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Abstract We investigate faulting within the incoming Pacific plate at the Mariana subduction trench to
understand stresses within the bending plate, regional stresses acting upon the plate interface, and the
extent of possible faulting-induced mantle serpentinization. We determine accurate depths by inverting
teleseismic P and SH waveforms for earthquakes occurring during 1990–2011 with Global Centroid Moment
Tensor (GCMT) solutions. For earthquakes with Mw 5.0+, we determine centroid depths and source time
functions and refine the fault parameters. Results from Central Mariana indicate that all earthquakes are
extensional and occur at centroid depths down to 11 km below the Moho. At the Southern Mariana Trench,
extensional earthquakes continue to 5 km below the Moho. One compressional earthquake at 34 km below
the seafloor suggests stronger plate interface coupling here. In addition, we model the stress distribution
within the Pacific plate along two bathymetric profiles extending seaward from the Mariana subduction
trench axis to better understand whether our earthquake depth solutions match modeled scenarios for plate
bending under applied external forces. Results from our flexure models match the locations of extensional
and compressional earthquakes and suggest that the Pacific plate at Southern Mariana is experiencing larger,
compressional stresses, possibly due to greater interplate coupling. Additionally, we conclude that if
extensional faulting promotes the infiltration of water into the subducting plate mantle, then the top
5–15 km of the Pacific plate mantle are partially serpentinized, and a higher percentage of serpentinization is
located near the Central Mariana trench where extensional events extend deeper.

1. Introduction

The cycling of water into subduction zones is important to subduction arc and back-arc volcanics [Gill, 1981;
Plank and Langmuir, 1993; Rüpke et al., 2004], plate interface slip behavior [e.g.,Moore and Vrolijk, 1992; Shelly
et al., 2006; Audet et al., 2009], intermediate depth earthquakes [Raleigh and Paterson, 1965; Meade and
Jeanloz, 1991], water exchange between the Earth’s surface and mantle [Rüpke et al., 2004], composition of
the Earth’s mantle [Thompson, 1992; Hirschmann, 2006], and initiation of plate tectonics [O’Neill et al., 2007].
The amount of water input at the trench is unconstrained for many subduction zones, due to unknown
amounts of lower crustal and upper mantle hydration [Jarrard, 2003; Hacker, 2008]. The amount of hydrated
(serpentinized) oceanic mantle is particularly important for water expulsion processes deep within subduction
zones, at arc and at subarc depths [Hacker, 2008; Van Keken et al., 2011].

Faulting within bending oceanic plates at subduction zone trenches, hereafter referred to as the outer rise, is
an important pathway by which water is transported into the Earth. These faults result from flexural stress
when ocean lithosphere bends at subduction zone trenches [Isacks et al., 1968; Chapple and Forsyth, 1979].
The presence of an outer rise bulge is characteristic of elastic plate flexure [Caldwell et al., 1976]; however, the
occurrence of earthquakes within the plate is an indication that it is not entirely elastic but is also experiencing
permanent deformation within the top of the plate [Chapple and Forsyth, 1979; Goetze and Evans, 1979].
Because mantle hydration is expected to be limited to the top of the oceanic plate where extensional, brittle
failure occurs [e.g., Ranero et al., 2003; Lefeldt et al., 2009], the distribution of stress within the bending oceanic
plate may allow us to estimate water storage potential of the subducting lithosphere.

In addition to stress created by plate flexure [Caldwell et al., 1976; Chapple and Forsyth, 1979], interplate
locking at strongly coupled subduction zones may impact the stress distribution within the bending plate
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[Christensen and Ruff, 1988]. At strongly coupled margins, outer rise earthquakes are temporally linked to
large plate interface earthquakes [Christensen and Ruff, 1988]. As first observed by Stauder [1968] in the Rat
Islands, extensional outer rise earthquakes occur more frequently after large, megathrust earthquakes. This
observation along with the occurrence of compressional outer rise earthquakes prior to megathrust rupture
was suggested by Christensen and Ruff [1988] to be characteristic of strongly coupled subduction zones.
However, at weakly coupled or uncoupled subduction zones, no compressional outer rise earthquakes occur,
and extensional outer rise events are not related to the subduction plate interface [Christensen and Ruff,
1988]. These observations suggest that the stress distribution within the bending oceanic plate at strongly
coupled margins changes with time in response to the megathrust seismic cycle, in which case, the depth
extent of water infiltration and mantle hydration may also change with time.

Because the maximum depth of mantle hydration is thought to be coincident with the location of the neutral
plane, where plate-bending stresses switch from deviatoric tension to deviatoric compression, recent studies
have determined the depth of the neutral plane as a means to infer depth of mantle hydration [Lefeldt et al.,
2009]. At the Nicaragua outer rise, the depth of the neutral plane inferred from earthquake focal mechanisms
[Lefeldt et al., 2009] corresponds well with a region of low mantle P wave velocities, suggestive of mantle
serpentinization [Van Avendonk et al., 2011].

The Mariana subduction zone has long been cited as a water-rich system due to the prevalence of fore-arc
serpentinite mud volcanoes [Fryer et al., 1999], water-rich arc lavas [e.g., Shaw et al., 2008; Kelley et al., 2010],
and a serpentinizedmantle wedge [Tibi et al., 2008; Pozgay et al., 2009; Barklage, 2010; Pyle et al., 2010], yet the
initial amount of water stored within the Pacific plate mantle is unknown. This results in large uncertainties in
amount of subducted water and the water budget of the Mariana subduction zone. Here we explore faulting
within the Pacific plate at the Mariana subduction zone by inverting P and SHwaves from outer-rise earthquakes
in order to obtain more accurate centroid depths for these shallow events. We then compare the distribution of
earthquake depths and focal mechanisms with two-dimensional finite-difference models of the stress
distribution within the bending Pacific plate seaward of the Mariana Trench to help understand how deeply
extensional stresses extend into the Pacific plate. These results are interpreted in terms of the likely hydration
depths of the Pacific plate as well as possible variations in seismic coupling along the Mariana Trench.

2. Background
2.1. Faulting and Hydration of Incoming Oceanic Plates

Bathymetric observations of horsts and grabens within incoming plates at subduction zone trenches give
strong evidence for faulting induced by plate bending [e.g., Ranero et al., 2003; Oakley et al., 2008; Gardner,
2010], and multichannel seismic reflection (MCS) studies have shown that at some subduction zones, faults
exposed at the surface continue to mantle depths [Ranero et al., 2003]. In regions where preexisting faults on
the incoming plate (seafloor fabric) strike nearly parallel to the trench axis, plate bending is accommodated
by fault reactivation, whereas new faults form more readily where seafloor fabric converges at a high angle
with the trench axis [Masson, 1991; Ranero et al., 2005]. Ranero et al. [2003] found that where seafloor fabric is
subparallel to the trench axis, faults persist deeper into the bending oceanic plate than where new seafloor
faults form, indicating that depth of outer rise faulting may be dependent on preexisting structure of the
oceanic plate.

Global and regional surveys of outer rise seismicity show predominantly extensional earthquakes at the
subduction zone outer rise, although compressional outer rise earthquakes occur at some subduction zones
[Stauder, 1968; Chapple and Forsyth, 1979; Christensen and Ruff, 1988; Kao and Chen, 1996]. Christensen and Ruff
[1988] proposed that, in addition to plate bending, stress along the megathrust during periods of interface
locking affects stress distribution within the bending plate seaward of the subduction trench and that patterns
of seismicity in the outer rise reveal the degree of coupling along the plate interface. Yet this relationship is still
uncertain, as recent megathrust and outer rise earthquakes at some subduction zones have exhibited a more
complicated pattern [Ammon et al., 2008; Lay et al., 2009; Raeesi and Atakan, 2009; Lay et al., 2010].

Outer rise earthquakes impact the hydration of oceanic plates prior to subduction. The pervasive faulting at
the outer rise offshore from Nicaragua implies a clear pathway by which water can enter into the lower crust
and uppermost mantle of the plate [Ranero et al., 2003], but the process by which water is pulled to depth
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despite high lithostatic pressure is uncertain. Faccenda et al. [2009] postulate that tectonic pressure gradients
within the upper oceanic lithosphere created by plate bending pulls water deep into the plate mantle, and
this process could be further enhanced by other proposed mechanisms, such as seismic pumping through
faults [Sibson, 1994], thermal cracking [Korenaga, 2007], or migrating fluid-filled cracks (vug waves) [Phipps
Morgan and Holtzman, 2005]. Although the water transport mechanism is uncertain, recent seismic studies
provide evidence that the oceanic mantle is significantly altered by serpentinization [Contreras-Reyes et al.,
2007; Ivandic et al., 2010; Van Avendonk et al., 2011; Savage, 2012].

If serpentinization of mantle minerals occurs along all outer rise faults, then significantly larger amounts of
water could be stored within plates prior to subduction [Ranero et al., 2003] causing an underestimate in the
total amount of subduction zone water inputs. The amount of hydration within the different layers of the
subducting oceanic plate has important effects on the progression of slab dehydration with depth [Jarrard,
2003; Hacker, 2008]. At intermediate depths, water is expelled from the lower crustal layers and, depending
on the initial conditions of the subducting plate, possibly also from upper mantle serpentinites; this impacts
volcanic arc and back-arc basin outputs [Gill, 1981; Jarrard, 2003; Kelley et al., 2006; Van Keken et al., 2011].

Water released at intermediate depths may travel to other parts of the slab, enabling intermediate and deep
earthquakes or reacting with other slab minerals to form high-pressure hydrous phases, which are stable to
greater depth [Raleigh and Paterson, 1965; Meade and Jeanloz, 1991; Ulmer and Trommsdorf, 1995; Schmidt
and Poli, 1998]. Depending on the conditions of the plate and rate of subduction, at deeper depths mantle
serpentinites, in particular, antigorite should carry water into the mantle deeper than the subduction zone
mantle wedge [Rüpke et al., 2004; Hacker, 2008; Van Keken et al., 2011]. Deep transport of water is suspected to
occur at subduction zones where the subducting slab is very old (cold) and converging rapidly [Van Keken
et al., 2011]; such numerical models are reinforced by observations from the Tongan subduction zone
indicating a low-velocity region within the slab, likely related to serpentinite [Savage, 2012].

2.2. Faulting and the Water Cycle at the Mariana Subduction Zone

Mariana outer rise bathymetry exhibits distinct faults, located closer than 100 km distance from the trench, with
an onset at approximately the 6000m bathymetric depth contour [Oakley et al., 2008; Gardner, 2010]. Oakley
et al. [2008] found that seafloor fabric is reactivated where it forms an angle less than ~25° with the Mariana
trench axis. When this angle is greater than ~25°, small offsets occur on existing faults, but the largest offsets
occur on newly created, trench-parallel faults [Oakley et al., 2008]. Results from MCS surveys at the Mariana
Trench do not resolve the maximum depth extent of outer rise faults [Oakley et al., 2008]; however, near-surface
offsets indicate that fault throws change significantly along strike and are impacted by the angle of the
incoming seafloor fabric with the subduction trench, the depth of the subduction trench, and the presence of
seafloor seamounts on the incoming Pacific plate. Results from Oakley et al. [2008] also indicate that the
inclination of the Pacific plate changes abruptly at the Central Mariana trench axis—from ~1–2° seaward of the
trench axis to ~8–9° landward of the trench, beneath the fore arc. They interpret this abrupt change as evidence
that the Pacific plate fails completely, rather than bends, as it subducts [Oakley et al., 2008].

At the Mariana subduction zone, few outer rise earthquakes have been studied to date; results for prior
research of Mariana outer rise earthquakes are compiled in Table 1. Very few of these events have had depths

Table 1. Previously Studied Mariana Outer Rise Earthquakes

Date Latitude Longitude Deptha Type of Event Magnitude Reference

17 Jan 1940 17.24 148.12 n/a Strike-slipb M 7.3 [Okal et al., 2013]
14 Jun 1942 14.53 147.92 n/a Compressionb M 7.0 [Okal et al., 2013]
4 July 1964 11.72 144.63 n/a Tension Mb 6.0 [Katsumata and Sykes, 1969]
27 Oct 1966 22.15 145.94 n/a Tension Mb 6.0 [Katsumata and Sykes, 1969; Okal et al., 2013]
5 Apr 1967 20.00 147.35 n/a Tension Mb 5.9 [Katsumata and Sykes, 1969]
1 Sept 1970 17.7 147.6 n/a Tension Mb 6.3 [Chapple and Forsyth, 1979; Okal et al., 2013]
11 May 1974 19.7 147.3 n/a Tension Mb 6.4 [Chapple and Forsyth, 1979; Okal et al., 2013]
5 Apr 1990 15.288 147.397 16 Tension Ms 7.5 [Yoshida et al., 1992]
5 Apr 1990 15.125 147.596 23± 5 Tension Mw 7.5 [Zhang and Lay, 1992]

aDepth determined through waveform modeling.
bEarthquake focal mechanism determined by limited historic records.
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determined through waveform inversion techniques; rather most have been studied through earthquake
relocation methods. Directly beneath the Mariana trench axis, a large, Mw 7.5 extensional earthquake
occurred on 5 April 1990 and created a minor tsunami [Zhang and Lay, 1992; Satake et al., 1992; Yoshida et al.,
1992]. The source of this earthquake was studied extensively by both Zhang and Lay [1992] and Yoshida et al.
[1992]. Zhang and Lay [1992] estimate a depth of 23 ± 5 km centroid depth on a steep westward dipping fault
plane, whereas Yoshida et al. [1992] find a depth of 16 km on amoderate westward dipping fault plane. Based
on relocation of aftershocks,Yoshida et al. [1992] propose that the fault was ~40 kmwide; however, significant
error should be expected when using aftershock locations to infer the dimensions of a fault. The occurrence
of such a large, extensional outer rise earthquake suggests that the Pacific plate is experiencing large
extensional forces; combined with the large-offset faulting observed from seafloor bathymetry, the minerals
within the oceanic plate mantle have the potential to be significantly hydrated, although the depth extent of
hydration is yet unknown.

Due to the presence of a number of well-exposed serpentinite seamounts located along the length of the
Mariana fore arc [Fryer et al., 1999], it is often expected that water plays an important role in the processes
occurring at the Mariana subduction zone. Results from the MARGINS Mariana SubFac Seismic Experiment
indicate that the shallowmantle wedge beneath the Mariana fore arc is serpentinized [Tibi et al., 2008; Pozgay
et al., 2009; Barklage, 2010; Pyle et al., 2010]. The water contents of volcanic arc and back-arc outputs have
been found to vary along the length of the margin, exhibiting no clear patterns of hydration along strike
[Kelley et al., 2006; Shaw et al., 2008; Kelley et al., 2010; Parman et al., 2011]. Back-arc magmas at Mariana
generally are ~0.5wt % water, and island arc magmas range from ~2–6 wt % water [Kelley et al., 2006; Shaw
et al., 2008; Kelley et al., 2010; Parman et al., 2011]. At Southern Mariana, the back arc is separated from island
arc volcanoes by only 20–30 km, and back-arc volcanics in the region exhibit similarities to volcanic arc
outputs, including increased concentration of water [Fryer et al., 1998; Martinez et al., 2000; Taylor and
Martinez, 2003, and references therein]. At the southernmost boundary, the upper Philippine Plate is rifting
directly over the subducting slab, and Martinez et al. [2012] propose that the water-rich setting promotes a
weakened overriding oceanic lithosphere characterized by broad rifts and diffuse volcanism. Despite the
indications of large amounts of shallow and intermediate depth water flux, only small amounts of water are
thought to be carried deeper, beyond the mantle wedge [Van Keken et al., 2011]. However, this result is
dependent upon the estimated amount of slab mantle serpentinization, which is in fact unconstrained for
most subduction zones, including the Mariana subduction zone [Van Keken et al., 2011].

3. Data and Methods
3.1. Earthquake Relocation

Prior to waveform inversion, earthquakes were relocated to delineate events within the subducting plate
near the trench from those in the shallow thrust zone in the fore arc. In general, shallow thrust earthquakes in
the Mariana subduction zone do not occur within about 60 km of the trench axis [Emry et al., 2011].
Earthquake arrival time data were collected from the International Seismological Centre On-line Bulletin [2010]
for all Global Centroid Moment Tensor (GCMT) earthquakes occurring between 9–26°N and 138–154°E from 1
January 1976 to 1 October 2010 [Dziewonski et al., 1981; Ekström et al., 2012]. All GCMT earthquakes seaward
of the trench axis plus all events within 80 km landward of the trench axis were then split into four regions
and relocated in two- and in three-dimensional space; the lateral positions of the two- and three-dimensional
results are very similar. Four separate regions were used in the relative relocation to ensure that all earthquakes in
the region are sampling similar global velocity heterogeneity. These regions were distinguished by latitude: the
southern region near Guam extended from 10 to 14.5°N; the central region, near Celestial seamount extended
from 14.5 to 17.5°N; the region near Big Blue seamount extended from 17.5 to 20.5°N; the northernmost region,
north of Maug and almost into the Bonin subduction zone extended from 20.5 to 24°N (Figure 1).

The relative relocations were carried out using the hypocentroidal decomposition algorithm [Jordan and
Sverdrup, 1981]. Initial locations were taken from the ISC, and travel times for P, pP, PKP, and S phases from
each event were calculated according to the IASP91 Earth Model [Kennett and Engdahl, 1991]. S phases were
used only for stations closer than 20° to the earthquake hypocenter due to large errors frequently found for
teleseismic S wave arrival times reported to the ISC. The number of earthquakes relocated for each region
varied greatly due to the difference in number of GCMT events occurring since 1976. In Southern Mariana
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near Guam, 151 events were relocated; 42 events were relocated in the central region east of Celestial
Seamount; 28 events were relocated in the central region east of Big Blue Seamount; and 16 events were
relocated in the northernmost region, north of Maug.

3.2. Earthquake Source Inversion From P and SH Waveforms

Following relocation, we requested waveform data from the IRIS Data Management Center (DMC) for all GCMT
earthquakes greater than or equal to Mw 5.0 occurring seaward of the trench or in close proximity to the trench.
For all earthquakes except one, only broadband data were used. For one earthquake occurring in 1990 (Event 11,
Table 2), a combination of broadband and long-period (1 sps) data was inverted due to a limited number of good

Figure 1. Relocated GCMT earthquakes in map view. Lower hemisphere stereographic projections for earthquakes are
shown with compressional P wave quadrants (containing the T axis in black) and dilatational P wave quadrants (contain-
ing the P axis in white). The event numbers next to each focal mechanism correspond to Tables 2 and 4. The red arrow
shows the angle of convergence of the Pacific plate relative to the Mariana fore arc as determined by Kato et al. [2003].
High-resolution bathymetry data in Northern and Central Mariana are from 2010 Mariana Law of the Sea Cruise [Gardner,
2010] and high-resolution bathymetry data in Southern Mariana are courtesy of F.Martinez. The color scale for bathymetry
is positioned below and is the same for all bathymetric maps in the paper. (inset) Tectonic setting of the Philippine Sea.
Bathymetry contours are shown by thin black lines. Subduction trenches are shown in blue; spreading centers are shown in
red; transforms are shown in green.
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broadband waveforms for that event. Events prior to 1990 had no clear broadband waveforms and on average
only ~5–10 clear long-period waveforms, and so the events were not investigated further.

We inverted teleseismic P and SH waveforms from stations at distances of 30–90° to determine the best fitting
source parameters for earthquakes located on the incoming plate or near the trench axis. For two earthquakes
with fewer high-quality arrivals, we searched throughwaveforms at 20–30° and 90–100° in order to collect more
data (Table 2; Events 13 and 15). With the expanded distance range, we found only a fewmore clear waveforms
(five or less) to add to the inversions, and it should be noted that the resulting depths of these events are not as
well constrained as for others in the set due to the limited number of high-quality waveforms (Table 2).
Waveforms were visually inspected for quality signals at frequencies of 0.02–0.5Hz. For some events, low-
frequency (0.02–0.18Hz or 0.02–0.2Hz) waveforms were sufficiently clear but the higher frequencies up to
0.5Hz were not, due to the microseism peak around 0.2Hz. For the one event in 1990 that utilizes long-
period (1 sps) data, the upper frequency stop band was set at 0.18Hz. The instrument responses provided by
the IRIS DMC for each station were deconvolved from the data prior to comparison with the synthetics.

Waveform synthetics were computed using ray theory [e.g., Langston and Helmberger, 1975] and utilized the ray
parameter corresponding to teleseismic propagation in an IASP91 velocity model. Synthetics were calculated
for three fundamental double-couple source geometries and then linearly combined to obtain synthetics for
each focal mechanism in the grid search. A ray expander routine was used to compute all the reflections and
conversions in the near-source structure model above a cut-off amplitude, and the source time function was
modeled as a half sine wave with a best fitting duration determined by the inversion. We found our best fitting
source depth, time function, and focal mechanism strike, dip, and slip using a grid search (e.g., Figure 2). In the
grid search, misfit was calculated at each station as the squared amplitude misfit between data and synthetics
normalized over the squared amplitude of the data, multiplied by the weight assigned to that station:

Misfit ¼ ∑n2i¼n1 d ið Þ � s ið Þ �Mð Þ2
∑n2i¼n1d ið Þ2 (1)

where i spans the timewindow forwhichmisfit is to be calculated, n1 is the starting time for thewindow, n2 is the
end time for the window, d is each data point, s is each synthetic value, and M is the median seismic moment

Table 2. Mariana Earthquakes With Depths Obtained by Waveform Inversion (Ordered by Increasing Latitude)

Event Date Time (UTC)
Latitude
(°N)

Longitude
(°E)

Depthab

(km)
Time

Func. (sec) Mw
Type

of Eventc # P Data # SH Data
Top

Freq. (Hz) Misfitd

1 12 Nov 2007 00:25:45.76 10.4706 145.8160 5± 1 1 5.73 SS 23 19 0.5 0.4649
2 30 Sept 2007 15:02:18.09 10.5057 145.6567 7± 1 3 5.53 C 21 13 0.5 0.4019
3 31 Aug 2003 09:01:32.43 10.5619 146.5327 34± 2 1 5.54 C-SS 23 11 0.5 0.3149
4 10 July 2010 11:43:35.44 11.1146 146.1478 12± 1 2 6.32 SS 24 21 0.5 0.4707
5 4 May 2005 04:38:09.54 11.7264 143.8479 11± 1 1 5.43 SS 12 7 0.5 0.3620
6 19 Dec 2000 13:11:49.37 11.7616 144.8650 12± 2 7 6.23 T 25 11 0.5 0.4438
7 13 May 2004 17:34:36.88 11.7851 144.3199 24± 1 2 5.63 SS 19 16 0.2 0.3117
8 2 Apr 2001 06:50:04.93 11.9032 147.4938 31± 2 3 5.49 SS 12 22 0.5 0.2585
9 10 Nov 1997 19:04:23.69 12.3763 145.7198 34± 3 1 5.43 C 28 22 0.2 0.4963
10 5 Apr 1990 21:12:37.95 15.2195 147.6103 18± 2 5 7.21 T 9 11 0.5 0.2486
11 6 Apr 1990 14:57:21.23 15.2550 147.5977 13± 1 6 6.15 T 11 11 0.18 0.2799
12 4 Aug 2001 18:55:11.22 15.7843 147.4597 18± 1 3 5.20 T 6 8 0.18 0.3832
13 13 Oct 1990 00:20:22.19 15.7884 147.9803 8± 4 4 5.89 T 9 6 0.5 0.5212
14 10 Nov 1995 22:30:59.80 16.5791 148.1561 13± 3 1 5.17 T 12 2 0.2 0.3479
15 16 July 2008 17:23:44.20 16.8317 148.1483 9± 3 1 5.04 T-SS 7 8 0.18 0.4267
16 30 Aug 1998 01:48:09.84 17.0937 148.2210 10± 1 5 6.31 T 23 17 0.5 0.2796
17 4 May 2000 23:24:41.34 17.5084 147.6909 11± 2 1 5.52 T 11 14 0.5 0.2894
18 1 May 2003 00:14:09.47 17.7258 147.8452 9± 1 1 5.38 SS 17 9 0.2 0.3186
19 19 July 2000 14:28:38.97 20.5277 147.4411 25± 1 2 5.20 SS 4 5 0.2 0.3700
20 14 Feb 2006 15:27:24.95 20.8419 146.2316 49± 2 4 6.17 T 32 18 0.5 0.5338

aDenotes depth beneath seafloor (depth within plate).
bDepth error calculated as depth where the misfit is 5% more than the best fitting solution, not including errors in velocity model.
cSS, strike-slip; C, compression; T, extension.
dMisfit is calculated according to equations (1) and (2).
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found for the whole set of stations. Total misfit for each mechanism, depth, and time function combination was
the summation of individual station misfits (1) over the summation of weights assigned to each station:

SolutionMisfit ¼ ∑ni¼1Misfit ið Þ
∑ni¼1Weight ið Þ (2)

where n is the number of stations used in the inversion.

The source-side velocity models used in the waveform inversion differed along strike, based on the MCS
reflection results from Oakley et al. [2008]. Table 3 presents the latitude ranges and the velocities and
thicknesses of the water, sediments (where applicable), upper crustal, lower crustal, and mantle layers.
Although the thicknesses of the layers changed along strike, the seismic velocities and densities remained
constant for each layer and are listed within Table 3. Effects from imperfectly known source-side velocity
models are discussed in further sections and in the supporting information.

Synthetic waveform fits to the data are shown in Figure 2 for the large 5 April 1990 event. The good waveform
match indicates that the timing of the depth phases (pP and sP for Pwaves and sS for SHwaves), which is the
waveform feature most dependent upon source depth are well fit, and the depth is well determined. The

Figure 2. The best fit focal mechanism for the 5 April 1990 earthquake at 18 km depth in the Pacific plate. First-motion pola-
rities for Pwave arrivals are indicated by open circles (dilatation) and closed circles (compression). Select waveform data (BHZ
and BHT) are shown as thick black lines and best fit synthetic waveforms are shown as dashed black lines. The x axis (time) is
given in seconds and the y axis (displacement amplitude) is in meters. Distance (Del) and azimuth (Az) are in degrees.
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waveform inversion treats the earthquake as a point source and solves for the centroid depth of the event, or
rather the average depth of moment release and cannot be used to determine the spatial dimensions of the
fault. For large earthquakes, such as the 5 April 1990 Mw 7.5, the fault dimensions extend shallower and
deeper than the centroid depth. Depending on the amount of slip during the event and the shape of the
rupture area, the fault likely extends an additional 10–20 km deeper than our centroid depth for an event of
this size [Kanamori and Anderson, 1975]. The rest of the events are much smaller than the 5 April 1990 event,
and so the fault size will be much smaller. For these events, the centroid depth will be within ~3–10 km of the
maximum faulting depth.

Initially, the search was performed over the entire model space with larger source parameter increments, and
then searched again near the best fitting solutions with a smaller increment to obtain the optimal fit to the data
within 1 km of depth, 1 s in source duration, and 1° of strike, dip, and slip respectively. The depth search
extended throughout the oceanic crust and into the mantle to a depth 45 km below the seafloor. Figure 3
shows an example of solution misfit within the depth and source time function parameter space for the large
extensional event in 1990, corresponding to Figure 2 (Table 2, Event 10). Although less data are available during
the early 1990s, the contours demonstrate that there is only one minimum within the depth-source time
parameter space. Similar plots for each earthquake are located in the supporting information (Figures S1–S19),

measures of waveform fits to the data are
provided in Table 2, and other contributions
to errors in depth are reviewed in section 5
and in the supporting information.

One earthquake (Event 14, Table 4) showed
clear P wave arrivals at some stations but
had insufficient high-quality waveforms to
provide a well-constrained focal
mechanism. In this instance, the best fitting
GCMT double-couple focal mechanism was
used and only the best fitting depth and
time function were determined. We expect
that focal mechanisms were robustly
constrained by the GCMT solutions;
therefore, agreement between the fault
parameters for the GCMT solutions and for
our focal mechanism inversions provides
added confidence in the stability of the
waveform inversions. Table 4 lists
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Figure 3. Misfit contours in depth versus source time function para-
meter space for 5 April 1990 large, extensional outer rise earthquake
(Event 10, Table 2). Misfit is calculated using equations (1) and (2).
Contours for the solutions at 2%, 5%, 10%, 20%, and 50% greater than
the best fit solution are given. The y axis shows depth (kilometers) below
sea level. The x axis represents the source time function (seconds).

Table 3. Velocity Models Used During Inversion

Velocity Models

Layer Properties Northern Mariana (20–21°N) Central Mariana (17.5–18°N) Central Mariana (15–17°N) Southern Mariana (10–13°N)
Water α=1.5 km/s Thickness: 5–6 km Thickness: 6–8 km Thickness: 4–6 km Thickness: 4–8 km

β =0 km/s
ρ=1.0 g/cm3

Sediment α=2.0 km/s Thickness: 0 km Thickness: 0–1 km Thickness: 0 km Thickness: 0 km
β =1.1 km/s
ρ=2.0 g/cm3

Upper crust α=5.2 km/s Thickness: 2 km Thickness: 2 km Thickness: 3 km Thickness: 3 km
β =3.0 km/s
ρ=2.6 g/cm3

Lower crust α=6.8 km/s Thickness: 3 km Thickness: 3 km Thickness: 4 km Thickness: 4 km
β =4.0 km/s
ρ=3.0 g/cm3

Mantle α=8.0 km/s N/A N/A N/A N/A
β =4.5 km/s
ρ=3.3 g/cm3
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differences in fault parameters, moment, and depth between our waveform inversion results and the GCMT
best fitting double couple.

3.3. Flexure Modeling

We compare the earthquake centroid depth results with a theoretical distribution of stress within the bending
Pacific plate to determine whether our predictions for depth and location of compression, extension, and the
neutral plane match that predicted by the bathymetric profile of the bending oceanic plate seaward of the
trench axis. In order to accomplish this, we use the tAo two-dimensional finite-difference flexure package of
Garcia-Castellanos et al. [1997]. This methodwas initially created to study rheologic properties beneath foreland
basins by linking crustal shortening, erosion, sedimentation, and lithospheric flexure [Garcia-Castellanos et al.,
1997]. However, the method can be applied to model other systems, such as oceanic plate flexure seaward of
subduction thrust systems [Garcia-Castellanos et al., 2000].

Rather than model oceanic plate flexure as a purely elastic or viscoelastic process, which does not reflect
strength profiles inferred from experiments [Goetze and Evans, 1979], an elastic-plastic depth-dependent
rheology is employed to provide a more realistic stress distribution with depth in the lithosphere
[Garcia-Castellanos et al., 1997]. This plate rheology allows for brittle failure to occur at shallow depths,
limiting the amount of stress that the top of the plate can withstand [Garcia-Castellanos et al., 1997]. The
equations for frictional sliding are sensitive only to depth (pressure). The bottom of the plate is limited
by the temperature-sensitive flow laws that govern ductile deformation in dry olivine. At low shear stress
(< 200MPa) the flow law of olivine from Goetze [1978] and Goetze and Evans [1979] is assumed to control
mantle deformation:

ε̇P ¼ 70σ3s exp
�Qp

RT
(3)

Where ε̇P represents the power law strain rate of deformation, σs is shear stress, Qp is the power law activation
energy for dry olivine, R is the universal gas constant, and T is the temperature (Table 5). At higher shear stress
(> 200MPa), the Dorn law is used to describe mantle flow [Goetze, 1978; Goetze and Evans, 1979]:

ε̇D ¼ 5:7� 107 exp
�QD

RT
1� σs

σp

� �2
( )

(4)

where ε̇D represents the strain rate of deformation, σs is shear stress, σp is the Peierl’s stress, QD is the Dorn
activation energy for dry olivine, R is the universal gas constant, and T is temperature (Table S1).

Table 4. Best Fitting Focal Mechanism From Waveform Inversion and the Corresponding GCMT Double-Couple Solution

Event #
Strike
(deg)

Dip
(deg)

Slip
(deg)

Moment
(N m)

Depth
(km)

GCMT
Strike (deg)

GCMT
Dip (deg)

GCMT
Slip (deg)

GCMT
Moment (N m)

GCMT
Depth (km)

1 8 66 154 4.99E17 5 12 60 146 4.74E17 12
2 142 24 76 2.49E17 7 140 33 68 1.96E17 12
3 111 58 61 2.56E17 34 116 64 67 2.21E17 31
4 277 86 1 3.75E18 12 99 77 8 3.17E18 13.7
5 319 43 �29 1.77E17 11 309 50 �25 1.34E17 12
6 68 41 �76 2.76E18 12 72 34 �80 1.93E18 15
7 22 72 164 3.55E17 24 27 83 178 4.95E17 28.2
8 197 32 156 2.19E17 31 180 24 138 2.43E17 40.5
9 20 37 97 1.79E17 34 4 27 82 1.83E17 42.9
10 189 45 �98 8.18E19 18 185 31 �108 1.63E20 15
11 18 49 �94 2.08E18 13 35 32 �50 2.33E18 15
12 185 52 �109 7.81E16 18 195 55 �67 4.74E16 41
13 36 42 �77 8.71E17 8 30 24 �85 7.52E17 15
14a 172 32 �123 7.25E16 13 172 32 �123 6.29E16 17.1
15 18 40 �57 4.52E16 9 11 42 �82 4.17E16 17.1
16 26 48 �67 3.70E18 10 8 39 �80 3.41E18 16
17 350 32 �83 2.41E17 11 347 19 �116 2.26E17 15
18 12 54 �30 1.46E17 9 16 55 �17 1.76E17 15
19 177 57 7 7.82E16 25 168 83 0 6.14E16 53.7
20 113 80 �75 2.27E18 49 124 80 �64 3.03E18 41.2

aGCMT double-couple parameters were assumed due to lack in clear S phases in data.
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In the tAo software, the moment and curvature are calculated iteratively from an initial elastic plate thickness
following the methods of McNutt [1984] and Waschbusch and Royden [1992] and the depth-dependent yield
stress envelope then limits stress within the bending plate [Garcia-Castellanos et al., 2000]. The yield stress
envelope is determined from the temperature distribution for oceanic lithosphere given a certain plate age. We
use the temperature profile for a 150Myr plate using the GDH1 cooling plate model of Stein and Stein [1992],
which defines the thickness of the lithosphere as the depth to the 1450°C isotherm. The Stein and Stein [1992]
thermal model predicts a thinner oceanic lithosphere (95 km) for older (> 75Myr) plates and better fits the
trend of seafloor depth with age than prior thermal models [Parsons and Sclater, 1977]. Furthermore, Garcia-
Castellanos et al. [2000] find that flexure profiles computed for the Tongan trench using GDH1 [Stein and Stein,
1992] provide a better fit to the data than the Parsons and Sclater [1977] model.

Bathymetry data were collected from global and local grids, obtained through the U.S. Department of Commerce,
National Oceanic and Atmospheric Administration, National Geophysical Data Center, [2006] and recent Law of the
Sea cruises [Gardner, 2010]. Unlike the approach used by Garcia-Castellanos et al. [2000] for the Tonga subduction
trench, profiles extending seaward of the subduction trench were not averaged along the entire length of the
margin. Rather, input profiles for flexure models were specifically selected along corridors where few seafloor
seamounts exist. This approach gives a better representation of the actual form of the bending plate, because the
resultant profiles are impacted less by the multiple, large, seafloor seamounts seaward of the Mariana trench
[Wessel, 2001]. Furthermore, our approach takes into consideration that the slope of the outer trench changes
significantly along the length of the Mariana subduction zone and allows us to explore how changes in the
flexure of the plate along strike may be reflected in our earthquake locations and depths.

Using the trench-perpendicular bathymetry profiles (with seamounts avoided) as discussed above, we weigh
most heavily the points closest to the trench (within 150 km from the trench) and the points farthest from the
trench are weighted least (farther than 350 km from the trench). We run a grid search using the distance-
weighted bathymetric profiles to determine an estimate for the best fitting applied parameters (moment and
external forces) and to approximate the distance of maximum plate-bending moment and the vertical stress
profile and failure criteria that corresponds to that distance.

4. Results
4.1. Earthquake Locations and Depths

We relocated and determined accurate depths for 20 earthquakeswithin the Pacific plate (Figure 1 and Table 2). Of
these, 10 were normal-faulting events or normal-faulting events with some component of strike-slip motion, with
the remaining 10 showing strike-slip or compressional mechanisms. The earthquakes that we interpret to be
related to Pacific plate bending were located within 70km landward or 40 km seaward of the trench axis. Five
events with depths determined by waveform inversion were located at 150–225km seaward from the trench axis
and are compressional or strike-slip earthquakes with tensional (T) axes that are not oriented perpendicular to the
trench axis. The overall trend of the Pacific plate-bending earthquakes changes from strike slip and obliquely
striking extensional earthquakes in NorthernMariana to purely extensional outer rise earthquakes in North central
Mariana to a combination of extensional, strike slip, and compressional mechanisms at SouthernMariana. Here we

Table 5. Scenarios for Water Inputs Into South Central Mariana (500 km length)

Scenario
Water Input Within Mantle
Serpentinites (106 Tg/Myr)

Total Amount of Input
Water (106 Tg/Myr)

No mantle serpentinite [Van Keken et al., 2011] 0 7.35
2wt % H2O to 2 km [Van Keken et al., 2011] 3.4 10.7
Fully serpentinized [Van Keken et al., 2011] 14.8 22.1
2wt% H2O to 5 km 8.3 15.6
2wt % H2O to 11 km 18.2 25.5
3.5wt % H2O to 5 km 14.5 21.8
3.5wt % H2O to 11 km 31.8 39.1
3.5wt % H2O to 5 km; 1wt% H2O to 11 km 22.7 30
2wt % H2O to 5 km for 250 km; 2% to 11 km for 250 km 13.3 20.6
3.5wt % H2O to 5 km for 250 km; 3.5% to 11 km for 250 km 23.2 30.5
2wt % H2O to 11 km; tapering to 0 km at ends 5.5 12.8
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will concentrate the discussion on the
Central and Southern regions where
there are sufficient earthquakes to draw
some conclusions.
4.1.1. Central Mariana
In Central Mariana from 15 to 18°N, no
compressional GCMT earthquakes were
identified in the trench or outer rise but
many extensional earthquakes with
strikes parallel to the trend of the trench
axis occurred. A more detailed view of
the bathymetry and locations of the
earthquake results in the highly faulted
region from 16.4 to 18°N is shown in
Figure 4. The depths of the five
earthquakes in this region range from
9–13km beneath the seafloor and are
located within the top 6 km of the Pacific
plate mantle. The earthquakes occurring
seaward of the trench axis are located
below several long faults exposed at the
surface of the seafloor. The earthquake
locations span an area from 20 km
landward of the trench axis to 40 km
seaward of the trench axis. Here unlike
the region to the south where the large
Mw 7.5 earthquake occurred, the surface
of the Pacific plate is relatively devoid of
seamounts and the depths of
extensional earthquakes are shallower,
extending only a few kilometers
beneath the base of the crust.

A magnified view of the bathymetry and
locations of inverted GCMT earthquakes
in the vicinity (15–16°N) of the large 5
April 1990 outer rise earthquake is
shown in Figures 5 and 6. The large
extensional 5 April 1990 mainshock
(Table 2, Event 10) was the deepest in
our set of events; we determined a
centroid depth of 24±2 km (18 km
beneath the seafloor) and a moment
magnitude (Mw) of 7.21. In comparison,
results from Zhang and Lay [1992] and
Yoshida et al. [1992] for the same
earthquake give a depth of 23±5 km
(Mw 7.5) and 16 km (Mw 7.5),
respectively, by using the method of

Kikuchi and Kanamori [1991]. As discussed, the large size of this earthquake requires faulting over a substantial
depth range, suggesting that faulting extend to at least ~30–35 km below the seafloor (~23–28 km below
the Moho). Figure 6 indicates that the 1990 earthquake likely faulted to the surface and is associated with the
fault scarp found at the trench axis. Two of the three other earthquakes in this region occurred in 1990 and
are aftershocks of this large earthquake (Table 2, Events 13 and 11). One small magnitude extensional

Figure 4. (top) Relocated GCMT earthquake locations in mapview. Lower
hemisphere stereographic projections for earthquakes are shown with
compressional quadrants (in black) and dilatational quadrants (in white).
Event numbers next to each focal mechanism correspond to Tables 2 and 4.
The red arrow shows the angle and rate of Pacific plate convergence relative
to the fore arc as determined by Kato et al. [2003]. High-resolution bathy-
metry data are from Gardner [2010]. The bathymetry scale is the same as in
Figure 1. Inset shows the tectonic setting of the Mariana Islands. Bathymetry
contours are shown by thin black lines. The trench axis is shown in blue;
back-arc spreading center is in red; transform is in green. (bottom) Trench-
perpendicular cross sectionwith the location of the subduction trench at 0km;
negative distances indicate the distance landward (or west of the trench) and
positive distances indicate seaward distances (or east of the trench). Thick
black lines show the bathymetry along (17.25°N, 147.3577°E) to (17.2752°N,
148.9311°E). Thick red lines show depth to the Moho used in our waveform
inversion. Black squares show the depth to the plate interface at ~17°N from
Oakley et al. [2008]; red squares indicate the continuation of the Moho land-
ward from the trench. Focal mechanisms for the region are rotated 90° into
cross section. Dilatational quadrants are indicated by white while compres-
sional quadrants are indicated by red. The event numbers next to each focal
mechanism correspond to Tables 2 and 4. Vertical exaggeration (VE) is 1.5.
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earthquake occurred during 2001
within the Pacific plate beneath the
fore arc (Table 2, Event 12). The studied
earthquakes in this region, located
between 25 km landward (west) of the
trench axis and 30 km seaward (east)
of the trench axis, have depths ranging
from 8 to 18 km beneath the top of the
slab, down to a maximum depth of
~11 km below the Moho.
4.1.2. Southern Mariana
In comparison to Central Mariana,
SouthernMariana has had fewmoderate
to large extensional earthquakes
(Figure 7). The extensional GCMT
earthquakes large enough to be
inverted are located near the southern
Mariana Trench axis at depths of 12 km
or less within the Pacific plate (Table 2,
Events 5 and 6), and onemoderate-sized
compressional earthquake with a strike
subparallel to the strike of the trench axis
was located slightly north along the
trench. The best fitting depth for this
event is 34 km beneath the top of the
Pacific plate (Table 2, Event 9). The
orientations for these extensional and
compressional earthquakes are
consistent with what is expected given
Pacific plate bending at the subduction
trench. The locations of the earthquakes
range from 20 km landward of the
trench to 20 km seaward of the trench. A
number of compressional and strike-slip
earthquakes oriented at angles that are
oblique to the strike of the trench axis
were located at >150 km distance from
the trench. The GCMT earthquakes for
which we determine new depths in this
location range in magnitude Mw
(5.5–6.3) and in depth (5–34 km).

4.2. Flexure Models

The best fitting model for the bathymetric profile extending seaward of the trench axis at Southern Mariana
indicates large amounts of plate flexure and regional compressive stresses (Figure 8). According to this result,
the greatest amount of compression occurs within ~100km of the trench axis at ~30–40 km beneath the
surface of the Pacific plate. In this region, extension is predicted within 150 km distance from the trench, and at
the point of maximum bending moment, the neutral plane is predicted to be ~20 km beneath the top of the
plate, with brittle extensional faulting occurring down to ~15 km (Figure 9). The stress distribution predicted by
this lowest misfit model matches the best with seismic constraints, in comparison to other low-misfit solutions,
given the shallow extensional event and the compressional outer rise event at 34 km near the trench axis
(Table 2, Event 9 and Figure S20).

At Central Mariana (17–18°N), the flexure model which best fits the Pacific plate bathymetry seaward of the
trench axis predicts small horizontal compressional stresses and a small region of shallow extensional stresses

Figure 5. (top) Relocated GCMT earthquake locations in map view. Lower
hemisphere stereographic projections are shown with compressional
quadrants (in black) and dilatational quadrants (in white). Event numbers
next to each focal mechanism correspond to Tables 2 and 4. The red arrow
shows the angle of convergence of the Pacific plate relative to theMariana
fore arc as determined by Kato et al. [2003]. High-resolution bathymetry
data are fromGardner [2010]. The bathymetry scale is the same as in Figure 1.
(inset) Bathymetry contours are shown as thin black lines. The trench axis is in
blue; back-arc spreading center is in red; transform faults are in green.
(bottom) Trench-perpendicular cross section with the location of the
trench axis at 0 km; negative numbers indicate the distance landward and
positive values indicate seaward distances. Thick black lines show the
bathymetry along (15.2236°N, 147.0582°E) to (14.9072°N, 148.5767°E).
Thick red lines show depth to the Moho used in our waveform inversion.
Black squares show the depth to the plate interface at ~17°N fromOakley et al.
[2008]; red squares indicate the continuation of the Moho landward from the
trench. Focal mechanisms for the region are rotated 90° into cross section.
Dilatational quadrants are indicated by white while compressional quadrants
are indicated by red. The event numbers next to each focal mechanism
correspond to Tables 2 and 4. Vertical exaggeration (VE) is 1.5.
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extending outward ~200 km from the trench axis (Figures 8 and 10). The predicted maximum extensional
stresses within this region for the model are notably small, with a neutral plane depth of ~25 km at the point of
maximumplate bending. Thismodel predicts that brittle extensional faulting would cease at a depth of ~18km.
However, the centroid depth of the large 1990 extensional earthquake in our data set was 18 km, indicating that
brittle extensional faulting extends to greater depths. Results from Oakley et al. [2008] using MCS reflection in
this region show that the surface of the Pacific plate changes abruptly at the trench from 1–2° east of the trench
to 7–8° west of the trench. When the profile of the Central Mariana Pacific plate is extended to include the
shallowest portion of the plate interface already subducted beneath the toe of the Mariana fore arc, the best
fitting flexure model is significantly different and predicts large extensional forces throughout the entire length
of the plate (Figure 10). The predicted neutral plane for this model is ~38 km and brittle faulting is predicted to
continue down to 30 km into the plate. However, none of the flexure models produced are able to match the
kink in the Pacific plate bathymetry/shallow plate interface as observed by Oakley et al. [2008] (Figure 10).

Figure 6. (top) Cross-sectional profile around the 5 April 1990 outer rise earthquake; vertical exaggeration (VE) = 4 along
(15.4°N, 147.4°E) to (15.2°N, 148°E). Bathymetry is shown as thick black lines, estimated continuation of surface faults for
dip measured from bathymetry (~15–20°) (gray dashed line) and for steeper-dipping faults (~35°) (black dashed line).
(bottom) Same as above with vertical exaggeration (VE) = 0.25. Thick black lines indicate bathymetry; thick red line
shows depth to Moho assumed by our waveform inversion technique. Black squares indicate depth to plate interface
~17°N as determined by Oakley et al. [2008]; red squares show continuation of the Moho landward from the trench. Focal
mechanisms for the 5 April 1990 and 6 April 1990 earthquakes (Events 10 and 14, Table 4) are rotated 90° into cross
section. Emry et al. [2011] compared local and teleseismic earthquake locations near the Mariana trench and found
teleseismic locations shifted westward, so we applied a similar shift here to reduce the effects of global structure bias.
Focal mechanisms at original relocation position are further west on the diagram; dilatational quadrants are indicated by
white, and compressional quadrants are shown in maroon. Focal mechanisms with corrected positions are further east
on diagram; dilatational quadrants are indicated by white, and compressional quadrants are indicated by red. Shallow-
dipping faults are shown as dashed gray lines and steeper-dipping faults are shown as black dashed lines.
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5. Discussion
5.1. Depth and Model Uncertainties

Our estimates of earthquake depth
from waveform inversions are subject
to our assumed seismic velocity
structure near the earthquake source
and the fit of synthetic waveforms to
the data. To estimate the velocity
structure, we used recent results from
active-source seismic experiments
throughout Mariana and Izu-Bonin
(Table 2) [Takahashi et al., 2007; Oakley
et al., 2008]. To estimate the depth
uncertainty due to waveform misfit,
we calculate “errors” as the difference
in depth between the best fitting
solution and those solutions with
misfits 5% greater than the best
(Table 2). Misfit contour plots for all
earthquakes are provided in Figure 3
and the supporting information
(Figures S1–S19). A more thorough
discussion of depth uncertainties due
to assumed velocity model and due to
waveform misfit is given in the
supporting information (Text S1).

The results of plate flexure models are
nonunique; different combinations of
external forces and bending moment in
some instances produce similar
theoretical profiles for the top of the
plate (Figure S20). For both Southern
and Northern Mariana, the greatest
trade-off in modeled parameters
occurred between the horizontal
(regional) force and plate-bending
moment. In addition to issues of
nonuniqueness, uncertainty results from
assumed model parameters, such as the
material properties, rheological laws, and

geotherms. A discussion of our assumptions is given in the supporting information (Text S2), and assumedmodel
parameters are listed in Table S1.

5.2. Stress Distribution Within the Pacific Oceanic Plate at the Mariana Trench

The Pacific Plate at Central Mariana (15–18°N) has had many, recent, normal-faulting earthquakes. In this
region, Oakley et al. [2008] observe that the incoming seafloor fabric is nearly parallel to the strike of the
trench axis; south of ~16.5°N, preexiting faults are reactivated, but between ~16.5 and 18°N, new faults and
reactivated faults exist together. The large 5 April 1990 Mw 7.5 extensional earthquake was located almost
directly beneath the trench at significant depth within the mantle in this region [Zhang and Lay, 1992;
Yoshida et al., 1992] and is evidence that a large amount of extension is present within this section of the
Pacific plate. In our models of plate flexure, if we include the plate interface landward of the trench axis, the
best fitting boundary forces acting on the subducting slab favor extensional horizontal and downward
vertical forces. Similar results were found by Garcia-Castellanos et al. [2000] for the Pacific plate at the

Figure 7. (top) Relocated GCMT earthquake locations from the Southern
Mariana Trench in map view. Lower hemisphere stereographic projections
for earthquakes have compressional quadrants (in black) and dilatational
quadrants (in white). Event numbers next to focal mechanism correspond to
Tables 2 and 4. Red arrow shows the angle and rate of Pacific plate conver-
gence relative to the fore arc from Kato et al. [2003]. High-resolution
bathymetry data are courtesy of F. Martinez. The bathymetry scale is the
same as in Figure 1. Inset shows the tectonic setting of the Mariana Islands.
Bathymetry contours are thin black lines. The subduction trench shown as a
blue line; back-arc spreading center, red; transform boundary, green.
(bottom) Trench-perpendicular cross section with the location of the
subduction trench at 0 km; negative distances indicate the distance land-
ward (or northwest of the trench) and positive distances indicate seaward
distances (or southeast of the trench). Thick black lines show the bathymetry
along (12.4708°N, 144.7513°E) to (11.1262°N, 145.4304°E). Thick red lines
show depth to the Moho used in our waveform inversion. Black squares
show the depth to the plate interface at ~17°N from Oakley et al. [2008]; red
squares indicate the continuation of the Moho landward from the trench.
Focal mechanisms for the region are rotated 90° into cross section.
Dilatational quadrants are indicated by white while compressional
quadrants are indicated by red. The event numbers next to each focal
mechanism correspond to Tables 2 and 4. Vertical exaggeration (VE) is 1.5.
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Tonga-Kermadec subduction zone, and
they interpret this tension within the
Pacific plate outer rise to be indicative of
strong slab pull forces. Given the nearly
vertically dipping slab at Central Mariana
[Stern et al., 2003], strong slab pull forces
have been proposed by Uyeda and
Kanamori [1979] to explain the apparently
decoupled plate interface of the Mariana
subduction zone.

In this region, none of our modeled plate
profiles are able to match the abrupt kink
in the plate as observed by Oakley et al.
[2008]. Oakley et al. [2008] interpret this
abrupt change in the slope of the plate as
an indication that it is faulted completely
through. If the plate were faulted through
as has been discussed for several other
subduction zones [Kanamori, 1971; Abe,
1972; Kanamori, 1972; Fitch et al., 1981;
Lynnes and Lay, 1988; Kao and Chen, 1996],
then it cannot have a strong elastic core,
which is an assumption made by our plate
flexure models. The predominance of
intermediate and large extensional

earthquakes in this region and the indications for failure of the incoming plate appears consistent with the
interpretation that the plate interface in Central Mariana is decoupled or weakly coupled [Uyeda and
Kanamori, 1979]. This interpretation fits with recent studies that find evidence for loss of elasticity within
the incoming plate at other subduction zone trenches [Billen and Gurnis, 2005; Arredondo and Billen, 2012].

In contrast, both extensional and compressional earthquakes are located within the outer rise at southern
Mariana. The existence of compressional outer rise earthquakes was suggested by Christensen and Ruff
[1988] to indicate strong coupling along the shallow subduction plate interface. The island of Guam in fact
does have historical indications of strong shaking, although it is not necessarily true that the sources of
shaking were large plate interface earthquakes [Maso, 1910; Soloviev and Go, 1974; Emry et al., 2011]. The
three Mw> 7.0 earthquakes that occurred near Guam in 1993, 2001, and 2002 were initially thought to
have occurred along the subduction plate interface (Global CMT catalog) [Dziewonski et al., 1981; Scholz
and Campos, 1995; Campos et al., 1996]; however, others have proposed a source within the subducting
slab [Tanioka et al., 1995; Harada and Ishibashi, 2008]. Scholz and Campos [1995] proposed that the
Southern Mariana plate interface is more strongly coupled than the Central plate interface. Another
interpretation to explain the large compressional forces at the trench predicted by flexure models is
combined ridge push and mantle drag forces, in contrast to the results from Garcia-Castellanos et al. [2000]
for the Tonga subduction zone. Questions remain as to whether compressional outer rise earthquakes
always indicate strong plate interface coupling; however, based on the agreement between the deep
compressional earthquake in our data set and our best fitting flexure models that predict a strongly
bending Pacific plate undergoing regional compression, we propose that the Southern Mariana plate
interface is more strongly coupled than the Central plate interface and therefore has greater seismic
potential in agreement with Scholz and Campos [1995].

5.3. Water Inputs at the Mariana Subduction Zone

The depth of extensional and compressional earthquakes combined with models of plate flexure suggests
that the maximum depth of extension varies along the length of the Mariana subduction zone. If we
assume that faults at depth are connected to fault scarps at the surface (Figures 6, S21–S26, and Text S3)
and that extensional earthquakes mark the lower depth to which water can percolate into the bending
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plate as was assumed by Ranero et al.
[2003] and Lefeldt et al. [2009], then we
expect that regions of the Pacific plate
with deeper outer rise extension are more
pervasively serpentinized (Figure 11).

Van Keken et al. [2011] suggest that the
Mariana subduction zone does not subduct
a significant amount of water beyond the
mantle wedge (deeper than ~250 km),
meaning that the majority of water stored
within the downgoing plate should be
released within the shallow portion of the
mantle wedge and beneath the arc. Greater
amounts of hydration within the downgoing
plate mantle will have a greater effect on
the amount of water carried deeper into the
subduction zone to depths beyond the
volcanic arc [Hacker, 2008; Van Keken et al.,
2011]. At the Mariana island arc, subaerial arc
volcanoes are located only in North Central
Mariana (~16–20°N), inboard of the region of
greatest extension within the incoming
Pacific plate; among these arc volcanoes,
there is no clear along-strike trend in amount
of water output [Kelley et al., 2006; Shaw et al.,
2008; Kelley et al., 2010; Parman et al., 2011].
Back-arc basin basalts from Southern
Mariana have higher concentrations of water
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in comparison to the Central Mariana
trough and are separated from the
volcanic arc by much shorter distances
[Fryer et al., 1998; Martinez et al., 2000;
Taylor and Martinez, 2003, and references
therein]; however, no direct comparison of
along arc changes in total subduction
zone water output has been attempted.
Furthermore, obtaining reliable estimates
of water concentrations from subduction
zone volcanoes that are representative of
upper mantle materials continues to be
problematic [Plank et al., 2013; Bucholz
et al., 2013].

Flux of water from the downgoing plate
is dependent upon many factors, such
as initial extent of slab mantle hydration
[e.g., Rüpke et al., 2004; Van Keken et al.,

2011], rate of slab subduction and changes in slab mineral assemblages with increasing depth [Ulmer and
Trommsdorf, 1995; Rüpke et al., 2004; Hacker, 2008], and degree of localized hydration along faults [Wada et al.,
2012]. The amount of water carried deeper into the mantle depends critically on the depth and amount of
hydration of the subducting oceanic mantle, since most of the water trapped in the sediments and shallow
crust is released at shallow depth. Most models calculating global subduction zone water flux assume a
homogeneous layer of serpentinized mantle within the subducting slab [Schmidt and Poli, 1998; Jarrard, 2003;
Rüpke et al., 2004; Hacker, 2008; Van Keken et al., 2011], although the actual patterns of hydration are likely
heterogeneous and dependent upon the tectonic setting and state of the incoming plate [Ranero et al., 2005;
Van Avendonk et al., 2011]. Our results indicate along-strike changes in maximum depth of extensional
earthquakes from greater than 11 km within the mantle at Central Mariana to 5 km in Southern Mariana.
Despite the changes along strike, the maximum depth of extensional earthquakes within the incoming plate at
Southern and Central Mariana is deeper than the ~2–4 km depth of hydration assumed in recent models
[Hacker, 2008; Van Keken et al., 2011], suggesting that greater hydration is possible along the entire arc.

If we assume that depth of extension in the outer rise reflects depth of mantle serpentinization, our results
suggest that at least the upper 11 km of the slab mantle at Central Mariana is hydrated and the top 5 km of
slab mantle is hydrated at Southern Mariana. For the 500 km of the Mariana subduction zone corresponding
to the region from ~15 to 20°N, Van Keken et al. [2011] estimate 21.2 Tg/Myr/m or 10.6E6 Tg/Myr for partial
serpentinization to 2 km (2 wt % H2O) and 44.2 Tg/Myr/m (22E6 Tg/Myr) for full serpentinization. Along the
Nicaragua margin, Van Avendonk et al. [2011] find evidence for up to ~20–30% serpentinized corresponding
to 3–4 wt % H2O at ~5–10 km within the incoming plate mantle. If we assume the partially serpentinized
(2 wt % H2O) scenario from Van Keken et al. [2011] to the depth of our deepest extensional earthquake
(11 km in the incoming plate mantle), then the amount of water input into the Mariana subduction zone
through mantle serpentinization would be 51 Tg/Myr/m, which is ~2.5 times greater than the partially
serpentinized scenario from Van Keken et al. [2011]. If the incoming plate mantle holds as much water
(~3.5 wt % H2O) as found at Nicaragua [Van Avendonk et al., 2011], then the total amount of serpentinized
mantle water contribution is 78 Tg/Myr/m, or almost 4 times larger than the partially serpentinized scenario
from Van Keken et al. [2011] and 1.75 times larger than their fully serpentinized scenario.

In order to establish a range of slab mantle hydration, given the results from outer rise seismicity, we show
several scenarios for water input into the Mariana subduction zone via incoming plate mantle serpentinites
(Table 5). Most of the scenarios outlined in Table 5 give a total of ~15–30� 106 Tg/Myr of water inputted into the
South Central Mariana subduction zone, more like the fully serpentinized scenario from Van Keken et al. [2011].
There is inherently some uncertainty with estimating the amount of incoming plate mantle hydration based on
earthquake depths; however, our results from seismicity provide better constraints on this than were previously
available and further illustrates the significant effect that the depth and lateral distribution of mantle
serpentinites has on estimates of subduction zone water inputs.
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6. Conclusion

Our relative relocations and refined depths of outer rise and outer trench wall earthquakes of moderate to
large magnitude occurring during 1990–2011 at the Mariana subduction trench indicate that the Pacific plate
undergoes more extensional faulting in the central section of the subduction zone. The observed maximum
centroid depth of extensional earthquakes in Central Mariana is 11 km below the Moho. In this region, it is
suspected that extensional brittle faulting may extend through the entire thickness of the plate, resulting in a
loss of elastic strength, weaker plate interface coupling between the downgoing and overriding plate,
existence of large outer rise extensional earthquakes, and likely deeper outer rise mantle serpentinization. In
Southern Mariana, fewer moderate to large magnitude extensional earthquakes occur, and the maximum
depth for extensional earthquakes near the Southern Mariana trench is ~5 km into the mantle. In addition, a
compressional earthquake in this region is located 34 km below the seafloor, suggesting that the neutral
plane is elevated and brittle faulting extends into the compressional field. The best fitting models
corresponding to the bathymetric profile at Southern Mariana suggest that the plate is undergoing
significant regional compression; this coincides well with our extensional and compressional earthquake
locations and depths. We interpret these observations to be indicative of a more strongly coupled plate
interface in Southern Mariana. Although the relationship between the plate interface seismic cycle and
amount of water infiltrating into the bending plate is not well understood, based on the contrast between the
two regions, we suggest that the Pacific plate is hydrated to greater depth in the central section of themargin
than in Southern Mariana. Furthermore, we propose that the overall amount of hydration within the Mariana
subduction zone is likely greater than that assumed by recent models of subduction zone water fluxes due to
a larger thickness of the hydrated layer in the mantle.
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