Calvert et al. (2008) suggested that a per-
iod of >4 Ma is required to generate a significant volume of middle crust. If the arc has a relatively
short (<4 Ma) magmatic history, the materials of 7.0-7.4 km/s velocity would make up a greater propor-
tion of the lower crust. Thus, the relatively thin middle crust of the southernmost Mariana may be
related to a relatively short period (2~3 Ma) of magmatism (Calvert et al., 2008; Ishizuka et al., 2006)
and/or limited magma supply (Martinez et al.,, 2018), which could also restricted the degree of
crustal differentiation.

The lower crust of the IBM modern arcs has a velocity range of 6.5-7.4 km/s and constitutes ~50% of the
entire arc crustal volume (Calvert et al., 2008; Suyehiro et al., 1996; Takahashi et al., 2007; Takahashi
et al., 2008, 2009). Our crustal model has similar proportion of the crustal layers with velocity ranges of
6.5-7.0 and 7.0-7.4 km/s (Figure 4a). However, the upper part of the lower crustal layer of the southernmost
Mariana (as defined by velocity of 6.5-7.0 km/s) has larger cross-sectional area than in other sections of the
IBM, suggesting that the southernmost Mariana might have less dense materials than other arc regions.

Beneath the Izu-Bonin and central-northern Mariana, the mantle velocity values are relatively low
(7.4-7.8 km/s; Calvert et al., 2008; Takahashi et al., 2007; Takahashi et al., 2008, 2009). Our velocity model
also shows relatively low velocity of 7.5-7.8 km/s for the uppermost mantle beneath the WMR and SWMR
(Figures 4a, 7c, and 8).

6.2. Intra-Arc Rifting

In general, the WMR and MA have similar crustal structure (Calvert et al., 2008; Takahashi et al., 2008).
Earlier episodes of arc rifting along the central marina have separated an arc massif into the WMR on the
west and MA on the east. In the southernmost Mariana, however, the WMR is much narrower than the
northern edifice; the WMR in the study region also has different crustal structure from that of the WMR
and MA farther north. The northwestern side of the SWMR is bounded by a distinct steep fault scarp of
>3 km in relief. A crustal zone of slight velocity reduction was imaged beneath the SWMR (Figure 4a).
We infer that the SWMR is a weak zone of arc rifting and is active as indicated by a series of continuous nor-
mal faulting events (Figures 1 and 8). This farther supports the inference that the SWMR is still at its young
active rifting stage (Martinez et al., 2018).

A model of forearc rifting in the north-central Mariana (Crawford et al., 1981) has suggested that diapirs of
MORB-type mantle have pierced through the boninitic arc, eventually leading to the split of the arc.
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Figure 8. A 3-D map view of the southern Mariana with geological interpretation of the observed velocity model. Orange dots denote epicenters of earthquakes
within 30 km from the seismic profile; the plotted earthquakes include events in 2014-2018 determined by USGS (https://earthquake.usgs.gov/) and events in
1968-2013 determined by ISC (https://www.isc.ac.uk/ehbbulletin/search/catalogue/). The Pacific plate is shown to subduct beneath the Philippine Sea plate with
hypothesized slab dehydration. Light green patch: A zone of crustal velocity reduction in the subducting plate, especially near the trench axis. Light blue
patches: Zones of reduced velocity in the uppermost mantle under both subducting and overriding plates, interpreted as serpentinized mantle. Dark green patch:
Sketch of a hypothesized wedge of crust-mantle transition layer or serpentinized mantle beneath the ITS (distance of 180-220 km). Orange patch: A sketched
zone of slight velocity reduction beneath the SWMR. WMR = West Mariana Ridge; SWMR = Southwest Mariana Rift; ITS = inner trench slope.

However, there may be insufficient magma to produce significant volume of diapirs in the southernmost
Mariana as reflected by the general lack of volcanic activity. It is noted that the volcanism southward of
the MT might be represented by the Fina Nagu Volcanic Chain (Brounce et al., 2016), but there are no
noticeable seamounts closer to the WMR and south of a diffused spreading zone in the southernmost
Mariana (Figure 2, Martinez et al., 2018).

In a convergent margin, weakening of the upper plate may be caused by the slab-derived water that may
change crystal lattice deformation mechanisms (Karato & Jung, 1998). Arc rifting was hypothesized to occur
due to such fluid- and melt-related rheological weakening of the arc lithospherie (Baitsch-Ghirardello et al.,
2014). In the southernmost Mariana margin, the slab-derived fluids could occur beneath the forearc and
enhance lithospheric melting (Figure 8, Ribeiro et al., 2013), although probably to a much less extent than
that of the center-northern Mariana.

We projected USGS and ISC earthquakes at distance of <30 km from the profile along the strike of our
model, depicting a rough slab shape below 25 km based on earthquake distribution (Figure 8). The slab
dehydration could lead to some degree of mantle melting, providing melts to the arc crust (Kersting et al.,
1996; Kimura & Yoshida, 2006). However, the WMR is located at significant distance away from the trench
axis and thus the effects of rising fluids may be relatively weak due to slab rollback and relatively steep sub-
duction angle (Baitsch-Ghirardello et al., 2014; Martinez et al., 2018). Furthermore, Schmidt and Poli (1998)
suggested that water release from the slab gradually decreases farther from the trench axis, implying that the
forearc and ITS block might be more susceptible to melting than the WMR. Consequently, the rheological
properties of the WMR, forearc, and ITS might also be different (Figure 8).

WAN ET AL.

13


https://earthquake.usgs.gov/
https://www.isc.ac.uk/ehbbulletin/search/catalogue/

100 Journal of Geophysical Research: Solid Earth 10.1029/2018JB017080
8
//17 km/\v/ Ok
- Mw\'f/ 9 kw
% s 10 km i
S M “
o Depth from seafloor (km) 5km
> 67 — Lower crust |
—— Uppermost mantle
512] . —

200 -160 -120 -80  -40 0 40 80

Distance from trench axis (km)
Northwest Southeast

Figure 9. Profiles of lateral velocity variations extracted from our velocity model (Figure 4a) and sampled at selected
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(uppermost mantle, red line) from the seafloor under the overriding plate. Right: Velocities at depths of 5.0 km (lower
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profile (red line), and stations of successful ocean bottom seismometer instrument recovery (white circles). Map color scale
is the same as in Figure 1. CD = Challenger Deep; WMR = West Mariana Ridge; SWMR = Southwest Mariana Rift;
ITS = inner trench slope.

6.3. Plate Hydration

6.3.1. Hydration in Subducting Slab

Velocity reduction in the crust and uppermost mantle of a subducting plate has been observed in regions of
significant flexural bending (e.g., Ivandic et al., 2008; Van Avendonk et al., 2011; Fujie et al., 2013, 2018;
Shillington et al., 2015). It has been proposed that the velocity reduction is related to bending-induced nor-
mal faults, which generate fluid conduits in the crust and facilitate serpentinization of the uppermost mantle
(e.g., Cai et al., 2018; Emry et al., 2014; Ranero et al., 2003; Zhou & Lin, 2018).

Our velocity model of the subducting plate shows profound velocity reduction in the crust and uppermost
mantle near the trench axis (Figures 4a and 5). The velocity of the lower crust (e.g., at depths of 5 and
6 km below seafloor) shows a marked reduction toward the trench axis at profile distance of 0-20 km
(Figure 9a). Furthermore, we acquired the crustal velocity perturbation relative to the average background
value of a given depth (Figure 10). The depth-averaged velocity perturbation reached a maximum reduction
of 0.8 km/s near the trench axis beneath the subducting plate (Figure 10a). Thus, we infer that crustal faults
and fluids increase toward the trench axis, resulting in greater velocity reduction.

The studies of Ivandic et al. (2008) and Fujie et al. (2013) suggested that the number of normal faults and
crustal water content might increase toward the trench axis over distance of tens of kilometers (Fujie
et al., 2018). Zhou et al. (2015) and Zhou and Lin (2018) found that the fault density in the subducting plate
at the southernmost Mariana increases trenchward over a distance of 80 km, reached a peak value at ~20 km
from the trench axis; the calculated average fault density is ~1.3 faults every 5 km. It has been proposed that a

WAN ET AL.

14



Journal of Geophysical Research: Solid Earth

10.1029/2018JB017080

| PvB| WMR [sWMR| Forearc | ITS | Pacific Plate |
0BSY09 Y88 Y07 L25 L27 Y02 Y03 Y81 Y08 Y94 Y35 Y12 Y14 Y36
v v v v v v v v v v v v v v
1.5+ ‘1s -
P

0 1.0+ i -
E 0.5 P _
=3
= 0.0 -
2 -0.5- L

1.0 -
N " o . ——fvesvp
E 1 ST . t
< 2 b ‘ “\ i - |12
o 4 | ‘ / \ - 0.8
2 Ay \| [ i »
5 4 o| \ | 04¢
b | | s o | J|Fo0o2
S 6_, J“ o ,Q. O‘j f'0-4§]-
< 8 & A ‘ /B b ’ L |-0-8
ISR \ N | o, \ ) F-1.2
8 %2 ® \ /] S ) d

10 T T T T T T T T T T T T T T T T T

-220 200 -180 -160 -140 -120 -100 -80 -60 -40 20 O 20 40 60 80 100

Distance from trench axis (km)

Figure 10. (top) Extracted profiles at selected depths showing velocity perturbation within the crust and uppermost mantle after subtracting the average 1-D
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averaged over the top 7 km of the velocity model. (bottom) Cross-section showing velocity perturbation in the top 10 km of the velocity model after subtracting
the average 1-D velocity at each depth. PVB = Parece Vela basin; WMR = West Mariana Ridge; SWMR = Southwest Mariana Rift; ITS = inner trench slope.

few percent increase in fracture porosity may reduce crustal velocity appreciably (Ivandic et al., 2008;
Peacock et al., 2011). Thus, we interpret the observed reduction in crustal velocity as the result of
faulting-related porosity changes and fracture-filling fluids.

The observed low Vp in the uppermost mantle of the subducting plate may reflect serpentinization. For
example, at depths of 9 and 10 km below the seafloor, the mantle velocity has low values of 7.0-7.5 km/s
at distance of 30-90 km (Figure 9a) and only 6.8-7.0 km/s close to the trench axis at distance of 0-20 km.
These values are much lower than the typical upper mantle velocities of 8.0-8.2 km/s for oceanic crust
(Figure 6b, White et al., 1992).

Under isotropic conditions, a commonly used relationship links the Vp and serpentinization as Vp = 8.0-
3.1® (Grevemeyer et al., 2018), where @ is the amount of serpentinization. The observed Vp ranges of
7.0-7.5 and 6.8-7.0 km/s would yield ~16-32% and 32-38% of serpentinization, respectively. Such inferred
ranges of serpentinization are higher than that estimated for the Nicaragua and Costa Rica (Ivandic et al.,
2008, 2010; Van Avendonk et al., 2011) and Kuril and Japan (Fujie et al., 2018) margins. Furthermore, the
inferred degree of serpentinization near the trench axis is distinctly greater than the sections farther away
from the trench axis.

6.3.2. Hydration in Overriding Plate

It has been proposed that a low-velocity wedge of serpentinized mantle might exist beneath the forearc
because of slab dehydration (e.g., Hyndman & Peacock, 2003; Kimura et al., 2009; Peacock et al., 2011;
Xia et al., 2008). In the overriding plate of our study region, we have also identified zones of lower than nor-
mal velocity in the uppermost mantle. For example, beneath the ITS (at distance of 165-220 km), a wedge of
relatively low velocity (6.0-7.7 km/s) was found, which is interpreted as a crust-mantle transition layer or
serpentinized mantle (Figures 4a and 7c).

The uppermost mantle velocity is also relatively low (7.5-7.8 km/s) under the forearc (distance of 110-
165 km), SWMR (80-110 km), and WMR (30-80 km, Figures 4a and 9a). These velocity values are lower than
the typical upper mantle velocities of 8.0-8.2 km/s (Figure 6b, White et al., 1992) and we interpret them as
evidence for serpentinized mantle (Figures 7c and 8). It is generally understood that slab-derived fluids could
migrate upward to the mantle to generate hydrous minerals and contribute to mantle serpentinization (e.g.,
Reymer & Schubert, 1984; Manning, 1995; Suyehiro et al., 1996; Plank & Langmuir, 1998; Hyndman &
Peacock, 2003; Mottl et al., 2003). Future studies should further investigate the distribution of serpentinized
mantle in the southernmost Mariana.
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7. Conclusions

We conducted an active-source reflection/refraction seismic experiment along a 349-km-long profile across
the Challenger Deep, obtaining a new velocity model of the southernmost Mariana margin that reveals the
following key features:

1. The average crustal thickness of the subducting Pacific plate is ~6 km, while the maximum crustal thick-
ness of the overriding Philippine Sea plate is ~18 km.

2. On the subducting plate, crustal velocity is systematically reduced, especially in a 20- to 30-km-wide zone
near the trench axis. The observed crustal velocity reduction is interpreted as a result of faulting-induced
porosity changes and fracture-filling fluids.

3. Relatively low upper mantle velocities are observed in both subducting plate (7.0-7.5 km/s) and overrid-
ing plate (7.5-7.8 km/s), which is interpreted as a result of mantle serpentinization.

4. A 15- to 20-km-wide zone of low velocity is imaged beneath the SWMR and is interpreted as a zone of
initial rifting.
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