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Abstract. This review paper presents recent research on electrical conductivity structure in

various marine tectonic settings. In at least three areas, marine electromagnetic studies for

structural exploration have increasingly progressed: (1) data accumulations, (2) technical

advances both for hardware and software, and (3) interpretations based on multidisciplinary

approaches. The mid-ocean ridge system is the best-studied tectonic setting. Recent works

have revealed evidence of conductive zones of hydrothermal circulation and axial magma

chambers in the crust and partial melt zones of the mid-ocean ridge basalt source in the

mantle. The role of water or dissolved hydrogen and its redistribution at mid-ocean ridges is

emphasized for the conductivity pattern of the oceanic lithosphere and asthenosphere.

Regions of mantle upwelling (hotspot or plume) and downwelling (subducting slab) are

attracting attention. Evidence of heterogeneity exists not only in the crust and the upper

mantle, but also in the mantle transition zone. Electrical conductive zones frequently overlap

seismic low-velocity zones, but discrepancies are also apparent. Some studies have compared

conductivity models with the results of seismic and other studies to investigate the physical

properties or processes. A new laboratory-based conductivity model for matured oceanic

lithosphere and asthenosphere is proposed. It takes account of both the water distribution in

the mantle as well as the thermal structure. It explains observed conductivity patterns in the

depth range of 60–200 km.

Keywords: controlled-source electromagnetics, electrical conductivity, magnetotellurics,

marine tectonic settings

1. Introduction

This review is intended to cover the main results on marine electromagnetic

(EM) studies since Palshin (1996), with particular emphasis on electrical

conductivity and resistivity structures in various marine tectonic settings.

Heinson (1999) presented a more recent review emphasizing the structure of

both the oceanic and continental lithosphere and asthenosphere. Motional

induction by ocean currents is another interesting target of active study by

several groups (e.g., Flosadóttir et al., 1997; Fujii and Utada, 2000; Lilley

et al., 2001, 2004). However, that subject is beyond the scope of this review.

The papers cited should be used for reference.
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Marine EM studies for structural exploration have progressed rapidly

during the last decade. At least three reasons for this progress exist: (1) data

accumulation, (2) technical advances, and (3) interpretations based on mul-

tidisciplinary approaches.

Data sets have been accumulated from various tectonic settings. The most

actively studied setting is the mid-ocean ridge system. Subduction zones and

back-arc basins have also been increasingly investigated. Aside from those, a

few experiments have been undertaken in mantle upwelling regions, normal

oceanic basins, and passive continental margins. Now standard exploration

methods to produce an image of the conductivity structure beneath the seafloor

are magnetotellurics (MT), geomagnetic depth sounding (GDS), and con-

trolled-source methods: time and frequency domain controlled-source elec-

tromagnetic (CSEM) systems and magnetometric resistivity (MMR)

soundings. An overview of marine EM techniques is given by Chave et al.

(1991). The exploration range using such methods extends from the shallow

crust to the deep uppermantle. Long-distance and long-term voltage difference

data measured by submarine cables have also been accumulated. Use of data

from such cables andmagnetic observatories forMT andGDS allows probing

of the submarinedeepmantle structureona super-regionalor semi-global scale.

Technical advances in both hardware and software support the progress of

marine EM studies. Hardware improvements include the development of new

instruments to improve the depth range of conventional surveys. Software

advances comprise new modeling and inversion techniques, supported by

steadily improving computer performance. Two-dimensional (2D) analysis

using regularized inversion has become a standard approach in many studies.

Even three-dimensional (3D) inversion methods have been developed and

applied. Some inversion programs that were designed originally for land-based

datahavebeenadaptedformarineapplications.Somenewlydevelopedmethods

exist totreat typicalproblemsforseafloorobservations,suchas incorporationof

deep-towed active sources and seafloor topography into the model.

The interpretation of the obtained conductivity or resistivity models has

become more sophisticated because of improvement of data quality and

density, and most notably because of the increasing trend towards multi-

disciplinary studies. Comparison of the conductivity structure with other

observations, experimental studies, and modeling studies has helped to

distinguish factors that determine physical properties and processes.

Comparisons of electrical conductivity structure with seismic velocity struc-

ture are obtainable from many recent publications (e.g., Evans et al., 2005;

Fukao et al., 2004; Key and Constable, 2002; MacGregor et al., 2001).

In the following sections, recent technical advances are reviewed first.

Then, some case studies from different tectonic settings – the mid-ocean ridge

system, mantle upwelling, and downwelling regions – are discussed. Finally, a

new laboratory-based conductivity model for oceanic lithosphere and
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asthenosphere is introduced. It is helpful for interpretation of seafloor MT

observations.

2. Technical advancements

2.1. Instrumentation

The respective developmental histories of at least two novel instruments for

seafloor EM exploration are available among recent studies. Constable et al.

(1998) describe a newly developed broadband MT instrument for exploration

of shallow structures. The seafloor MT method has traditionally been used in

the period range of 103 – 105 s because the MT fields at shorter periods are

attenuated by the presence of conductive seawater. Because of its range, the

MT method is capable of probing the upper mantle structure in a depth range

of �20 to �400 km, whereas controlled-source methods have been utilized to

investigate the shallow conductivity structure in a depth range between tens

of meters and tens of kilometers using an artificial transmitter source. The

new instrument is equipped with induction coil sensors and AC-coupled

electric field amplifiers and allows measurements in the range of 1–1000 s,

which is suitable to detect targets in the crust and shallow mantle. Practical

use of these types of instruments is reported by Key and Constable (2002)

and Goto (2003) among others.

A new type of seafloor electromagnetic station (SFEMS) has been

developed for long-term measurement of EM fields on the seafloor with an

accuracy that is equivalent to land observatories (Toh et al., 1998, 2001). For

this purpose, the SFEMS is equipped with an Overhauser absolute magnetic

sensor and a fiber optical gyro aside from an MT variograph (three-com-

ponent fluxgate magnetometer, electric dipoles, and tilt meters). The SFEMS

was developed with the intentions of (1) probing the conductivity structure of

the deep Earth using long-term seafloor MT soundings, (2) estimating lower

mantle conductivity by detection of geomagnetic secular variations, and (3)

understanding the dynamics in the Earth’s core by improving the distribution

of the existing global EM observation network. The SFEMS was deployed

on the seafloor in Northwest Pacific in August (2001), and 718 daytime series

data have been recovered since its deployment; those measurements are

ongoing (Toh et al., 2004).

2.2. Modeling and inversion techniques

Modeling and inversion techniques have been improved continually along

with the ongoing progress in computing technology. 2D inversion has

become a standard tool; the availability of sophisticated 3D inversion codes
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is anticipated. As data quality and density improve, demand grows for more

accurate and reliable determination of the Earth structure in complex ter-

rains. Taking the effect of topography into account is an important aspect of

this progress. Accounting for topography is particularly important when data

are acquired on the seafloor because the large conductivity contrast between

seawater and crust severely distorts both electric and magnetic fields whereas

the topographic distortion appears mainly in the electric field on land.

Schwalenberg and Edwards (2004) present analytic solutions for the fields

perturbed by a 2D sinusoidal topographic interface and demonstrate their

effects on the MT response. Although the analytic approach provides solu-

tions for a limited model, it is useful to understand the physics of the dis-

tortion process and to check numerical algorithms.

Figure 1 shows the topographic model and the calculated MT response

demonstrated by Schwalenberg and Edwards (2004) for interfaces between

two media: a land surface and a seafloor. On the seafloor, both the TE and

TM mode responses are affected by the topography, whereas only the TM

mode apparent resistivity is distorted on land. The TM mode apparent

resistivities are distorted in an opposite sense depending on whether the

upper medium is more conductive than the lower medium (seafloor) or more

resistive (land surface). For the TM mode response, only the apparent

resistivities, not the phases, are distorted by topography in both cases. The

distortion is independent of the period, indicating that galvanic charge effects

are dominant. For the TE mode, however, both the apparent resistivity and

phase are distorted on the seafloor and are strongly dependent on the fre-

quency, demonstrating that the effect is rather inductive. This fact compli-

cates the separability of the effects of topographic distortion from seafloor

responses in the data analysis. It also eliminates the application of tensor

decomposition techniques for galvanic distortion correction (e.g., Groom

and Bailey, 1989; Chave and Smith, 1994).

Distorted fields caused by changing topography typically engender large

problems in numerical modeling in the period range used for seafloor MT.

The reason is that it is difficult to simultaneously resolve the small-scale

heterogeneity (relative to the induction scale) that produces the distortion and

still include the much larger scale, heterogeneous structure of the underlying

mantle, which is of geophysical interest. The thin-sheet approximation (Price,

1949) is frequently used. It conceptually replaces an actual ocean layer with

various thicknesses as a result of seafloor topography with a thin sheet of

variable conductance (e.g., Heinson and Lilley, 1993; Nolasco et al., 1998;

Evans et al., 1999). However, the thin sheet approximation is limited to

application to 1D models. Furthermore, it becomes increasingly inaccurate at

periods shorter than �1000 s in the deep ocean because the electromagnetic

skin depth becomes comparable to the water depth. Another common
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approach is to incorporate a simplified 2D topography in the discrete model

(e.g., Evans et al., 1999; Constable and Heinson, 2004).

Baba and Seama (2002) recently introduced an effective modeling tech-

nique called flattening surface 3D modeling (FS3D), which can incorporate

precise 3D topography over an arbitrary subsurface structure without

invoking the thin sheet approximation. The FS3D method is based on con-

version of 3D changes in the electrical conductivity and magnetic perme-

ability of blocks bounding the flattened seafloor. Consequently, number of

vertical grid points is considerably smaller than that used for a full 3D

simulation (Figure 2). The topographic problem has been long-standing in

marine EM studies. Its solution has been attempted by many authors (e.g.,

Heinson and Lilley, 1993; Nolasco et al., 1998; Koyama, 2002). Baba and

Chave (2005) introduce an analytical method for seafloor MT data that

combines the removal of 3D topographic effects with the inversion of the

corrected data as follows. The observed MT impedance is first corrected to a

flat-lying seafloor datum using the observed bathymetry and FS3D method.

The corrected MT response is then inverted in a flat seafloor model space.

Because of coupling between the topographic effect and deeper structure, the

correction and inversion steps are iterated until their respective changes

become small. The method was applied to a real data set (Baba and Chave,

2005; Baba et al., 2004 a).

Figure 1. Modeling of the topographic effect using an analytic approach (Schwalenberg and

Edwards, 2004). Top: The topographic model. Bottom: Normalized apparent resistivity and

phases calculated on a harmonic interface.
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)

Figure 2. The principle of Baba and Seama (2002)’s FS3D method: (a) the real earth; (b) the

earth divided into rectangular blocks, so that topographic change is expressed by variations in

the thickness of the blocks at the two layers bounding the seafloor; (c) the FS3D model where

the seafloor is flattened and the conductivity and permeability in the two layers are converted

to tensors as conductance and permeance in each direction are conserved. The associated

equations are provided in the right column.
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Numerous 2D MT inversion codes are available (e.g., deGroot-Hedlin

and Constable, 1990; Smith and Booker, 1991; Uchida, 1993; Siripun-

varaporn and Egbert, 2000; Rodi and Mackie, 2001). Some of these have

been modified and applied to seafloor data. One of these modifications

accommodates electric and magnetic field observations that are not co-

located, for example, because of instrument failure. This modification only

slightly affects the TE mode, but it is important for the TM mode because the

magnetic field varies according to the position on the seafloor, unlike that on

the land surface. The modification was done for the rapid relaxation inver-

sion (RRI) method (Smith and Booker, 1991) in Evans et al. (1999), for the

nonlinear conjugate gradient (NLCG) inversion (Rodi and Mackie, 2001), in

Chave et al. (2001) and Baba et al. (2004a), and for the inversion method of

Uchida (1993) in T. Goto, pers. commun (2004).

Anisotropy is another common problem, particularly when addressing

the conductivity structure of the upper mantle. Motivated by the mantle

dynamics beneath the East Pacific Rise, Baba et al. (2004a) extended the

NLCG inversion by Rodi and Mackie (2001) and incorporated anisotropy

into the code. The principle axes of the conductivity tensor are assumed to

be in alignment with the 2D regional structure. In other words, only the

diagonal terms have non-zero values. The forward solution for the TM

mode was modified by incorporating different resistivities in the horizontal

and vertical directions, whereas it is identical with the isotropic case for

the TE mode. Two regularization terms, one for the model smoothness

and the other one for the degree of isotropy, were introduced in the

inversion.

For marine CSEM data, regularized one-dimensional (1D) inversion have

been state-of-the-art until recently (Evans et al., 1994; Constable and Cox,

1996; MacGregor et al., 1998). MacGregor (1999) describe the development

of a 2.5-dimensional (2.5D) regularized inversion scheme for marine CSEM

data based on the Occam inversion algorithm (Constable et al., 1987;

deGroot-Hedlin and Constable, 1990). Forward calculation is performed

using the finite element code of Unsworth et al. (1993). The problem is

termed 2.5D because the CSEM source is a point horizontal electric dipole.It

generates fields that vary in three dimensions. The 2.5D inversion method

was applied to data collected from the Valu Fa Ridge, Lau Basin (MacGr-

egor et al., 2001).

Koyama (2002) developed a 3D regularized inversion algorithm based on

a spherical coordinate system to investigate the semi-global scale structure of

the mid-mantle. The algorithm is based on an integral equation approach for

the forward problem. It makes use of the hybrid method of the quasi-Newton

and the steepest descent methods for the inversion problem. The 3D

inversion was applied to a data set using trans-Pacific submarine cables and

magnetic observatory data (Koyama, 2002; Fukao et al., 2004).
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3. Mid-ocean Ridges

Mid-ocean ridge systems, including back-arc spreading centers, have been

studied using various geophysical and geochemical approaches, as well as

experimental and numerical modeling approaches. Recently, marine EM

experiments were carried out in the East Pacific Rise, the Juan de Fuca

Ridge, the Gulf of Aden, the Valu Fa Ridge, and the Mariana Trough. Melt

generation and migration processes, crustal formation at the axial magma

chamber, and hydrothermal circulations have been investigated through the

conductivity structure of the crust and mantle.

3.1. Melt generation and migration processes in the upper mantle

At mid-ocean ridges, upwelling mantle partially melts as a result of pressure

release. The melt is the source of mid-ocean ridge basalts (MORB). The

melt-generating processes have been revealed considerably through the

mantle electromagnetic and tomography (MELT) experiment (The MELT

Seismic Team, 1998; Evans et al., 1999) in the Southern East Pacific Rise

(SEPR) at 17�S, where the Pacific and Nazca plates are spreading rapidly at

the full rate of 145 mm/year. The MT experiment was carried out

deploying 47 seafloor instruments from four countries at 32 stations on two

lines crossing the SEPR during 1996–1997. Evans et al. (1999) reported the

first results indicating a broad but asymmetric conductive zone beneath the

SEPR (Figure 3c). Subsequently, Baba et al. (2004a) reanalyzed the data

using precise topographic effect correction and 2D anisotropic inversion, as

mentioned in the previous section. Figure 3a and b respectively show the

isotropic and anisotropic models. Anisotropy is considered for the three

resistivities in the along-ridge, across-ridge (plate spreading), and vertical

directions. The anisotropic model provides a slightly better fit to the data

for a given level of model smoothness. Furthermore, it is more consistent

with other geophysical and laboratory data. For all the directions, the

anisotropic model shows a resistive uppermost 60 km of mantle with a flat

boundary across most of the survey region, except in the vicinity of the

ridge axis. Off-axis, and to the east of the ridge (to the right of the panel),

the mantle is more conductive in the direction of plate spreading (qyy<qxx)

at depths of 60–120 km.

Baba et al. (2004a) and Evans et al. (2005) argue that a scenario explaining

the conductivity pattern is given by Hirth and Kohlstedt (1996) who pro-

posed that the redistribution of water caused by partial melting controls the

rheology of the oceanic lithosphere and asthenosphere. The upwelling mantle

beneath the ridge axis starts to melt when it passes the depth of the wet

solidus (�115 km). The melt fraction is very limited between �114 and

60–70 km, where it passes the dry solidus. The melting process is enhanced
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above the dry solidus. Water is extracted preferentially from olivine into

melt. As a result, wet mantle material with low viscosity flows to both sides of

the rise axis below the dry solidus, whereas dry, and therefore highly viscous,

mantle material flows above. This model predicts a boundary between a dry

and a wet mantle at around 60 km, which agrees well with the anisotropic

conductivity model. The resistive–conductive boundary in the anisotropic

model is not a thermal feature. Electrical anisotropy is much greater within

the conductive region than in the resistive overlying layer. The conductivity

of olivine is enhanced by the diffusion of hydrogen (Karato, 1990). It is much

higher in the [100] (a-axis) direction because of the anisotropy of the diffusion

(Kohlstedt and Mackwell, 1998). The alignment of the olivine a-axis to

the shear stress direction is observed in ophiolites. For that reason, it is

considered that the olivine a-axis aligns with the spreading direction. Con-

sequently, the anisotropic conductivity structure model further supports the

dry–wet transition model. Seismic data collected by the MELT experiment

also support the alignment of olivine a-axis in terms of S-wave splitting,

where the direction of fast S-wave polarization is aligned parallel to the

spreading direction (Wolfe and Solomon, 1998).

Figure 3. 2D mantle resistivity models in the MELT area (Baba et al., 2004a): (a) and (b)

respectively show isotropic and anisotropic models obtained using the anisotropic inversion;

(c) depicts the model obtained using RRI by Evans (1999). For (b), the top panel shows

resistivity in the along-ridge direction. The middle and bottom panels respectively show

resistivities in the spreading direction and the vertical direction. The rise axis is located at 0 km

on the horizontal axis; triangles indicate the MT site locations used for respective inversions.
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Indications for a transition zone from resistive to conductive material

at �60 km depth can also be seen in the models derived from more recent

MT experiments in the Mariana Trough (Baba et al., 2004b) and in the

Gulf of Aden (Toh, 2003). The Mariana Trough is a back arc basin that

is now opening with a slow spreading rate (the western half rate is

�15 mm/year). The Gulf of Aden is separating the African and the

Arabian plates. Its spreading rate is also slow with a full rate of 20–

30 mm/year. This suggests that the mantle contains some amount of water

and is dehydrated by partial melting beneath the ridge independent of the

spreading rate and the spreading regime (normal oceanic spreading or

back-arc spreading). The mantle conductivity beneath the spreading ridges

is controlled primarily by the presence of water rather than by the thermal

structure.

Baba et al. (2004a) further discuss the partial melt zone in the MELT

model shown in (Figure 3c). The relatively conductive area below 60 km

in the vicinity of the SEPR axis of the anisotropic model is likely to result

from the presence of at most 1% partial melt. The melt zone is quite broad; it

is asymmetrically wider to the west. This asymmetry is consistent with

results from previous study (Evans et al., 1999) and seismic studies (e.g.,

Toomey et al., 1998; Dunn and Forsyth, 2003). A narrow, highly conductive

zone in the vertical direction is merely suggested by the data, not strongly

indicated. The difference in melt fraction among the coordinate directions

probably corresponds to the difference in connectivity of the melt. The

narrow conductive zone suggests that the melt is more highly connected in

the vertical direction beneath the rise axis.

Heinson et al. (2000) discussed melt transport mechanisms from the

mantle to the magma chamber in the crust. They inverted the MT responses

observed in the Reykjanes Ridge as a part of the Reykjanes Axial

Melt Experiment: Structural Synthesis from Electromagnetics and Seismics

(RAMESSES) experiment (Sinha et al., 1998). The obtained 1D models

show high conductivities in the upper 10 km, which are consistent with

the crustal conductivities derived from CSEM measurements (MacGregor

et al., 1998), a resistive zone in �10–50 km depth with resistivity values

above 100 Xm, and again high conductivities at 50–70 km depth. Heinson

et al. (2000) compared the results with the 1D conductivity model obtained

at the Axial Seamount, Juan de Fuca Ridge (Heinson et al., 1996; Con-

stable et al., 1997), which shows high conductivity (�10 Xm) even above

60 km depth, and argued that the upper few tens of kilometers of the

mantle beneath the Reykjanes Ridge were periodically drained of magma.

It is extracted upwards rapidly to create large but ephemeral crustal magma

chambers.
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3.2. Crustal accretion processes

The melt migrates from its source region in the deeper mantle to a narrow

zone centered beneath the ridge axis, where it forms an axial magma chamber

(AMC) in the depth range of �1.5–7 km beneath the seafloor. Differentiated

magma in the AMC intrudes into the shallow crust and erupts at the seafloor.

These zones are recognized as layers 2B/C and 2A, respectively, in terms of

seismic P-wave velocity, or as sheeted dikes and pillow basalts in ophiolites.

Crystallized magma in the AMC is inferred to form layered gabbros (layer 3).

Recent marine EM studies have revealed the AMCs for both fast and slow

spreading ridges. MacGregor et al. (1998) analyzed CSEM data collected

within the RAMESSES experiment and obtained a 2D conductivity model of

the crust beneath the Reykjanes Ridge at 57�45¢N using a forward modeling

approach. The obtained model shows a conductive (2.5 Xm) trapezoidal zone

at �2 km depth beneath the ridge crest. It is attributable to the presence of

basaltic melt with a fraction of at least 20%. That zone is coincident with the

low velocity zone required by seismic data; it is interpreted as the AMC.

Key and Constable (2002) present a 2D conductivity model of the crust

and shallow mantle beneath the East Pacific Rise (EPR) at 9�50¢N. The MT

survey was conducted using four broadband marine MT instruments (Con-

stable et al., 1998). The extended high-frequency performance of the

instrument allows resolution of the electrical resistivity structure at shallower

depths than those that are accessible using traditional marine MT sensors.

The obtained 2D inversion model shows a conductive zone in the middle

crust that extends about 3 km on both sides of the ridge axis at depths of ca.

1.5–6 km below the seafloor and has resistivities of about 1–100 Xm, indi-

cating the AMC (Figure 4). It coincides with a low P-wave velocity zone

detected at 9�30¢N using seismic tomography and a low shear velocity region

detected at 9�48¢N using seafloor compliance results. The estimated melt

fraction in the high-conductivity zone is about 1–20%, which is in agreement

with the seismic results. A total melt volume of about 0.75 km3 per kilometer

of ridge implies an average melt residence time of about 1000 years.

3.3. Shallow crustal structure and hydrothermal circulations

In the uppermost crust at the ridge, porosity and hydrothermal circulation

control the conductivity structure. The amount of seawater within the crust,

its distribution, and its temperature and salinity are all parameters that

influence electrical conductivity.

Two MMR experiments are reported respectively by Evans et al. (1998,

2002). The former experiment was carried out using three seafloor instru-

ments and 34 transmission stations in the Cleft–Vance overlapping spreading

center of the Juan de Fuca (JDF) ridge. The latter experiment took place
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Figure 4. 2D resistivity model of the crust and uppermost mantle beneath the EPR at 9�50¢N

(Key and Constable, 2002). Diamonds indicate site locations. Superimposed contour lines are

seismic velocity perturbation in units of km/s from Dunn et al. (2000).

Figure 5. 2D crustal resistivity structure beneath the VFR (MacGregor et al., 2001): (a) the

bathymetry; (b) the resistivity anomaly calculated relative to an average 1D resistivity struc-

ture. Labeled triangles indicate the position of receivers. Superimposed dotted lines are the

seismic velocity anomaly in units of km/s calculated by Turner et al. (1999).
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together with the broadband MT survey in the EPR at 9�50¢N reported by

Key and Constable (2002). Ten instruments were deployed and more than

200 transmission stations were completed during the experiment. In both the

areas, the conductivity of the uppermost crust (less than 1 km depth) is more

resistive for off-axis (about 10 Xm) than at the axial zone (0.3–0.4 Xm at the

JDF and �5 Xm at the EPR). Evans et al. (2002) explain that the uppermost

few hundred meters of crust are much hotter beneath the ridge crest than the

off-axis, lowering the pore-fluid conductivity. Despite the fact that the EPR

at 9�50¢N is a much more hydrothermally active area than the Cleft segment,

they further argue that hot fluids flow in spatially limited fissures on the EPR

and have less impact on the bulk resistivity. In contrast, at the Cleft, the

seafloor is more extensively faulted, thereby distributing hot fluids over a

larger area of the seafloor.

MacGregor et al. (2001) report on a CSEM study on the Valu Fa Ridge

(VFR) at 22�25¢S in the Lau Basin. The VFR is a back-arc spreading center

with intermediate spreading rate (60–70 mm/year) and a site of extensive

hydrothermal activity. The CSEM experiment was part of a multidisciplinary

study which included reflection and refraction seismics, bathymetry and

potential field measurements. EM signals at frequencies between 0.25 and

40 Hz were transmitted from a horizontal electric dipole towed close to the

seafloor. Data were recorded using an array of 11 receivers at distances of up

to 20 km from the source. Data were interpreted using a combination of 1D

and 2D forward modeling and inversion. The 2D inversion model is char-

acterized by abnormally low resistivities (<10 Xm) with a small vertical

gradient in layer 2B/C above the magma chamber, in a region where the

seismic velocity anomaly is small (Figure 5). This chamber is much more

conductive than the crust at equivalent depth beneath the axis of the slow-

spreading Reykjanes Ridge at 57�45¢N (MacGregor et al., 1998), and the

fast-spreading EPR at 13�N (Evans et al., 1994). The lack of a vertical

conductivity gradient in layer 2 also contrasts with the results of the seismic

velocity structure, suggesting that the electromagnetic and seismic data are

sensitive to very different physical properties of the crust. The high con-

ductivity coupled with the low seismic velocity anomaly in layer 2B/C at the

axis can be explained by the pervasive penetration of hot and saline fluids

produced by phase separation in the axial hydrothermal system or released

from the melt body.

MacGregor et al. (2002) further studied the properties of crustal fluids at

the VFR and their relationship to active hydrothermal circulation from joint

analysis of electromagnetic and seismic data presented by Greer et al. (2002).

At a distance of 4.2 km east of the axis, the electric and elastic properties can

be explained by the two-phase medium consisting of seawater at ambient

ocean floor temperatures (3 �C) permeating a solid rock matrix. The fluid

fraction of approximately 4% and a crack aspect ratio of about 0.017 give the
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best fit to the data. However, at the ridge axis, the assumption of two-phase

medium no longer holds.

4. Mantle Upwelling and Downwelling Regions

4.1. Mid-mantle structure

The mid-mantle conductivity structures beneath the Pacific and the

Philippine Sea plates are presented by Koyama (2002), Utada et al. (2003),

and Fukao et al. (2004). Those studies were intended to portray the heter-

ogeneity of the mid-mantle beneath Hawaii and the west Pacific subduction

zone – both regions of typical mantle upwelling and downwelling. The data

set used in the studies comprises the electric field variation obtained by

submarine cables crossing the Philippine Sea and Pacific Ocean and magnetic

field variations obtained by circum-Pacific observatories and long-term

observation sites. The MT and GDS responses were calculated for eight

discrete periods at each observation station and cable location respectively

during 1–8 days for the MT data and 5–27 days for the GDS data. The

responses were corrected for the effect of 3D land–ocean distribution and

inverted iteratively; then 1D models explaining all the relevant data were

obtained. The preferred model is a smooth conductivity-depth profile with

two abrupt jumps that possibly correspond to the seismic discontinuities at

410 and 660 km depth. The model agrees well with the 1D profile inferred

from the laboratory study by Xu et al. (1998). The 1D model can be used as a

reference electrical conductivity model of the Earth’s mantle beneath the

North Pacific region (Utada et al., 2003).

The responses were further inverted to a 3D model of conductivity per-

turbation from the 1D reference conductivity. The resultant model shows a

highly conductive transition zone beneath Hawaii and a transition region

beneath the Philippine Sea that is conductive at depths above 550 km and

resistive below. Fukao et al. (2004) compared the 3D conductivity anomaly

model with results of global seismic tomography studies. The P-wave velocity

anomalies and the electrical conductivity anomalies were converted respec-

tively to temperature anomalies using a proposed conversion formula and

experimental results for mantle minerals. Figure 6 shows cross-sections of the

models across Hawaii and the Philippines. Resultant temperature anomalies

show consistently positive temperature anomalies of 200–300 K in the mantle

transition zone beneath the Hawaiian hotspot. At the subduction zones,

where slab-related negative anomalies and mantle wedge related positive

anomalies are likely to coexist in close proximity, seismic and EM tomog-

raphy do not always give consistent results. Negative temperature anomalies

of 200–300 K associated with the slab stagnant in the transition zone beneath

the Philippine Sea are resolved clearly in the seismic tomography, but are not
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visible through the use of EM tomography. On the other hand, the positive-

temperature anomaly in the intervening zone between the Mariana slab and

the Philippine slab is pronounced in the EM tomography, but marginal in the

seismic tomography.

4.2. Upper mantle structure in hotspot regions

The origin of upwelling plumes is thought to be deep, at least in the mantle

transition zone or possibly the core-mantle boundary. The intensity of the

thermal anomaly, its extent and the melting processes producing oceanic

Figure 6. Cross-sections of the seismic and EM tomography results along a profile across

Hawaii and Philippine (Fukao et al., 2004): (a) P-wave velocity anomalies; (b) electrical

conductivity anomalies; (c) temperature anomalies converted from P-wave velocity anomalies;

(d) temperature anomalies converted from electrical conductivity anomalies; (e) S-wave

velocity anomalies; (f) S-wave Q)1 anomalies.
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island basalt (OIB) can be investigated using marine EM methods. At least

two marine EM studies have examined mantle upwelling regions.

Nolasco et al. (1998) describe an MT experiment using six instruments

around the Society Islands hotspot. The 2D inversion of the data set yields a

model with slightly enhanced conductivities down to 130 km depth beneath

the active hotspot area relative to a reference site located about 150 km

distant from the active area. The mantle below 130 km is resistive compared

to the surrounding area. Nolasco et al. (1998) argue that the central structure

of the model differs greatly from the mean mantle model and can be asso-

ciated with the hotspot plume. The higher conductivity can be explained by a

small amount of melt (1–2.4%). Below 130 km, the high resistivities are

apparently contradictory with the presence of rising hot material, but

depletion of melt and volatiles could be a possible explanation.

The conductivity structure beneath the Hawaiian hotspot has been studied

by Constable and Heinson (2004). Seafloor MT data were collected at seven

sites across the Hawaiian hotspot swell, extending between 120 and 800 km

southwest of the Hawaiian-Emperor Island chain. 2D smooth inversion of

the data revealed a model with two major features: a resistive lithosphere

underlain by a conductive mantle and a narrow plume-like conductive

structure connecting the surface of the islands to the lower mantle (Figure 7).

Forward modeling indicates that the data require the plume, but its location

is outside of the observation area. The radius of the plume appears to be less

than 100 km. The resistivity of around 10 Xm extending to a depth of

150 km is consistent with a bulk melt fraction of 5–10%. An observed seismic

low-velocity zone at depths centered around 60 km and extending 300 km

from the islands is not reflected in the conductivity model where high

lithospheric resistivities extend the edge of the conductive plume. Constable

and Heinson (2004) report that further forward modeling results suggest a

hot and dry lithosphere model of thermal rejuvenation, or possibly under-

plated lithosphere depleted in volatiles resulting from melt extraction.

4.3. Upper mantle and crustal structure in the subduction zone

and marginal basins

Mantle downwelling regions, where the oceanic lithosphere is subducted into

the deep mantle, are characterized by trenches, volcanic arcs, and, in some

regions, back arc basins. Water plays an important role in these areas

because the subducting slab delivers water into the back arc mantle. It sub-

sequently contributes to volcanic activity and back-arc dynamics.

The Philippine Sea plate is the biggest marginal basin. It is thought to

have been formed by successive back-arc opening of the West Philippine

Basin (WPB), the Shikoku-Parece Vela Basin (PVB), and the Mariana

Trough, associated with the westward subduction of the Pacific plate. The
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Figure 7. 2D mantle resistivity model beneath the Hawaiian hotspot swell region (Constable

and Heinson, 2004). Triangles indicate site locations projected to the NE-SW profile.

Figure 8. 2D crustal conductivity model beneath the Nankai Trough (Goto et al., 2003).

Triangles indicate the site locations used for analysis. Seismic reflectors by Park et al. (2002)

are shown as broken lines. ‘PHS’ denotes the Philippine Sea plate.
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Philippine Sea plate involves various tectonic settings and is therefore an

excellent field laboratory for geophysical studies. The Mariana Trough is

now an active back arc basin. It is regarded as a desirable area for the study

of the dynamics associated with plate subduction and back-arc opening. The

northwest edge of the Philippine Sea plate is subducting beneath the Eurasian

plate at the Nankai Trough and the Okinawa Trough, which are both

characterized with high seismicity. A salient feature of the Philippine Sea is

the linear relationship between the water depth and the square root of the

crustal age, but excess depth of �800 m compared with the depth of other

major ocean of the same age (Park et al., 1990).

A marine MT and seismic experiment took place across the Philippine

sea in NW-SE direction during 1999–2000. For MT measurements, six

instruments were deployed in the WPB, PVB, and the Mariana Trough.

Seama et al. (2004) analyzed the data and obtained 1D conductivity models

at four sites at seafloor locations of different crustal ages. The models are well

related to the crustal age of each site, except for the site near the axis of the

Mariana Trough. The relation between the water depth and the crustal age is

indistinguishable from that observed in the North Pacific (Heinson and

Constable, 1992). However, the seismic study demonstrates that the Rayleigh

wave phase velocity is also related to the crustal age, but is remarkably lower

than that observed in the region of the same age in the Pacific (Isse et al.,

2004). These observations suggest that the anomaly of the Philippine Sea is

not attributable to a thermal anomaly in the upper mantle. Seama et al.

(2004) speculated that the depth anomaly may be caused by dynamic

topography. Isse et al. (2004) argue that the depth anomaly and the seismic

results may be explained by iron-abundance in the mantle.

A marine MT survey across the Mariana Trough at 18�N is reported in

Goto et al. (2002). Ten instruments were deployed in 2001–2002 along a

transect covering the Pacific plate, the Mariana Trough, and the PVB. Baba

et al. (2004b) analyzed data that were recovered from five sites and data from

three sites collected in previous experiments (Filloux, 1983; Seama et al.,

2004). The 2D conductivity models of the upper mantle they obtained, show

an increase in conductivity at the depth of 70 km beneath the Mariana

Trough. Below 70 km, the model derived from TM mode inversion is slightly

more conductive than the model obtained from TE mode inversion, which

might indicate an anisotropy that is more conductive perpendicular to the

strike even though the anisotropy is not strongly dictated by the data. The

mantle beneath the Mariana Trough and the PVB seems somewhat more

conductive than the mantle beneath the Pacific plate, suggesting a hot ther-

mal anomaly and an abundance of water in the back-arc mantle.

Goto et al. (2003) describe a marine MT experiment using nine broadband

instruments and two standard instruments in the Nankai Trough South of

Japan. The study area is characterized by the northwest subduction of the
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Philippine Sea plate beneath the Eurasian plate including Japan. It has a

pronounced seismogenic zone with the repeated occurrence of magnitude-8

class mega-earthquakes. Data from four broadband instruments were ana-

lyzed and used to derive the 2D conductivity model shown in Figure 8. The

model shows a conductive upper crust of the Philippine Sea plate (�10 Xm)

below the axis of the Nankai Trough. The conductivity decrease below

�10 km depth, �30 km towards the Kumano Basin, which coincides

approximately with the front edge of the rupture zone of the 1944 Tonankai

earthquake. This coincidence suggests that the release of fluid from the crust

of the Philippine Sea plate occurs within the subduction process and results in

locking between the overlying and subducting crusts, which would cause

earthquakes.

5. Discussion

The electrical conductivity of oceanic lithosphere and asthenosphere and

their age dependency was among the first targets of marine MT studies. It

was actively studied until the early 1990s (e.g., Oldenburg, 1981; Heinson and

Constable, 1992), but has only been rarely addressed since then. Therefore,

except for mention of the study of Philippine Sea plate (Seama et al., 2004), it

was not explicitly discussed in the previous sections. However, recent studies

of MELT data have revealed an age-independent conductivity pattern for the

young (<�3 Myear) lithosphere and asthenosphere, which can be explained

by water distribution rather than thermal structure (Baba et al., 2004a; Evans

et al., 2005). For that reason, discussion is included herein of the apparent

inconsistency in conductivities for the young and the matured lithosphere

and asthenosphere. This section presents a new laboratory-based conduc-

tivity model and examines whether or not the laboratory-based model can

explain the MT-based models for a mature lithosphere and asthenosphere.

Heinson and Constable (1992) presented a laboratory-based conductivity

model to explain the MT models. It takes into account the thermal structure

due to lithospheric cooling and partial melt. Their laboratory-based model is,

however, systematically more resistive than the MT-based models even

though it reproduced the age-dependent pattern. The inconsistency was

attributed to the coast effect although the impact of the coast effect has

remained controversial (Tarits et al., 1993; Constable and Heinson, 1993).

Since Karato (1990) proposed that water enhances the conductivity mark-

edly, the high-conductivity zone has been interpreted preferably as the effect

of water (e.g., Lizarralde et al., 1995). Moreover, their laboratory-based

model cannot explain the age-independent resistive–conductive transition at

�60 km depth for young mantle.
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Hereafter, the laboratory-based model is revised, superimposing the effect

of water redistribution caused by partial melting at mid-ocean ridges on the

thermal structure. A thermal structure is first calculated based on the plat-

ecooling model (Turcotte and Schubert, 2002), which well explains observed

bathymetric change with age. The potential temperature and plate thickness

are assumed to be 1350 �C and 125 km is assumed as the respectively. An

adiabatic temperature gradient of 0.3 �C/km is added. This thermal structure

model is almost identical to the model used by Heinson and Constable

(1992). The obtained thermal structure is plotted as profiles to the depth

every 10 Myear in Figure 9 and as isotherm on the depth–age plane in

Figure 10a.

The conductivity model is estimated based on Ichiki et al. (2004b), who

present calculation of Hashin–Shtrikman (HS) bounds for multi-phase sys-

tems (Park and Ducea, 2003) based on pyrolitic mineral assemblage. The

calculations take into account the enhancement of the conductivity caused by

dissolved hydrogen (Karato, 1990), not only in olivine, but also in ortho-

pyroxene (opx), clinopyroxene (cpx), and garnet. The mantle composition is

assumed according to Hirth and Kohlstedt (1996): it consists of 56% olivine,

19% opx, 10% cpx, 15% garnet (i.e., garnet pyrolite), and 810 ppm H/Si

water in olivine and an appropriate amount of water in opx, cpx, and garnet

calculated using the partition coefficients. A transition exists among garnet,

olivine, and pyroxene at 40–70 km depth. Consequently, the composition of

55% olivine, 27% opx, and 18% cpx above the transition depth is assumed

Figure 9. Temperature–pressure phase diagram from Hirth and Kohlstedt (1996). The bold

solid line and dashed lines represent solidi for mantle assemblages containing water of

810±490 ppm H/Si in olivine. Temperature profiles based on the plate-cooling model are

superimposed.
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according to Park and Ducea (2003). The transition depth is calculated from

the phase diagram of Green and Ringwood (1970). The experimental data for

the conductivity of each mineral and diffusion of hydrogen, which were

compiled by Ichiki et al. (2004b), are used to calculate the bulk conductivity,

except for the olivine data. Here, the applied dry olivine conductivity data are

those measured by Constable et al. (1992); the diffusivity data for hydrogen

in olivine are those measured by Kohlstedt and Mackwell (1998).

Figure 9 shows a temperature–pressure phase diagram from Hirth and

Kohlstedt (1996) together with the temperature profiles calculated in this

(b)

(a)

Figure 10. (a) Thermal structure model based on the plate-cooling model. (b) HS upper bound

for the conductivity of a pyrolite mantle. Annotations of the contour lines show log con-

ductivity. Note the change in the contour interval at 10)4 S/m for clarity. The region that is

more conductive than 10)1.5 S/m is shaded gray.
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study. Beneath the mid-ocean ridge (i.e., 0 Myear) the temperature profile

intersects the dry solidus at about 60 km depth. Consequently, the dry–wet

boundary is assumed to be located at 60 km depth. The enhancement of

conductivity caused by partial melt is ignored because the matured mantle is

discussed here. The temperature profiles for the age younger than 30 Myear

intersect the wet solidus containing water of 810 ppm H/Si, but never

intersect the dry solidus. Because the melt fraction and resulting hydrogen

extraction from solid phases are very limited in the depth between wet and

dry solidi (Hirth and Kohlstedt, 1996; Karato and Jung, 1998) and solid

phases containing hydrogen are highly conductive, such a small amount of

melt below 60 km does not greatly affect the bulk conductivity.

The anisotropic conductivity associated with the lattice preferred orien-

tation (LPO) of minerals should be considered because it is likely to occur at

asthenospheric depth, as the MELT data indicated. The LPO patterns of

olivine, opx, and cpx are summarized in Mainprice et al.(2000). According to

Mainprice et al. (2000), olivine [100] axis and opx [001] axis are subparallel to

the shear direction (= plate spreading direction). The knowledge of cpx

fabrics is rather poor, but the [001] axis seems to be close to the shear

direction. Hydrogen diffusivity data are available for all axes of olivine

(Kohlstedt and Mackwell, 1998), only the [001] axis of opx (Woods and

Mackwell, 1999), and the [100] and [001] axes of cpx Woods et al., 2000).

Garnet is isometric and its data are provided by Wang et al. (1996). The

fastest axes are [100] for olivine, [001] for opx, and [100] (but comparable to

[001]) for cpx, respectively, corresponding to the axes that are subparallel to

the shear stress direction. Consequently, the HS upper bound is calculated

for the assemblage of olivine [100], opx [001], cpx [001], and garnet, which

gives the upper limit of possible conductivity.

Figure 10b is the resultant conductivity distribution as a function of depth

and lithospheric age. The iso-conductivity lines are primarily parallel to the

isotherms (Figure 10a). For younger age, the conductivity jumps slightly at

the phase transition depth (60–80 km) because of the relatively low

conductivity of garnet. The dry–wet transition at 60 km enhances the

conductivity greatly for the entire range of age. However, defining the zone

with conductivity higher than 10)1.5 S/m as the conductive zone (gray shaded

zone in Figure 10b), the resistive–conductive transition is sharp and its depth

is unchanged at 60 km for ages younger than about 30 Myear, but the

transition is gradual and its depth increases with depth for older age. This

gradual transition exists because the hydrogen contribution to the conduc-

tivity is proportional to the hydrogen diffusivity (Karato, 1990), which is also

a function of temperature, decreasing exponentially concomitant with

decreasing temperature (e.g., Kohlstedt and Mackwell, 1998). The conduc-

tivity structure again ceases to change with age for mantle older than

�100 Myear, reflecting the slight temperature variation.
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The lower limit of possible conductivity is also assessed. The HS bounds of

the conductivity are calculated for the combination of olivine [001], opx [001],

cpx [010], and garnet. Although the alignments of such axes are unlikely, it is

useful to see the lower limit of the possible conductivity. The [001] axis of opx

is used for both alignment patterns because of the lack of data for the other

axes. The hydrogen diffusivity for the [010] axis of cpx is not well constrained,

but it seems to be about one order smaller than the other directions (Woods et

al., 2000); thereby, the value of a tenth of the diffusivity in the [001] axis is

assumed for the [010] axis. Figure 11 shows conductivity profiles for

20 Myear age mantle. Solid lines demarcate the HS upper and lower bounds

for the alignments of the fastest diffusion axes. The HS upper bound corre-

sponds to the conductivity shown in Figure10b. Dashed lines delimit the HS

bounds for the alignment of the slowest diffusion axes. The difference between

the upper bounds of the former alignment pattern and the lower bound of the

latter pattern indicates that the maximum anisotropy attributable to the

crystallographic alignments is, at most, a factor of 10.

The laboratory-based conductivity model is compared with 1D inversion

models for the mantle of variable ages obtained by Heinson and Constable

(1992), Heinson and Lilley (1993), Nolasco et al. (1998), Seama et al. (2004),

Ichiki et al. (2004a)(Figure 12). Note that the conductivity profiles from the

laboratory-based model plotted in the figure are the upper bounds for

alignments of the fastest axes so that the lower limits are about one order

smaller than the values shown by the lines. However, the profiles are obtained

Figure 11. HS upper and lower bounds of the laboratory-based conductivity model for

20 Myear age mantle. Solid lines show the bounds in the case that the minerals align their

LPOs. Dashed lines are the bounds in the case that the axes of slowest hydrogen diffusion are

selected.
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from the observations by assuming an isotropic conductivity structure.

Inversion models for the North Pacific (JDF, CAL, NCP, and NWP) and the

Philippine Sea (PVB and WPB) resemble one another and the laboratory-

based model, whereas the models for the Tasman Sea (TSM) and Society

Island hotspot (SIH) are more resistive than the others.

Conductivities of the first group converge to around 0.08 S/m below

�130 km depth independent of the lithospheric age. The changes in con-

ductivity with depth are small compared with those above �130 km depth.

These profiles agree well with the laboratory-based conductivity models in

the depth range where changes in conductivity are controlled only by the

adiabatic temperature gradient. The inversion models are slightly more

resistive than the laboratory-based model, which does not conflict with the

possible limit of the laboratory-based conductivity shown in Figure 11.

Between the depths of 60 and �130 km, a clear age dependency is apparent,

except for PVB. For both the inversion and laboratory-based model, the

conductivity for older mantle decreases more at shallower depths, but this

trend is mild for the inversion models. The abrupt change in conductivity

Figure 12. Conductivity profiles for every 10 Myear from the laboratory-based model (thin

lines) and inversion models obtained by various researchers (thick lines). The laboratory-based

profiles are the upper limit of the possible conductivity, as discussed in the text. GRAY

SCALE indicates the lithospheric age. The inversion models – JDF (near Juan de Fuca ridge:

1 Myear), CAL (off California: 30 Myear), NCP (North Central Pacific: 72 Myear) – are from

Heinson and Constable (1992); NWP (North West Pacific: �130 Myear) is from Ichiki et al.,

(2004b), PVB (Parece-Vela Basin: 21 Myear) and WPB (West Philippine Basin: �60 Myear)

are from Seama et al. (2004); SIH (Society Island Hotspot: �70 Myear) is from Nolasco et al.

(1998); and TSM (Tasman Sea: �60 Myear) is from Heinson and Lilley (1993).

724 KIYOSHI BABA



around 60 km depth never appears in the inversion models because these

models were obtained by Occam inversion (Constable et al., 1987), which

constrains the model to be smooth. Above 60 km depth, the laboratory-

based model shows very low conductivity because of the dry condition and

low temperature. However, the inversion models do not show such features,

probably because the MT method is less sensitive to such a resistive zone. The

resistive uppermost mantle and the abrupt increase in the conductivity at

60 km may be obtained if the data are inverted along with relaxation of the

smoothness constraint at the depth as Utada et al. (2003) did for the study of

mid-mantle structure.

The TSM model below 60 km depth is more resistive than the laboratory-

based model, but the trend is similar. The mantle beneath the Tasman Sea

may have similar thermal structure, but it contains less water than the mantle

in the North Pacific and in the Philippine Sea. The large increase in con-

ductivity at 60 km is obtained by forward modeling, giving the boundary

depth a priori (Heinson and Lilley, 1993). Consequently, the depth is not

constrained objectively. The fact that such a model was preferred by the

authors is not opposed to the concept underlying the laboratory-based

model. The SIH model is also resistive below 60 km, but an abrupt change in

conductivity appears at 130 km depth. This change is not explained by the

laboratory-based model; it seems to be something special. Although the SIH

model plotted in Figure 12 is the structure beneath a site locating away from

the hotspot swell region, the effect of the plume may reach the site.

6. Conclusions and remarks

During the last decade, marine EM studies have increasingly progressed by

virtue of support from technical advancement, data accumulation, and

interpretation based on multidisciplinary approaches.

Developments of new instruments have extended the exploration range

toward both shallower and deeper structures. Modeling and inversion tech-

niques have improved to address typical problems for marine EM studies,

such as topographic and ocean/continent contrast effects, controlled-source

methods, anisotropy, etc. Furthermore, 2D analysis became a standard

approach. Challenges to those studies for 3D and anisotropic structures will

become continue to increase in popularity in the next decade. Such studies

will require additional efforts toward increasing data quality and density and

improvement of analytical methods.

For studies of mid-ocean ridges, highly conductive zones have been

identified with hydrothermal circulation and AMC in the crust and partial

melt zones of MORB source in the mantle. Studies of hydrothermal circu-

lation have typically used 1D and 2D inversions. However, these hydro-
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thermal systems change spatially and even temporally. Thus, 3D and 4D

analyses that include time variations can pose challenging themes to guide

future studies. Many seafloor MT experiments have been conducted in the

EPR and have contributed towards the understanding of the melt generation

and crust accretion processes that occur beneath fast-spreading ridges.

However, the connection between the source region and the AMC remains

unclear. The connection is expected to be elucidated by a recent experiment

of the Scripps group, in which both broadband MT and CSEM were jointly

conducted in 2004 at 9�30–50¢N in the EPR (Key and Constable, 2004).

Detailed imaging of the partial melt zones in the AMC and the deeper mantle

beneath slow spreading ridges is also interesting for future studies. Those

areas are also good fields for 3D studies because plume-like upwellings

beneath the ridge axis are expected in slowly spreading ridges.

Several studies have been reported in both mantle upwelling and down-

welling regions. Conductivity structures in the mid-mantle beneath the

Hawaii hotspot region and the Philippine Sea plate show anomalies that are

consistent with seismic velocity anomalies in terms of the temperature per-

turbations. The upper mantle conductivity beneath the hotspots in Hawaii

and in the Society Islands somewhat contradict the idea that the zone

inferred as a plume is either more conductive or more resistive than the

surrounding mantle. Further case studies in various hotspot regions are

necessary to find general features of the upwelling plumes. The conductivity

structures of subduction zones surrounding the Philippine Sea plate have

been studied. The conductivity models obtained are suggestive of dehydra-

tion of the subducting slab. Further studies with high-resolution modeling

are expected to confirm the dehydration phenomenon. A dense MT survey in

the Mariana subduction system has been planned for 2005–2006. It is a large,

international collaborative study that is organized similarly to the MELT

experiment (N. Seama, pers. commun., 2004).

Conductive zones coincide with seismic low-velocity zones in most tec-

tonic settings. Some exceptions suggest a different response of electrical

conductivity and seismic velocity to the parameters that determine the tec-

tonic structure. Comparison of the conductivity models with seismic velocity

models, laboratory experiments, and other observations, is necessary to

understand and separate the effects of the parameters. Therefore, such

comparisons have become common, and quantitative parameter separation

has been attempted in some studies. This approach is likely to be undertaken

more commonly in future studies as multidisciplinary experiments increase.

Water has been recognized as playing a key role in mantle dynamics.

Redistribution of water caused by the partial melting process at mid-ocean

ridges has been emphasized for the conductivity pattern of the oceanic lith-

osphere and asthenosphere. A new laboratory-based conductivity model for

the mature oceanic lithosphere and asthenosphere is proposed. It takes into
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account the water distribution in addition to the thermal structure. It well

explains the conductivity model based on MT observations in the depth

range of 60–200 km.
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