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[1] This paper reports on a magnetotelluric (MT) survey across the central Mariana subduction system, pro-
viding a comprehensive electrical resistivity image of the upper mantle to address issues of mantle dynamics
in the mantle wedge and beneath the slow back‐arc spreading ridge. After calculation of MT response func-
tions and their correction for topographic distortion, two‐dimensional electrical resistivity structures were
generated using an inversion algorithmwith a smoothness constraint and with additional restrictions imposed
by the subducting slab. The resultant isotropic electrical resistivity structure contains several key features.
There is an uppermost resistive layer with a thickness of up to 150 km beneath the Pacific Ocean Basin,
80–100 km beneath the Mariana Trough, and 60 km beneath the Parece Vela Basin along with a conductive
mantle beneath the resistive layer. A resistive region down to 60 km depth and a conductive region at greater
depth are inferred beneath the volcanic arc in the mantle wedge. There is no evidence for a conductive feature
beneath the back‐arc spreading center. Sensitivity tests were applied to these features through inversion of
synthetic data. The uppermost resistive layer is the cool, dry residual from the plate accretion process. Its
thickness beneath the Pacific Ocean Basin is controlled mainly by temperature, whereas the roughly constant
thickness beneath the Mariana Trough and beneath the Parece Vela Basin regardless of seafloor age is con-
trolled by composition. The conductive mantle beneath the uppermost resistive layer requires hydration of
olivine and/or melting of the mantle. The resistive region beneath the volcanic arc down to 60 km suggests
that fluids such as melt or free water are not well connected or are highly three‐dimensional and of limited
size. In contrast, the conductive region beneath the volcanic arc below 60 km depth reflects melting and
hydration driven by water release from the subducting slab. The resistive region beneath the back‐arc spread-
ing center can be explained by dry mantle with typical temperatures, suggesting that any melt present is either
poorly connected or distributed discontinuously along the strike of the ridge. Evidence for electrical anisot-
ropy in the central Mariana upper mantle is weak.
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1. Introduction

[2] Subduction is an inevitable consequence of plate
tectonics in which seafloor spreading at mid‐ocean
ridges is accommodated by the return and recycling
of oceanic lithosphere in the mantle [Stern, 2002].
Interaction of the subducting slab with the sur-
rounding mantle results in constructional volcanic
processes in the form of island arcs and, in some
settings, can also be tied to back‐arc spreading and
the formation of new oceanic crust. There is much
that remains unknown about the release of water
from the subducting slab, the subsequent melting
of the mantle, and the delivery of melt to the surface.
The central part of the Mariana subduction system
in the western Pacific is an obvious place to image
these processes, as it has a well‐developed frontal
arc, active arc volcanoes, and a slow‐spreading
back‐arc ridge.

[3] The electrical resistivity (or conductivity that is
the inverse of resistivity) of the mantle is influenced
by composition, temperature, degree of hydration,
and the presence of interconnected conducting
phases such as fluids (melt and water) and carbon
films. In addition, melting processes resulting from
hydration and back‐arc spreading will produce
regions of the mantle with elevated electrical
conductivity, provided that the melt forms an
interconnected network. Deep‐probing magneto-
telluric (MT) experiments that are able to quantify
the electrical resistivity across a subduction system
from oceanic lithosphere, into the trench, across the
island arc and through the back‐arc basin, should
be able to address issues of water release into the
mantle wedge and patterns of melt transport.

[4] This paper reports on an extensive MT transect
across the Mariana subduction system that images
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the electrical resistivity structure through the upper
mantle and into the transition zone. Conducted
during 2005–2007, the experiment was an interna-
tional collaboration between investigators in Japan,
the United States and Australia, with each contrib-
uting instruments to the experiment. The profile is
roughly coincident with a dense seismic survey in
the Mariana Trough [Shiobara et al., 2005; Wiens
et al., 2005; Pozgay et al., 2007, 2009], allowing
comparison between seismic velocity/attenuation
and electrical resistivity structures. The transect
consists of 40 seafloor stations for which MT
responses have been inverted to a two‐dimensional
(2‐D) electrical resistivity structure.

[5] The next section summarizes characteristics of
the Mariana subduction system, key issues on the
Mariana upper mantle structure related to subduc-
tion dynamics, and electrical properties of the upper
mantle. Section 3 describes the MT experiment,
including the measured electric and magnetic field
time series data, their analysis and the corrections
applied to the MT response functions to account
for distortion by seafloor topography. Section 4
describes the 2‐D inversions carried out with and
without constraints on the structure of the subduct-
ing Pacific slab that are inferred from seismology.
Section 5 contains synthetic tests for key features
obtained from the inversion models. Section 6 dis-
cusses the main features that constrain mantle
dynamics in the Mariana subduction system in
conjunction with seismology. Finally, section 7
contains a set of conclusions.

2. Background

2.1. Characteristics of the Mariana
Subduction System

[6] A wide variety of studies have elucidated the
present and past characteristics of the Mariana sub-
duction system. Intraoceanic subduction at the Izu‐
Bonin‐Mariana system was initiated at about 50 Ma
ago [Miller et al., 2006; Sdrolias and Müller,
2006]. The 140–150 Ma Pacific plate is subducted
obliquely beneath the Philippine plate at a rate of
45 mm/yr at an azimuth of about N80°W at 19°N;
the normal component of the convergence rate is
about 40 mm/yr [Kato et al., 2003; Sdrolias and
Müller, 2006]. The subducting Pacific slab steepens
rapidlywith depth until it is nearly vertical over 200–
600 km [Fukao et al., 2001; Miller et al., 2006].
Seafloor spreading in the central Mariana Trough is
ongoing at a slow‐spreading rate of about 25 mm/yr
at 18°N [Kato et al., 2003], and geophysical studies

and ocean floor drilling have shown that the cen-
tral Mariana Trough has features typical of slow‐
spreading ridges such as the Mid‐Atlantic Ridge
[Hussong andUyeda, 1982;Deschamps et al., 2005;
Kitada et al., 2006]. Crust at the central Mariana
Trough has a typical oceanic crustal structure. The
crustal thickness is generally 5–6 km and increases
up to 20 km beneath the arc and the remnant arc
[Takahashi et al., 2008]. The Mariana Trough rifted
and began spreading about 6 Ma ago [Hussong and
Uyeda, 1982; Fryer, 1996], after the Parece Vela
Basin west of the Mariana Trough opened between
15 and 30 Ma ago [Okino et al., 1999]. The present‐
day arc lavas are mostly tholeiitic, but include calc‐
alkaline lavas, and range from basalt to dacite in
composition [Stolper and Newman, 1994; Gribble
et al., 1996, 1998]. Geochemical studies have shown
slab‐derived volatiles and fluid‐mobile elements at
the arc and the back‐arc along with variation along
the arc chain and the back‐arc axis [Stolper and
Newman, 1994; Newman et al., 2000; Taylor and
Martinez, 2003; Pearce et al., 2005; Kelley et al.,
2006], suggesting complex mantle flow and local-
ized mantle upwelling in the Mariana Trough. Per-
vasive serpentinized seamounts in the fore‐arc attest
to the role of de‐volatilization and the rapid escape
of some fluids from the subducting slab [Fryer
et al., 1985; Fryer, 1996].

2.2. Key Issues for the Mariana Upper
Mantle

[7] There are several open questions relevant to the
processes of hydration, melting and kinematics in
the mantle of the Mariana subduction system. Water
is known to play an important role in the volcanic
processes occurring in subduction zones and back‐
arc basins [Peacock, 1990, 2003; Stolper and
Newman, 1994; Tatsumi and Eggins, 1995; Kelley
et al., 2006], in the rheology of the mantle wedge
[Hirth and Kohlstedt, 1996] and in the melt flux,
thermal structure and dynamics of the mantle wedge
[van Keken, 2003]. However, the quantity of water
introduced into the mantle wedge, the depth of
release of water in the mantle wedge and the path-
ways water takes through the mantle wedge remain
poorly constrained. In addition, the effect of water
on melting processes and the formation of litho-
sphere in the back‐arc system [Hirth and Kohlstedt,
1996; Karato and Jung, 1998] is important toward
understanding mantle dynamics. The quantity,
depth extent and distribution of melt in the hydrated
mantle wedge and its relation to the magma erupted
at arc volcanoes and the back‐arc ridge have been
discussed mainly based on geochemistry [Stern
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et al., 2003; Pearce et al., 2005; Kelley et al., 2006],
but geophysical imaging, as in the work by Pozgay
et al. [2009], is helpful toward improved under-
standing. The style of mantle upwelling beneath the
slow‐spreading back‐arc ridge is thought to be
focused at segment centers that may be the result of a
3‐D mantle flow pattern, or may simply reflect dis-
crete plumbing systems at the base of the crust based
on gravity analysis [Kitada et al., 2006], seismology
[Magde et al., 2000; Pozgay et al., 2009] and
numerical modeling [Magde and Sparks, 1997;
Braun et al., 2000].

[8] Recent seismic studies in the central Marianas
have inferred upper mantle temperature, the distri-
bution of melt and/or slab‐derived volatiles, and
patterns of mantle flow in the Mariana mantle
wedge.Wiens et al. [2006] showed that the Mariana
back‐arc basin has a faster structure between depths
of 40–100 km than other back‐arc basins, suggest-
ing that the Mariana mantle wedge has a relatively
low potential temperature of 1350°C. Pozgay et al.
[2009] investigated a seismic attenuation structure
in the Mariana mantle wedge, and found several
high seismic attenuation areas beneath the fore‐arc
in the subducting slab at 50–100 km depth, beneath
the volcanic arc down to 100 km depth, beneath the
back‐arc center down to 100 km depth, and in
the ubiquitous mantle wedge at 50–125 km depths.
The high attenuation in the fore‐arc is inferred to
be due to infiltration by slab‐derived fluids and/or
serpentinized rock, while that observed beneath the
arc is inferred to be due to hydration and/or melt,
and the back‐arc spreading center high attenuation
is inferred to be the result of a narrow region of
dynamic upwelling and melt production. Volti et al.
[2006] detected shear wave splitting anisotropy of
the mantle beneath the back‐arc basin, with the
fast direction perpendicular to plate motion from
the crustal base to about 100 km depth and the fast
direction in the direction of plate motion below.
Pozgay et al. [2007] also presented a shear wave
splitting anisotropy model beneath the back‐arc
basin and inferred a more complex structure for the
fast orientation. Between 17.5° and 19°N, the fast
orientation is parallel to the volcanic arc immedi-
ately beneath and extending to the back‐arc spreading
center for events above 250 km depth. Deeper events
show a different fast orientation. Between 15° and
17.5°N, the fast orientation beneath the arc is sub‐
parallel to it and the absolute plate motion direction
for events shallower than 250 km and parallel to
absolute plate motion for deeper events. Arc‐parallel
mantle flow is suggested as the cause of the arc‐
parallel fast orientation.

2.3. Electrical Resistivity of the Mantle

[9] The electrical resistivity of the mantle is domi-
nated by temperature, changing by potentially 4–
5 orders of magnitude between regions with the cool
temperature, typical of the uppermost lithosphere
to the transition zone under adiabatic conditions. In
addition to temperature, the effects of water andmelt
on the bulk resistivity can also result in orders of
magnitude changes to the resistivity.

[10] Water in the form of hydrogen dissolved in
olivine is believed to have a substantial impact on
mantle electrical resistivity at very low concentra-
tions (less than several hundred ppm) [Karato,
1990], and has been invoked to explain the
observed increase of measured mantle resistivity
over that predicted for a dry mantle [Lizarralde
et al., 1995; Evans et al., 2005]. At present, the
laboratory data pertaining to this are conflicting
[Wang et al., 2006; Yoshino et al., 2006, 2009;
Manthilake et al., 2009; Karato and Dai, 2009;
Yoshino and Katsura, 2009]. Wang et al. [2006]
measured significantly enhanced conductivity for
wet olivine aggregates at mantle temperatures and
pressures as compared to that for dry olivine.
Yoshino et al. [2006, 2009] observed weaker con-
ductivity enhancement in olivine single crystals and
olivine aggregates for a given water content. Elec-
trical anisotropy in the mantle has been proposed to
be due to fast hydrogen diffusion along the crys-
tallographic a‐axis of wet olivine [Karato, 1990;
Kohlstedt and Mackwell, 1998]. The MELT exper-
iment showed strong electrical anisotropy that was
interpreted to be due to the crystallographic a‐axis
alignment of wet olivine induced by mantle flow
[Evans et al., 2005; Baba et al., 2006]. Yoshino et al.
[2006] made a series of measurements of conduc-
tivity along each crystallographic axis of hydrous
olivine. These measurements were made at tem-
peratures below 700°C and at these temperatures
conductivity is highest along the a‐axis. However,
when the results are extrapolated to mantle tem-
peratures, no appreciable anisotropy is predicted,
leading them to prefer melt as an explanation for the
high conductivity.

[11] The resistivity of silicate melt falls in the range
of 0.1–3 W‐m [Tyburczy and Waff, 1983; Roberts
and Tyburczy, 1999; Gaillard and Marziano,
2005; Pommier et al., 2008], and bulk mantle
resistivity of 1–3 W‐m can be achieved if the melt
fraction is 10% and the melt is well interconnected
[ten Grotenhuis et al., 2005]. Gaillard et al. [2008]
have shown that carbonatite melts have electrical
conductivity that is 3 orders of magnitude higher
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than those of silicate melts and 5 orders of magni-
tude higher than hydrated olivine. Thus, at depths of
around 150–300 km, deeper than the onset of silicate
melting but at temperatures above the carbonatite
solidus, very small volumes of interconnected car-
bonatite melt may have a dramatic impact on bulk
resistivity. A deep conductor seen in the MELT data
[Baba et al., 2006] could be explained by such deep
melting, and a similarly deep conductor was seen in
the Andean subduction system [Booker et al., 2004].

[12] Hydration of the mantle wedge by slab‐derived
water and subsequent melting can be detected as a
low resistivity region. The depth and distribution of
the low resistivity region will change according to
the distribution of slab‐derived fluids, and depends
on the release of water from subducting sediment,
oceanic crust and lithospheric mantle due to meta-
morphic reactions. It also depends on slab param-
eters (velocity, temperature and geometry) and
mantle flow in the wedge [Schmidt and Poli, 1998;

Hacker et al., 2003; Cagnioncle et al., 2007; Grove
et al., 2009].

3. Data and Data Processing

[13] Measurements of the time variations of the
natural electric and magnetic fields were acquired
along a profile of 40 seafloor stations crossing the
Mariana subduction system around 18°N (Figure 1).
This profile, whose full length is about 700 km,
extends from the Pacific Ocean Basin seaward of the
trench to the remnant arc of theWestMariana Ridge.
The site spacing in the vicinity of the back‐arc
spreading axis is only a few km, and that in other
areas is several tens of kilometers. Dense stations
around the back‐arc spreading axis were aimed
at detailed imaging of melting processes beneath
it. The main experiment was carried out from
December 2005 to September 2006. The seafloor
instruments included 33 Ocean Bottom Electro‐
Magnetometers (OBEM), 7 Ocean Bottom Electro-

Figure 1. A bathymetric map of the central Marianas showing the MT site locations. Two insets show a regional map
(top left inset) and detailed bathymetric map around the back‐arc spreading axis (bottom right inset). Red symbols
denote data used in inversions, black symbols denote data which are not used in inversions, and gray symbols denote
the locations where instruments were not recovered. Circles indicate magnetic field data and crosses indicate electric
field data. The bathymetric data were compiled from multibeam data on a 0.1′ grid and predicted bathymetry on a
2′ grid [Kitada et al., 2006]. Dashed lines show the location of back‐arc spreading axis in the Mariana Trough [Kitada
et al., 2006]. Lines in the regional map (top left inset) show plate boundaries and the ridge axis in the Mariana Trough.
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meters (OBE), and 7 Ocean Bottom Magnetometers
(OBM). The OBEs and OBMs were co‐located. The
recovery of 41 instruments at 38 MT sites was
completed in September 2006. Two OBEMs at
2 sites at the east end of the profile were left behind
in September 2006 due to an oncoming typhoon,
and were recovered in November 2007. Most
instruments recorded electric and magnetic field time
variations for approximately 9 months. Data at some

sites were not usable due to instrumental problems.
For example, some of Japanese instruments stopped
recording data after one hour or one month, and
others had noisy electric field data, while some U.S.
instruments lost a component of the horizontal
magnetic field, and the Australian instruments had
consistently noisy electric field data. Other available
data along the profile were utilized, including 2 sites
from Filloux [1983], 5 sites from Baba et al. [2005]

Table 1. Information on All of the Sitesa

Site Name
Longitude
(deg)

Latitude
(deg)

Depth
(m)

Available Field
Components

EM Combination
(E Site/M Site) Site Number

0102_Site_01 141.3840 17.2309 4688 E, M 0102_Site_01/0102_Site_01 1
Site_01 143.1066 17.7398 2463 Not‐I. −/− ‐
Site_02 143.2499 17.7589 1590 Not‐R. −/− ‐
Seama_Site_02 143.4078 17.7865 4082 E, M Seama_Site_02/Seama_Site_02 2
Site_03 143.5448 17.8160 5150 E, M Site_03/Site_03 3
Site_04 143.7517 17.8912 4618 Not‐R. −/− ‐
Site_05 143.9533 17.9456 4473 Not‐I. −/− ‐
Site_06 144.1736 17.9966 3725 M Site_07/Site_06 4
0102_Site_03 144.2678 18.0361 3859 E, M 0102_Site_03/0102_Site_03 5
Site_07 144.3879 18.0776 4399 E, M Site_07/Site_07 6
Site_08 144.4501 18.0948 4099 Not‐R. −/− ‐
Site_09 144.5064 18.1133 3604 E −/− ‐
Filloux_Site_01 144.5333 18.0167 3770 E, M Filloux_Site_01/Filloux_Site_01 7
Site_10 144.5596 18.1341 3280 M Site_09/Site_10 8
Site_11 144.6096 18.1565 3229 M Site_07/Site_11 9
Site_12 144.6511 18.1580 3395 Not‐R. −/− ‐
Site_13 144.6977 18.1653 4027 M Site_15/Site_13 10
Site_14 144.7153 18.1669 3757 Not‐I. −/− ‐
Site_15 144.7363 18.1750 3913 E −/− ‐
Site_16 144.7433 18.1779 3883 Not‐I. −/− ‐
Site_17 144.7865 18.1861 3388 Not‐I. −/− ‐
Site_18 144.8348 18.2027 3357 E, M Site_18/Site_18 11
Site_19 144.8824 18.2170 3463 E, M Site_19/Site_19 12
Site_20 144.9368 18.2310 3491 Not‐I. −/− ‐
Site_21 144.9913 18.2491 3797 E −/− ‐
Site_22 145.1083 18.2549 3757 E, M Site_22/Site_22 13
0102_Site_08 145.2181 18.2326 3618 Not‐I. −/− ‐
Site_23 145.3484 18.2051 3378 M Site_21/Site_23 14
Site_24 145.4700 18.1751 3047 E, M Site_24/Site_24 15
Site_25 145.5839 18.1503 2531 Not‐I. −/− ‐
0102_Site_09 145.7490 18.3639 2729 Not‐I. −/− ‐
Site_26 146.0000 18.1512 2704 M Site_29/Site_26 16
Site_27 146.3049 18.2051 3385 M Site_29/Site_27 17
Site_28 146.6088 18.2584 3668 M Site_29/Site_28 18
Filloux_Site_02 146.7500 18.1000 3602 Not‐I. −/− ‐
Site_29 146.9170 18.3100 3616 E, M Site_29/Site_29 19
Site_30 147.2340 18.3667 3423 M Site_29/Site_30 20
Site_31 147.4419 18.4074 3239 Not‐R. −/− ‐
Site_32 147.6933 18.4854 6018 E, M Site_32/Site_32 21
Site_33 147.9084 18.4685 4472 E, M Site_33/Site_33 22
Site_34 148.0530 18.5077 5216 M Site_34/Site_33 23
Site_35 148.2488 18.5305 5754 Not‐R. −/− ‐
Site_36 148.4856 18.5768 5776 Not‐R. −/− ‐
Site_37 149.0500 18.6645 5529 E, M Site_37/Site_37 24
Site_38 149.3927 18.7354 5512 M Site_40/Site_38 25
Site_39 149.8467 18.8181 5432 E, M Site_39/Site_39 26
Site_40 150.3003 18.9002 5464 E −/− ‐

aNot‐I. in the column of Available Field Components indicates a site in which the instrument was recovered but the data were not used for 2‐D
inversions. Not‐R. in the column of Available Field Components indicates a site in which the instrument was not recovered.
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and 1 site from Seama et al. [2007]. Table 1 lists
information on all of the sites.

[14] The electric and magnetic field time variations
were cleaned before MT analysis. Spike noise and
steps in the time series that were uncorrelated
between electric field, magnetic field, and instru-
ment tilt were removed. The presumed linear drift in
instrument clocks was corrected by comparing the
instrument clocks with GPS time before deployment
and after recovery. In addition, the linear drift in
instrument clocks in magnetic field data that were
recognized through anomalous changes in MT
phases mostly found in Australian data, were cor-
rected by comparing the phase of transfer functions
between the anomalous magnetic field data and
other magnetic field data in which the clock is cor-
rect. Instrument tilt noise was also corrected by
leveling off an inclined plane defined by the two‐
component tilt on those instruments with tilt sensors.
Finally, tidal components and the solar daily varia-
tion and its harmonics were removed from the
electric and magnetic fields by least squares.

[15] The edited electric and magnetic field time
variations were processed into impedance tensors
relating the horizontal electric and magnetic fields
using a remote reference, bounded influence algo-
rithm described by Chave and Thomson [2003,
2004]. Magnetic remote reference sites were chosen
on the basis of noise levels and distance from the site
being processed in order tominimize bias from noise
in the local magnetic field. At sites where electric
field data were not available but magnetic field data
were collected, the electric field at another nearby
site was used to estimate the MT response functions
(Table 1). A similar approach was used by Baba
et al. [2006] in the MELT experiment on the
southern East Pacific Rise, and the exact location
of the measurements was incorporated into later
modeling and inversion stages. In contrast to the
situation on land, the seafloor electric field is gen-
erally smoothly varying with location as a result
of the overlying highly conductive seawater, and
hence borrowing adjacent electric field data is a
valid approach.

[16] Distortion of the MT impedance tensors by
local and regional (depending on skin depth or the
adjustment distance of the analyzed structure) rug-
ged surface topography and the strong resistivity
contrast between seawater and subsurface structure
was corrected using the FS3D forward modeling
program [Baba and Seama, 2002]. This yields
model correction terms for the electric and magnetic
fields using the correction equation of Nolasco et al.

[1998] that has proven to be relatively robust to
an assumed structure through forward modeling
[Matsuno et al., 2007]. The equations connecting
the distorted and undistorted electromagnetic fields
are

E ¼ Em þME ð1Þ

B ¼ Bm þKE ð2Þ
where E and B are the distorted horizontal electric
and magnetic fields, Em and Bm are the undistorted
horizontal electric andmagnetic fields, andM andK
are 2 × 2 complex tensors that represent galvanic and
inductive distortion in the electric and magnetic
fields. These equations are derived from a linear
approximation to the theoretical integral equation
relationship between the distorted and undistorted
electromagnetic fields in 3‐D bodies [Hohmann,
1975]

E rð Þ ¼ Em rð Þ � i!�0

Z
V
�� r 0ð ÞG r; r 0ð ÞE r 0ð Þdr 0 ð3Þ

B rð Þ ¼ Bm rð Þ þ �0r�
Z
V
�� r 0ð ÞG r; r 0ð ÞE r 0ð Þdr 0 ð4Þ

where r is a position vector, E(r′) is the electric field
above an electrically anomalous body, ds(r′) is the
anomalous conductivity, G(r, r′) is a Green’s func-
tion, V is the volume of the electrically anomalous
body, and m0 is the permeability of free space. An
approximation of the integrals in (3) and (4) as sums
yields (1) and (2) under the assumptions that the
inductive scale of the mantle resistivity distribution
is much larger than that of the topography, and the
topographic change is such that the vertical electric
field is small compared to the horizontal electric
field [Baba and Chave, 2005]. Rearranging the
terms in (1) and (2), the correction equation of the
impedance tensor is obtained

Zc ¼ I�Mð Þ I� ZoKð Þ�1Zo ð5Þ

where I is the identity tensor, Zo is the observed
impedance tensor, andZc is the corrected impedance
tensor. The distortion termsM and K are calculated
from E, B, Em and Bm through 3‐D forward mod-
eling. A mantle resistivity structure needs to be
assumed in the forward modeling because the true
resistivity structure is unknown, and so a four layer
1‐D resistivity structure (Table 2) that is similar
to the 1‐D resistivity structure beneath the North
Pacific Ocean Basin was employed [Utada et al.,
2003; Kuvshinov et al., 2005]. Topographic mod-
eling was performed for each site over an area
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of 5000 × 5000 km that included the boundary of
the Asian continent and the Pacific Ocean and
Philippine Sea. This area was discretized into finite
difference elements in which the horizontal mesh
size near the center of each model was 1 km and
became larger away from the center. The depth of
the flat seafloor after correction was set to 4000 m,
the average depth for all of the sites. The coupling
of surface topography to deep structure in the topo-
graphic correction was checked by re‐correction of
the MT impedance tensors using the optimal model
shown in section 4, and there were no significant
differences within data errors (Figures S1 and S2),
suggesting that the coupling is weak as was previ-
ously observed for the East Pacific Rise by Baba
et al. [2006].1

[17] The MT response functions after topographic
correction were rotated so that the x axis is N15°W,
or sub‐parallel to the strike of the main topographic
features (i.e., the trench, the island and remnant arc
chains, and the back‐arc spreading axis), and the y
axis is along the profile. Figure 2 shows the apparent
resistivity and Figure 3 shows the phase before and
after topographic correction in the rotated coordinate
system. Large differences in the MT response
functions before and after topographic correction are
observed at sites around the West Mariana Ridge
and the Mariana Trench. The diagonal elements
of topographically corrected apparent resistivity are
smaller than the off‐diagonal ones by 1–2 orders
(Figure 2), making the data suitable for 2‐D inver-
sion in which resistivity is invariant along the strike
direction of the model.

4. Two‐Dimensional Inversions

[18] A nonlinear conjugate gradient inversion algo-
rithm [Rodi and Mackie, 2001] was used to find an
optimal regularized 2‐D electrical resistivity struc-
ture. The inversion algorithm incorporates transverse
anisotropy, allowing investigation of the effects of

electrical anisotropy on the data in three orthogonal
directions in addition to finding a minimum struc-
ture model [Baba et al., 2006].

[19] The r + algorithm that places lower and upper
bounds on the apparent resistivity and phase [Parker
and Booker, 1996] was used to clean outliers from
the MT response functions. The r + algorithm is a
test for the consistency of MT response functions
under a 1‐D structure assumption. The algorithm
also applies to 2‐D TM mode (electric field across
strike) as shown by Weidelt and Kaikkonen [1994],
and empirical evidence suggests that it is typically
valid for the TE mode (electric field parallel to
strike). A few of the MT response functions were
subsequently removed from inversion analysis as
they exhibited large RMS misfits in trial inversions.
These poor fits may be due to off‐profile 3‐D
resistivity anomalies, or simply to poor data quality.
The number of sites finally inverted is 26 (Table 1).
Error floors of 10% on the apparent resistivity and
5% on the phase (or 2.85 degrees) were applied to all
of the data in the inversions.

[20] A 2‐D area of 2600 × 1110 km centered on the
profile was discretized into finite difference ele-
ments. Horizontal mesh sizes are finer (minimum
size of 1 km) near measurement sites and coarser
between sites and outside the profile. The vertical
mesh size increases gradually with depth from a
minimum size of 500 m near the surface. The mesh
consisted of 182 × 53 elements (not including
air layers for the TE mode). The initial model for
inversion is an isotropic 1‐D structure of 100 W‐m.

[21] Four types of MT response elements, the
apparent resistivity and phase of the TE and TM
modes, are typically used in 2‐D inversion. How-
ever, the TE mode apparent resistivity yielded a
consistently poor fit even though the statistical
errors of this component are no larger than those
of the TM mode apparent resistivity (Figure 2).
Figure 4 shows an example of the RMS misfit of the
four components in the cases where the TE mode
apparent resistivity data either was or was not used
(The model using the TE mode apparent resistivity
data is found in Figure S3, and the model without the
TE mode apparent resistivity is Figure 6a). The TE
mode apparent resistivity clearly shows a consis-
tently poorer fit than the other three components. In
addition, the RMS misfit of the remaining compo-
nents is almost the same in the two types of inver-
sions. The impact of 3‐D structure on the TE mode
has been documented [Wannamaker et al., 1984;
Ledo et al., 2002], and it is well known that it
impacts the apparent resistivity more strongly than

1Auxiliary materials are available in the HTML. doi:10.1029/
2010GC003101.

Table 2. One‐Dimensional Electrical Resistivity Structure
Used in Forward Calculations to Model Topographic Distortion
of Electromagnetic Fields

Depth (km) Resistivity (W‐m)

0–4 0.33 (seawater)
4–10 10
10–110 1000
110–440 300
440–1340 3
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the phase. As a result, the TE mode apparent resis-
tivity was not used for the final inversions.

[22] A suite of inversions with different regulariza-
tion parameters was carried out to define an optimal
model. In the inversion algorithm, a regularized solu-
tion is obtained by minimizing the objective function

F mð Þ ¼ d� F mð Þð ÞtV�1 d� F mð Þð Þ
þ �s m�m0ð ÞtLt

sLs m�m0ð Þ þ �cm
tLt

cLcm ð6Þ

where d is the data vector, F is the forward modeling
operator,m is the unknown model vector,m0 is the a
priori model vector, V is the error covariance matrix,
Ls and Lc are linear operators expressing imposed
constraints, and ts and tc are regularization parameters
for model smoothness and for degree of anisotropy
[Baba et al., 2006]. The anisotropy parameter tc was
initially fixed at 100 to yield an isotropic model.
Figure 5 shows the trade‐off (L‐curve) between RMS
misfit and model roughness (m −m0)

t Ls
tLs (m −m0)

with tc = 100. Following the selection procedure
for an optimal regularization parameter using the
L‐curve [Hansen, 1992], ts was selected to be 1.8
because models with larger ts will be overly smooth
and those with smaller ts will over fit the data.

[23] In this study, the penalty for model structure in
the objective function of equation (6) is a weighted

Figure 4. Site‐by‐site RMSmisfit for four components (apparent resistivity and phase in the TE and TMmodes) of the
MT response functions in two cases of inversion where the TE mode apparent resistivity data are used or not used. Cir-
cles denote the site‐by‐site RMS misfit and horizontal lines denote overall RMS misfit for each component for the case
where the TE mode apparent resistivity data are used in the inversion. Crosses denote the site‐by‐site RMS misfit and
horizontal broken lines denote the overall RMS misfit for each component for the case where the TE mode apparent
resistivity data are not used in the inversion. Site numbers are assigned from the west end of the profile, and the corre-
spondence between site numbers and site names is shown in Table 1.

Figure 5. RMS misfit and model roughness using vari-
ous regularization parameters of model smoothness (ts)
for two different values of b. Crosses indicate values
for b = 1.6 and circles indicate values for b = 1.7. The
number above each symbol indicates the value of ts set
in the inversion. The regularization parameter of degree
of anisotropy (tc) is set to 100 to force themodel to be iso-
tropic. The optimal models are those with a ts of 1.8
because of the corner in the L‐curve.
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integral of the squared Laplacian of the model
elements

m�m0ð ÞtLt
sLs m�m0ð Þ ¼

Z
w y; zð Þ r2 m�m0ð Þ� �2

dA

ð7Þ
where w(y, z) is a weighting function and the inte-
gral is over the model parameter space. The explicit
weighting function w(y, z) is

w yð Þ ¼ w zð Þ ¼ z kð Þ=z0ð Þ� ð8Þ

where z(k) is the thickness of row k and z0 is set
to 500 m. This weighting increases the penalty on
vertical roughness as the block thickness increases

with depth, and also increases the penalty on the
horizontal roughness with depth in a way that is
consistent with the implicit increase in vertical
roughness. A range of b values was evaluated to
examine its impact on the model smoothness, par-
ticularly the horizontal smoothness. Finally, two
representative models with b values of 1.6 and 1.7
were chosen as optimal models without statistical
differences in the RMS misfits.

[24] Figures 6a and 6b show two optimal models
with b values of 1.6 (Figure 6a) and 1.7 (Figure 6b).
The two models are quite different beneath the
Pacific Ocean Basin, at the location of the sub-
ducting slab delineated by earthquake hypocenters

Figure 6. Optimal 2‐D isotropic inversion models: (a) model starting from a homogeneous 1‐D model of 100 W‐m
with b = 1.6, (b) model starting from a homogeneous 1‐D model of 100 W‐m with b = 1.7, (c) model allowing a sharp
resistivity change at the boundary between the subducting slab and the overlying mantle wedge starting from a homo-
geneous 1‐D model of 100 W‐m with b = 1.6, (d) model allowing a sharp resistivity change at the boundary between
the subducting slab and the overlying mantle wedge starting from a homogeneous 1‐Dmodel of 100W‐mwith b = 1.7,
(e) model solved for minimum variation from an initial model with a resistive subducting slab and b = 1.6, and (f) model
solved for minimum variation from an initial model with a resistive subducting slab and b = 1.7. Black dots indicate
earthquake hypocenters from Shiobara et al. [2005] along the MT profile. Inverted triangles indicate the locations of
stations including all of the electromagnetic field sites and the electric field only sites. With reference to Figure 1, tri-
angles across the top from left to right correspond to the West Mariana Ridge (WMR), the back‐arc spreading center
(BSC), the volcanic arc (VA), and the Marianas Trench (MTR). A sensitivity map for the model of Figure 6a is found in
Figure S5.
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and in the mantle wedge despite the small difference
in b values. The overall RMS misfits of the models
are nearly identical (1.145 for 6a and 1.149 for 6b),
and the shapes of their L‐curves are almost the same
(Figure 5), suggesting that the models cannot be
distinguished based only on the RMSmisfit. A wide
range of b values from 1.0 to 2.5 have been tested.
RMS misfits gradually and slightly increase with
larger b values, but models show a sudden change
in structure between b values of 1.6 and 1.7.

[25] The model in Figure 6b is horizontally
smoother than that in Figure 6a owing to the larger
penalty on model structure with depth. In Figure 6a,
the following features are apparent: a resistive blob
at the location of the slab, resistive and conductive
layering beneath the back‐arc basin and the Pacific
Ocean Basin with a resistive to conductive transi-
tion at about 80 km depth, and a conductive region
below 60 km depth between the volcanic arc and the
back‐arc spreading center. The resistive blob and
the conductive region between the volcanic arc and
the back‐arc spreading center seem to represent the
subducting slab and hydration or melting in the
mantle wedge, respectively. However, their location
and resistivity can be varied by reducing the b value
without producing a statistically significant change
in the RMS misfit. In Figure 6b, shallow resistive
and deep conductive layering is consistent through-
out the profile with variation in the thickness of the
shallow resistive layer. The thickness of the shallow
resistive layer beneath the Pacific Ocean Basin is
100–150 km, thickening with distance from the
Mariana Trough. The thickness beneath theMariana
Trough is 80–100 km, and that beneath the Parece
Vela Basin is 60 km. At the locus of seismic hypo-
centers in the slab, there is a conductive region. This
may be an artifact of model smoothing and the
known low sensitivity of MT data to resistive bodies
that can only be detected indirectly by deflection of
electric currents around them, resulting in ambiguity
in slab location. A resistivity of around 10 W‐m is
not expected in the subducting slab based on geo-
dynamic models of temperature [Conder, 2007] and
observations of seismicity [Peacock, 2001] used to
calculate electrical resistivity assuming either dry or
wet olivine [Constable, 2006; Yoshino et al., 2006,
2009;Wang et al., 2006]. Low resistivity in the slab
itself could only arise through pervasive release of
water from metamorphic reactions, with the result-
ing fluids forming well connected networks.

[26] It is possible that undetermined features
around the subducting slab and the mantle wedge in
Figures 6a and 6b were produced by not incorpo-
rating the large and abrupt change in physical prop-

erties anticipated at the boundary between the dry and
cold (hence, resistive) subducting slab and the over-
lying hydrated and melting (hence, conductive)
mantle wedge. To check this, inversions were car-
ried out that allow a resistivity jump on the upper
boundary of the Pacific slab. Figures 6c and 6d are
the resulting models for b = 1.6 and b = 1.7 with
overall RMS misfits of 1.122 and 1.129, respec-
tively, starting from an isotropic 1‐D structure of
100 W‐m. The two models are identical, and show a
sharp change below 60 km depth with high resis-
tivity in the subducting slab and with low resistivity
in the mantle wedge. The models also display a
more conductive back‐arc mantle compared to the
Pacific Ocean Basin mantle.

[27] Another approach to deal with the low sensi-
tivity of MT data to a resistive subducting slab is
carrying out inversions in which the initial model
explicitly contains a slab. In this case the slab is
assigned a resistivity of 3000 W‐m and a thickness
of 100 km to a depth of 270 km, below which
earthquakes are rare, over an isotropic 1‐D structure
of 100W‐m. Inversions were carried out in which the
presence of the slab was constrained in two ways.
First, the inversion algorithm was forced to seek a
solution as close to this initial model as possible,
while still seeking a minimum structure result. The
results for the two b values (Figures 6e and 6f)
are very similar and have total RMSmisfits of 1.137
and of 1.141, respectively. In both models, there
is shallow resistive and deep conductive layering
throughout the profile as in Figure 6b. The a priori
3000 W‐m slab becomes more conductive by an
order of magnitude, and the surrounding mantle
wedge at 60–250 km depth is quite conductive
(about 10 W‐m). Second, the slab resistivity was
locked, although the results are not shown. The
resulting models were similar to Figures 6e and 6f,
and have a statistically identical RMS misfit.

[28] The region beneath the back‐arc spreading
center is resistive (more than 300 W‐m) in all the
models regardless of the imposed constraints. This
region of the profile has the densest instrument
deployments, so the resistive region in no way
reflects a lack of data coverage.

[29] Figure 7 shows pseudo‐sections of the MT
response functions after topographic correction and
those calculated from the 2‐D isotropic model
(Figure 6a), and their normalized residuals defined
as

d � F mð Þ
�d

ð9Þ

Geochemistry
Geophysics
Geosystems G3G3 MATSUNO ET AL.: ELECTRICAL STRUCTURE BENEATH MARIANA 10.1029/2010GC003101

13 of 24



where d is either TE phase and TM apparent resis-
tivity and phase, F(m) is a modeled value from a
model parameter m through a forward modeling
operator F, and dd is data error. The MT response
function at each station modeled from the other
optimal models (Figures 6b–6f) is quite similar to
those modeled from Figure 6a, as suggested by the
statistically identical RMS misfits.

[30] The transfer function between the vertical
magnetic field and the across‐strike components of
the horizontal magnetic field is a TEmode entity that
can constrain resistivity structure, and especially its
lateral variation in the 2‐D case. Magnetic transfer
functions were estimated at 22 sites using the mul-
tiple remote reference, bounded influence algorithm
ofChave and Thomson [2004] to reduce the effect of
local magnetic field noise bias. The absolute value of
the along‐strike component of the transfer functions
are mostly smaller than and rarely the same magni-
tude as those of the across‐strike component of the
transfer function. Transfer functions at periods lon-
ger than 10,000 s were not used because the source

structure becomes important toward determining
them, but is not incorporated into the inversion
algorithm. The transfer functions showed strong
topographic distortion that was clarified by forward
modeling with an optimal isotropic resistivity
structure overlain by topography. An attempt was
made to correct topographic distortion of the transfer
functions under the assumption that distorted and
undistorted transfer functions are connected by a
complex scalar. This idea is identical to that used in
the correction method for MT response functions of
Baba and Chave [2005], and is valid because the
resistivity model used for the forward modeling is
supposed to be close to the actual resistivity struc-
ture. After topographic correction, the magnetic
transfer and MT response functions were jointly
inverted. The corrected magnetic transfer functions
were fit well, although the overall RMS misfit was
slightly larger than when only the MT responses
were inverted. The resultant model was nearly
identical to that obtained from the MT response
functions, suggesting that the magnetic transfer

Figure 7. Pseudo‐section of data and model responses, and normalized residuals. (left) Inverted data responses, (mid-
dle) modeled responses from the Figure 6amodel, and (right) normalized residuals between data andmodeled responses.
The dots in each plot denote values in the period‐distance domain.
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functions do not further constrain the resistivity
structure from this study.

5. Synthetic Tests for Main Features

[31] Synthetic tests for data sensitivity to key fea-
tures in the isotropic optimal models (Figure 6) and
their robustness were carried out. The targets of
synthetic tests are (1) a subducting resistive slab,
(2) a conductor in the mantle wedge, and (3) the
depth to the top of the conductor in the mantle
wedge. Synthetic data were generated from simple
structures (Figures 8a–8d) with the FS3D program
[Baba and Seama, 2002], and had 5% Gaussian

noise added. The site locations and periods for the
synthetic data are identical to those for the real data.
For consistency, the TE mode apparent resistivity
was not used in the synthetic inversions. The model
discretization, regularization parameters and model
smoothness parameters are also identical to those
used for the real models in section 4.

[32] The synthetic models are shown in Figures 8a–
8d. A background 1‐D structure was first constructed
based on the optimal 2‐D model of Figure 6b, and
2‐D featureswere added to it. In Figure 8a, a slabwith
a resistivity of 3000 W‐m and thickness of 100 km
is overlaid on the background 1‐D structure. In
Figures 8b–8d, a conductive region of 10 W‐m

Figure 8. (a–d) Synthetic forward models and (e–h) inverted smooth models. In the forward model in Figure 8a, there
is a resistive lithosphere and slab with 100 km thickness plus a background 1‐D layer model. In the forward models
in Figures 8b–8d, there are conductors with the top at a depth of 30 km (Figure 8b), 60 km (Figure 8c), and 90 km
(Figure 8d) in the mantle wedge in addition to the forward model in Figure 8a. Black dots indicate earthquake hypocen-
ters from Shiobara et al. [2005] along theMT profile. Inverted triangles indicate the locations of stations including all of
the electromagnetic field sites and the electric field only sites. With reference to Figure 1, triangles across the top from
left to right correspond to theWest Mariana Ridge (WMR), the back‐arc spreading center (BSC), the volcanic arc (VA),
and the Mariana Trench (MTR).
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with the top at depths of 30 km (Figure 8b), 60 km
(Figure 8c) and 90 km (Figure 8d) is overlaid in the
mantle wedge in addition to the resistive slab.

[33] Figures 8e–8h show inversion results from the
synthetic data corresponding to Figures 8a–8d
without constraints on the subducting slab. The
value and thickness of the shallow resistive layer are
recovered. The vertical resistive slab body is slightly
more resistive than the surrounding conductive
region at the same depth; however, the value of
resistivity and the shape of the vertical resistive
body are not recovered well below a depth of about
100 km. This means that the MT data do not have
sufficient resolution to delineate the resistivity and
shape of the subducting resistive slab without some

constraints. To check for the effect of a deficiency in
data coverage above the slab, data at synthetic sites
located between the real sites above the slab (at 50–
300 km across strike) were added to the inversion.
These additional data did not yield an improvement
in the resolution of the resistive slab. The mantle
wedge in Figures 8f–8h is more conductive than that
in Figure 8e, although the value of resistivity is not
recovered perfectly and its shape blurs. Differences
in the depth to the top of the conductor in Figures 8f–
8h are distinguishable. This provides reassurance
that details of the conductive mantle wedge can be
resolved by the real data set.

[34] Figures 9a–9d show inversion models with the
added constraint of a sharp resistivity change at

Figure 9. (a–d) Inversion models with a sharp resistivity change at the boundary between the subducting slab and the
overlying mantle wedge and (e–h) inversion models with a priori constraints on the resistive subducting slab. Black dots
indicate earthquake hypocenters from Shiobara et al. [2005] along the MT profile. Inverted triangles indicate the
locations of stations including all of the electromagnetic field sites and the electric field only sites. With reference to
Figure 1, triangles across the top from left to right correspond to theWestMariana Ridge (WMR), the back‐arc spreading
center (BSC), the volcanic arc (VA), and the Mariana Trench (MTR).
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the boundary between the subducting slab and the
overlying mantle wedge. Conductive regions in the
mantle wedge and resistive regions near the loca-
tion of the slab in Figures 9b–9d become clearer
than those without the sharp resistivity change
(Figures 8f–8h). Figures 9e–9h show inversion
models in which the resistive slab is set a priori
like Figures 6e and 6f. Conductive regions in the
mantle wedge in Figures 9f–9h become clearer
than those without a constraint on the resistive slab
(Figures 8f–8h). The results suggest that the con-
straint is effective toward estimating the mantle
wedge structure.

6. Discussion and Interpretation

[35] The sequence of inversions and tests described
above highlight the following key features in the
2‐D electrical resistivity model in the Marianas:
(1) an uppermost resistive layer with a thickness of
up to 150 km beneath the Pacific Ocean Basin that
becomes thicker with distance from the Mariana
Trench, is 80–100 km beneath the Mariana Trough,
and becomes 60 km beneath the Parece Vela Basin;
(2) a conductive mantle directly beneath this upper-
most resistive layer; (3) a resistive region beneath
the volcanic arc down to 60 km depth, and a con-
ductive region below that depth in the mantle wedge
with the resistivity value of less than 10 W‐m. The
conductive region becomes more conductive when a
resistivity jump is allowed on the boundary between
the subducting slab and the overlyingmantle wedge;
and (4) a mantle of around 300 W‐m beneath the
back‐arc spreading center.

6.1. Variations of the Shallow Resistive
Layer and the Conductive Mantle Below It

[36] The shallow resistive layer represents the elec-
trical lithosphere in which the variation in thickness
is primarily controlled by temperature and com-
position [Evans et al., 2005; Baba, 2005]. The
conductive mantle below the shallow resistive lith-
osphere is expected to be asthenospheric. However,
most models of asthenospheric mantle on a typical
adiabat predict resistivity of around 100 W‐m [Xu
et al., 1998]. Resistivity values of 10 W‐m or less
cannot be explained by dry olivine, and require an
additional conductive phase such as water and melt
[Evans et al., 2005; Baba et al., 2006; Wang et al.,
2006; Yoshino et al., 2006, 2009; Gaillard et al.,
2008].

[37] Beneath the Pacific Ocean Basin, the thickness
of the lithosphere defined as the transition to around

100 W‐m, approximately the value expected for dry
olivine with a potential temperature of 1350°C along
a mantle adiabat of 0.3°C km−1 [Turcotte and
Schubert, 2002], is roughly at 100 km, in keeping
with the standard plate cooling model [Parsons and
Sclater, 1977] for seafloor of 140–150 Ma. This
lithospheric thickness is expected, as the thermal
structure in 140–150 Ma lithosphere will have
grown through the compositional boundary exhibited
at juvenile lithosphere [Evans et al., 2005; Baba,
2005]. The variation of lithospheric thickness,
which increases by about 50 km over a distance of
200 km from the trench (or decreases toward the
trench), is not an artifact based on synthetic tests
(Figures 8 and 9). It cannot be explained simply by
thermal control, and additional mechanisms to pro-
duce such variation are required. One possibility is
variation in temperature and in degree of melting
and hydration around the lithosphere‐asthenosphere
boundary generated by sub‐lithospheric small‐scale
convection beneath an old and cold plate [Huang
et al., 2003] or seamounts in the younger Pacific
plate [Ballmer et al., 2009]. Once the lithosphere has
some variation in thickness, edge‐driven or shear‐
driven mantle flow along lithospheric basal topog-
raphy [King and Anderson, 1998; Conrad et al.,
2010] might also occur resulting in the variation
in lithospheric thickness observed in the electrical
resistivity structure. Seafloor topography around
sites in the Pacific plate shows a group of seamounts,
suggesting volcanic activity and mantle convection.
Thinner lithosphere and slightly lower resistivity
near the Mariana Trench found in some models in
Figure 6 may be related to hydration of the oceanic
plate by water circulating along faults in the plate
bending region as has been suggested to occur
in other subduction zones [Ranero et al., 2003;
Contreras‐Reyes et al., 2008].

[38] Beneath the Mariana Trough, the thickness of
the shallow resistive lithosphere is about 80–100 km
regardless of seafloor age that spans from zero‐age
to 6 Ma [Hussong and Uyeda, 1982], and appears to
be compositionally controlled by dry mantle peri-
dotite in much the same way as was seen close to the
southern East Pacific Rise [Evans et al., 2005]. The
conductive mantle below the resistive lithosphere
has a low resistivity (<10W‐m) below 150 km depth
and a gradual increase in resistivity from 10 W‐m to
100 W‐m above 150 km to a depth of 80–100 km.
The seismic attenuation model of Pozgay et al.
[2009] beneath the Mariana Trough shows the
following features: low attenuation below 125 km
depth (however, the structure below this depth is not
well constrained due to the sparsity of raypaths);
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high attenuation between depths of 50–125 km; and
low attenuation above 50 km depth except for the
region directly beneath the spreading center. The
gradual upward increase in resistivity along with
high seismic attenuation between 150 km and 80–
100 km depth appear to be in conflict. Possibilities
that may explain these observations include gener-
ation of unconnected trace amount of melt which
does not impact electrical resistivity but enhances
seismic attenuation [Faul et al., 2004], and reduc-
tion of water content due to its extraction through
melting that results in a gradual upward increase in
resistivity [Seama et al., 2007]. One suggestion as
to why the melt remains unconnected is that the
Mariana Trough has a low potential temperature so
that the extent of melting is decreased [Wiens et al.,
2006]. However, laboratory measurements have
shown that melt interconnects at extremely low melt
fractions [Drury and Fitz Gerald, 1996] and so it is
unclear whether melt is really likely to sit in such a
network. The Mariana Trough also has a slow sea-
floor spreading center, that can result in a low melt
extent [Niu and Hékinian, 1997], and a possible
other explanation is that melt is connected but is in
very localized and 3‐D channels that do not impact
the MT response functions.

[39] Whether water dissolved hydrogen in olivine
can explain the observed asthenospheric resistivity
below 150 km depth depends on which set of lab-
oratory data for hydrous olivine resistivity is used.
Using the model of Conder [2007] to set the 2‐D
thermal structure of the central Marianas for the
purposes of resistivity calculations, resistivity mea-
surements on wet olivine aggregates of Wang et al.
[2006] predict less water content about 0.01–
0.03 wt% H2O (∼1600–4800 ppm H/Si by the
transformation of Hirth and Kohlstedt [1996]) that
produce the resistivity of 3–10 W‐m. This H2O
estimate is significantly lower than the geochemical
value 0.166 ± 0.04 wt% H2O in the mantle source
region for Mariana back‐arc basin basalts [Wiens
et al., 2006]. In contrast, resistivity measurements
of wet olivine aggregates from Yoshino et al. [2009]
do not predict the resistivity as low as 10 W‐m.
The H2O estimate Yoshino et al. [2009] used is
0.03–0.17 wt% H2O (∼5000–27000 ppm H/Si) at
150–400 km depths, which is 1/3 of the preferred
maximum H2O storage model of olivine from
Hirschmann et al. [2005] and approaches the geo-
chemical estimate for the mantle source fromWiens
et al. [2006]. In this case, an additional conductive
phase such as melt is required to explain the
observed resistivity. At depths below 150 km which
is deeper than the depth to the onset of silicate

melting (around 110 km in a hydrous mantle
[Dasgupta et al., 2007]), interconnected carbonatite
melt that can be highly conductive in trace amounts
(<0.1% volume), would produce the observed bulk
low resistivity [Gaillard et al., 2008].

[40] The steep vertical gradient in resistivity beneath
the Parece Vela Basin begins at shallower depth
(about 60 km) and mantle resistivity values are
reached more rapidly than beneath the Mariana
Trough. The thermal structure alone cannot account
for the change beginning at 60 km depth, and this is a
similar observation to that seen at another location in
the Parece Vela Basin [Seama et al., 2007] and also
at the southern East Pacific Rise [Evans et al.,
2005]. Thus, although it has been suggested that
thermal evolution can account for the observed
seismic structure across ocean basins [Priestley and
McKenzie, 2006], the electrical resistivity structure
(and in some cases seismic structure) requires an
additional conductive phase, and there has been
discussion in the literature as to whether this phase is
water or melt. The similarity between the ∼60 km
depth to the base of the resistor and the depth to the
dry solidus may not be a coincidence. The sugges-
tion is that melting at the ridge crest depletes a
column of mantle of about that thickness, and so
this layer represents the residual depleted and dry
mantle [Evans et al., 2005]. The seismic attenuation
model of Pozgay et al. [2009] does not have good
resolution in this region due to the sparsity of
raypaths. Instead, the borehole broadband ocean
bottom seismic study of Kawakatsu et al. [2009] is
available to investigate seismic structure beneath
the Parece Vela Basin. Although the borehole is
located on the opposite side of the Parece Vela
Basin compared to the westernmost MT site, their
result can be useful if it is assumed that the mantle
structure is symmetric about the spreading axis.
They showed a negative peak in receiver function
and an abrupt decrease in shear wave velocity at
about 60 km depth, consistent with the depth of the
change in resistivity. Their interpretation is that the
reflectivity and sharp decrease in velocity is caused
by multiple melt sheets below 60 km. In this model,
a conductive mantle would be due to interconnected
melt. At the East Pacific Rise, a combination of
water and/or melt was suggested to explain a similar
set of observations. In contrast to the Parece Vela
Basin, the conductor at the southern East Pacific
Rise was anisotropic leading to water (hydrogen
dissolved in olivine) as the preferred explanation
[Evans et al., 2005; Baba et al., 2006]. Electrical
anisotropy is weak to non‐existent beneath the
Parece Vela Basin as shown in section 6.4, and so
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melt may well be dominating the resistivity, although
water must be present to initiate melting. Low
resistivities beneath 150 km depth could also be
due to either water or carbonate melt, or a com-
bination of both.

6.2. Structure Beneath the Volcanic Arc
in the Mantle Wedge

[41] The depth of melting and/or the distribution of
slab‐derived aqueous fluids can be inferred from the
depth extent of conductive regions water beneath the
volcanic arc. Furthermore, mantle that has under-
gone melting will appear as an electrically resistive
(dry) layer above a more conductive fertile mantle.
A conductive region is observed below about 60 km
depth between the arc and the back‐arc spreading
center, which becomesmore conductive (3–10W‐m)
when a resistivity jump is allowed at the boundary
between the Pacific slab and the overlying mantle
wedge. In contrast, a conductive region is not found
above about 60 km depth beneath the arc. The
conductive mantle wedge of 3–10 W‐m can be
explained by 3–7% by volume of silicate melt based
on an Archie’s Law argument [ten Grotenhuis et al.,
2005] allowing for a change in connectivity with
increasing melt fraction, or by 0.01–0.03 wt% H2O
based onWang et al. [2006] or by 0.3–0.9 wt% H2O
based on Yoshino et al. [2009].

[42] The depth to the top of the conductive region
(>10 W‐m) is 70–80 km, and is broadly consistent
with the depth to the onset of melting in the model of
Grove et al. [2009] for the convergence rate and slab
geometry of the Marianas. The Grove et al. [2009]
model suggests chlorite as the primary phase car-
rying water away from the surface of the subducting
slab, resulting in a broader melt zone in the wedge
than would otherwise be possible. We do not see the
pathway of melt from this source region to either the
arc or the back‐arc spreading center. One possibility
is that melt delivery occurs in a heterogeneous net-
work such that the bulk resistivity along and across
strike is not influenced by the presence of melt.

[43] Seismic attenuation structure beneath the fore‐
arc and the volcanic arc [Pozgay et al., 2009] shows
high attenuation regions beneath the fore‐arc at 50–
100 km depths and in the mantle wedge beneath the
volcanic arc down to 100 kmdepth. They interpreted
the high attenuation region beneath the fore‐arc as
infiltration by slab‐derived fluids and/or serpenti-
nized rocks, and the mantle wedge beneath the
volcanic arc as hydration and/or melt. In the resis-
tivity models, the high attenuation region in the fore‐
arc has a resistivity value of more than 100 W‐m.

It suggests the absence of connected melt and/or
water, and is consistent with the presence of ser-
pentinite that in the absence of free pore fluids is
electrically resistive [Popp and Kern, 1993; Xie
et al., 2002]. The high attenuation region beneath
the volcanic arc is resistive above 60 km and con-
ductive below that depth, suggesting changes in the
amount of and the interconnection of melt and/or
water.

6.3. Resistive Structure Beneath
the Back‐Arc Spreading Center

[44] No evidence for a conductive region is observed
in any inversion models beneath the back‐arc
spreading center. The resistivity at depths shallower
than 60–80 km shows more than 300 W‐m. A
hypothesis that has been proposed for melt upwell-
ing patterns beneath slow spreading mid‐ocean
ridges has melt dynamically focused toward the
ridge in a narrow column [Magde and Sparks, 1997;
Magde et al., 2000] with areas of melt delivery
concentrated beneath the central portions of ridge
segments. A circular low in the mantle Bouguer
anomaly in the center of the ridge segment supports
this hypothesis [Kitada et al., 2006]. Further, seis-
mic attenuation measurements suggest a 75 kmwide
columnar‐shaped region of dynamic upwelling that
extends from the uppermost mantle to about 100 km
depth [Pozgay et al., 2009]. If this upwelling model
is correct, then the electrical resistivity structure
should contain a narrow conductive body beneath
the ridge axis provided that melt is well inter-
connected. However, the observed high resistivity
suggests no more than a small amount of melt that is
poorly interconnected. An alternative interpretation
is that if themelt is delivered in a feature with limited
along‐strike dimensions then it is difficult to be
imaged by this 2‐D study.

6.4. Anisotropic Structure in the Central
Marianas

[45] Electrical anisotropy in the upper mantle is
expected in the Marianas due to mantle flow as the
MELT experiment showed strong electrical anisot-
ropy that was interpreted to be due to the crystallo-
graphic a‐axis alignment of wet olivine induced by
mantle flow [Evans et al., 2005; Baba et al., 2006].
Pozgay et al. [2007] showed a complex pattern
of shear wave splitting in the central Marianas,
suggesting physical mantle flow that is parallel to
the arc lineament between the arc and the back‐arc
spreading center at depths shallower than 250 km
between 17.5° and 19°N.
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[46] Anisotropic inversions were carried out to
investigate electrically anisotropic features in the
central Marianas. For comparison with the MELT
anisotropic model [Baba et al., 2006], the anisotropy
regularization parameter tc was set to 0.1. Figure 10
shows an anisotropic model allowing a resistivity
jump at the upper boundary of the Pacific slab with
an overall RMS misfit of 1.007. Many features in
this model are similar to those in the isotropic
models, including a resistive lithosphere, a con-
ductive asthenosphere, and a conductive region in
the mantle wedge. The differences in resistivity for
the two horizontal directions (along‐strike and
across‐strike) is about a factor of 2, which is weaker
than the factor of 10 observed beneath the southern
East Pacific Rise [Evans et al., 2005; Baba et al.,

2006]. This weak anisotropy may result from 3‐D
mantle flow in the Mariana Trough that may have
different patterns and lower mantle flow velocity
compared to the 2‐D mantle flow along the fast
spreading direction at the southern East Pacific Rise
[Wolfe and Solomon, 1998].

7. Conclusions

[47] We have obtained comprehensive electrical
resistivity images of the upper mantle beneath the
Mariana subduction system down to the transition
zone. The electrical resistivity models were inverted
from topographically corrected MT response func-
tions with and without constraints on the subducting

Figure 10. (left) A 2‐D anisotropic model allowing a resistivity jump at the upper boundary of the Pacific slab and
(right) the log difference in resistivity between the along‐strike (rx) and across‐strike (ry) directions. (top left)
Along‐strike resistivity, (middle left) across‐strike resistivity, and (bottom left) vertical resistivity. The regularization
parameter for model smoothness (ts) is set to 1.8. The regularization parameter for degree of anisotropy (tc) is set to
0.1, which is the same value that was used in deriving anisotropic electrical beneath the southern East Pacific Rise
by Baba et al. [2006]. In Figure 10 (right), the red colors indicate regions that are more conductive along‐strike and
the blue colors indicate regions that are more conductive across‐strike. Black dots indicate earthquake hypocenters from
Shiobara et al. [2005] along the MT profile. With reference to Figure 1, triangles across the top from left to right
correspond to the West Mariana Ridge (WMR), the back‐arc spreading center (BSC), the volcanic arc (VA), and the
Mariana Trench (MTR).
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Pacific slab and the overlying mantle wedge. The
resultant isotropic electrical resistivity structures
show the following features: (1) an uppermost
resistive layer with a thickness of up to 150 km
beneath the Pacific Ocean Basin that thickens with
distance from the Mariana Trench, 80–100 km
beneath the Mariana Trough, and 60 km beneath the
Parece Vela Basin; (2) a deep conductive mantle
directly beneath the uppermost resistive layer; (3) a
resistive region down to 60 km depth and a con-
ductive region having the resistivity value of less
than 10 W‐m beginning at 60 km depth beneath the
volcanic arc in the mantle wedge; and (4) no con-
ductive feature beneath the back‐arc spreading
center. Synthetic tests on a resistive subducting slab,
conductor in the mantle wedge, and the depth to the
top of this conductor support the validity of these
model features that are attributed to thermal struc-
ture and the distribution of melt and/or slab‐derived
water in themantle. The shallow resistive layer is the
dry lithosphere, and its variation in thickness sug-
gests thermal and compositional control of litho-
spheric thickness beneath the Pacific Ocean Basin
and the back‐arc basin, respectively. The conductive
feature under the resistive layer indicates hydration
and/or melting, and its variation between the old
subducting mantle and the new back‐arc mantle
suggest differences in hydration and/or melting. The
resistive region beneath the volcanic arc down to
60 km depth suggests that, if present, melt and water
are not interconnected, and the conductive mantle
wedge beneath the volcanic arc below 60 km depth
suggests hydration and melting related to slab
dehydration and the subsequent volcanism at the arc.
The resistive region beneath the back‐arc spreading
center in the Mariana Trough can be explained by
dry mantle, and suggests that any melt present is
either poorly connected or localized along the strike
of the ridge beneath the slow spreading ridge.
Electrical anisotropy models were investigated with
the regularized inversion algorithm, and evidence
for it in the central Mariana upper mantle is weak, in
contrast with the structure beneath the fast spreading
southern East Pacific Rise.
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