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on other oceanic plates where extensive flexure
and fracturing are taking place. Investigating
these types of areas may prove to be a fruitful
endeavor and result in the detection of other
small volcanic features. For example, we have
also observed volcanic cones and/or highly
reflective sonar images, similar to those observed
at the petit spot, elsewhere on the Pacific Plate
(site C in Fig. 1A); these small cones will be
examined further in the near future.

Early in the theory of plate tectonics, the
presence of partial melts in the asthenosphere
was considered to correspond to the solidus of

Earth_s mantle (1, 26). This hypothesis was
supported by observations of a seismic low-
velocity zone, a highly electric conductive layer,
and an experimentally determined peridotite
solidus in the presence of volatiles (27). More
recently, the argument for the existence of
partial melts in the asthenosphere has been
weakened by studies, such as laboratory
measurements of mantle material (28) and the
predicted rheology of the mantle (29), that
question its necessity. Therefore, this documen-
tation of young alkali basalts on the old Pacific
Plate provides new and strong support to the

long-standing idea of the asthenosphere as a
zone of partial melt.
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Fig. 3. Geologic interpretations of the lava fields. (A) Schematic cross section of site A (red line in Fig. 1, B
and C). (B) A schematic cross section of a volcano at site B constructed from observations made during
dives. (C) A conceptual model of petit spot volcanism. Magmas from the asthenosphere escape to the
shallow depths because of the extensional environment of the lower lithosphere (21) and migrate up
through the brittle compressed upper lithosphere by exploiting fractures created by flexure of the plate.
Data for the plate and flexure framework are from previous studies (6, 11, 21, 22).
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velocity region (a zone potentially representing
a mantle plume) at a 410-km depth in this area
was reported by Obayashi et al. (17); however,
there is no evidence for a conduit or connection
of any type between this low-velocity region
and the shallower mantle. Our geochemical
evidence strongly supports a depleted mantle
(nonplume-like) source. Furthermore, the vol-
ume of magma produced at the petit spot
volcanoes must have been several orders of
magnitude less than those typical of hot spot
volcanoes. We found 4.2 to 8.5 million-year-
old volcanoes at site A, suggesting episodic
eruption of magma over a distance of 400 km
of plate motion. Accordingly, the petit spot
volcanic province is characterized by several
million years of small-volume magma produc-
tion over a large area.

Temperatures of the asthenosphere beneath
the Pacific Plate have been mapped precisely

by means of surface wave tomography, show-
ing that the thermal state of the asthenosphere
is notably homogeneous throughout the Pa-
cific Ocean (18). The temperature at a depth
of 150 km is estimated to be between 1450-
and 1480-C, which implies that the tempera-
ture just below the Pacific Plate is 50- to 150-C
lower than the solidus of dry mantle mate-
rials (19). However, at this depth and temper-
ature in the asthenosphere, a small percent
melt should exist in the presence of small
amounts (G1%) of H2O or CO2 (20), which
lowers the melting temperature. The highly
vesicular petit spot lavas probably represent
incipient partial melts that formed in the as-
thenosphere in the presence of volatiles, most
plausibly CO2. If the magmas were supplied
from the normal asthenosphere, with emplace-
ment channels controlled by tectonic fractur-
ing of the overlying lithospheric plate, the low

volumes of magma output over a large area
could easily be explained.

An old and cold lithospheric plate behaves
elastically and may be flexed because of
loading by an ocean island or seamount or by
subduction-related plate flexure (21). In the area
between sites A and B, the bathymetric high (or
outer rise) is aligned parallel to the Japan Trench.
The Pacific Plate flexes convexly here, as it
subducts beneath Japan and yields a positive
gravity anomaly (22). This flexed region is
elevated 9800 m above the normal ocean floor
(È6000 m below sea level at site B). Large
curvatures imposed on the preflexed lithosphere
might instigate brittle fracturing (that is,
bending-induced faults) (23). As for volcanic
cones at site A, the volcanic features, aligned in
a west-northwest to east-southeast direction, are
essentially perpendicular to hinge lines on the
bending plate (Fig. 1, A to C). Accordingly, it
appears that magmas are brought to the surface
along fractures parallel to the direction of the
maximum horizontal compression. However,
the surface compression is actually caused by
extensional stresses on the base of the down-
warping Pacific Plate (Fig. 3C).

Post–erosional-stage lavas on some of the
Hawaiian Islands, as well as submarine lavas
on the flexural Hawaiian Arch (because of
loading on the plate), have chemical composi-
tions and tectonic emplacement mechanisms
(24) that are similar to those of the petit spot
lavas. It has also been proposed that alkalic
lavas in the western Samoan Islands (located on
the opposite side of the main Samoan hot spot
shield volcanoes) may be derived from the
asthenosphere during tectonic faulting (25). If
true, a similar style of volcanism may be present

Fig. 2. Plot of Ne versus Ar isotopes. (20Ne/21Ne)*
is equal to [(20Ne/22Ne) – (20Ne/22NeAir)]/
[(21Ne/22Ne) – (21Ne/22NeAir)], showing the slope
of a mixing line on the conventional neon three-
isotope plot (20Ne/22Ne versus 21Ne/22Ne) (8).
Data with 20Ne/22Ne ratios of less than 10 were
not plotted (8). Literature and data for MORB and
OIB may be found in the following online data-
bases: Petrological Database of the Ocean Floor
(www.petdb.org/) and Geochemistry of Rocks of the
Oceans and Continents (http://georoc.mpch-mainz.
gwdg.de/georoc/).

Fig. 1. (A) Map of the northwestern Pacific
Ocean (22) with surveyed areas noted in the
black boxes. A, site A; B, site B; C, site C. The
outer rise (G5500 m below sea level) is shaded.
Bathymetric and side-scan sonar maps for site A
(B and C) and site B (D and E). 50-m and 20-m
contours are indicated in (B) and (D), respectively.
In (B) and (C), white rectangles indicate dive and
dredge sites; dashed yellow lines indicate volcano
distributions; and the red line indicates the cross
section described in Fig. 3A. Black arrows in (D)
and (E) depict the three dives with the two
dredges.
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Seismological evidence of mantle flow driving
plate motions at a palaeo-spreading centre
Shuichi Kodaira*, Gou Fujie, Mikiya Yamashita, Takeshi Sato, Tsutomu Takahashi
and Narumi Takahashi

A long-standing question about the dynamics of mid-ocean
spreading centres is whether mantle upwelling is passive or
active. During passive upwelling, the motion of the overlying
plate would be expected to drive mantle flow1,2. In contrast,
during active upwelling, decompression melting of the mantle
beneath the spreading axis would result in a low-density melt
that creates local buoyancy, forcing mantle convection and
driving plate motion3,4. Seismic images of older parts of the
Pacific Plate reveal dipping reflectors in the lower crust that
could be shear zones created by active mantle flow5–7, but there
is little seismological evidence to indicate that mantle flow
drags the plate. Here we use active-source seismic data to
image the Pacific Plate that was created at a palaeo-spreading
centre in the northwest Pacific Ocean. We identify very
high P-wave velocities of 8.5–8.6 km s�1 and strong seismic
anisotropy of 8.5–9.8% in the uppermost mantle, immediately
below the lower-crustal dipping reflectors. We suggest that
such strong seismic anisotropy, caused by the alignment of
olivine crystals in response to mantle flow, could have been
generated if mantle flow was much faster than plate motion. We
conclude that both the lower-crustal dipping reflectors and the
anisotropy were formed by a drag force at the Moho caused by
rapid mantle flow, providing direct evidence for active mantle
flow at a spreading centre.

The mantle dynamics governing the accretion of oceanic litho-
sphere at mid-ocean spreading centres have long been investigated
through geological and geophysical studies, numerical modelling1
and studies of oceanic lithosphere preserved as ophiolites8. Since its
discovery in the early 1960s, seismic anisotropy in the uppermost
mantle9 has been considered to be a fundamental observation of
mantle flow, because a flow-velocity gradient should impose a
preferred orientation on olivine crystals, which in turn would cause
an azimuthal anisotropy. However, there is little conclusive evidence
to show whether plate motion drives mantle flow, or mantle flow
drives plates at spreading centres. Here, we processed data from
a seismic reflection profile and a long-o�set seismic refraction
profile recorded by densely deployed ocean bottom seismographs
(OBSs) o� the Kuril Trench in the northwestern Pacific Ocean
(Fig. 1), where previous studies reported 4–7% seismic anisotropy at
40–140 kmdepth, but did not resolve the shallowermantle structure
immediately below the Moho10.

The Pacific Plate o� the Kuril, Japan and Izu–Bonin trenches
is composed of the oldest oceanic crust on Earth. In our study
area, between the Kuril Trench and Shatsky Rise (Fig. 1), the crust
was formed on a palaeo-spreading centre, now subducted, between
the Pacific Plate and the extinct Izanagi Plate11. The estimated
half-spreading rate on this spreading centre was fast, more than
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Figure 1 | Location of seismic profiles. Bold black lines indicate profiles
used here. Black dotted line indicates the profile of refs 7,17. Coloured lines
with M labels indicate magnetic anomalies; dark blue lines indicate
fracture zones11.

50mmyr�1 (ref. 11). The magnetic anomalies are distinct around
our seismic profiles, except at the southern end of the study area,
and range fromM5 (121Myr old) to M14 (125Myr old; Fig. 1).

In 2009 and 2010, we carried out seismic reflection and refraction
surveys along two orthogonal profiles o� the Kuril Trench oriented
parallel and perpendicular to the magnetic anomalies, which
we refer to here as the transverse profile (235 km long) and
longitudinal profile (500 km long), respectively (Fig. 1).We obtained
a seismic velocity image of the transverse profile (Supplementary
Information), using the data processing procedure used previously
for the longitudinal profile12 (Methods) and examined the mantle
dynamics along the palaeo-spreading centre based on seismic
velocity and reflectivity images.

The seismic velocity structure of the crust along the two profiles
is generally typical of oceanic crust: below a sedimentary layer
(P-wave velocity (Vp)= 1.6–2.5 km s�1), the igneous crust is divided
into an upper layer (oceanic layer 2) of Vp = 5.0–6.8 km s�1 with
a steep velocity gradient and a lower layer (oceanic layer 3)

Institute for Research on Earth Evolution, Japan Agency for Marine-Earth Science and Technology, Showa-machi 3173-25, Kanazawa-ku,
Yokohama 236-0001, Japan. *e-mail: kodaira@jamstec.go.jp
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Figure 3 | Seismic reflection and velocity images. a, Detail of part of the longitudinal profile outlined in Fig. 2a. b, Detail of the section outlined in a.
c, Seismic velocity image of the 150–175 km part of the longitudinal profile. Bold black line shows velocities at the 160 km point. d, Seismic reflection image
of part of the transverse profile (117–142 km). The left-hand end is at the intersection with the longitudinal profile. e, Seismic velocity image of the
transverse profile superimposed on the reflection section of d. Bold black line shows velocities at the 125 km point of the transverse profile. Black arrows
indicate LCDRs.

mid-ocean spreading centre23,24. Twomodels ofmantle flow beneath
mid-ocean ridges have long been considered—active mantle flow
and passive mantle flow. These models infer drag forces between
crust and mantle in clearly di�erent directions23. In the active flow
model, mantle flow away from a spreading centre drags the base of
the crust away from that spreading centre. In contrast, in the passive
flow model, crust moving away from a spreading centre drives flow
in the uppermost mantle, creating a drag force towards the ridge at
the base of the crust.

If we accept the active mantle flow model, which would create
basal drag force away from the spreading centre, the shear zones
we observed dipping upward at low angles from the base of the
crust along the shear direction would be expected. Such shear
zones have been widely recognised (Riedel shears) on scales ranging

from microscopic features in rock samples to regional features in
earthquake faults25. We therefore conclude that uppermost mantle
flow faster than the crustal spreading rate is the most likely
explanation of the observed structures.

A di�culty with this interpretation is that similar structures are
not seen in ophiolites7,17. Although ophiolites are considered to be
fragments of oceanic lithosphere obducted onto continental crust,
the tectonic setting in which they form has long been debated.
For example, growing geochemical evidence suggests that most
ophiolites have been formed in spreading regions above subduction
zones26. However, there are also a number of studies concluding that
ophiolites are typical of the oceanic crust formed at a mid-ocean
spreading centre27, rather than above subduction zones. Detailed
discussions of tectonic settings to form ophiolites is beyond a

NATURE GEOSCIENCE | VOL 7 | MAY 2014 | www.nature.com/naturegeoscience 373
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age of subducting plate there is estimate to be
~130 My, the depth of 80 km for the LAB is
consistent with that from the WP2 data.

The relative thickness of oceanic plates es-
timated above is consistent with the thermally
controlled origin for the oceanic LAB (Fig. 4A),
but the observation in short-period waves (~3 s)
indicates that the LAB is a sharp boundary (the
transition thickness of less than ~10 to 15 km)
and thus has chemical or fabric origin. This
apparent age dependence and the large LAB
signal preclude the water-extraction model for
the origin of oceanic LAB (3). One possibility
to explain these features is partial melting in
the asthenosphere. The depth of the initiation
of the partial melting is estimated on the basis
of the solubility of water in aluminous ortho-
pyroxene component of mantle rocks (16–18).
Although the fit is not perfect, this kind of
model is capable of reproducing the basic trend
in data (Fig. 4A).

Waveform modeling given in Fig. 3 indicates
that the shear wave velocity is reduced at the
LAB by ~7 to 8%. For a texturally equilibrated
partially molten region, this translates into the
melt fraction of ~3.5 to 4.0% (19), which is one
order of magnitude larger than the commonly
accepted amount of melt at mid-oceanic ridges
(20) and may be unrealistically high. Therefore,
some additional mechanism other than the con-

ventional view of the partially molten astheno-
sphere is required.

Recent experimental and theoretical studies
demonstrate that deformation can segregate
melt into bands (21, 22). On the basis of these
results, we propose a model of partially molten
asthenosphere consisting of horizontal melt-rich
layers embedded in melt-less mantle (Fig. 4B).
Such layered melt efficiently reduces vertically
propagating shear wave velocities (23) and ex-
plains well the strong LAB signals reported
here and elsewhere (6), as well as other prop-
erties expected for the asthenosphere. Figure
4C shows the velocity and viscosity contrasts
at LAB predicted for a model of wet astheno-
sphere (blue), a conventional model of homo-
geneous partially molten asthenosphere (red
line with layer fraction f = 1), and the present
model of layered asthenosphere (red lines with
f < 1). The strong seismological signals and a
large viscosity contrast of >103 at LAB (24)
can be explained quantitatively by the layered
model, whereas the other two models cannot.
The combination of both seismological and geo-
dynamical constraints at the LAB (shaded) in-
dicates that the melt-rich layers make up less
than 5% by volume of the mantle here and that
the melt fraction is close to the disaggregation
melt fraction, fc, over which the partially molten
rock loses grain-to-grain contacts (contiguity)

and hence loses rigidity. Small but nonzero con-
tiguity of the grains causing small rigidity of
layers is important for the converted phases to
be detectable. For fc = 0.25 and f = 0.05 to
0.01, the average melt fraction in the astheno-
sphere is 1.25 to 0.25%, which is consistent
with the petrological expectation (20). We de-
scribe the internal structure of the layers by
grain-scale contiguity so that granular models
developed recently to predict both elasticity
and viscosity (19, 25) can be applied. However,
the obtained small rigidity of the layers might
imply kinks and/or jogs, which may develop at
much larger scales than grain size.

The layered model qualitatively explains
other characteristics expected for the astheno-
sphere, such as radial anisotropy (transverse
isotropy with a radial symmetry axis) inferred
from long-period surface waves (26), high elec-
trical conductivity (27), and high attenuation.
The depth extent of this low-velocity astheno-
sphere is estimated to be ~210 km beneath WP2
on the basis of the travel-time analysis of WP2
data (9). Considering that LABs (5), the radial
anisotropic layer (28), and the partially mol-
ten region (16) are all observed to be deeper
(~200 km) beneath stable continents, the pro-
posed model may be applicable to the conti-
nental asthenosphere to be an universal model
for the asthenosphere.

0

20

40

60

80

100

D
ep

th
 (

km
)

0 20 40 60 80 100 120 140
Age (My)

A

B

C

1

2
4

3

Fig. 4. Age dependence of observed LAB depths and a model for LAB and as-
thenosphere. (A) Observed LAB depths are plotted as a function of the plate age (red
triangles; 1 indicates PVB; 2, WPB; 3, WP2; and 4, northeast Japan) over the
isotherms given in a 200° intervals (blue lines) (18). Red line indicates the top of
partial melting region calculated on the basis of the model of Mierdel et al. defined
by the water solubility of 1000 parts per million H2O (16). (B) A schematic il-
lustration for the LAB and the asthenosphere. A schematic model for a S-wave
seismic velocity structure of a radial anisotropy is superposed. (C) Viscosity (h) versus
S-wave velocity (VS) contrasts at LAB predicted from models of wet asthenosphere
(bule) and partially molten asthenosphere (red), with seismological and geo-
dynamical requirements (shaded) (30). Subscript 0 denotes lithospheric values. In
the partially molten asthenosphere model, horizontal melt-rich layers are embedded
in meltless mantle with various layer fractions from f = 1 (homogeneous) to f =

0.001. For f = 1 (homogeneous), melt has equilibrium geometry with variable melt fraction f. For f < 1 (layered), f in layers is close to the disaggregation melt
fraction fc, and contiguity ϕ of grain-to-grain contact is small and variable [ϕ = 1 means melt-free and ϕ = 0 means disaggregation (19, 25)]. Average f in
asthenosphere is given by ffc.
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ature, water content, oxygen fugacity, the presence
of melts, and carbon content, all of which are useful
in aspects of Earth science. A physical interpretation
of such EM exploration results is made by referring
to the measurements of the electrical conductivity
of mantle materials in the laboratory with precise
control of the physical and chemical conditions.
Concerning recent advances in laboratory experi-
ments and the related physical interpretations,
however, fairly recent reviews are available.4),5) This
paper, therefore, mostly focuses on the aspects of
methodology including instrumentation and data
inversion, which are essential to provide an accurate
model of electrical structure.

In the MT method, the electrical conductivity
distribution in the Earth is investigated by analyzing
the spatial and frequency dependences of the
impedance, which describes the linear relationship
between the horizontal components of the electric
and magnetic field variations. The relation is usually
written in the frequency domain as

Ehðr; !Þ ¼ Zðr; !ÞHhðr; !Þ; ½2%

where Eh and Hh are the horizontal electric and
magnetic field variations vectors, respectively, Z is
the impedance, generally given as a 2 # 2 tensor with
complex elements, and r is the location of observa-
tion. Although less common than the MT method,
EM induction is investigated by using similar linear
relations between different components of the electro-
magnetic field variations.6) The coefficient of the
linear relation, like that given in Eq. [2], is generally
called the inductive response function. The frequency
dependence of a response function for a given

observation site can be estimated through spectrum
analysis7) of obtained time series data for the EM
field components.

In the case of dealing with a period shorter than
around one day, the lateral scale of the externally
inducing field is much larger than the penetration
depth given by Eq. [1]. In such a situation, the
Earth’s surface can be considered flat and the
inducing field laterally uniform. Here the Earth is
regarded as a half space, and the Cartesian coor-
dinate system is used to solve the governing
equations (Maxwell’s equations). This treatment is
known as regional/local induction. Again, under the
assumption of a uniform Earth with conductivity <0,
the impedance becomes a unique scalar independent
of the observation site and can be written explicitly
as

Z0ð!Þ ¼
ffiffiffiffiffiffiffiffiffiffi
i!!0

"0

r
: ½3%

This means that if the Earth’s conductivity is
spatially uniform, the impedance is determined
simply by Eq. [3] and the phase is always 45 degrees.

We can rewrite Eq. [3] as

"0 ¼
i!!0

Z0ð!Þ2
: ½4%

This implies that the Earth’s conductivity can be
estimated by simply considering a pair of mutually
orthogonal electric and magnetic components at an
arbitrary site. A simple analytical expression for the
scalar impedance was derived in 19531) for a model
Earth consisting of laterally uniform layers with
different conductivities, which is called a one-dimen-
sional (1D) Earth model. In reality, the Earth is
neither uniform nor horizontally stratified, meaning a
general treatment of the impedance tensor and other
response functions at a number of stations covering
the area of interest is required in practice. The
heterogeneous distribution of electrical conductivity
is estimated such that the theoretically predicted
impedance elements fit those observed in a least
squares sense. There has been significant progress in
this field over the past few decades.8)–12)

One of the difficulties associated with EM
explorations, compared with imaging methods using
seismic waves, is that the observed quantity is not
a propagating wave but a diffusing field. Therefore,
the spatial resolution is not determined simply by the
observation site spacing but also by the frequency
of the field fluctuation. This can be understood by
considering the EM induction of a conducting body
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Fig. 1. Diagram showing the range of electrical conductivity for
different layers of the Earth’s interior.
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within an age of roughly 1.3Ma. The initial scientific
report from this experiment45) showed an asymmetric
feature of the upper mantle structure between the
east and west of the EPR. Subsequently, more
detailed imaging results for the southern line were
published, in which not only isotropic but also
anisotropic inversion (Fig. 5b) was attempted after
the correction for 3D topographic effects.72),73) The
major findings of the MELT EM experiment can
be summarized as follows. The anisotropic model
shows a slightly better fit to the observation. The
anisotropic inversion detected a highly conductive
narrow sheet below the ridge axis with width of 10–
20 km and enhanced conductivity along the vertical
axis. Except near the ridge axis, both the isotropic
and anisotropic models exhibit a flat resistive layer
down to the depth of 60 km in the uppermost mantle.
Below this resistive layer, the conductivity is
enhanced at depth of 60–120 and shows anisotropy
with higher conductivity in the direction of plate
spreading.

Electrical imaging was attempted at the north-
eastern EPR by using instruments with coil magnetic
sensor.74) Twenty-nine instruments were deployed
along a line in parallel to the plate spreading and
crossing the EPR at 9.5 degrees N, and electrical
structure was studied by 2D anisotropic inversion.
Because of the sensitivity of the magnetic sensor used
in this study, the inversion constrained the shallower
upper mantle structures down to about 160 km and
imaged a distinct high conductivity anomaly right
beneath the ridge axis, spreading at 20–90 depths.
Anisotropy is mostly insignificant, except at depths
10–20 km below the ridge where conductivity is
highest in the vertical direction.

These results were obtained through careful
and quantitative applications of various methods of
forward modeling, inversion and statistical tests. The
only remaining question is how the 2D assumption
affected the features found. In fact, the 2D inversion
result of the MELT northern line shows qualitatively
similar but quantitatively different features,75) which
means the structure is not completely 2D. Also it is
generally difficult to distinguish anisotropic features
of observed MT impedances due to the intrinsic
anisotropy of conductivity from those due to lateral
heterogeneity so far as data along a line are inverted.
Further study using a 2D array (not an array along
a line) is necessary to deepen the understanding of
the mid-oceanic ridge processes.

4.2 EM explorations beneath hotspot islands.
Oceanic plates are created at spreading ridges and

then move horizontally before going back into the
mantle at the subduction zone. While an oceanic
plate is moving horizontally, its thickness increases as
it ages due to cooling. In such a system, the thermal
structure in the upper mantle can be approximately
estimated by a cooling plate model71),76) as shown
in Fig. 6. This figure shows that the seismicity is
restricted at the shallower (colder) part of the oceanic
mantle, which corresponds to the oceanic lithosphere.
Hot spot volcanic activity brings additional heat to
this simple cooling process. Although the concept of
such hot spots was proposed in earlier works78),79) and
is well accepted by the Earth Science community,
direct information as obtained through geophysical
explorations is still limited in terms of the size and
shape of the mantle plumes, their upwelling velocity,
their source depth, and the depth at which the initial
melting occurs.51) For this reason, electrical imaging
of the upper mantle below hot spot islands is an
area of interest, and a few experiments have been
attempted in recent years.

In 1997 a seafloor MT sounding experiment was
carried out between April and December in the
southwestern part of the Hawaiian hot-spot swell, in
which EM data were collected at seven seafloor sites
as indicated in Fig. 7a.80) A 2D inversion analysis
of the observed EM responses revealed a narrow
(radius < 100 km), conducting (about 0.1 S/m)
‘plume-like’ anomaly which appears to connect the
surface of the islands to the highly conducting
(9 1 S/m) lower mantle (Fig. 7b). For the treatment
of the 3D topographic effects, the authors applied a
tensor decomposition method.81) However, present

Fig. 6. The temperature contours in the oceanic mantle vs. plate
age, calculated from the numerical solution that best fits the
analytic solution for a cooling plate.76) The 600 and 1000 °C
isotherms are marked by thick lines. The points show the depths
of intraplate earthquakes within the oceanic lithosphere whose
depths have been constrained by waveform modeling.77)
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