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Abstract

Impedance tensor elements were determined for periods between
20 and 240 min from the magnetic and telluric fields observed at the
Yatsugatake Magnetic Observatory. The skew calculated from im-
pedance tensor elements is much larger than 0.2, a critical value for
two-dimensionality which implies that the structure is three-dimen-
sional or the electric field observed at the Observatory is affected by
local current channeling. It is found that such a channeling effect
is expected in Z;; and Z.;, whereas Z,, is unlikely to be affected by
a local effect and can be used for inferring the regional conductivity
structure. ‘ . ‘

Three models of conductivity structure account relatively well for
either the observed apparent resistivity or the observed phase, al-
though the resolution is rather poor because of scatter in observed
values. It is concluded that the conductivity structure beneath the
central part of Japan is characterized by a conducting layer having a
conductivity of 0.01 S/m and existing at a depth range of 30-50 to
100 km. This layer might reflect a small fraction of partial melt or
conducting water. ' .

1. Introduction

A phenomenon of electromagnetic induction has been used as one
of the means of obtaining information on the physical state within the
earth (e.g. RIKITAKE, 1966). It is well known that varying magnetic
fields usually originating outside the earth induce electric currents in
a conducting earth. The inductive response depends on the electrical
conductivity of earth materials and the period of varying fields. If
the response is obtained for various periods, a conductivity distribu-
tion within the earth can be inferred on some assumptions.

In the case of a method called magnetotellurics (MT), the imped-
ance is usually used as a response function (CAGNIARD, 1953). In a
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simple case, it is obtained as the ratio of a horizontal component of
the induced electric field to a horizontal magnetic field orthogonal to
the electric component. Both fields are to be observed at the earth’s
surface. If the conductivity structure is laterally uniform, the depth
distribution of the electrical conductivity can be determined, at least
in principle, from the data obtained at a certain station. In this
sense, the magnetotelluric method is apparently very powerful.

However, the conductivity structure is by no means simple, parti-
cularly in a geologically complicated region such as Japan. In such a
case, induced currents are strongly disturbed by local conductivity in-
homogeneities and, therefore, ecareful considerations are required in in-
terpreting results of observations. One of the most representative ex-
amples of current perturbation is obtained at a coastal area which is
a clear boundary separating highly conducting sea-water from a re-
sistive land.

The Yatsugatake Magnetic Observatory is located in the central
w0y 100 part of Japan far from coastal
areas as shown by YA in Fig.
1, and an effect of perturba-
tion at coasts is unlikely to
be considerably large there.
Moreover, another effect of a
mantle conductivity anomaly
called the Central Japan Ano-
maly (RIKITAKE, 1969;
HoONKURA, 1974) is expected
to be small at YA as indicat-
ed by a small induction arrow
shown in Fig. 1. Therefore,
the data obtained at the ob-
servatory should provide va-
200 g luable information on the con-
] ductivity structure beneath

= Central Japan.
Fig. 1. Location of the Yatsugatake Magnetic Unfortunately electric

Observatory denoted by YA. Arrowsindicate ts leaki £ th
induction arrows at a period of 60 min. The currents leaking Irom e

sea depth is given in meters. electric railways greatly con-
taminate the induced electric

field at the observatory. The ratio of signal to noise is so poor that
an accurate estimate of impedance is by no means obtained even at
the time of a great magnetic storm. However, during some days from
late November to early December, 1975, electric noises were greatly
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reduced because of service suspension of the railways. Thus the mag-
netotelluric method could be applied to geomagnetic and telluric field
variations observed at the observatory.

2. Data analysis

If the conductivity structure is laterally uniform, the NS compo-
nent of the electric field should be correlated with the D component
of the magnetic field. A similar correlation should also exist between
the EW and H components. Then the period-dependent impedance is
obtained from either one of the above two pairs. However, as can
be seen in Fig. 2, no clear correlation exists between the NS and D
components and also between the EW and H components. Therefore,
the observed data should carefully be analyzed and interpreted.
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NS /‘\/\J \/\/\/\—/\J\/\MM\‘ |10/ km
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Fig. 2. An example of geomagnetic and telluric variations observed at the Yatsugatake
Observatory. H and D indicate the northward and westward components of the
magnetic field, and NS and EW denote the northward and eastward electric fields,
respectively. Bars indicate scale length for 20 nT and 10 mV/km.
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In a general case, the relation between the observed electric and
magnetic fields is expressed in terms of an impedance tensor as

(Ex ) _ (Z11 Zm)(H
Ey) \Z, Z./\D
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where Ex and Ey denote the northward and eastward components of
the electric field, respectively, and Z,, Z,, Z,, and Z,, are impedance
tensor elements. They are complex functions of frequenecy or period.
Four records were selected for analysis, each of them having a dura-
tion ranging 14 to 22 hrs. Impedance tensor elements were determin-
ed for periods between 20 and 240 min. At periods shorter than 20
min the electric field data are considerably contaminated by noises and
impedance tensor estimates were not stably obtained.

mV/km/nT mv/kmAT
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2'0 32)4'06(38'0!20 240 ' 310406080I20
PERIOD(min) PERIOD (min)
Fig. 8. [Zul, |Zx], |Zi2l, and |Zs| given in mV/km/nT for various periods between 20
and 240 min. Error bars indicate the standard deviations.
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Fig. 4. The phases of impedan(_:e tensor elements, Zy; Zoi, Zi, and Zy,, given in de-
grees for various periods between 20 and 240 min. Error bars indicate the stand-
ard deviations.

Figure 3 shows |Z,|, | Z.|, Z:.|, and |Z,| in mV/km/nT for various
periods between 20 and 240 min. Circles and bars denote the means
and the standard deviations, respectively. The phase of each element
is shown in degrees in Fig. 4. Error bars denote the standard devia-
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tions. Note that some phases are modified so that all the phases can
be compared on the same basis.

3. Interpretation of impedance tensor elements

Oft-diagonal elements, Z,, and Z,, should be much larger than
diagonal elements, Z, and Z,, for inferring the conductivity structure
on one-dimensional approximation. However, diagonal elements are
comparable to or even larger than off-diagonal ones as shown in Fig.
3. On the other hand, the possibility of two-dimensional treatment is
judged on the basis of a criterion concerning the skew. The skew is
defined by

ow | Zut Zul

|Z12'—Z21i

and if it is smaller than 0.2 or so, a two-dimensional treatment can be
considered to be reasonable. As shown in Fig. 5, the skew is much
larger than 0.2 for various periods, which implies either that the struc-
ture is actually three-dimensional or that the observed electrie field is
affected by local channeling of electric currents even though the
structure can approximately be treated as being one- or two-dimen-
sional in a regional scale.

Although impedance tensor elements seem to be very complicated,
as shown above, there are some indications that allow one to infer the
behavior of the induced electric fields near the Yatsugatake Observatory.
The phases of Z, and Z,,
which correspond to the

phases of the southward and 08 -

westward electric fields re-

lative to that of the north- {
ward magnetic field, are 06

almost the same. Therefore, z

the direction of electric cur- Y o4

rents induced when the mag- @

netic field wvaries in the 05

northward direction can be
determined. It is shown
from |Z,| and |Z,| that the —— .
currents tend to flow in an 20 3040 60 80 120 240

approximately southwestern . PERIOD (min)
direction. Fig. 5. The skew at various periods between 20

and 240 min. Error bars indicate the stand-
Z,, and Z, would not be ard deviations.
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Fig. 6. Distribution of the direction of induced electric currents for the northward
magnetic field as shown by small arrows in the Kanto Plain (after YANAGIHARA and
YoroucHI, 1965). The depth to the basement is given in meters. Dashed arrows
indicate the pattern of current flow to be expected for the northward magnetic
field (after HoNKURA, 1977).

appropriate for estimating the electrical conductivity structure, because
they may have something to do with induced currents flowing in the
thick sedimentary layer in the Kanto Plain. Figure 6 shows a distri-
bution of the direction of induced currents for the northward magnetic
field (YANAGIHARA and YOKOUCHI, 1965). The Yatsugatake Observatory
is located close to the thick sedimentary layer lying northwest of the
Kanto Plain, where strong current-concentration along thick sediments
is expected (HONKURA, 1977).

A somewhat different nature is recognized in Z, and Z,, which
describe the northward and eastward electric fields for the eastward
magnetic field. In this case, the phase of Z, is considerably different
from that of Z,,, the latter being nearly equal to the phases of Z,
and Z,. Itis likely that a phase of 40°-50° represents the phase of the
regional electric field and the phase of Z,, is anomalous. Although the
origin of such an anomalous field is unknown, Z, should not be used
for estimating the conductivity.

It is concluded from the above consideration that Z, may reason-
ably be used for further analysis. A two-dimensional approximation
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for a regional structure would not be unreasonable, taking into ac-
count the nature of the spatial extent of the Japan arc, the Philippine
Sea, and the Japan Sea. Then, Z, corresponds to the impedance in the
H-polarization case. It is well known that in the H-polarization case
the electrical conductivity can approximately be inferred from a one-
dimensional model, if an observation site is located relatively far from
the conductivity boundary as is the case for the Yatsugatake Observ-
atory (JONES and PRICE, 1970). Therefore, in the next section, |Zy]
and the phase of Z,, will be used to investigate the conductivity struc-
ture beneath the central part of Japan.

4. Electrical conductivity models
The apparent resistivity (o,) can be determined from [Z,| as

0.=0.2T\|Z,

where T denotes the period in sec and p, is given in ohm-m. Figure 7
shows the apparent resistivity determined for various periods. The
phase is also shown in Fig. 7.
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Fig. 7. The apparent resistivity and phase determined for various periods between 20
and 240 min. Dotted, solid, and dashed lines indicate the calculated results for
conductivity models 1, 2, and 8 (see Fig. 8), respectively.

Model calculation can analytically be made for layered-earth models
(e.g. SCHMUCKER, 1970). In this paper, however, calculations were
made by making use of a numerical method used by HONKURA (1973).
Figure 8 shows three typical models that can account for either the
apparent resistivity or the phase. The most simple model is certainly
a uniform conductivity model, model 1, and in this case a conductivity
of 0.01 S/m well accounts for the phase and approximately for the
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apparent resistivity as shown

CONDUCTIVITY (S/m) in Fig. 7. However, in this

O,OIOOI 0-?0| 01?‘ o'.l model a discrepancy appears

° r————l—'——-;—’ — in the period d.ep.eerence of the
. ____ _1 apparent resistivity. Model
E 2 well accounts for the ap-
S— _J parent resistivity as shown
in Fig. 7 but the calculated

phase is smaller than the ob-

served one except for the
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In the case of model 3, a
good agreement is seen in the
phase. Also the period char-
acteristic of the apparent
resistivity is not far from the
400 R S observed result, although the

» ' 3l apparent resistivity is too low

DEPTH (km)

300 A

g|' . at long periods.
Fig. 8. Conductivity models 1, 2, and. 3. In view of large errors
in estimating the apparent
resistivity and phase, it would not be worth searching for a model
which can account for both the apparent resistivity and phase. Ap-
plication of an inversion method to the present data would also be
meaningless. An important point here is the common feature recogn-
ized in models 2 and 3; a conductivity of 0.01 to 0.1 S/m down to a
depth of 10km, a low conductivity of 0.001 to 0.0001 S/m to a depth
of 30-50 km, a conductivity of 0.01 S/m to a depth of 100 km, and again
a low conductivity of 0.001 S/m.

5. Discussion

It would be interesting to compare the model obtained in this
paper with other conductivity models in the central part of Japan.
HONKURA (1974) put forward a model which accounts for transfer func-
tions determined from short-period geomagnetic variations observed at
some stations in the central part of Japan. Figure 9 shows a cross
section of the conductivity structure along a line shown in Fig. 1.
As can be seen in this figure, the agreement between the observed
and calculated results is good, although this model is not a unique
one. In fact, RIKITAKE (1975) showed that the model put forward by
RIKITAKE (1969) can account for the observed results as well as the
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model of HONKURA (1974).

As shown in Fig. 9, the
conductivity amounts to 0.01
S/m below a depth of 30
km in the central part of
Japan. A less conducting layer
below 100 km shown by models
2 and 8 in Fig. 8 affects
little the calculated results
shown in Fig. 9, since the
response is largely controlled
by highly conducting layers.
The conducting surface layer
shown in Fig. 8 might be
rather a local one and its
effect on a regional distribu-
tion of transfer functions
would not be very remark-
able. The effect of local per-
turbation by such a condue-
ting layer is unknown at
present but it may have
something to do with an
anomalous electric field as re-
presented by the phase of
Z s

Conducting layers beneath
the Philippine and Japan Seas
have such an extremely high
conductivity as 0.5 S/m and,
therefore, they were inter-
preted in terms of partial
melting (HONKURA, 1975). The
conductivity of 0.01S/m at
the depth range of 30 to 100
km is unlikely to be inter-

0001S/m

Q55/m 0018/m 055/m

[} 300tm

Fig. 9. A model of conductivity structure along

a line A-A’ shown in Fig. 1. The observed
and calculated transfer functions are shown
by dots and lines, respectively (after HONKURA,
1974).

preted in terms of the temperature only. That is because the inver-
sion of conductivity at a depth of 100 km would not be explained un-
less a compositional change exists at this boundary. An alternative
interpretation will be possible by introducing a smaller fraction of
If the former is the case, the layer
would be a poorly developed partial melting zone. If the latter isthe

partial melt or conducting water.
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case, such water might be released as a result of a dehydration pro-
cess of serpentinite and similar water-bearing rocks (ANDERSON et al.,
1976). The depth range of 30 to 100 km approximately agrees with a
region where conditions of pressure and temperature required for the
occurrence of a dehydration process are generally satisfied, except for a
very high temperature area (KITAHARA et al., 1966). Such a hehyd-
ration process may have something to do with the subduction of the
oceanic crust beneath the Japan arc (ANDERSON et al., 1976).
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7 A ZPIEECIE L, HBILEHOMIMIREAEL o> TV D, LinL, 1976 4E 11 JIO# D 2
612 oW TRIAAEE D, TR RFLREN GO, ORI LT, i
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0)4 V= EVAFYINER (Tu, Zet, Biay Zeo) WEFIL U THIUNCHK L TR L RDI. L
< IS LT 2 4 Ko IERRCERk E Hiow,
4= FV ATy Y AT LRSI skew (X, WTEROENITYL 0.2 X hlehkEL,
—WIER ORI D R A AR AT 5, 20T, Ay HEINTHE I BT B
SRV OFHE L LTHRO X 5 0 ate, BN ILn & O, Zu, Za OMAIE TR 40°~50°
Eheh, TFRRESE LG, chickt L, RIS AR5 T 23507 5, Zie OfA
W Zu, Zoy EIREFRUTHDDS Zee OMHIEIRG EMTeh Fisb. Zu, Zn, Zi2 DAL D IHE
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CDFERRHNE S WO REC L 53 DI TH B,
TR A A BT BRSNS TWB 2 L h#H 2 b &, Zie ik H-polarization case
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