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Fig. 1. The distribution of (a) geothermal gradient, (b) heat flow estimated from geothermal gradient, (c) observed heat flow, and (d) heat flow based on
observed values including estimated values from geothermal gradient.

years from 1961 at the nearest meteorological station (Na-
tional Astronomical Observatory, 1998). The data include
longitude, latitude, geothermal gradient value, and bore-
hole depth at 1937 sites. The number of geothermal gradi-
ent measurements is almost twice that of on-land heat flow

data. There are many more geothermal gradients for shal-
low depths than deep, and the deeper the borehole, the bet-
ter the quality in general. Because deeper borehole have
less thermal disturbance, this compilation have used the
borehole data of 300 m or more in depth, below the tran-

Tanaka et al. (2004EPS) ČĖęĩŊļğŇ� Matsumoto (2007) ČĖęĩŊļğŇ�
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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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to introduce the dimensionless temperature ratio θ

θ =
T − T1

T0 − T1
(4.93)

as a new unknown. The equation for θ is identical with the one for T ,

∂θ

∂t
= κ

∂2θ

∂y2
, (4.94)

but the conditions on θ are simpler

θ(y, 0) = 0

θ(0, t) = 1

θ(∞, t) = 0. (4.95)

The similarity approach to determining θ is based on the idea that the only
length scale in the problem, that is, the only quantity that has the dimen-
sions of length other than y itself, is

√
κt, the characteristic thermal diffusion

distance (recall that the diffusivity κ has dimensions of length2/time). It is
reasonable to suppose that, in this circumstance, θ is not a function of t and
y separately, but rather it is a function of the dimensionless ratio

η =
y

2
√
κt

. (4.96)

The factor of 2 is introduced to simplify the subsequent results. It is not only
reasonable that θ should depend only on η, but a theorem in dimensional
analysis shows that this must be the case.

The dimensionless parameter η is known as the similarity variable. The
solutions at different times are “similar” to each other in the sense that the
spatial dependence at one time can be obtained from the spatial dependence
at a different time by stretching the coordinate y by the square root of the
ratio of the times. We will see from the solution to this problem that the
characteristic thermal diffusion length is the distance over which the effects
of a sudden, localized change in temperature can be felt after a time t has
elapsed from the onset of the change.

The equations (4–94) and (4–95) must be rewritten in terms of η. This
requires that we determine the partial derivatives of θ with respect to t and
y in terms of derivatives with respect to η. This can be accomplished using
the chain rule for differentiation as follows:

∂θ

∂t
=

dθ

dη

∂η

∂t
=

dθ

dη

(

−
1

4

y√
κt

1

t

)

=
dθ

dη

(

−
1

2

η

t

)

(4.97)
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Figure 4.27 Mean oceanic geotherm determined from Equation (4–125)
with t =60.4 Myr.

proaches an equilibrium, time-independent thermal structure. This result
requires heating of the base of the continental lithosphere by mantle convec-
tion. The surface heat flow data from the ocean basins given in Figure 4–25
show that there is also basal heating of the oceanic lithosphere. To account
for this basal heating, we introduce the plate cooling model.

Consider the instantaneous heating or cooling of a finite thickness plate.
Since our application is to the lithosphere, we take the plate thickness to be
yL0, the thickness of the lithosphere at large times. The infinitely long plate
fills the region 0 ≤ y ≤ yL0. The temperature in the plate is a solution of
the one-dimensional unsteady heat conduction equation (4–68).

Initially at t = 0 the plate is at the temperature T1; for t > 0, the surface
of the plate y = 0 is maintained at the temperature T0. The base of the
plate y = yL0 is maintained at the temperature T1. These conditions can be
written as

T = T1 at t = 0, 0 ≤ y ≤ yL0

T = T0 at y = 0, t > 0

t = 60 Myr�

 ņıĭľġĝ 
ŎĿňŌĶŏ�

 ĝįĺĭľġĝ 
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Figure 4.22 Schematic of the cooling oceanic lithosphere.

Figure 4.23 The solid lines are isotherms, T − T0 (K), in the oceanic
lithosphere from Equation (4–125). The data points are the thicknesses of
the oceanic lithosphere in the Pacific determined from studies of Rayleigh
wave dispersion data (Leeds et al., 1974).

High-temperature deformation of rocks in the laboratory indicates that this
temperature is about 1600 K. Thus we can think of the lithosphere as the
region between the surface and a particular isotherm, as shown in the figure.
The depth to this isotherm increases with the age of the lithosphere; that
is, the lithosphere thickens as it moves farther from the ridge, since it has
more time to cool. We refer to the age of the lithosphere as the amount of
time t required to reach the distance x from the ridge (because of symmetry
we consider x positive); t = x/u.

The temperature of the rock at the ridge crest x = 0 and beneath the plate
is T1. The seawater cools the surface to the temperature T0. Thus, a column
of mantle is initially at temperature T1, and its surface is suddenly brought
to the temperature T0. As the column moves away from the ridge, its sur-
face temperature is maintained at T0, and it gradually cools. This problem is
identical to the sudden cooling of a half-space, treated in Section 4–15, if we
neglect horizontal heat conduction compared with vertical heat conduction.
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•  ��ĿňŌĶčPÞČ
óð 
1ŏ��QĎ�ùċę 
2ŏ��ÏĎCûùċę 
3ŏ��ĿňŌĶĎ'ùċę 
4ŏ1Ùč���ûĎ�ùċę�

ĿňŌĶĴħĶĸħĭčÜ! �

�9�HŚ�/�±Ĉ�óĿňŌĶ÷�đĚðI+Č^8Ŏridge push) 
�ĒÅĒMŚ�%ýćÎùċąăĿňŌĶ÷Ãó1~Č�ĒÅēŎslab pull)�

←ridge push→�
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