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Abstract Seismic imaging provides an opportunity to constrain mantle wedge processes associated with
subduction, volatile transport, arc volcanism, and back-arc spreading. We investigate the seismic velocity
structure of the upper mantle across the Central Mariana subduction system using data from the 2003–
2004 Mariana Subduction Factory Imaging Experiment, an 11 month deployment consisting of 20 broad-
band seismic stations installed on islands and 58 semibroadband ocean bottom seismographs. We deter-
mine the three-dimensional VP and VP/VS structure using over 25,000 local and over 2000 teleseismic arrival
times. The mantle wedge is characterized by slow velocity and high VP/VS beneath the fore arc, an inclined
zone of slow velocity underlying the volcanic front, and a strong region of slow velocity beneath the back-
arc spreading center. The slow velocities are strongest at depths of 20–30 km in the fore arc, 60–70 km
beneath the volcanic arc, and 20–30 km beneath the spreading center. The fore-arc slow velocity anomalies
occur beneath Big Blue seamount and are interpreted as resulting from mantle serpentinization. The depths
of the maximum velocity anomalies beneath the arc and back arc are nearly identical to previous estimates
of the final equilibrium depths of mantle melts from thermobarometry, strongly indicating that the low-
velocity zones delineate regions of melt production in the mantle. The arc and back-arc melt production
regions are well separated at shallow depths, but may be connected at depths greater than 80 km.

1. Introduction

The mantle wedge portion of subduction zones, including the fore arc, volcanic arc, and associated back-arc
spreading center, is a key component of Earth’s geological system and vital for understanding the processes
that control the dynamic evolution of the mantle. These processes include arc magmatism, the hydration of
the upper mantle by volatiles from the slab, and the formation of new oceanic lithosphere at back-arc
spreading centers. Many questions remain regarding the physical processes in the mantle wedge including
the mechanics and spatial extent of melt production and transport, the distribution of volatiles given off by
the slab, and the temperature structure of the mantle wedge.

Seismic velocity observations provide important constraints on the structure and dynamics of the mantle
wedge. Body wave travel time tomography is considered one of the best tools available to reveal three-
dimensional variations in seismic velocity. Many researchers have used body wave tomography to investi-
gate the 3-D velocity structure beneath subduction zones and volcanic arcs (see reviews by Zhao [2001],
Wiens and Smith [2003], and Wiens et al. [2008]). The Mariana subduction system is a classic example of an
intraoceanic subduction zone and an ideal location for evaluating subduction zone processes due to the
lack of continental influence on sedimentation and magmatism. In addition, it was a focus site for the MAR-
GINS research programs of the U.S. and Japan, and thus many geochemical and petrological aspects are
well characterized [e.g., Stern et al., 2003; Wade et al., 2005; Kelley et al., 2006, 2010; Tatsumi et al., 2008;
Shaw et al., 2008; Parman et al., 2011]. Furthermore, the presence of an active back-arc spreading center
allows imaging of spreading center mantle processes.

In this study, we determine the three-dimensional VP and VP/VS seismic velocity structure of the Mariana
mantle wedge using a combination of local and teleseismic travel times recorded by a temporary array of
land and ocean bottom seismographs. We then discuss the spatial distribution and magnitude of VP and VS
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anomalies as well as previously determined seismic attenuation anomalies in terms of the thermal structure,
hydration, and partial melt distribution within the mantle wedge. We combine our analyses with previously
published petrological constraints to show that the slow velocity anomalies beneath the volcanic arc and
back-arc spreading center likely delineate the region of melt production in the mantle.

2. Background

2.1. Regional Setting
The Mariana subduction zone occurs where the Jurassic-age Pacific plate subducts into the mantle beneath
the Mariana island arc. The subduction system consists of a highly faulted fore arc including actively venting
serpentinite seamounts [Fryer et al., 1985, 1999], a remnant island arc including the islands of Saipan and
Guam, an active volcanic arc, and a back-arc spreading center (for a comprehensive review, see Stern et al.
[2003] and references therein). The convergence direction at the trench is oblique with a direction of
N80�W and a rate of 4.5 cm/yr in the region of this study, and the full spreading rate along the back-arc
spreading center between the Philippine Sea plate and the Mariana arc is about 2.5 cm/yr at 18�N [Kato
et al., 2003]. This rate is consistent with the morphology of the ridge, which is similar to other slow spread-
ing centers around the world. The Mariana arc is not experiencing eastward trench roll-back, but rather is
moving slightly westward relative to a hot spot reference frame within an extensional stress regime main-
tained by rapid Philippine-Eurasia plate convergence [Stern et al., 2003; Schellart et al., 2007]. The subducted
slab, with an age of approximately 180 Ma, becomes nearly vertical below depths of about 250 km and
appears to penetrate the 660 km discontinuity [van der Hilst et al., 1991]. A double seismic zone is imaged
within the slab at depths up to 200 km with a separation of approximately 30 km [Shiobara et al., 2010].

The history of volcanic output and back-arc spreading in the Mariana system has been well sampled by a
number of different geochemical studies. Back-arc basin basalts from the Mariana trough show a water con-
centration in the mantle source rock which is considerably higher than the normal range of mid-ocean ridge
basalts, showing that water from the subducted slab plays a role in back-arc melt generation [Stolper and New-
man, 1994; Kelley et al., 2006]. Compositions of the arc and back-arc lavas in the Marianas both show a subduc-
tion component due to incorporation of volatiles and fluids extracted from the subducted slab [Pearce et al.,
2005]. Fluids from the slab that interact with the back-arc basin source are more equilibrated with astheno-
spheric mantle than those delivered to the arc source [Pearce and Stern, 2006]. Constraints on spatial pattern
of melt production and volatile transport provided by tomographic analysis can help to understand these
geochemical observations and the dynamics of the arc and back-arc magmatic systems.

2.2. Previous Seismic Studies
Large-scale body wave [van der Hilst et al., 1991; Gorbatov and Kennett, 2003; Miller et al., 2004; Jaxybulatov
et al., 2013] and surface wave [Lebedev and Nolet, 2003; Isse et al., 2009] studies show slow velocities in the
Mariana mantle wedge; however, these studies rely on sparse station coverage scattered throughout the
western Pacific and do not have sufficient resolution to reveal the fine-scale structure necessary for under-
standing wedge processes. Shiobara et al. [2010] use nine ocean bottom seismometers to determine the P
velocity structure. However, our study is able to obtain much greater resolution and detail in this study
using data from the 70 stations deployed for the Mariana broadband seismic experiment.

A long seismic refraction line extending from the Mariana fore arc across the West Mariana Ridge at around
17�N shows arc and fore-arc Pn velocities of 7.7 km/s and Mariana trough Pn velocities of 7.8–8.0 km/s [Taka-
hashi et al., 2007, 2008]. Analysis of a 2-D wide-angle survey in the region surrounding the volcanic arc sug-
gests maximum crustal thicknesses of 20–23 km beneath the frontal arc high and Pn velocities of 7.5–
7.8 km/s [Calvert et al., 2008]. A passive magnetotelluric survey using ocean bottom electro-magnetometers
(OBEM) across the Mariana system in the same region imaged by this study reveals a vertical column of
high conductivity beneath the volcanic arc to depths as shallow as 60 km [Matsuno et al., 2010]. However,
low conductivity was found to depths of around 100 km beneath the back-arc spreading center, providing
no signature of melt production [Matsuno et al., 2010, 2012].

Previous results from this seismograph deployment show many interesting features related to mantle
wedge processes. Rayleigh wave phase velocities indicate shear velocities as low as 3.9 km/s at depths of
about 60 km with some degree of asymmetry along the arc and back arc as well as shear velocities as low
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as 3.6 km/s at depths of less than 40 km in the fore arc [Pyle et al., 2010]. Body wave attenuation tomogra-
phy [Pozgay et al., 2009] shows a �75 km wide columnar-shaped high-attenuation anomaly (QP � 43–60)
beneath the spreading center that extends to �100 km depth. A separate weaker high-attenuation region
(QP � 56–70) occurs beneath the volcanic arc, and the two anomalies are connected at depths of 75–
125 km. High attenuation also occurs beneath serpentinite seamounts in the outer fore-arc region. Shear
wave splitting measurements along the Mariana arc show a complex pattern of mantle flow. The results can
be summarized as along-strike fast directions in the fore arc and arc with fast directions rotating to conver-
gence parallel near the back-arc spreading center [Pozgay et al., 2007]. P wave receiver functions image sub-
ducting oceanic crust at depths of 75–110 km indicating the basalt to eclogite phase transition must occur
at a greater depth. They also image a low-velocity zone in the fore-arc mantle at a depth of �40–55 km
with S wave velocity as low as 3.6 km/s that represents widespread serpentinization of the mantle fore arc
[Tibi et al., 2008].

3. Data

We use data from the 2003–2004 Mariana Subduction Factory Imaging Experiment. This 11 month experi-
ment consisted of 20 broadband seismic stations deployed on the Mariana Islands and 58 semibroadband
ocean bottom seismographs (OBS) deployed across the fore arc, island arc, and back-arc spreading center
(Figure 1). The land stations used STS-2 and Guralp CMG-40T sensors and were installed by a team of scien-
tists from Washington University. Fifty OBSs used three-component Mark Products L4 sensors with 1 Hz nat-
ural period and modified amplifiers to extend long-period performance [Webb et al., 2001]. These OBSs
were operated by the OBS instrument facility at Lamont Doherty Earth Observatory. Another eight OBSs
equipped with precision measuring devices semibroadband sensors were developed at the University of
Tokyo [Shiobara and Kanazawa, 2008]. Of the 58 OBSs deployed, eight were not recovered and an addi-
tional 29 stopped recording data after 50 days due to faulty firmware (Figure 1). However, we were able to
recover some arrival time data from a total of 70 stations. A list of station locations is given in Pozgay et al.
[2007].

We determine the velocity structure by inverting a P and S wave arrival time data set consisting of both
travel times from local subduction zone earthquakes and arrival times from incoming teleseismic events
recorded by the array. The local travel time data set was compiled by manually picking the first P or S arrival
at each station. We used the Antelope software package to detect phases, determine arrival times, and asso-
ciate consistent picks to generate an initial earthquake location. Each event was then reviewed by a seis-
mologist, and the arrival time picks were adjusted, many picks missed by the automatic procedure were
added, and the event was relocated using the GENLOC earthquake location program [Pavlis et al., 2004].
Where possible, arrivals were picked on the unfiltered data, but the data were generally filtered with an
appropriate band-pass filter. P arrivals in the arc and fore arc were typically best observed with a 0.25–
0.125 s band-pass filter whereas P arrivals in the higher attenuation back arc were best viewed with a 0.66–
0.25 s band-pass filter. S arrivals in the back arc were generally picked using a 2–0.66 s band-pass filter due
to their high attenuation. Each arrival was also assigned a standard deviation typically ranging from 0.1 to
0.5 s based on the quality of the pick, and the standard deviation is used in weighting the data for the inver-
sion. The local raypaths are entirely contained within the geographic region defined for tomographic inver-
sion (Figure 2).

We determined the teleseismic travel times using an adaptive stacking technique [Rawlinson and Kennett,
2004]. First, the instrument response was deconvolved to velocity for each trace to maintain coherency
between waveforms since we use a variety of different types of instruments. Then we determined a pre-
dicted arrival time based on the AK135 velocity model [Kennett et al., 1995] to achieve an approximate
alignment of traces, which are then stacked to form a reference trace. The reference trace was then com-
pared to each station trace and an improvement in alignment was determined based on an L3 measure of
misfit. The time shift required for improved alignment allowed us to calculate the residuals relative to the
starting model. We found this technique to be a significant improvement over standard cross-correlation
techniques [Van Decar and Crosson, 1990] because it performs better in the different noise environments
presented in this study between the land and OBS station locations. A standard deviation was assigned to
each teleseismic arrival based on the uncertainty of the estimated residual and ranges from 0.025 to 0.15 s.
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Teleseismic P wave data were filtered with a band-pass filter ranging from 3.3 to 1.25 s whereas teleseismic
S data were filtered with a band-pass filter ranging from 25 to 4 s. Our choice of data filters and alignment
window parameters allowed us to effectively remove the P wave water reverberations recorded at OBS sta-
tions from the alignment to avoid bias in the travel time data set (Figure 3) [Blackman et al., 1995].

For our tomographic analysis, we use a total of �850 local events, yielding about 15,000 local P wave arriv-
als and about 10,000 S wave arrivals. Each event is required to have a minimum of 20 total arrivals to
ensure it is well located. We use an additional 58 teleseismic events recorded by the array including
roughly 1500 P wave arrivals and 260 S wave arrivals. These teleseismic raypaths provide information
about portions of the model space where local raypaths are not present. They also greatly improve ray
coverage in the back arc where local arrivals are less frequently observed due to high attenuation in the
wedge and the inherent asymmetry of the earthquake distribution. Each teleseismic event is required to
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Figure 1. Station configuration and the seafloor bathymetry of the Mariana Arc. Locations of broadband land seismic stations are plotted
as blue squares, and long-period ocean bottom seismographs (OBS) are plotted as triangles. OBSs that operated throughout the observa-
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have observations at a minimum of eight stations. The distribution of teleseismic earthquakes used for this
study is shown in Figure 4.

4. Methods

We reference all anomalies in this paper to a best fitting 1-D velocity model (Table 1). To solve for the aver-
age 1-D model, we invert the local arrival time data using methods similar to the full 3-D tomographic inver-
sion, but only solve for a constant velocity at each depth, with a depth increment of 25 km. To stabilize the
1-D profile, the inversion result is slightly penalized against an IASP91 velocity model [Kennett and Engdahl,
1991], and a first derivative smoothing function is also applied. Results show that average velocities in the
upper 200–300 km beneath the Mariana region are slower than the global average (Table 1), consistent
with regional surface wave results [e.g., Pyle et al., 2010].

The starting model for the full 3-D tomographic inversion consists of the best fitting 1-D velocity model for
the Mariana region with a superimposed fast velocity subducting Pacific slab (Figure 5). Previous work has
shown that the insertion of a slab in the starting model improves the ray tracing calculation and eliminates
problems with nonlinearity in which incorrect raypaths in the first iteration produce biased models. In gen-
eral, the inclusion of a slab in the first iteration results in better final models as measured by the resulting
travel time residuals [Zhao et al., 1994]. The a priori slab velocity anomaly used in our model is 90 km thick
and is 4% larger than the surrounding mantle for both VP and VS. The slab includes a gradient described by
a Gaussian function. The a priori slab anomaly is only used in the first iteration of the inversion to ensure
that the raypaths are reasonable, and tests show that the final structure is relatively insensitive to the details
and magnitude of the initial slab anomaly. The structure of the superimposed slab used in the starting
model is shown in Figure 5.

We use the LSQR least squares algorithm [Paige and Saunders, 1982] to jointly invert for the P wave velocity
and VP/VS structures. This inverse method is used because it is fast and efficient and can handle large sparse
matrices. The model parameters include P slowness and VP/VS values on a 3-D grid with nodes that are
spaced 20 km at the center of the box and 50 km along the edges, with depth spacing of 20 km in the
upper 200 km and larger depth spacing at greater depths (Figure 2). The velocity model grid extends from
latitude 16�N, just south of Anatahan, north to latitude 20�N. We account for the curvature of the Earth by
reshaping the grid of rectangular elements to a grid of trapezoidal elements and trace the rays through the
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trapezoidal mesh. Rays are traced using a two-point bending method [Um and Thurber, 1987]. We do not
invert for the velocity of the crust so we remove that portion of the raypath from the inversion and make a
correction to the observed travel times by assuming a constant 6.0 km/s velocity for the crust for P waves
and 3.5 km/s for S waves. The thickness of the crust is extrapolated from a wide-angle seismic refraction sur-
vey conducted just to the south of the main OBS deployment [Takahashi et al., 2007], assuming that crustal
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thickness is consistent along the strike of the arc. The
crust reaches a maximum thickness of 20 km beneath
the volcanic arc, a minimum thickness of about 8 km
beneath the back-arc spreading center, and an inter-
mediate thickness of 15 km in the fore arc.

We trace the teleseismic raypaths by breaking the
path into two segments: a teleseismic part outside of
the tomographic model and the local raypath inside.
We determine the complete raypath by setting up a
grid along the edges of the tomographic model. We
calculate travel times from the grid nodes to stations
inside the box using the 3-D local velocity model, and
we compute travel times outside the box using the
AK135 velocity model [Kennett et al., 1995]. Then we
use Fermat’s Principle of Least Time to determine the
entire raypath for a given teleseismic earthquake and
recording station by searching over the grid nodes to
find the two segments that minimize the total travel
time. We account for source-side velocity anomalies

and source location uncertainty by solving for a constant teleseismic travel time anomaly in the inversion
for each teleseismic event and ray type.

We choose an inversion method that simultaneously solves for VP and VP/VS ratios, and does not assume
identical P and S raypaths [Conder and Wiens, 2006]. We use the discrete form of the P wave travel time
which can be written as:

t�p5tpre
p 1

X
Dgi si (1)

where t* is the travel time, tpre is the predicted travel time through the starting model, Dg 5 2DVP/VP is the
P wave slowness perturbation to the starting model, s is the ray length portion associated with that node
determined by a weighted distribution of the six surrounding nodes for each ray segment, and i denotes
the particular node. For S waves, the travel time is (2)

t�s 5

ð
gpr � ds (2)

where r equals the VP/VS ratio at any point. We use the discrete form of the S wave travel time defined by

t�s 5tpre1
X

Dgi ri si1
X

giDri si (3)

where Dg and Dr are treated as independent model parameters that affect ts*. This equation effectively cou-
ples the VP and VP/VS inversions because the S data simultaneously affect both the g and r parameters. The
partial derivative matrix and model vector are defined as

G5
@dj

@ni

���� @dj

@ri

� �� �
(4)

and

m5 Dgijc21Dri
� �T

(5)

where dj refers to the jth datum, superscript T denotes transpose, and c is a weighting factor to account
for the disparity in magnitude between r and g. For a perfectly posed problem, the relative magnitudes of
the partial derivatives is not an issue; however, the minimum length solution and nonideal ray coverage
causes S residuals to map preferentially into g relative to r, resulting in weak calculated VP/VS anomalies
unless the weighting factor c is applied. For the tomography presented here, we setÇ equal to 20 to
account for the approximate ratio of the magnitudes of the two parameters in the upper mantle [Conder
and Wiens, 2006].

Table 1. Average 1-D Velocity Model

Depth (km) Vp (km/s) Vs (km/s)

20 7.663 4.270
40 7.684 4.283
60 7.710 4.300
80 7.738 4.319
100 7.767 4.339
120 7.807 4.358
140 7.875 4.376
160 7.949 4.391
180 8.020 4.402
200 8.091 4.417
225 8.194 4.461
250 8.330 4.529
275 8.456 4.591
325 8.720 4.722
375 8.903 4.809
425 9.410 5.112
475 9.578 5.218
525 9.746 5.324
575 9.914 5.430
625 10.082 5.536
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For the least squares inverse problem, the existence of outliers can have a strong adverse effect on the
results so it is desirable to eliminate these data from the inversion. However, in a region of large-velocity
anomalies high-quality travel times may have large residuals, so eliminating such observations can bias the
structure toward small-velocity anomalies. Therefore, instead of implementing a residual cutoff, we adjust
all data weights by a factor, w, determined by

w5 11lexp
d2

2r2

� �� �21

(6)

where d is the residual of the datum to the starting model (or previous iteration), l is 0.005, and r is 1 for
local P waves,

ffiffiffi
2
p

for local S waves, and 1=
ffiffiffi
2
p

for teleseismic data [Conder and Wiens, 2006]. By using this
technique, outliers will have a minimal effect on the results, but with additional iterations, the residuals of
high-quality data will improve and carry more weight in the inversion.

Smoothing constraints are also included to help stabilize the inversion. Smoothing constraints are placed
directly into the partial derivative matrix before inverting for tomographic structure. We use a second deriv-
ative constraint that depends only on the surrounding nodes [Menke, 1984]. We repeated the tomographic
inversion many times using different values of smoothing and compared the results. We seek a balance
between the reduction of travel time residuals and the smoothness of the velocity model obtained. A value
of 65 is chosen as the best value for our data set and model parameterization. The S wave structure is more
poorly determined than the P wave structure due to fewer arrival times, particularly in the back arc, so
approximately 5 times greater smoothness weighting is necessary for the VP/VS structure than for P wave
structure.

Since both the raypaths and the hypocenters are a function of the velocity structure, the earthquakes are
relocated and the raypaths recalculated between each iteration using the updated 3-D velocity structure.
We start by relocating each of the hypocenters using the 1-D Mariana velocity structure including the high-
velocity slab. Then the rays are traced through this same structure using the relocated hypocenters. The
structure is then solved for using the tomographic inversion, and the hypocenters and raypaths are
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recalculated using the updated velocity structure. This iteration process continues until further iterations do
not significantly decrease the variance. We find that five iterations of the above procedure are sufficient to
produce a model with no significant further decrease in variance.

We relocate hypocenters prior to each tomographic iteration using a weighted least squares technique
[Wright and Holt, 1986]. We use both local travel times recorded by this study and outgoing teleseismic
travel times reported by the USGS Preliminary Determination of Epicenters (PDE) catalog as data for hypo-
center relocation. The PDE travel times provide valuable depth constraints for the hypocenter relocations,
but are only available for the largest events. Teleseismic travel time derivatives are found using the AK135
velocity model [Kennett et al., 1995], whereas local travel time derivatives are computed using successively
updated tomographic velocity models. Data weights are the same as those used for tomographic inversion
described above.

We compute checkerboard tests with various cell sizes to assess the ability of our method to recover differ-
ent portions of the model space. Synthetic travel times are computed through a checkerboard velocity
model with various wavelengths. P wave velocities are perturbed between 20.5 and 0.5 km/s from the ini-
tial 1-D starting model, and VP/VS ratios are perturbed between 20.15 and 0.15 from the initial ratios with
positive VP/VS anomalies corresponding to cells with negative P wave anomalies. After the synthetic travel
time data set is calculated, travel times are inverted using the same parameters as the actual inversions. We
find that a cell size of 80 km shows good recovery of both VP and VP/VS anomalies within the triangular
region between the fore-arc and the back-arc spreading center down to about 200 km depth (Figure 6). VP/
VS anomalies (and thus Vs structure) are poorly recovered with 60 km cell size beyond the back-arc spread-
ing center due to the much reduced raypath coverage, indicating reduced S wave velocity structure resolu-
tion there.
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5. Results

5.1. Teleseismic Tomography
We first present the results of an inversion using only the P and S wave teleseismic travel time data. These
results are useful for comparison to regions where only teleseismic travel time data are available such as
midplate regions and mid-ocean ridges [e.g., Forsyth et al., 1998; Hammond and Toomey, 2003]. Figure 7
shows a broad region of slow P wave velocities within the mantle wedge centered under the back-arc
spreading center and extending beneath the volcanic arc and into the fore arc. The slow anomalies are con-
centrated in the upper 150 km of the mantle with a maximum occurring at a depth of about 40 km,
although the depth resolution is poor. The S structure is not as well constrained due to the sparse teleseis-
mic S arrival times, particularly in the back arc where S arrivals were often not visible due to high attenua-
tion. While these images are useful for determining the bulk characteristics of the mantle wedge, they are
deficient in the fine-scale structure necessary for constraining mantle wedge processes. Including the local
travel time data set greatly increases the resolvability of the velocity structure and provides absolute veloc-
ity models that can be easily compared to other regions around the world, rather than relative models.

5.2. VP Structure
P wave velocity tomography results from inversion of both local and teleseismic data show a seismically fast
slab subducting into the mantle and both slow and fast velocities within the mantle wedge (Figures 8–10).
Here we discuss these results, emphasizing the best resolved parts of the image which are generally along
cross section B-B0. The slab is imaged as a continuous feature with P wave velocity anomalies ranging from
�2.5 to 7% relative to the average model for the region. Maximum velocity anomalies within the slab occur
from �80 to 160 km depth. A fast velocity anomaly is also observed in the fore arc just east of the active arc
extending from the top of the mantle to the top of the slab. A maximum velocity anomaly of �7% occurs in
this region at 50 km depth, just above the subducting Pacific slab. This feature is labeled on cross section B-B0

as F1.

Slow P wave velocity anomalies are also present in the mantle wedge beneath the back-arc spreading cen-
ter, the active arc, and in the fore-arc mantle. Slow P wave velocity anomalies beneath the back-arc
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spreading center (labeled S3) are found in the upper 80–100 km of the mantle wedge. The maximum anom-
aly of 26.5% is located at a depth of 20–40 km about 20 km west of the spreading axis. A fast velocity
anomaly (labeled F2) is observed at depths shallower than 50 km between the back-arc spreading center
and the active arc, separating the slow anomalies associated with those features.
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Slow P wave velocity anomalies are also observed beneath the volcanic arc (labeled S2) to a depth of
100 km with a maximum anomaly of 26% occurring at a depth of 60–70 km. The slow velocities persist to a
greater depth beneath the active arc than beneath the back arc and appear to be separate and distinct fea-
tures with little to no connection in the upper 100 km of the mantle wedge. A third region of slow P wave
velocity (labeled S1) is also present in the outer fore arc beneath the Big Blue serpentinite seamount, where
an anomaly of 25.5% is concentrated in the upper 30 km of the mantle and extends laterally for at least
100 km along the strike of the trench (Figures 10 and 12).

5.3. VP/VS Ratio and VS Structure
We determine the S wave structure by dividing the P wave solution by the VP/VS ratio results. Overall, the S
wave structure (Figures 11 and 12) is similar to the P wave structure, but with some notable differences.
Some of these differences may be due to the lower resolution of the S model resulting from fewer S wave
arrival time observations. This is likely the case beneath and to the west of the back-arc spreading center,
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where high attenuation greatly limits the S wave observations. The magnitudes of the slow S wave anoma-
lies are �5.5% beneath the back arc, 212% beneath the active arc, and 13.5% in the fore arc with the larg-
est anomalies occurring beneath the Big Blue seamount in the Mariana fore arc. In contrast, the P wave
structure shows the greatest velocity anomalies beneath the arc and back arc. The S wave anomalies
beneath the volcanic arc are greater than S wave anomalies beneath the spreading center, whereas the
back-arc spreading center anomalies are greater in the P wave results. This probably results from
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underestimation of the back-arc spreading center anomaly amplitude in the S wave structure due to poor
ray coverage.

The most prominent feature of the VP/VS structure (Figure 13) is the region of extremely high VP/VS ratios in
the outer fore arc, with VP/VS ratios of 1.9 or higher extending from the top of the mantle to a depth of
60 km. High VP/VS ratios of 1.85 are also present beneath the active arc at depths of 40–80 km. This region
forms a zone of high VP/VS at about 70 km depth that extends from east of the back-arc spreading center to
the subducting Pacific slab. High VP/VS is also present at in the slab in the depth range 70–120 km, coinci-
dent with the double seismic zone. A very low VP/VS ratio is found at shallow depth between the arc and
back-arc spreading center, in the region of high VP and VS. Low VP/VS ratios also occur in the inner fore arc
and in the shallow (<70 km) and deep (>120 km) parts of the slab.

5.4. Variation Along Strike
There is significant variation along the strike of the arc in both the P and S wave velocity structures. This
may be partly due to variations in resolution along strike, with maximum resolution obtained in the center
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of the image (profile B-B0) along the line of ocean bottom seismographs, but there are nonetheless some
resolvable differences. The slow velocities in the fore arc have a greater magnitude toward the north of the
study area. Mantle P wave velocities in the fore arc along section A-A0 are as slow as 7.1–7.2 km/s whereas P
wave velocities along C-C0 range from 7.4 to 7.5 km/s. This correlates well with the presence of serpentinite
mud volcanoes on the seafloor extending north of latitude 18�N. At 40 km depth, the largest amplitude
low-velocity anomalies in the fore arc occur just to the west of Big Blue serpentinite seamount (Figures 10
and 12).

The distribution of the arc and back-arc anomalies also vary along strike. A large-velocity transition at
depths of 60–100 km from high velocities in the fore arc to low velocities in the arc and back arc occurs
along the entire length of the arc (Figures 10 and 12). However, the slow velocity anomalies beneath the
volcanic arc vary in magnitude along strike and appear to be strongest beneath active volcanoes. For exam-
ple, at 80 km depth, the slowest velocities are concentrated beneath the volcanic islands at Pagan and
Guguan. This suggests the arc volcanoes are fed from specific low-velocity regions in the upper mantle, as
observed in higher-resolution images in NE Japan [Nakajima et al., 2001; Wang and Zhao, 2005].

6. Discussion

6.1. Comparison Between Seismic Velocity and Attenuation Structure
Profiles through the 3-D velocity structure obtained in this study show a striking similarity to the 2-D attenu-
ation structure obtained previously using data from the same deployment [Pozgay et al., 2009] (Figure 14).
Since the P wave data set is larger and better resolved for both velocity and attenuation models, we use
those results to make some direct comparisons between the two models. A slice from the 3-D velocity
model along latitude 18�N is used for comparison to the 2-D attenuation model at the same location. The
images show low velocity and high attenuation at similar locations and depths beneath the volcanic arc
and the back-arc spreading center (Figure 14). Exceptions to the correlation are in the fore arc, where the
largest-velocity anomalies are at shallow depth beneath Big Blue seamount whereas the attenuation images
show a high-attenuation anomaly deeper (50–100 km deep) in the slab, and in the far back arc to the west
of the spreading center where there is low resolution in both images due to poor raypath coverage.

The similarity of the velocity and attenuation images is generally expected; in most regions seismic attenua-
tion and velocity anomalies show a strong inverse correlation such that slow velocity anomalies correspond
to regions of high attenuation [Roth and Wiens, 2000; Artemieva et al., 2004; Dalton et al., 2009]. Laboratory
studies indicate that high temperature [Jackson et al., 2002; Faul and Jackson, 2005; Sundberg and Cooper,
2010; McCarthy et al., 2011], melt [Faul et al., 2004; McCarthy and Takei, 2011], or water [Karato, 2003; Aizawa
et al., 2008] all may produce strong attenuation and also shear modulus relaxation (and thus velocity reduc-
tion) in the seismic band. However, variations in the magnitude of velocity and attenuation anomalies can
have important implications for interpretation [e.g., Shito et al., 2006; Wiens et al., 2008]. In the following sec-
tions, we interpret the observed velocity anomalies from this paper along with the attenuation structure
from Pozgay et al. [2009] in terms of the geodynamic processes operating in the Mariana subduction
system.

6.2. Interpretation of Incoming Plate and Slab Anomalies
The incoming Pacific plate and downgoing slab generally show fast velocities, low VP/VS ratios, and low
attenuation as expected because of their colder temperatures relative to the average mantle. Slow S wave
velocities and high VP/VS ratios in the subducting slab at depths of 70–120 km, in the region of the double
seismic zone, represent an exception to this general observation (Figures 10 and 12). The location of these
anomalies corresponds to a strong high-attenuation anomaly in the attenuation structure [Pozgay et al.,
2009]. These reduced velocities in the upper part of the slab are potentially caused by water released by
dehydration of the crust and upper mantle of slab. The VS anomaly is located in the region where wide-
spread dehydration of the slab is expected due to increased pressure and temperature [e.g., Hacker et al.,
2003] and which serves as the source of water for the volcanic arc. The presence of fluids could cause high
attenuation either through the presence of a free fluid or by incorporation into the crystal structure of man-
tle minerals [Karato, 2003] and corresponding shear modulus relaxation at seismic frequencies. Similar fea-
tures are observed within other subducting slabs, for example, beneath Nicaragua and Costa Rica [Syracuse
et al., 2008] and within the Japan slab [Nakajima et al., 2009].
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6.3. Fore-Arc Structure and Serpentinization
A strong low-velocity anomaly occurs at depths less than 50 km in the outer fore arc beneath just to the
west of Big Blue serpentinite seamount, with S velocities of �3.8 km/s and high VP/VS of greater than 1.9.
This region does not show a corresponding high-attenuation anomaly (Figure 14), with moderate QP values
of about 150 [Pozgay et al., 2009]. The Moho in the outer Mariana fore arc is located at depths of 10–15 km
[Takahashi et al., 2007], and the shallow thrust zone at the top of the slab is at depths of 30–50 km just to
the west of Big Blue seamount [Emry et al., 2011]. This indicates that the slow velocity anomaly is localized
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in the mantle fore arc immediately above the subducting slab interface. Cold temperatures expected in the
mantle fore arc [Conder et al., 2002; van Keken, 2003; Wada et al., 2011] and the absence of an attenuation
anomaly argue against a thermal origin and suggest a compositional effect such as the formation of
hydrous minerals. An alternative interpretation is that the high fore-arc attenuation anomaly at a depth of
50–100 km (Figure 14, bottom) is not well localized in depth and may possibly correspond to the slow
velocity anomaly at shallower depths in the outer fore arc. This would be compatible with Nakajima [2014],
who found a region of low velocity and high attenuation in the Kanto area, and interpreted both anomalies
as the result of serpentinized upper mantle.

Serpentinization of the fore-arc mantle is often invoked to explain low seismic velocities and high VP/VS

ratios [Graeber and Asch, 1999; Kamiya and Kobayashi, 2000]. Since serpentine has a much lower shear mod-
ulus relative to the bulk modulus, large VP/VS ratios are a diagnostic feature of serpentinized peridotite
[Christensen, 1996]. P velocity anomalies of 24 to 6% and VP/VS ratios ranging from 1.9 to 1.95 indicate that
the degree of serpentinization of mantle material could be relatively high, with as much as 30–60% serpen-
tinized material [Hacker et al., 2003; Christensen, 2004; Reynard et al., 2007] assuming a chemically bound
water content of 4–6% [Carlson and Miller, 2003]. This interpretation is reinforced by the presence of active
mud volcanoes containing serpentinized mantle peridotite in the Mariana fore arc [Fryer et al., 1999]. A simi-
lar level of serpentinization has also been postulated for the Cascadia margin of North America [Bostock
et al., 2002], and a somewhat lower degree of serpentinization of 15–25% has been estimated for the Costa
Rica fore arc [DeShon and Schwartz, 2004].

Another interesting feature of the fore arc is the extremely high velocity in the inner fore arc at depths of
about 50 km just to the east of the volcanic front. This region shows some of the highest velocities within
the entire mantle wedge, with VP of 8.1–8.2 km/s and VS of 4.7–4.8 km/s. The region is bounded to the west
by a sharp velocity decrease, with changes as large as 15%, immediately beneath the volcanic arc. The high
fore-arc velocities suggest cold temperatures and a lack of significant hydrous minerals. We interpret this
area as representing the ‘‘cold nose’’ of the mantle wedge, caused by the decoupling of the downgoing
plate from the fore arc and the stagnation of fore-arc material, with a sharp transition to the much warmer
arc section of the wedge [Wada et al., 2011]. The highest velocities in the inner fore arc are observed at
depths of about 40 km (Figure 9, inset), with somewhat lower velocities at depths of 60 km and greater,
suggesting some hydration of the lowermost part of the inner fore arc by water from the slab. This is con-
sistent with a velocity reduction around 50 km depth in the inner Mariana fore arc imaged using seismic
receiver functions [Tibi et al., 2008].

6.4. Magma Production Region Beneath the Mariana Volcanic Arc
We image slow velocity anomalies centered beneath the active arc extending from the top of the mantle to
a depth of 100 km. Such low-velocity anomalies have been observed at similar depths and locations
beneath volcanic arcs worldwide [e.g., Zhao, 2001; Nakajima et al., 2001; Reyners et al., 2006; Syracuse et al.,
2008]. The strongest anomaly occurs at a depth of around 60 km and shows a minimum VP of 7.3 km/s and
a minimum VS of 3.9 km/s, for a VP/VS ratio of 1.87. This is similar to average values of 7.4 km/s, 4.0 km/s,
and 1.85 observed in a variety of volcanic arc tomographic studies in other arcs around the world [Wiens
et al., 2008]. This anomaly corresponds well with a strong anomaly in the attenuation image, with a maxi-
mum P wave attenuation of about 0.016 (QP 5 56) (Figure 14).

There is strong evidence that the reduced seismic velocity beneath the arc results from the presence of par-
tial melt and that the anomaly images the source region of arc magma production in the mantle. Using the
Si and Mg thermobarometer developed by Lee et al. [2009], Kelley et al. [2010] find that the final equilibrium
depths for Mariana arc melts is 34–87 km, essentially identical to the depths of the strong velocity and
attenuation anomalies. In addition, the large magnitude of the velocity and attenuation anomalies is impos-
sible to produce with without the effect of partial melt [Wiens et al., 2008; Pozgay et al., 2009].

Seismic and electromagnetic (EM) methods are sensitive to different material properties and therefore pro-
vide complementary information on the structure of back-arc basins. Seismic observations are generally
more sensitive to temperature variations whereas EM methods are generally more sensitive to water con-
tent in olivine. Both methods are sensitive to melt content [Wiens et al., 2006a]. A magnetotelluric (MT) sur-
vey across the Mariana arc by Matsuno et al. [2010] images a zone of highly conductive material above the
slab beneath the arc, extending upward to a depth of about 60 km. This result is consistent with the
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presence of slab-derived water in the mantle above the slab as well as aqueous melts at the depths indi-
cated by the seismic imaging.

6.5. Structure of the Mariana Back-Arc Spreading Center
We image slow P wave velocities beneath the back-arc spreading center of 7.1–7.2 km/s and S wave veloc-
ities of 4.0–4.1 km/s. A very strong attenuation anomaly is also imaged beneath the back-arc spreading cen-
ter at depths of less than 70 km, with a maximum P attenuation of about 0.023 (Q 5 43) [Pozgay et al.,
2009]. The maximum P wave anomalies are at a depth of 20–30 km and are located just west of the spread-
ing axis. This depth is similar to results from Si and Mg thermobarometry of back-arc spreading center
basalts, showing a final equilibrium depth of 21–37 km for the back-arc spreading center melts [Kelley et al.,
2010]. This suggests that the back-arc anomaly delineates the melt production region beneath the spread-
ing center, where basaltic melts are formed by decompression melting. The slight offset of the maximum
anomaly to the west of the spreading center may result from upwelling mantle brought in from the west by
the subduction zone mantle flow pattern driven by the downgoing slab [e.g., Conder et al., 2002], consistent
with shear wave splitting results that suggest EW flow to the west of the spreading center [Pozgay et al.,
2007].

Both the attenuation result and the P wave image show the back-arc anomaly is somewhat stronger than
the anomaly beneath the volcanic front, whereas the S velocity images show the anomaly beneath the arc
to be �0.2 km/s slower than the anomaly observed beneath the back arc. S wave velocity anomalies in the
back arc are more poorly resolved than P wave anomalies due to many fewer arrival times resulting from
the longer raypaths and high attenuation, so that the resolution of the S wave structure in this region is sig-
nificantly poorer than the P structure (Figure 6). So it is likely that the magnitude of the back-arc anomaly is
underestimated in the S wave results. Both P and S images show lower resolution to the west of the back-
arc spreading center (Figure 6), so although the eastern side of the back-arc spreading center anomaly is
well resolved in the P wave image, the extent of the back-arc spreading center anomaly to the west of the
spreading center is not well resolved. Therefore, it is difficult to confirm from the velocity image whether
the back-arc anomaly is a narrow vertical feature as suggested by the attenuation image (Figure 14).

Experimental observations predict that partial melt will greatly increase attenuation and significantly reduce
seismic velocities [Faul et al., 2004; McCarthy and Takei, 2011], providing an obvious interpretation for the
arc and back-arc anomalies. However, quantification of melt porosity in the mantle by seismic observations
remains difficult [e.g., Abers et al., 2014]. There is considerable uncertainty about the effect of melt on seis-
mic velocities and different studies have reached different conclusions about the effect of melt on seismic
velocities [Faul et al., 2004; Hammond and Humphreys, 2000; Takei, 2002; McCarthy and Takei, 2011]. Results
indicating high attenuation for samples containing only a small melt fraction (<1%) [Faul et al., 2004; McCar-
thy and Takei, 2011] suggest that even small melt fractions may cause large dissipation and modulus relaxa-
tion, producing large attenuation and velocity anomalies.

Laboratory studies suggest that an increase in water content of upper mantle minerals is expected to
reduce the seismic velocity of the material [Karato, 2003; Aizawa et al., 2008]. The mantle source of the
Mariana back-arc basin basalts contains 0.17 wt % water which is high relative to most other back-arc basins
around the world [Kelley et al., 2006; Wiens et al., 2006b]. This amount of water is expected to reduce the
shear velocity by about 1.5% [Karato, 2003] so there may be a contribution to the observed velocities from
water content. However, the expected velocity reduction due to mantle water is small relative to the
observed velocity anomalies, which are on the order of 8%. Also, the largest-velocity anomalies are found
immediately beneath the back-arc spreading center, whereas the concentration of water in the mantle
decreases with distance from the slab [Kelley et al., 2006]. Therefore, we suggest that water in the mantle
plays a minor role in affecting the seismic velocities in the back arc and that the velocity anomalies beneath
the back-arc spreading center result from the presence of partial melt.

The Mariana MT survey imaged an entirely resistive region beneath the back-arc spreading center with a
thickness of 80–100 km [Matsuno et al., 2010] in the same region where we observe a strong low-velocity
anomaly. The resistive region beneath the back arc can be explained by dry mantle with typical upper man-
tle temperatures implying that water plays an insignificant role in the conductivity structure of the back arc.
A further modeling study of the MT results shows that suggests that the largest melt region that was not
directly imaged by the MT data, but that is compatible with the observations, has a 3-D shape on a ridge-
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segment scale focused toward the spreading center and 0.1–1% interconnected silicate melt [Matsuno
et al., 2012]. Thus, the EM data are compatible with a very small melt fraction focused beneath inflated seg-
ments of the Mariana spreading center.

6.6. Relationship Between Arc and Back-Arc Anomalies
One of the central questions to understanding subduction systems is the transfer of material from the slab
to the arc and back-arc spreading center largely because the pathways of migration for this process remain
poorly understood. Arc and back-arc magmas are quite distinct, but there is geochemical evidence of trans-
fer of water and fluid mobile elements between the arc and back arc [Kelley et al., 2006, 2010; Pearce et al.,
2005; Pearce and Stern, 2006]. The velocity tomography in this study and the attenuation tomography
results from Pozgay et al. [2009] image a slow velocity, high VP/VS, high-attenuation region at 75–100 km
depth that connects the arc and back-arc anomalies. We propose that the slow velocity, high-attenuation
region between the back-arc and volcanic arc anomalies is comprised of mantle material that is hot enough
to permit the transport of small quantities of fluids and aqueous melts from the subarc region where water-
rich arc magmas are generated to the back-arc spreading center melting column. The low velocity and high
attenuation in this channel may indicate the presence of a very small fraction of water-rich melt, as melt
would lower the velocity and increase attenuation as observed. A tenuous but persistent interconnection of
the volcanic arc and the back-arc spreading center fluids and melts at these depths is likely responsible for
the elevated water contents and the observed geochemical slab signature in the back-arc basin basalts
[Pearce and Stern, 2006].

Another interesting feature is the extremely fast velocities and low VP/VS ratios observed at depths down to
about 40 km between the volcanic arc and the back-arc spreading center (Figure 9). This region contains the
fastest velocities within the mantle wedge of about 5.0 km/s for S and 8.5 km/s for P, and a very low Vp/Vs ratio
of about 1.7. These velocities are fast even for typical oceanic lithosphere of a similar age (<6 Ma). A very low
attenuation region is also found in the same area between the volcanic arc and the back arc (Figure 14). We
interpret this region to be cold refractory lithosphere which may be unusually thick or depleted due to proc-
esses involved with the initial rifting of the Mariana back arc. This region represents a stagnant portion of the
mantle wedge and acts as barrier for exchange of materials between the arc and back arc at shallow depths.

7. Conclusions

Three-dimensional images of the seismic velocity structure of the mantle for the Mariana subduction zone
illuminate subduction zone processes. The tomographic results help constrain the subduction water cycle
from release into the fore arc and wedge to the formation of aqueous melts beneath the volcanic arc and
back-arc spreading center. A layer of low P and S velocities and high VP/VS in the outer Mariana fore arc indi-
cate that a large amount of water is transported into the fore-arc mantle with as much as 30–60% serpenti-
nization of mantle minerals. A low-velocity, high VP/VS region is found in the slab between 70 and 120 km
depth suggesting that dehydration of the slab exists to at least this depth. These fluids are then transferred
to the mantle wedge where they facilitate the formation of aqueous melts beneath the volcanic arc. In addi-
tion, we image a separate low-velocity anomaly that represents the melt production region for the back-arc
spreading center. These images combined with laboratory experiments and MT results are consistent with
the presence of small amounts of partial melt beneath the back-arc spreading center.

Our results show that the source region for arc melts form at a greater depth than for back-arc spreading
center, corroborating prior petrological and geochemical work [Kelley et al., 2010]. Arc melts are dominated
by those that form due to the presence of fluids within the hot core of the mantle wedge, whereas back-arc
melts form within a shallow zone of decompression melting beneath the spreading center. Furthermore,
these two regions appear to be connected at 75–100 km depth which is a channel for fluids and fluid-
mobile element transfer from the slab, to the arc, to the back arc and can explain the high water contents
found in arc and back-arc lavas.
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