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ABSTRACT

Electromagnetic induction in the continental Bohai Bay coastal region of Chi-~
na and the island region of Japan is studied with the aid of laboratory analogue
models. Detailed model measurements of the electric (Ey, Ey) and magnetic (B,
Byy B,) field components are presented for an approximately uniform overhead
horizontal source field for E- and B-polarizations, With the aid of 2D numerical
models, criteria are developed for permitting approximate removal of the coast
effect responses in field site measurements in coastal regions.

For the Bohai Bay laboratory analogue model, large anomalous in-phase and
quadrature model magnetic fields are observed over the Korea-Japan strait for
E-polarization, and over the Bohai strait for B-polarization, due to current chan-
nelling through the straits, Large responses over the peninsulas in the shallow
coastal areas occur at short periods but decrease abruptly with increasing period.
The model induction arrows show that the induction in the local Bohai Bay is
important primarily at short periods. At long periods, induction in the distant
deeper Yellow Sea must be considered in any interpretation of field site measure-
ments. In general, the analogue model results indicate that the effects of penin-
sulas, straits, bays and the irregularities in the coastlines play an important role in
determining the electric and magnetic field responses both on-shore and off-shore

for this complex coastal Bohai Bay region.




For the Japan laboratory analogue model, electromagnetic field measure-
ments are examined in detail for a series of traverses over Japan, thz Korean pen-
insula, and the coastal region of China and the U.S.S.R. Large anomalous in~phase
model magnetic fields are observed over the Korea-Japan strait for E~polarization
and over Bohai strait, Tsugaru strait, and La Perouse strait for B-polarization due
to off-shore current channelling, The significant responses observed at short peri-
ods over the peninsulas in the shallow coastal areas decrease with increasing peri-
od. Large gradients in the in-phase B, are observed over all regions of Japan for
E-polarization for both short and long periods due to the effects of induted cue-
rents in the surrounding oceans. Thus, induction arrow responses over all regions
of Japan show the dominant effects of the ocean.

The 2D numerical calculations of EM induction in continental and island
coastal regions for an anomalous conductor in the form of an upwelling or a
depression in the conductive substratum, show that if the anomalous conductox -
ocean separation distance is at least as great as the coast effect response range
YR (defined in the present work to be the range where the coast effect iBz/Bynl
has decreased to a value of 0.2), then the coast effect can be removed by vector
subtraction to yield a response, approximately that of the anomalous conductor
alone. For a given period (in the range 5 - 120 min), YR is found to increase with
increasing ocean depth, conductive substratum depth, and island width. Further,
the dependance on period is found to vary from model to model, but the general
trend is for YR to decrease with increasing period, on account of the increasing
importance of the underlying conductive substratum  through the skin depth

effect in the host. Empirical curves are presented showing how the response
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range depends on the ocean depth, the conductive substratum depth, the island
width and the period.

Coast effect response values for 3D laboratory analogue models are employed
to approximately remove the geomagnetic coast effects in field measurements for
some coastal sites in the Bohai Bay continental region of China and the island
regions of Japan. The validity of the subtraction is examined for several models of
conductive anomalies at sufficiently large anomalous conductor - ocean ranges to
satisfy the response range criteria developed for 2D numerical models. The
resulting interpretation of field site measurements in complex coastal regions is
discussed.

With the coast effect removed though subtraction of the model arrows from
field site results available in the Bohai Bay region, the resulting difference arrows
indicate a N-S striking conductor to the west of Bohai Bay. These difference
arrows, as well as the 2D numerical calculations, support the premise of such a
conductor, in the form of an upwelling in the conductive substratum (with conduc-
tivity 0.5 sm™1 at 80 km depth), situated at about 150 km from the Bohai Bay
coastline to account for the field site observations. A comparison of laboratory
analogue model and field site MT results at two sites west of Bohai Bay shows that
the analogue model apparent resistivities are about an order of magnitude greater
than the field site apparent resistivities. This result also supports the model of a
conductive anomaly, in addition to the conductive substratum at 80 km depth.

Laboratory analogue model measurements are employed to subtract the ocean
effect in field measurements to yield difference arrow for these complex island

regions of Japan ( the Kii Peninsula region, the central Honshu region and the
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regions of northern Honshu, Hokkaido and Tsugaru strait), These difference
arrows as well as the 2-D numerical model result for the Kii Peninsula region, the
central Honshu region, and the northern Honshu region support the premise of two
conductive anomaiies (with conductivity O.SSm'l), one beneath the Pacific Ocean
and one beneath the Japan Sea at a depth of 30 km. Further, the difference
arrows over the entire Japan region suggest that the two conductors roughly fol-
low the general trend of the island arc, and eventually may be connected by an

E-W striking conductor beneath Tsugaru strait to the north.
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Chapter I
INTRODUCTION

1.1  Magnetotelluric and Geomagnetic Depth Sounding Studies

The distribution of electrical conductivity in the earth can be studied by using
the phenomenon of electromagnetic induction. According to Maxwell's electro-
magnetic theory, a transient magnetic field induces an electric current in a con-
ducting earth. The varying electromagnetic field observed on the earth's surface
thus consists of an external field (generated by oscillating currents in the iono-
sphere and magnetospere) and an internal field (arising from electric currents
induced by the external field) which contains information on the conductivity
structure within the earth. An external field originating in the ionosphere and
magnetosphere can approximately be treated as being spatially uniform within a
certain area of local extent. As early as the 1950's (Rikitake and Yokoyama,
1953) it was noticed that in some regions of the earth the vertical components of
geomagnetic variations (having periods shorter than a few hours) are considerably
different in behavior from one station to another within a distance of some tens of
kilometers. Such a geomagnetic variation anomaly can be accounted for neither
by an external field nor by induction in a layered laterally uniform earth. How-
ever, it could be reasonably interpreted as indicating the existence of a lateral
heterogeneity in conductivity, denoted by a conductivity anomaly. Investigation

of a conductivity anomaly may be carried out by means of geomagnetic depth
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sounding (GDS), based on geomagnatic variations characterized by anomalous ver-
tical flelds, or by magnetotelluric (MT) sounding, based on ratios of horizontal
electric and magnetic fields.

As a general feature in GDS studies, the vertical magnetic field is much smal-
ler than the horizontal field in mid-fatitudes (Uyeda and Rikitake, 1970), and the
vertical field is usually well correlated with one of the two horizontal compo-
nents, or both. Such good correlaticns between the vertical and horizontal mag-
netic fields were first noted by Parkinson (1959). He studied local induction at
coastal sites in Australia and found that the magnetic variations at a given fre-
quency (though in the time domain) tend to be confined to a "preferred plane". The
projection of the normal of this plane onto the horizontal plane has come to be
defined as the Parkinson arrow. Wiese (1962) introduced a somewhat different
approach in order to investigate the relationships of the horizontal (H, D) and the
vertical (Z) magnetic components, He chose the magnetic components (H, D, Z) at
the point where Z reached a maximum value for a given frequency and plotted (in
two dimensions) the ratio D/Z as a function of H/Z. He found that the results lay
approximately along a straight line, which has become known as the "Wiese line".
The Wiese line should exist because of the existence of the Parkinson plane. The
"Wiese" line can be expressed as

Y(H/Z)-A(D/2Z)+1 =0, (1.1)

where Yy and A are defined (Wiese, 1962) as the components of the "Wiese vector"
along the positive H and D directions respectively. In a related analysis,
Schmucker (1964, 1970) introduced the transfer function technique of geomagnetic

depth sounding gi- en by




By ~ aBy + hBy, (1.2)
where By, By and By are the Fourier transformations of the vertical and two hori-
zontal components,and a and b are transfer functions at a frequency w. The
induction arrow is then defined as

V =(-a, -b), (1.3)
which is now a complex vector. Its real and imaginary components are called the
in-phase (real) and quadrature (imaginary) induction arrows. It has been shown
(Honkura, 1978) that the in-phase induction arrow has a feature similar to that of
the Parkinson arrow in that it usually points towards current concentration in a
conductive body, and has an amplitude (length) that is qualitatively indicative of
the current strength. The properties of the quadrature induction arrow have been
more of a puzzle. Sign reversal of the quadrature induction arrow at some fre-
quency has been reported for field measurements {e.g. Lilley and Arora, 1982;
Parkinson et al., 1948), analogue modelling results (e.g. Nienaber et al. 1¢83; Dos-
so et al,, 1985; Hu et al,, 1989) and numerical calculations (e.g. Weaver et al.,
1987; Chen and Fung, 1988; and Agarwal and Dosso, 1990). It has been shown by
Agarwal and Dosso (1990) that for a 2D model, the quadrature arrows at suffi-
ciently short periods point away from current concentrations, ther at the charac-
teristic period reverse to point towards current concentrations (The characteristic
period is defined as the period at which the quadrature arrow amplitude is mini-
mum and the in-phase arrow amplitude is maximum). This has been observed in
various analogue model studies. For the time variation of exp(-iwt). It should be
noted that with the time variation of the field described by exp(iwt), the signs of

both in-phase and quadrature transfer functions should be reversed in order that
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both components of the induction arrows point towards current concentrations.
However, the sign of the in-phase transfer function should be reversed while the
sign of the quadrature part should not, This convention is in keeping with the
work of other authors ( Edwards et al., 1971; Bailey and Edwards, 1976; Lilley and
Arora, 1982; Wolf, 1982; Agarwal and Dosso, 1990).

The relationships between the Parkinson arrow, the Wiese vector and the
induction arrow ( from transfer function analysis) have been discussed by Gregori
and Lanzerotti (1980), Jones (1981), Wolf (1982), and Gregori et al. (1932). It
seems that a unifying picture of the representations of the arrows may not be
obtained in general due to the original definitions. However their equivalences
under certain assumptions are still quite useful. According to Gregori et al.
(1982), if the phase shifts could be disregarded, a relationship between the Parkin-
son arrow (Vp) and the Wiese vector (Vy) could be expressed as

Vgl = [Vyyl/(1+[Vy 4112, (1.4)
The Wiese vector, on the other hand, is simply related to the in-phase induction

arrow, expressed as

Vreal=Vw- (1.5)
Another somewhat different approach, used to study regional conductivity
distribution in the crust and upper mantle, ‘employs the magnetotelluric(MT) meth-
od. This method utilizes mutually perpendicular horizontal electric (E) and mag-
netic (B) natural source fields generated by ionospheric and magnetospheric cur-
rents. The large horizontal spatial extent of the MT source field over a broad
frequency band allows examination of the conductivity structure within the earth

via surface measurements of the resulting electric and magnetic fields. Although
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earlier workers (e.g. Tikhonov, 1950} investigated the potential of using natural
electromagnetic fields, the MT method was essentially established by Cagniard
(1953), Under the assumption that the earth is horizontally stratified and excited
by uniform, monochromatic electromagnetic plane waves, he showed that the

apparent resistivity can be expressed as

pa = 0.2 T [E/BJ%, (1.6)
where p, is the apparent resistivity in Qm, T is the period in seconds, E and B are
mutually perpendicular horizontal components of the electric and magnetic fields
in mV/Fm and nanoteslas (nT) respectively., The apparent resistivity is a function
only of the conductivity structure and the frequency of the source field, and is not
dependent on the strength of the source field. However, the actual conductivity
distribution in the earth's crust is much more complex than the one-dimensional
model originally investigated. In general, it is essential to understand the effects
on the EM fields of both two- and three-dimensional features. Since the strength
and polarization of the MT source field varies randomly as a function of time, it is
customary to express the earth's electromagnetic response in terins of a frequency
dependent linear transfer furction, or impedance tensor. The impedance tensor
expresses the linear ralation between the horizontal components of the electric
and magnetic fields, and satisfies

Ex = ZyxBx + ZxyBy, (1.7)

Ey = ZyyBy + ZyyBy, (1.8)

where Zjj are the elements of the impedance tensor,
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It is important to note that the elements of the impedance tensor are depen-
dent on the choice of the orientation of the measuring axes. For the purposes of
interpretation, a principal (or intrinsic) coordinate system can be found in which
the impedance tensor reduces to a particularly simple form that is more readily
amenable to interpretation and insight. For two-dimensional (2D) structures, the
impedance tensor contains the information required to determine the horizontal
rotation angle to this intrinsic coordinates system. The rotation of the impedance
tensor results in an off-diagonal form when the orientation of one of the coordi-
nate axes is along the strike direction of the structure. In this case the impedance
tensor consists of two intrinsic complex impedances. Each impedance is associat-
ed with one of the two-dimersional polarizations ( i.e. E-polarization where the
electric source field is parallel to the strike of the structure, or B-polarization
where the magnetic source field is parallel to the sirike of the structure). How-
ever, for a general three-dimensional (3D) conductivity distribution, the corre-
sponding impedance tensor cannot be off-diagonalized for any real rotation angle.
Swift (1967) has shown how to retrieve the two impedances and strike direction.
He defined the principal axes as those which maximize the quantity
|Zxy(68)+Zyx(0)|, where 0 is angle of the rotation. Various other measures of the
impedance tensor are also used in characterizing the impedance, such as "skew-

ness” (S) which, according to Vozoff(1972) is defined as

S = |ZyxtZyyl/|Zgy-Zyxl, (1.9)
¢ = arctan(S). (1.10)
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The skewness ratio is usetul in estimating the earth structure being dealt with, If
S is large (larger than unity), the structure of the earth appears to be three-
dimensional at that frequency. Recently a number of attempts to extend Swift's
work to the more general case of an arbitrary 3D conductivity structure have been
made by several scientists {e.g. Eggers, 1982; LaTorraca et al.,, 1986). Yee and
Paulson (1987) have developed a canonical decomposition technique in which the
impedance tensor is represented in terms of eight physically relevant structural
parameters which specify the transfer characteristics of the earth system and
intrinsic coordinate system for the impedance tensor. However, the properties of
the canonical parameters require further study (by numerical and/or analogue
modelling) before wide acceptance by the magnetotelluric community can be
expected. Groom and Baley (1988) developed a decomposition technique for the
impedance tensor that incorporates a superposition of local 3D and regional 2D
structure. Bahr (1990) proposed a MT tensor interpretation algorithm which can
deal with the case that the regional conductivity model is more complicated than

ZDD

1.2 Numerical and Analogue Modelling of Electromagnetic Induction

Lateral variations in conductivity are also studied using analytical, numerical and
laboratory analogue model techniques. The analytic solutions, though somewhat
limited to problems with simplified geometry, are very useful as accuracy checks
on the various numerical techniques in use. An early analytic solution of electro-
magnetic induction in the earth with lateral conductivity variations was obtained

by D'Erceville and Kunetz(1962) who considered the effect of a vertical contact
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between two homogeneous media with contrasting conductivity. Rankin (1962)
extended their solution to treat a vertical dike embedded in a homogeneous struc-
ture. Weaver (1963) obtained the analytic solution for the vertical contact to an
infinite depth. Geyer (1972) studied the effect of a dipping contact of two homo-
geneous regions. More recently, models with more than one vertical contact have
been investigated by other scientist (e.g. Wait,1982; Weaver et al., 1985).

Numerical methods at present play an important role in analysing problems of
more complex structures. Various techniques have been used -~ difference equa-
tion (finite difference and finite element), integral equation, thin sheet approxi-
mation, and hybrid methods. Since the introduction of the finite difference meth-
od by Jones and Pascoe (1971), a number of successful 2D computer programs
based on difference equations have been developed, for example, the finite differ-
ence program of Brewitt-Taylor and Weaver (1976) and the finite element pro-
grams of Lee and Morrison (1982) and Wannamaker et al. (1987).

The three-dimensional numerical method, employing the difference equation
(Lines and Jones, 1973; Dey and Morrison, 1979; Pridmore et al,, 1981; and Chen
and Fung, 1985), on the other hand, is still in its infancy due in part to the lack of
large computer storage and computing speed. However, some progress has heen
made in developing 3D integral equation algorithms, Hohmann (1975) has improved
the general 3D integral equation solution by utilizing a vector-scalar potential
approach and incorporating symmetry through group theory. Wannamker er al.
(1984) developed on algorithm for 3D anomalies in a multi-layered medium. Very
recently, Lee et al. (1989) have shown that the integral transform can be extended
to include vector fields. The integral equation method is most suitable for solving

problems of isolated anomalies embedded in a simpler substrate (Hohmann, 1983).
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The inhomogeneous thin sheet zpproximation technique, employing a uniform-
lly conducting half space overlain by a surface layer ot variable conductance, has
been developed by Vasseur and Weidelt (1977) and treated further by Dawson and
Weaver (1979), Ranganayaki and Madden (1980), Dawson et al. (1982), and Dawson
(1983). McKirdy and Weaver (1984) developed the 2D thin sheet layered medium
model, and McKirdy et al. (1985) generalized this for the 3D case. The thin sheet
method has been used to study the distortion effects in the EM field due to near
surface inhomogenities (Weaver, 1982; Agarwal and Weaver, 1988, Weaver and
Agarwal, 1989) and the effects of current channelling between two oceans (McKir-
dy and Weaver, 1983).

The hybrid methods, which attempt to combine the advantages of the differ-
ence equation and the integral equation solutions, were developed by Schesn
(1978) and studied further by Lee et al. (1981) and Best et al. (1985). Based on the
hybrid theory of Lee et al.(1981), Gupta et al. (1987, 1989) developed the compact
finite element method, a condensed version of the hybrid method.

Since analytical and numerical methods are difficult to apply in solving cer-
tain complex 3D structuves, laboratory analogue modelling methods can be partic-
ularly useful in studying actual geophysical cases. The theory of analogue scale
modelling has been treated in considerable detail by Sinclair ( 1948), Strangway
(1966), Ward (1967), and Frischknecht (1971). Dosso (1966a) constructed an ana-
logue modelling facility in which earth conductivity structures are simulated by
graphite and salt (Nacl) solution that has been used to study a wide range of induc-
tion problems. These include the studies of (i) idealized conductivity structures

such as vertical faults and dikes ( Dosso, 1965b; Charters et al.,, 1989), conducting
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spheres and cylinders (Ogunade et al., 1974; Ogunade and Dosso, 1977, 1980, 1981;
Ramaswamy and Dosso, 1977), bay, capes, channels and islands (Nienaber et al.,
1976, 1977; Chan et al., 1981a; Dosso et al., 1986) and more recently, the seam-
our.t (Hu et al., 1984, 1986; Hu and Dosso, 1989), (ii) the effect of various inducing
source fields, such as a uniform plane wave field { Dosso, 1966¢), an oscillating
line current field (Dosso, 1966d; Dosso and Jacobs, 1968; Ogunade and Dosso,
1981), magnetic dipole fields (Ramaswamy et al.,, 1972; Thomson et al.,, 1972;
Ramaswamy and Dosso, 1973, 1975), a vertical line current source to simulate
lightning induced Schumann Resonances ( Heard et al., 1985), (iii) magnetic varia-
tions induced by ocean waves (Miles et al., 1977; Miles and Dosso, 1979, 1980}, and
(iv) coast-island regions (for a uniform source field), such as Vancouver Island
(Nienaber et al., 1977, 1979a, b), the British Isles (Dosso et al., 1980; Nienaber et
al., 1981), the Queen Charlottle islands (Chan et al., 1981y; 1983), an arctic bay
(Heard et al., 1983), Newfoundland (Dosso et al., 1980; Hebert et al., 1983a, b),
the Tasmania region of Australia (Dosso et al., 1985; Parkinson et al., 1988), the
Hainan Island region of China (Hu et al., 1983, 1984, 1986}, the Bohai Bay region
of China (Meng, et al., 1990) and the Japan-Korea -China region (Meng and Dosso,
1990). The analogue model facility has also been used to study regions of active
tectonic plate subduction such as the West coast of Canada and the U.S.A. by
including in the laboratory model a simulation of postulated conductivity structure
associated with the subducting Juan de Fuca plate (Dosso and Nianaber, 1986;
Dosso et al., 1989; 1990; Chen et al., 1989, 1990). These studies of the subducting
Juan de Fuca plate are associated with the international EMSLAB and

LITHOPROBE programs still underway. A second example of modelling induction




11
in a region of active subduction is found in the model studies of New Zealand by
Chen et al. (1990).

The work in this thesis deals with laboratory analogue models of (i) the Bohai
Bay region of China, and (ii) the Japan-Korea-China region. Geophysical study of
the Bohai Bay region, on the east coast of China, is of considerable interest as the
region contains thick sediments in which abundant petroleum resources have been
found. Examples of recent geophysical studies of this region are sezn in the work
of Chen (1974), Qi et al.(1981), Liu and Liu (1983), Liu et al.(1984), Teng et al.
(1985) and Kao (1990). According to the MT surveys of Liu and Liu (1983) and Liu
et al. (1983) in the Beijing-Tainjin-Tangshan region near Bohai Bay, there is evi-

dence of a conductive asthenosphere of 0.5-1 Sm™!

at depths ranging from 50-100
km in this region, in addition to conductive structures in the crust. Based on short
period geomagnetic variativn measurements which show enhancements and sign
reversals of the vertical magnetic fields at the tips of the Shandong and the Liao-
dong peninsulas (on the two opposite sides of Bohai Bay), Qi et al. (1981) suggest a
model of a highly conductive uplift anomaly under the Bohai Bay region.

Japan, with its coraplex but typical island arc tectonic structure, is a region
that provides challenges to wide ranging geophysical studies. Since the early work
of Rikitake and Yokoyma (1953) which drew attention to the anomalous behaviour
of the vertical component of the geomagnetic variations in central Japan, many
detailed investigations of the local characteristics of geomagnetic anomalies have
been carried out in Japan. The regions studied include central Japan (Rikitake,

1959; Honkura, 1975; and Utada et al., 1986), northern Honshu (Kato et al., 1971;

Research Group for Crustal Resistivity Structure, Japan (RGCRSJ), 1983; Yuku-
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take et al.,, 1983; Ogawa et al., 1986; Ogawa, 1987, 1988), Hokkaido (Nishi-
da,1976), and the Chugoku district (Miyakoshi, 1979). Conductivity anomalies
beneath various parts of Japan have been reviewed in a number of studies (e.g.,
Rikitake, 1966; Rikitake and Honkura, 1973, 1986; Honkura,1978; Yukutake, 1985),
Extensive analytical and numerical model calculations were carried out in an
attempt to interpret field data in terms of conductive substructure of the Japan
region. It has been noted (Rikitake and Honkura, 1973; Honkura, 1978) that geo-
magnetic variations in many regions of Japan are seriously affected by electric
currents induced in the surrounding oceans, and thus some local geomagnetic vari-
ation anomalies can be attributed to the coastal effects, which include cape (or
peninsula), island, bay, and channelling effects.

With the aid of the analogue model, the electromagnetic field response for the
Bohai Bay region and the Japan-Korea-China region are studied in an attempt to
delineate the field perturbations due to such coast effects for the complex coast-~
lines and the continent, and thus possibly permit more accurate interpretations of

field measurements in terms of geological and tectonic structures of the regions.

1.3  Summary of Work in This Thesis

In this thesis, electromagnetic inducticn in the Bohai Bay region and the Japan-
Korea China region is studied using 3D laboratory analogue model simulations, For
the Bohai Bay region, model measurements of the in-phase and quadrature electric
and magnetic field components are carried out for a simulated period range of
3-60 min for E- and B- polarizations of a uniform horizontal inducing source field.

Included in the model simulation are the complex coastline, ocean bathymetry of
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the Bohai Bay region, and a conductive substratum at depth of 80 km (based on the
MT survey results of Liu and Liu, 1983). In the model study of the Japan-China-
Korea region, measurements for traverses over the region are carried out for the
period range 15-180 min, for a simulation of two cases of a conductive substra-
tum underneath the region. For the first case, a conductive substratum at a depth
of 1900 km ( simulated by the graphite plate lining the bottom of the modelling
tank), for the second, a conductive substratum at a simulated depth of 70 km (fol-
lowing a geophysical model proposed by Utada et al., 1986). The laboratory ana-
logue model ocean coast effect responses, in terms of induction arrows,are used to
remove (approximately) the coast effect in field site measurements available in
the continental Bohai Bay region of China and the island region of Japan.

To study how coast effect responses could be removed from coastal field site
measurements with some validity, 2D numerical models of EM induction in conti-
nental and island coastal regions for an anomalous conductor in the form of an
upwelling or a depression in the asthenospheric conductive substratum at depth
are studied to determine constraints on ocean-anomalous conductor separation
distances that would permit, to within an acceptable approximation, a simple vec-
tor subtraction of the coast effect response. It is found, that if the distance of the
ocean-conductor is at least as great as the the coast effect response range YR
(defined as the distance from the ocean where the IBz/Bynl coast effect response
is reduced to a value of 0.2), then the coast effect can be removed by vector sub-
traction to yield a response that approximates the conductor alone,

Difference induction arrows, obtained by subtracting the 3D laboratory ana-

logue model coast effect responses from the field site responses, are examined
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and employed in the interpretation of the field measurements available for a num-

ber of coastal sites in the Bohai Bay (China) and the Japan Island regions.




Chapter II
LABORATORY ANALOGUE MODELLING

2.1  Model Scaling Conditions

A brief summary of EM induction theory is introduced here in order to obtain
the medel scaling conditions. Electromagnetic fields are described by Maxwell's

equations (SI units)

VxE = - 3B/dt, (2.1)
VxB = uj + pedE/at, (2.2)
V*E=p/e, (2.3)
VeB=0, (2.4)

together with Ohm's law
j = oE, (2.5)
where E and B are electric field and magnetic field (magnetic flux density) vec-
tors, j the electric current density, p the volume density of charge in the medium,
o the conductivity, ¢ and € the permeability and the permittivity respectively.
The conductivity in the upper regions of the earth ranges from 1074 sm™ for
some rocks to 4 Sm™! for seawater. The permeability, for most materials in the
earth, does not differ significantly from the free space value, and thus in the
present work is assumed constant as i = pg =47 x 10"7 H/m. Since the varia-

tions of the natural geomagnetic field contain low frequencies, i.e. ew << g, the
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displacement current term in Maxwell's equation (2.2) can be ignored. In other
words, the EM induction in the earth is a diffusion problem, rather than a wave
propagation problem.

If the media of the earth are assumed to be linear and isotopic, the field vari-

ables and parameters in the model and geophysical system may be related by sim-

ple linear transformations as

Eg = KEEp, (2.6)
By = KBy (2.7)
eg = Keemy (2.8)
Hg = Kylm (2.9)
Og = KgOms (2.10)
Lg = KL, (2.11)
t, =Kt tm (2.12)

where the subscripts g and m refer to the geophysical and model values, and the
dimensionless constants K, KB, K¢, Ky, Koy KL, K¢ are the scaling factors for
the electric field, magnetic field, electric permittivity, magnetic permeability,
conductivity, length and time respectively. If only non-ferromagnetic media are
considered in both model and geophysical systems, then it is reasonable to set
Ky=1 (or um = Ug). By substituting equations (2.6-2.12) into Maxwell's equations
(2.1-2.,5) and comparing them for the two systems, it is readily shown that, under
these assumptions, the necessary and sufficient conditions for a valid analogue

model are

(Gg/om)(Lg/Lm) = K, (2.12)
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(£g/fm)(Lg/Lm) = 1/K, (2.14)
where f is the frequency of the time harmonic field, and K = Kg / Kp is the impe-
dance scaling factor, By combining (2.13) and (2.14), K can be eliminated, if the
impedance scaling is not of interest, and the scaling condition becomes
(0g/ Ora)(Eg/Em)(Lg/Lin)? = 1. (2.15)

It should be noted that since equations (2.13) and (2.14) contain four unknowns,
any two of the four scaling factors can be chosen arbitrarily. In practice, the con-
ductivity scaling factor og/ Om, and the length scaling factor Lg/Lm are con-
strained by the model materials, the area of geophysical interest and the size of
the analogue facility. Thus the frequency scaling factor fg/fm and the impe-

dance scaling factor K are determined respectivaly by (2.13) and (2.14).

2.2 The Laboratory Analogue Model Description

The analogue modelling facility, including the modelling tank system, the
overhead source field, the field detectors and reccrding equipment, has been
described in detail by Dosso (1966a, 1973) and will be introduced here only for the
purpose of completeness.

A schematic diagram of the analogue modelling tank and source system used
in the present work is shown in Fig. 2.1. The fiberglass lined plywood tank of
dimension 2.44mx1.68mx0.76m deep is filled with concentrated salt solution of

conductivity ¢ = 215m™!

to a depth of 0.63 m. The bottom of the tank is lined with
a 5 cm thick graphite plate to minimize the effect of the concrete floor of the
laboratory and the earth below, which are unknowns as far as the conductivity is

concerned. In some model studies, this graphite plate is used to simulate a highly
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Figure 2.1: Laboratory analogue model facility.
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conductive layer at depth in the earth. In order to reduce the edge effects due to
the finite size of the tank, stainless steel plates line the two tank walls ( parallel
to the y-direction) and are electrically connected by a heavy copper wire outside
the tank, so that the electrical currents induced in the tank flow parallel to the
inducing electric field right to the edges of the tank.

The current for the source field is provided by a signal generator (Hewlett
Packard 3325A frequency synthesizer with desired sine wave-form and frequency)
and a power amplifier (STAX DA-100M amplifier). Equal currents flowing in par-
allel along a pair of wires (shown in Fig.2.1) separated by a distance of 2.4 m
(twice their height of 1.2 m above the surface of the salt g:'ution in the tank) pro-
vide a reasonably uniform field, simulating the external inducing field of the iono-
sphere.

The electric and magnetic detectors are schematically illustrated in Fig. 2.2.
The magnetic fields are measured by a low irductance air-cored coil which,
mounted at the end of a lucite tube, consists of a 0.1 cm long coil (250 turns of
#42 wire), with inside and outside diameters of 0.235 ¢m and 0.635 cm respec-
tively. The coils used in the horizontal and vertical magnetic field detectors are
designed io be identical, but mounted with their axes directed in the desired hori-
zontal and vertical directions respectively. The horizontal electric field detector
consists of three equally spaced copper pins just protruding through the sealed end
of a lucite tube. The two outer pins are connected to the signal inputs of a low
noise pre-amplifier (PAR CR-4), while the centre pin is connected to a common
ground so as to provide a suitable input to a differential amplifier. The three pins

of the probe are in contact with the surface of the salt solution in the tank. The
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output from the pre-amplifier provides the voltage difference between the two
outer pins and thus permits a determination of the electric field for the known
electrode separation.

The electric and magnetic field sensors, mounted on the carriage that is driv-~
en by a variable-speed motor along the wooden beam mounted above the tank,
measure the field components at the surface of the salt solution which simulates
the uniform host earth. The position of each field point is defined by a potential
measurement along a resistive wire mounted on the beam along which the carriage
moves during a traverse over the analogue model. The signals from the sensors are
amplified and transmitted to the analyzing and recording equipment siown in the
schematic (Fig. 2.2.) and recorded in analogue form on X-Y plotters and in digital
form using a micro computer (IMS 8000).

The model ocean, consisting of a graphite plate (0 = 1.2x10° Sm"l) shaped and
machined according to the coastline and bathymetric contours of a given model, is
suspended at the surface of the salt solution (o = 21 Sm"l) in the tank. The model
magnetic (B, By, By) and electric (Ey, Ey) field components at the surface of the
model are recorded for two perpendicular polarizations of the source field. The
field polarizations are taken to be defined as E- and B- polarizations for the case
of the electric field of the source in the x~ and y-directions respectively as indi-
cated for a model map of a given region. It is noted that the E- and B- polariza~
tion directions are arbritary, and they can be rotated and decomponented into auy
other set of perpendicular polarization direction, For each polarization, the
source field is held constant for all measurements (in-phase By=1 nT, quadrature

By=0 nT for E-polarization; and in-phase By =1 nT, quadrature By =0 nT for
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B-polarization) at a model land reference location in the model tank well away
from the continental coastline. The time variation of the source field is taken to

be exp(iwt) so that the quacdrature component leads the in-phase component by

90°,

2.3  The Analogue Model of The Bohai Bay Region

A simplified map of the Bohai Bay region used in the construction of the labo-
ratory model is shown in Fig.2.3. The area includes the shallow Bohai Bay, the
Yellow an¢ the East China Seas, and the deeper Japan Sea. Major coastal features
include a number of bays, two straits ( the Bobai and the Korea-Japan straits) and
the three peninsulas (Shandong, Liaodong and Korea).

This model will be referred to as the Bohai model. The linear scaling factor,
for the Bohai model, is chosen to be Lg/Lm=106, so that an area of 1.4mx1l,4m in
the laboratory model, represents an area of 1400kmx1400km in the geophysical
case. Since the conductivity contrast for graphite and ocean water is og/
om=3x10“5, the frequency scaling factor is constrained to be fg/fy, = 3.3x10’8,
thus, as an example, a frequency of 25 kHz in the laboratory simulates a geomag-
netic variation with a pericd of 20 min. The impedance scaling for the present
model, according to Eq. (2.12) or (2.14), is determined as K=30.

The shallow ocean (0.05 km depth) in the expansive Bohai Eay is underlain by
conductive sediments (unpublished well log record for 3 km depth) to an average
depth of approximately 5 km (Ma et al,, 1984). The conductivity of the sediments
was taken as 0.36Sm™! (one-tenth that of sen water). Since modelling ma‘erials to

simulate the actual sediment-ocean conductivity contrast are not readily avail-
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Figure 2.3: Simplified map of the Bohai Bay region with bathymetric contours,
showing locations of the traverses for the model measurements.
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able, an expedient discussed elsewhere (Dosso and Nienaber, 1986) is to scale the
conductances (rather than the conductivity) and simulate the ocean-sediment
combination as an equivalent ocean of increased depth. This results in a 0.5 km
depth ocean in Bohai Bay to be simulated in the model by graphite plate of 0.5 mm
thickness (near the limit of minimum thickness for possible physical construction).
It is realized, that replacing the sediments by an equivalent ocean in the model
will effect the electromagnetic responses somewhat at very short periods, since
the bulk of the conducting material is nearer the surface. The highly conductive
upper asthencsphere, taken to be at a depth of 100 km, was simulated by a 1.5 cm
thick graphite plate suspended at a depth of 10 cm below the model ocean. The
choice of the 80 km depth asthenosphere was based on the results of magnetotel-
luric surveys in the Bahai Bay region reported by Liu and Liu (1983) and Liu et al.
(1983). In their work MT measurements at 30 sites in the Beijing-Tainjin-Tangshan
region were used to det: mine apparent resistivities which were then fitted to 1D
models to determine tbe conductivity structure. In addition to structures in the

crust, their interpretation indicated a 0.5-1.0 Sm~!

asthenosphere at depths rang-
ing from 50-100 kw. The larger value of 100 km, rather than an intermediate
depth, was chosen for the analogue model since the conductivity simulated using a
graphite plate was somewhat higher than the Liu et al. (1983) values. The larger
depth would somewhat offset the effects of the higher conductivity used. The 5
cm thick graphite plate that permanently lines the bottom of the modelling tank

1

simulates a 3.5 Sm ~ conductive layer at a depth of 630 km.
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2.4  The Analogue Model of The Japan-Korea-China Region

This second model will be referred to as the Japan model. Figure 2.4 shows a
simplified map of the Japan-Korea-China region used as a pattern in constructing
the scaled laboratory model. To ensure that the ocean effects, for sites on the
Japan islands and on the continent in coastal regions, would be adequately repre-
sented in the model, a simulation of a portion of the ocean extending some 1500
km eas. of Japan was included in the model. Included in the simulaticn also is the
deep Pacific Trench off-shore Japan. The model of Fig.2.4 covers an area of
1.4mx1.4m, which for the Lg/Lm = 3x 106 scaling factor chosen for the Japan
model, represents an area of 4200km x4200km. As was the case for the Bohai
model, the conductivity scaling factor (determined by the modelling material used
to simulate the land and oceans) is Og/Om=3x 1073, Employing this factor and
the linear scaling of 3 x 106, the frequency and impedance scaling are constrained
to be fg/fm =3.7x 1077 and K=90 respectively. For this scaling, a frequency of 75
kHz in the laboratory, simulates a geomagnetic variation with a period of 60 min,
and 1 cm in the model simulates a length of 30 km in the geophysical scale. The
model scale factors for the Bohai and the Japan models are listed in Fig. 2.5.

The region modelled in the Bohai model is also included in the Japan model
and is shown by the dashed square section between T4 and T8 in Fig. 2.4, In order
to carry out a valid model study of Japan it was necessary to include a much larg-
er portion of the ocean than that of the Bohai model so that the Japan model
could adequately represent the effects of the expansive Pacific Ocean on field

measurements on Japan.
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In the Japan island arc region, it is known that the Pacific and Philippine
oceanic plates are both actively subducting the islands, The conductivity ancma~
lies beneath various parts of the Japan islands have been discussed in a number of
studies (e.g. Rikitake, 1966; Rikitake and Honkura, 1973, 1986; Honkura,1978;
RGCRSJ, 1983; Yukutake, 1985; Utada et al, 1986; Ogawa et al, 1986). Two
dimensional analytical and numerical model calculations were used to interpret
field data in the Japan region. For example, for the central Japan area where the
coastlines are adjacent to the Pacific Ocean on the east and the Japan Sea on the
west, three conductivity models have been proposed in these studies. These
include: the Rikitake (1969) model in which the conductive substratum at 50km
depth is depressed to a depth of 200 km beneath central Japan; the Honkura (1975)
2D model in which a 0.5 Sm™} conductive layer (at a depth of 30 km and a thick~
ness of 50 km) exists under both the Pacific Ocean and Japan Sea, but not under
Japan, is underlain by a 0.01 Sm™! conductive substratum; and the Utada et al.
(1986) 2D model which includes a 0.1 sm™! conductive layer 40 km thick beneath
the Pacific Ocean, and extending part way beneath Japan, at a depth of about 30

km, as well as a local 0.1 Sm™}

conductivity anomaly at a depth of 20 km under
central Japan, with the entire structure underlain by a conductive (0.01 sm1)
substratum at a uniform depth of 70 km, Although the three models differ in
structure and conductivity, they do have the cominon feature of a highly conduc-
tive anomaly underneath the Pacific Ocean, associated with the subducting struc-
tures of the Philippine oceanic plate.

Another example for the study of anomalous conductivity structure is the

northern Honshu region of Japan where the Pacific Oceanic plate is subducting the
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island at the east coast, and the Pacific trench is only a few hundred kilometers
off shore. The west coastline of the region, on the other hand, is adjacent to the
back-arc sea, the Japan Sea where the volcanoes are active. Extensive GDS and
MT sounding along a number of east-west profiles across the region have been car-
ried out since 1970 (Tanaka, 1972; RGCRSJ, 1983; Ogawa et al,, 1986). The sea
floor MT measurements at the Northwest Pacific ocean were made by Yukutake
et al.(1983) in order to investigate the electrical conductivity structure of the
subduction zone and to obtain the vertical profile of the conductivity beneath the
Pacific Oceanic plate near the subduction zone. According to the Research Group
for Crustal Resistivity Structure of Japan (RGCRSJ, 1983), it is known that the
active volcanoes are distributed on the back-arc side of the island behind the so
called volcanic front that runs along the island-arc axis, The measured heat flow
values are higher on the back-arc side, and lower on the Pacific side. On the oth-
er hand, according to explosion seismology (Research Group for Explosion Seismol-~
ogy, 1977), the seismic foci distributions under the Japan island clearly depict the
subducting structure of the Pacific oceanic plate with a roughly 45 degree dipping
angle. The general conductivity structure under this region, according to the 2D
model of Ogawa et al.(1986), is that the highly conductive layer (0.01Sm™l) at
depth of 30 km wiader the Japan Sea is subducting the island almost to the east
coast, while the Pacific oceanic plate (0.01 Sm'l) at depth of 80 km is subducting
the island from the east.

In the present Japan analogue model study, the electrical and magnetic fields
were first ineasured for the model with no deep conductivity structure included

(except the 5 cm thick graphite plate that permanently lines the bottom of the
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modelling tank, which simulates a 3.65m™} conductive layer at a depth of 1890

km). The purpose o. the measurements was to examine the ocean effect alone for
the entire model region. A 1.5 cm thick graphite plate then was placed under the
model ocean to simulate the effect of the conductive layer proposed by Utada «

al. (1986}, that is, 0=0.01 sm~! and d=70 km. The method to simulate the conduc-
tance rather than the conductivity of a proposed layer structure by a graphite
plate has been fully discussed in previous analogue model work (Hebert, 1982), By
applying this method to simulate a conductive layer at 70 km depth in the present
Japan model, the depth of the graphite plate for the periods of 15, 30, 60, and 120
min was determined to be 4.4, 6.6, 8.2 and 11.2 cm (simulating 130, 200, 250 and
340 km) respectively. Detailed measurements for both electric and magnetic
fields for a range of periods 15-120 min were carried out. For some traverse
regions where the field measurements are available (for instance, for the central
Japan and the northern Honshu regions), the magnetic fields were also measured
for a range of plate depths for two perpendicular field p..arizations. In these

regions the analogue model data are amenable to comparison with the available

field data.

2.5  The Chapter Summary

In this chapter, a brief summary of EM induction theory is introduced in order
to obtain the model scaling conditions. It is shown that for a valid analogue model,

the necessary and sufficient conditions are

(Ug/cm)(Lg/Lm) = K, (2.13)
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(fg/fm)(Lg/Lm) = 1/K, (2.14)
where the parameters f, L, 0 represent frequency, length, and conductivity
respectively, and K = Kg / Kp is the impedance scaling factor. For the Bohai
model, the length scaling factor Lg/Lmy, and the conductivity scaling factor og/

5 respectively. The frequency scaling factor

Om are chosen to be 10° and 3x10”
fg/fm and the impedance scaling factor K, determined by the above scaling condi-
tions, are 3.3x 1078 and 30 respectively. The Bohai model includes the shallow
Bohai Bay, the Yellow Sea, the East China Seas and the deeper Japan Sea. For the
Japan model, the length scaliug factor Lg/Lm’ the conductivity scaling factor
og/ Omy the frequency scaling factor fg/fm and the impedance scaling factor K are
3x~106, 3x10"5, 3.7x 10°? and 90 respectively. Included in the Japan model are the
Asian continental coastline, the Japan Islands, the Japan Sea and the Pacific
Ocean.

A general description of the laboratory analogue modelling facility is present-
ed. For a given model, a suitably shaped graphite plate simulates the ocean and
salt solution in the large tank simulates land. A 1.5 cm thick graphite plate,

placed beneath the model ocean, simulates the effect of a conductive substratum

at depth,




Chapter I
ANALOGUE MODEL RESULTS FFOR THE BOHAI BAY REGION
OF CHINA

In the complex Bohai Bay coastal region of China (Fig.2.3), the effects of the
prominent peninsulas, as well as the bays and ocean straits will play major roles in
the field responses, particularly at short periods (Chan et al. 1981a; Dosso et al.
1986; Hu et al. 1986). Delineating the characteristics of these anomalous respon-
ses is of importance, since the responses may, in part, mask the responses of geo-
logical structure of interest.

In this study, measurements of the electric and magnetic field components for
E- and B-polarizations were carried out along 1% traverses parallel to the y-axis
over the Bohai Bay model for simulated source periods of 3, 5, 10, 20, 60 min,
Traverses T1-Té (Fig. 2.3) were chosen to examine the responses of the main
coastal features in the modelled region. In the figures showing the field compo-
nents of the traverses over the model, dashed lines represent responses over land
and solid lines represent responses over the ocean. Geophysical, rather than model

parameters, are used throughout.
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3.1  Model Field Components for E-Polarization

3.1.1 Traverses for E-Polarization

For E-polarization of the source field, electric current induced in the Yellow
Sea and the Japan Sea will tend to flow in the x-direction. A large part of the
induced current will be channelled through the Korea-Japan strait, The channell-
ing effects will be complicated by the small islands located within the strait.
Current will also be deflected by the Korean peninsula and diffuse into the conti-
nent., To examine the fields due to these effects, results for E-polarization for six
traverses (T1-T6) for a simulated 3 min period are shown in Fig. 3.1,

Traverse T1 shows the effects of the east coastline of Korea and the ocean
depth gradient in the Japan Sea. In this traverse, in-phase By shows a particularly
large positive anomalous response over the coastline which indicates that current
induced in the Japan Sea is deflected by the Korean east coast which has an angle
of roughly 45° with the electric field of the inducing source. Both in-phase By and
B, also show large enhancements at this location in response to current deflec-
tion. Traverse T2 generally shows a similar response for the east coast of Korea,
except that the anomaly in By is decreased since the angle the coastline makes
with the inducing field is much reduced. Anomalies in the in-phase By and By
components are increased relative to those for T2 due to the channelling of cur-
rent through the Korea-Japan strait. Also, larger By and B, anomalies are
expected where the coastline is parallel to the inducing field. The channelling
effects observed here agree with the model results (Dosso et al. 1986) for an
idealized island situated near a cape coastline. Continuing down the east coast, it

is seen that the results along T3, T4, and T5 all show the effects of current con-
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Figure 3.1: In-phase and quadrature magnetic fields for traverses Ty to T¢ for
E-polarization »t 3 min,
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centration due to channelling through the strait, with the in-phase By coastal ano-
maly changing sign in response to the changing direction of the y-component of
the current as it is channelled through the strait and intc the Yellow Sea. The
form of in-phase B, over the Korea-Japan strait shows the effects of current
channelling most clearly, with the field reversing as though the profile traversed a
perpendicular line current. Generally, the anomalies on the west coast of the
Korean peninsula are small due to minimal induction in the shallow Yellow Sea for
E-polarization. This is also the case along much of the Yellow Sea coastal region,
including Bohai Bay. It is noted that the Liaodong and the Shandong peninsulas do
lead to significant anomalies due to current deflection at this short period of 3
min. Traverse T5 shows large in-phase and quadrature B, anomalies at the east-
ern Shandong peninsula coastline, and these anomalies are significant inland over
the peninsula, and would be important in interpreting field measurement at such
locations. One notable feature is the large By anomaly in the Yellow sea region
(T4) opposite in sign to the By anomaly near Japan. While the latter indicates
SW-NE current flow in the Korea-Japan strait, the former indicates that the dom-
inant current flow in the Yellow Sea is SE-NW as it flows near and around the
Shandong peninsula.

The in-phase and quadrature Ey and Ey along traverses T1 to T6 for 3 min are
shown in Fig. 3.2. As expected for E-polarization of the source field, the induced
current flowing in the x-direction will first encounter the southern coast of the
Korean peninsula. Some of the current will be deflected to the +y direction, being
funnelled through the Korea-Japan strait. While some will be deflected to the -y

direction, flowing along the conductive pass of the Yellow sea. These currents
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deflected in opposite directions account for the reversal of quadrature Ey for T3,
T4 and T5 in the Korean peninsula region. At the T1 China-Korea coast region,
induced current will encounter the coastline and then be diffused into the resistive
continent which leads to large anomalous response of Ey and Ey for T1. It is seen
that Ey at the continent area of T3 and T4 gradually decreases approaching the
coast of Bohai Bay, while Ey has minimal response over the coast, due to the bay

effect.

3.1.2 Frequency Response for E-Polarization

Traverses T2 and T5 were selected to examine the responses (as a function of
veriod) of the bays, capes, and peninsulas that would be importani in any interpre-
tation of field observations in these coastal regions. Results provided for both E-
and B- polarizations for a range of periods readily permit determination of induc-
tion arrows (or transfer functions) appropriate for comparisons with field observa-
tions. Such comparisons will be discussed in a later chapter.

The in-phase and quadrature B;, By and By along T2 are shown in Fig. 3.3 for
six periods for E-polarization. Since the ocean is generally very shallow here,
induction will be important only for very short periods. Note that the 0.5 km
depth ocean is 0,18 {skin depth 8 = (2/cwp)}/2) for 3 min period variations. Thus,
as expected, the results of Fig. 3.3 show that any small field anomalies in the
shallow bay region observed along T2 at 3 min become negligible with increasing
period. However, both in-phase and quadrature fields for ail components show
substantial anomalies over the east coastline of Korea in response to the
increased current density resulting from local induction as well as from deflection

of current by the local coastline, and the channelling of current through the




38

E-polarization at periods from 3 to 60 min.
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Figure 3.3: In-phase and quadrature magnetic fields for traverse Ty for
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Korea-Japan strait. These anomalies, too, fall off with increasing period. It is
noted that over the Korea-Japan strait quadrature B; and By anomalies at long
periods are of opposite sign to those at short periods. This will lead to a rotation
of the quadrature induction arrows with increasing period. Quadrature B and By
anomalies at the east coast of Korea are significant over the entire period range,
while the in-phase responses are negligible beyond 40 min.

Other significant anomalies along traverse T2 are the large gradients in By
and the enhancements of By over the northern part of Bohai Bay &t short periods
due to local induction in the ocean, the cape effect, and the deflection of current
to either side of the Liaodong peninsula., These anomalies fall off rapidiy with
increasing period, since the .5 km ocean is too shallow for induction at long peri-
ods. It is interesting to note from the shapes of the curves in Fig. 3.3 that the
quadrature responses at longer periods tend to closely mimic the in-phase respon-
ses at shorter periods. For example, the quadrature B, response off-shore Korea
at 60 min over the deeper ocean on the east coast of Korea is very similar to the
in-phase response at 20 min. Relative enhancement of the quadrature response is
characteristic of current flowing at increased depth. The similarity of shape to
the in-phase response is expected since the current channelled at increasing
depths with period (due to induction at increasing depths in the deep ocean) will
continue to have a line current form at the longer period. As the effective depth
of the current increases, the quadrature response will be enhanced and the in-
phase response decreased.

Figure 3.4 provides the frequency responses for the magnetic fields along

traverse T5 for E-polarization. Large in-phase and quadrature B, anomalies
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Figure 3.4: In-phase and quadrature magnetic fields for traverse Ts for
E-polarization at periods from 3 to 60 min.
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observed at the Shandong peninsula are due to the cape effect. This cape effect
leads to large in-phase and quadrature B, field gradients over the Shandong and
the Korean peninsulas with the quadrature gradients remaining significant over
the entire period range. The B, and By responses indicate that the deflection of
current at the Korean peninsula is more significant than that at the Shandong pen-
insula, Clearly, the interpretation of any field station measurements for sites on
these peninsulas, or for local off-shore sites, would have to take into account
these cape effects, particularly at short periods.

Figure 3.5 shows the frequency responses of the electric fields for traverse
T2. In the continent area the Ey responses increase rapidly as the period decreas-
es, as expected. The quadrature Ex in general is larger than the in-phase compo-
nent by a factor of 3 over the land area, indicating a phase lag (less than 45°)
between electric and magnetic fields, It is seen that large Ex and Ey occur at the
coastlines of the Korean peninsula in response to the enhanced current density
resulting from diffusion and deflecti.n of the current in that region. The electric
fields over the Bohai bay region show somewhat smaller responses than those over
the Korean peninsula due to the bay effect. It is also seen that Ey changes sign
cross the Liacdong peninsula in response to the change of the current direction
along the y-axis as it encounters the peninsula and is deflected by the tip of the
peninsula.

Figure 3.6 shows the in-phase and quadrature electric fields for traverse T5.
The most significant anomalous response along T5 is that over the Shandong penin-
sula where strong current deflection has occurred. The responses of Ey and Ey

decrease rapidly with increasing period, so that both the in-phase and quadrature
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components are negligible at 60 min. In comparing Fig, 3.5 with Fig, 3.6, it is seen
that Ey in the T2 area of Bohai bay is opposite in sign to that at the T5 area of the

bay, clearly indicating the effect of induced current expanding into the bay

region.

3.2  Model Field Components for B-Polarization

3.2.1 Traverses for B-Polarization

The responses of the modelled region for B-polarization of the source field
(electric field of the inducing source in the y-direction in Fig., 2.4) are shown in
Fig. 3.7 for traverses T1-T6 for 3 min. For this polarization of the source field,
electric currents induced in the Japan Sea and the open Yellow Sea tend to flow in
the y-direction to be in part deflected and channelled by the coastlines, and in
part diffused into the continent. In general, the shapes of the coastlines provide a
more abrupt obstacle to the y-direction flow of induced current than was the case
for E-polarization. The results for T3 and T4 at the eastern coast of Korea in
Fig. 3.7 show the effects of some current channelling through the Korea~Japan
strait, but much less than observed for E-polarization. Current induced in the
East China Sea is in part funnelled into the Yellow Sea and eventually into Bohai
Bay where it diffuses into the continent. The peninsulas (Korea, Shandong, and
Liaodong) provide obstacles to the current funnelling and lead to local current
concentrations at the tips of the peninsulas for B-polarization. Large in-phase B,
and By anomalies over the tip of the Liaodong peninsula (T3) are observed due to
such local current concentration. Traverse T4, which by-passes the peninsulas

(Liaodong and Shandong), shows the effects of current deflection and channelling
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through Bohai strait, showing significant anomalies in all three in-phase compo-
nents. In comparing the results for E- and B-polarization, it is noted that the east
coast of the Korean peninsula and the Korea-Japan strait show a strong response
for E-polarization, whereas the Liaodong and the Shandong peninsulas show the
major responses for B-polarization. In both cases current channelling and deflec-
tion plays an important role. The B, reversal observed for traverse T5 in crossing
the Yellow Sea is roughly the same for both E~ and B- polarizations, since the con-
ductor generally lies at 45° to the inducing field, and thus channels current effec-
tively for both polarizations.

Figure 3.8 shows the in-phase and quadrature electric fields for traverses T1
to T6 for B-polarization for 3 min period. As induced current flowing in
y-direction encounters the continent, current diffusion is expected to occur which
yields large negative anomalies in Ey along the west coast of Korea shown in T4,
T5 and T, and at the Bohai bay coast shown in T2, T3, T4 and T5. In addition to
the current diffusion, evidence of current deflection also is seen along the east
coast of Korea where quadrature Ey on traversers Tl and T2 are negative, while
Ey on traverses T3 and T4 are positive, indicating the effect of current deflected
to either the +x or -x direction to follow the east coast of Korea. Large in-phase
and quadrature Ey are also observed along T5 in response to the current deflection

around the tip of the Shandong peninsula.
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3.2.2 Frequency Response for B-Polarization

In-phase and quadrature magnetic fields along traverses T2 and T5 are shown
in Figs. 3.9 and 3.10 respectively For B-polarization, current induced in the
oceans will be deflected to the left and right by the eastern Korea coastline,
leading to current concentration at the coastline and the resulting vertical and
horizontal field anomalies. Current deflected around the tip of tl.e Korean penin-~
sula, and current induced in the Yellow Sea, will follow the conductive path into
ihe Bohai Bay region and diffuse into the continent. In general, large field anoma-
lies should not be expected along T2 in the shallow sea region since the coastlines
represent an effective obstacle to current flow in the y-direction. Moderate ano-
malies along T2 are observed at the west coast of Korea and over the Liaodong
peninsula at short periods only., Along T5 in Fig. 3.10 significant cape responses
are observed at the Korean and the Shandong peninsulas, with the maximum in the
quudrature By response in each case occurring at roughly 10-20 min.

Figures 3.11 and 3.12 provide the frequency responses of the electric fields
for T2 and T5 respectively. As expected, large negative response of in-phase and
quadrature Ey occur at the Bohai bay coast and the Liaodong peninsula in response
to the effect of current diffusion into the resistive land. Along the west coast of
Korea, both current deflection and diffusion are expected to be important since
the strike of the coastline is roughly 45° relative to the direction of the inducing
field. Evidence of these effects is clearly indicated by the large negative respon-
ses of both Ey and Ey over the Korcan peninsula. For T5, the most significant ano-
maly is thie enhanced positive Ex over the Shandong peninsula, showing the effect

of current deflection there. It is seen that the electric field responses are maxi-
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Figure 3.9: In-phase and quadrature magnetic fields for traverse T for
B-polarization at periods from 3 to 60 min.
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Figure 3.10: In-phase and quadrature magnetic fields for traverse Tg for
B-polarization at period frora J to 60 min.
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Figure 3.12: In-phase and quadrature electric fields for traverse Tg for
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mum at the short period of 3 min, similar to that observed for E-polarization.
With increasing period, the responses decrease to become negligible at 6C min for

both in-phase and quadrature components.

3.3 Contours and Three Dimensional Views of Model Field Components

3.3.1 Field Contours for E- and B-Polarizations

To provide a broader view of the in-phase and quadrature magnetic field com-
ponents for the entire region of the model, E; and By field contours of 3 min for
E-polarization are given in Figs. 3.13 and 3.14 respectively. Clearly from Figs.
3.13 and 3.14, large in-phase B, and By field gradients are observed along the
eastern Korea coastline due to the effects of current deflection by the curved
coastline and current channelling through the Korea-Japan strait. As well, partic-
ularly large field gradients are seen at the tip of the Shandong peninsula due to
the cape effect at this short period.

Figuves 3.15 and 3.16 show B, and By contours at 3 min for B-polarization
respectively. Large in-phase B, and By gradients are observed at the Bohai strait
and at the southern tip of the Korean peninsula as was the case for E-polarization.
Significantly large field gradients for in-phase B, also exist over the Shandong
peninsula. It is noted that a large B, anomaly over the tip of the Liaodong penin-
sula occurs for B-polarization (Fig. 13), while little response is observed over the
region for E-polarization. Thus the comparison of the B, contours for the two
polarizations shows that there is considerable current flow in the Yellow Sea
region for both polarizations, but current flow in the Bobai strait primarily for

B-polarization.
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Figure 3.13: In-phase and quadrature B, field contours at 3 min for

E-polarization.
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3.3.2 Three Dimensional Views of Model field Components

To provide another general view of the electromagnetic field responses in the
waodelled region, detailed traverse measurements were used to construct three
dimensional (3D) views for magnetic and electric field components. Figs. 3.17,
3.18 and 3.19 show the 3D views of B;, By and Ey respectively for 3 min for
E-polarization (the 3D views of By and Ey for E-polarization are provided in
appendix A). From the results of By and By shown in Figs. 3.17 and 3.18, it is seen
that large anomalies occur where the coastlines are parallel to the source field
due to increased current density concentrated along the coastlines. Significantly
large in-phase B, and By responses occur at the Korea-Japan strait due to the
channelling effect. The much enhanced in-phase magnetic fields over the Shan-
dong peninsula and along the eastern coast of Korea again show the effects of cur-
rent deflection (as discussed in previous sections that dealt with the model trav-
erses and contour plots). In Fig. 3.19, general enhancements of Ey are observed
along the coastlines of Bohai bay. Large Eyx components on shore in the China~
Korea coastal region and part of the eastern coast of the Korean peninsula indi-
cate the effect of current diffusion into the resistive continent.

Three dimensional views of By, By and Ey are shown in Figs. 3.20, 3.21 and
3.22 respectively at 3 min for the B-polarization. The 3D views for By and Ey are
given in appendix B and will not be discussed here. Similar to the case of
E-polarization, the anomalous responses are large where current is deflected by
coastlines not perpendicular to the electric field of inducing source. The in-phase
B, component (Fig. 3.20) is large over the tip of the Korean peninsula in response

to current deflection. The channelling effect over the Bohai strait is clearly indi-
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cated by very enhanced positive and negative responses on either side of the
strait, Both in-phase and quadrature B, show a large negative response indicating
that the relatively deep Japan Sea plays an important role in the electromagnetic
response in the region. Comparing the results in Figs. 3.17 and 3.20, it is noted
that B, is large along the east coast of Korea for both E- and B-polarizations. This
is expected since the coastline here is roughly 45° relative to the direction of the
inducing field for both E- and B-polarizations. In Fig. 3.21, again, both in-phase
and quadrature By show large anomalier along the eastern coastline of Korea, and
a much enhanced in-phase B, occurs at the Bohai strait. The three dimensional
views of Ey shown in the Fig. 3.22 basically support the observations noted for
the traverses, that is, large negative responses of both in-phase and quadrature Ey
occur at Bohai Bay, the Shandong and Liaodong peninsulas, and the eastern coast

of Korea in response to current deflection.

3.4 Irduction Arrows

The model magnetic field measurements for two independent source fields
(E-and B-polarizations) were used to calculate transfer functions (see equation
(1.2) in Chapter 1). Since the time variation of the fields is described by exp(iwt)
for the presant analogue model study, the induction arrows then were obtained
from the transfer functions by reversing the signs for both in-phase and quadra-
ture components.

Figure 3.23 shows the induction arrows at 3 min for traverses T1-T6. For such
a short period, it is expected that the local Bohai bay should have a significant

contribution to the current induction. On the continent of China, the in-phas~
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induction arrows, pointing towards Bohai Bay, increase in length as the coastline
is approached, then decrease seaward from the coast. Along the flanks of the bay
(T2-T4), it is found that, both in-phase and quadrature arrows are relatively large
due to current channelled through the Bohai strait and diffused into the continent.
The in-phase and quadrature arrows along TS over the coastline region are partic-
ularly small, due to the bay effect. The very enhanced in-phase arrows at the tips
of both the Liacdong and Shandong peninsulas show the importance of the cape
effect. Since the Shandong peninsula provides an abrupt obstacle to the current
induced in the open Yellow Sea, the current is deflected around the tip of the pen-
insula before it is channelled through the Bohai strait. Such a current deflection
effect is clearly indicated by the direction and the enhanced induction arrows at
the peninsula. Similarly, large induction arrows are also seen at the tip of the
Korean peninsula. For the locations along the west coastline of Korea, it is
noticed that, the in-phase arrows all rouglily point towards the open Yellow Sea
which provides evidence that at short periods the large open ocean plays an impor-
tant role for the current induction in the area of the Korean peninsula, For loca-
tions along the east coast of Korea, the in-phace arrows are roughly perpendicular
to the coastline. The Korea-Japan strait, connecting the open Yellow Sea and the
Japan Sea, provides a conductive path for the induced current from south to north.
A typica: channel effect is seen here, that is, the induction arrows at both sides of
the strait point to the strait in response to the concentrated current density due
to the channelling effect. Comparing the in-phase and quadrature arrows in Fig.
3.23, it is found that quadrature arrows in general are of smaller amplitude. Right

at the coast, the quadrature arrows are roughly perpeudicular to the coastline.
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Along the traverses T2-T5 at the Bohai bay region it is seen that the quadrature
arrows are oppositely directed on either side of the coastline, so as to point
towards each other and towards the coastline. Further landward, the quadrature
arrow undergoes a second reversal at some distance from the coastline which is,
according to Agarwal and Dosso (1990), dependent on the period and somewhat
characteristic of the conductivity and depth of a conductive layer at depth, which
in the present model is at a depth of 80 km.

To demonstrate the change of induction arrow direction and amplitude with
increasing period, induction arrows for 20 and 60 min are shown in Figs. 3.24 and
3.25 respectively. Both the in-phase and quadrature induction arrows over the
entire region are attenuated as the period increases, with the in-phase arrows
showing the more rapid decrease. For the locations along the west coastline of
Korea, all the quadrature arrows now point (or tend to point more) towards the
open acean. From Figs. 3.23, 3,24 and 3.25, it is interesting to note that the quad-
rature induction arrows tend to closely mimic the in-phase arrows at shorter peri-
od. For example, the quadrature arrows at 20 min are very similar to the in-phase
arrows at 3 min, and quadrature arrows at 60 min are similar to the in-phase

arrows at 20 min.
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Figure 3.25¢ In-phase and quadrature induction arrows along traverses T} to Tg at

40 min.
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3.5 The Chapter Summary

In this chapter, the behaviour of the electric and magnetic field variations over
the Bohai Bay coastal region of China is described in detail. The model source
frequencies simulate naturally occurring geomagnetic variations of periods 3-60
min., In-phase and quadrature By, By, Bz Ex and Ey measurements for the mod-
elled region are presented for an approximately uniform overhead horizontal
source field for E- and B-polarizations. Large anomalous in-phase and quadrature
model magnetic fields are observed over the Korea-Japan strait for E-polarization
and over the Bohai strait for B-polarization due to current channelling through the
straits. Large responses over the peninsulas in the shallaw coastal areas occur at
short periods but decrease abruptly with increasing period. The model induction
arrows show that induction in the shallow local Bohai ...y is important at short
periods. In general, tht analogue model results indicate that the effects of penin-
sulas, straits, bays and irregularities in the costliness play an important role in
determining the electric and magnetic field responses both on-shore and off-shore

for this complex Bohai Bay coastal region.




Chapter IV
ANALOGUE MODEL RESULTS FOR THE

JAPAN-KOREA-CHINA REGION

The scaled laboratory analogue model of the Japan-Korea-China region has
been described in chapter II. The in-phase and quadrature horizontal electric (Ey,
Ey), the vertical (Bz), and horizontal magnetic (By, By) fields for a grid of travers-

over the model (Fig. 2.4) for a simulated period range of 15-180 min were
sured for two perpendicular source fields ( E- and B-polarizations). Detailed

* and magnetic field measurements were carried out for 45 traverses over
laboratory model. Eight of these traverses (T1-T¢ showna in Fig. 2.4)

ted to examine the EM responses for the Japan island arc region and the

Ray region of China. The latter region, included in the dashed square sec-

tion between T4 and T8 in Fig, 2.4, was the topic of chapter 3 which examined the
EM responses of the shallow Bohai Bay. Detailed measurements were also carried
out over a period range of 15 - 120 min for the present Japan model with a 1.5 cm
thick graphite plate underneath which simulates a proposed conductive layer under
Japan (Utada ... al., 1986). Since the primary interest of this cﬁapter is to study
the effect of electromagnetic induction due to the ocean alone, the model meas-

urements with no graphite plate included will be used through out this chapter,

-T2 -
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4.1  Model field components for E-Polarization

4.1.1 Traverses For E-Polarization

For E-polarization of the source field, electric current in the oceans induced
in the +x-direction (Fig. 2.4) will tend to flow roughly parallel to the west and east
coastlines of Japan. Off the east coast, in the T4 region in particular, current will
tend to be concentrated due to the cape effect, as it is deflected to flow around
the convex shaped coastline, whilz off the concave shaped west coastline, current
density will be reduced due to the bay effect. Thus, for most of the island arc
coastlines, current density would be reduced off the west coast and enhanced off
the east coast, at least relative to the current density expected off a straight
coastline parallel to the electric field of the inducing source (E-polarization). This
current density distribution would generally lead to greater B, coast effects on
the eastern than on the western coastal regions of Japan. This is certainly seen to
be the case for both the in-phase and quadrature B, at 60 min for traversas T3, T4
and T5 in Fig. 4.1. The east coast anomaly is the largest for the coastal region of
the T4 traverse, where the current density is expected be the most enhanced due
to coastal location, as well as the proximity of the deep Pacific Trench (also simu-
lated in the model). The current densities at both the east and west coasts are
also affected by the coastline irregularities, the small islands, and the straits
(Korea-Japan, Tsugaru, and La Perouse). The strait effects (or channel effects)
due to current induced in the more distant deep oceans heing funneiled through
the straits, account for the large B, enhancements at the westerly coast regions
along the T1, T3, and T6 traverses (Fig. 4.1). For E-polarization, induced electric

current in the ocean south of Japan is channelled through the Korea-Japan strait,




74

[ By(nl) INPHASE 2 By(nD) 1 By(aT)  E-POL
/
[ ........ /\\/\_’ Lgomeeeemee \/*-EOMlN |

............. /\/\“_ I SN NPe N
N

...........

........

! 1 L 4 L 1 1 1 1. 1 1 | 1
.5 -
_____________ lf\/\-\.‘,’\ \.0 \f ——
A Lo
------------ /‘ ‘../\/‘_ \/\l ’\/“

-8 0 8 -8 0 8 s . .
Y (102km)

Figure 4.1: In-phase and qﬁadrature magnetic fields for traverses Ty to Tg for
E-polarization for 60 min,




75
expands into the Japan Sea, then is confined by the converging continental and
Japan coastlines, to be channelled through Tsugaru and La Perouse strait., and
finally expanded into the Pacific Ocean. The greatly enhanced current concentra-
tions resulting from channelling through the straits leads to the large B, responses
ohserved in the neighborhood of the T1, T2, and T6 traverses both at the Japan
and the continental coastal regions. The largest in-phase B; channel response, as
would be expected, occurs at the Korea-Japan strait (T6) where the geometries of
the coastlines are seen to be particularly effective in enhancing local current con-
centration. The observed quadrature B, responses, though of much smaller magni-
tude than the in-phase responses, also show the effects of changing current con-
centrations at the straits, bays, and capes along the Japan coastlines. Thus, as
expected, the highly irregular coastlines on either side of the narrow Japan islands
lead to large in-phase B, anomalous fields at most coastal locations, and thus to
large B, gradients along traverses over Japan for all on-shore locations for
E-polarization. As well, significant quadrature B, gradients are observed along all
traverses over Japan. Hence, the effects of the oceans can be expected to be sig-
nificant component in the transfer function (or induction arrow) responses for any
field site measurements on Japan.

In Figure 4.1, the off shore in-phase By responses, toc, reflect the
x~-compeonents of the current enhancements at the straits (T1, T2, and T6), as well
as the current enhancements due to deflections at the concave coastline (east),
with Té showing the largest strait effect, and T4 showing the largest cape effect.
The quadrature fields show responses similar to the in-phase responses, but are of

smaller magnitude. For E-polazization, By is expected to be small (or zero),

e i i |
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except in regions where induced current flowing in the oceans in the x-direction is
deflected by the ocean bathymetry and the coastline, with a resuiting
y-component of current. Current deflections account for the off-shore in-phase By
ancmalies on the east coast for T2 and T3, where the anomalies are positive, and
for T5, where the anomalies are negative, as current is deflected by the concave
coastlines. At the apex of the concave coastline (T4) the By anomaly is minimal,
as expected, since little current deflection occurs. The in-phase By anomalies of
opposite sign just off the southern tip of Korea (T7), clearly show the effects of
current being deflected to the left and to the right.

Figure 4.2 shows the in-phase and quadrature E4 and Ey along traverses T1 to
T8 for 60 min period. For E-polarization, both in-phase and quadrature Ey are
large over the land and small over the ocean, which will lead to the apparent
resistivity (perpendicular to the coast) being enhanced cver the resistive land and
reduced over the conductive ocean, as expected. For the T2, T3, and T4 traverses,
both in-phase Ex and Ey show minimal responses over the Japan islands. As the
Korea-Japan strait is approached, Ey is greatly enhanced in magnitude on both
sides of the strait and over the strait as well, as shown in T6. Ey shows a sign
reversal across the strait, similar to the response of the magnetic field B,. In con~
trast with the large in-phase Ey observed along the U.S.S.R.-China continental
coastlines, the in-phase electric field Ey shows small response over the entire
Bohai bay area (T6 and T7) in response to the reduction of the induced current

density due to the bay effect.
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Figure 4.2: In-phase and quadrature electric fields for traverses Ty to Tg
E-polarization at 60 min,
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4.1.2 The Frequency Response For E-Polarization

To examine the dependence on period, the in-phase and quadrature electro-
magnetic field components for the period range 15 min to 180 min were studied
for traverse T3, crossing the northern Honshu of Japan and extending to the Pacif-
ic trench, for traverse T5, profiling the central Japan region, and for traverse T6,
traversing the Bohai Bay region and the Korea-Japan strait, The three traverses
were selected because field site measurements are available in the Japan and
Bohai Bay regions of these traverses.

The in-phase and quadrature By, By and B; along T3 are shown in Fig.4.3 for 8
periods for E-polarization. Since the induced current tends to flow in the
x~direction, which is roughly parallel to the local U.S.S.R.~China ccastline, large
anomalous responses of B, and By are observed at the coastline. It is seen that
in-phase B, reac.iss maximum response at about 60 min, while quadrature B, is
maximum at a period of approximately 150 min. The quadrature B, experiences a
sign reversal as the pericd increases. According to Rokityansky (1982), the period
at which the arplitude of quadrature B, is minimum and the amplitude of in-
phase By is maximum, is called the characteristic period. It is seen that for the B,
response over the U.S.S.R.-China coastline, the characteristic period is between
30 to 60 min. Over Japan, in-phase B; behaves very much as expected for a typi-
cal island, however with much enhanced amplitude on the east coast, which
becomes more prominent as the period increases. This is in agreement with actual
field data interpretation, since field data over the northern Honshu region (Ogawa
et al., 1986) showed that the coast effect at the west coast (Japan Sea) of Japan

was much smaller than that at the east coast (Pacific Ocean), Continuing east-
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Figure 4.3: In-phase and quadrature magnetic fields for traverse T3 for
E-polarization at periods from 15 to 180 min.
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ward to the deep ocean along T3, it is seen that both in-phase and quadrature By
show the effect of induced current coricentration along tbe deep Pacific Trench.
The magnetic field By, showing negligible effects over the mainland coastiine and
the gapan island, has notable anomalous response over the trench, which has an
angle of roughly 45° relative tc the direction of the source field. The maximum
By, response occurs at 60 min for the in-phase and at 150 min for the quadrature
component, As the pericd increases, the maximum anomalous By gradually shifts
towards the deeper ocean, indicating that more induced currents are concentrated
in the deep ocean at the longer periods. The quadrature By here, similar tc the
quadrature B, over the U.S.S.R.-China coastline, also shows a sign reversal over
the period range, but at a longer characteristic period, 90 min,

The in-phase and quadrature magnetic field responses along traverse T5 for
periods ranging from 15-180 min for E-polarization are shown in Fig. 44. It is
rather surprising that the By and By fields over Japan show negligible change over
the entire period range, although the anomalies over the ocean at either side of
Japan do show some interesting features. In-phase By, which for E-polarization
should be zero except for the effects of current deflection, shows at 15 min, a
positive anomaly off the coast of Korea and a negative ancmaly off the inner
coast of Japan, while at longer periods only a positive anomaly is observed. This
can be explained as being due to the increasing portion of the current that is chan-
nelled into the Japan Sea at long periods, following the deeper ocean near the
Korea coastline, rather than the shallow ocean near Japan. It is noted that the
in-phase By and By responses over the Japan Sea are maximum in the 60-90 min

range, the same period range at which the quadrature anomalies show minima and
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Figure 4.4: In-phase and quadrature magnetic fields for traverse Ts for
E-polarization at periods from 15 to 180 min.
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undergo a change in sign. This behavior, characteristic of the depth of the local
ocean and the conductive layer (simulated by the graphite plate at the bottom of
the modelling tank), is observed to have little (if any) effect on the BY and By
fields directly over Japan for both polarizations for the T5 traverse region. The
results of Fig, 4.4 generally indicate that the effects of the oceans on the magnet-
ic field responses for on-shore Japan (T5 region) are important at all periods, and
that the characteristics of the anomalies are not strongly dependent on pericd.
Thus the oceans should play a major role in determining the induction arrow (or
transfer function) responses at both short and long periods for most field sites on
Japan.

The B, fields over Japan for E-polarization show a somewhat stronger depen-
dence on period than was noted for the By and By fields, with the in-phase By,
response at the outer coast being maximum at roughly 90-120 min. At short peri-
ods, in-phase B, is positive at the inner coast and negative at the outer coast,
while at periods greater than 120 min it is negative over the entire Japan section
of the traverse. Also, the gradient of the in-phase B, field is seen to be small and
roughly constant over Japan at short periods, while at periods greater than 45 min
the gradient (seaward) becomes increasingly negative, so that at 90 min, quadra-
ture B, is negative on the inner coast and positive on the outér coast, with the
magnitude of the field at the inner coast decreasing, and at the outer coast
increasing, with increasing period.

Figure 4.5 shows the n.agnetic field frequency response along Té for
E-polarization. As described earlier, current induced in the oceans in the

x-direction is in part deflected by the Korean peninsula and the Japan island, or in
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Figure 4.5: In-phase and quadrature magnetic fields for traverse Tg for
E-polarization at periods from 15 to 180 min.
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part channelled into the Korea-Japan strait. A typical channelling effect is
observed over the Korea-Japan strait for the entire period range, with B, revers-
ing | s sign from negative at the Korean peninsula to positive at the Japan island,
and By showing enhancement across the strait. In contrast, By shows little anoma-
lous response over the area. As the period increases the in-phase components over
the strait first increase, reach a maximum at roughly 60 min, then gradually fall
off at longer periods, The quadrature components, however, first decrease with
increasing period, approach a minimum at about 60 min, then following a reversal
of sign, increase to a maximum at 180 min. Comparing B, and By over the strait
with those over the east coast of Japan, it is rather interesting to note that the
characteristic period is longer for the latter case. This agrees with Agarwal and
Dosso (1990) who found the characteristic period to be dependent on ocean depth.
The responses of the magnetic field are relatively small over the Bohai bay area,
which can be attributed to the minimal induction in the shallow ocean, and the bay
effect.

The electric field Ex and Ey for T3 for 15-180 min period are shown in Fig.
4.6. It is noted that well inland, both in-phase and quadrature Ey increase with
decreasing period. Along the U.S.S.R.-China coastline, large Ey anomalies are
observed due to current concentration in the ocean near the coastline. Similar to
the magnetic field responses observed for T3 of Fig. 4.2, in-phase Ey increases to
reach a maximum, then decreases with increasing period, and quadrature Ey
experiences a sign reversal at 90 min, Over the Japan island, the electric field
shows a somewhat interesting feature in that both in-phase Ey and Ey reverse sign

at roughly ¢0 min,
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Figure 4.6: In-phase and quadrvature electric fields for traverse T3 for

E-polarization at periods from 15 to 180 min.
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Figure 4,7: In-phase and quadrature electric fields for traverse Ty for
E-polarization at periods from 15 to 180 min,
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Figure 4.8: In-phase and quadrature electric fields for trzverse T¢ for
E-polarization at periods from 15 to 180 min.
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Figures 4.7 and 4.8 show frequency responses of Ex and Ey for T5 and T6
respectively. The electric fields for traverse T5, which crosses the Korea coast
and the Japan island, show the effects of current concentration along the conti-
nental coastline and current diffusion into the resistive island, which leads to a
large Ey at the coast of Korea and enhanced Ey over the Japan island. Both
responses fall off gradually with increasing period. In Fig. 4.8 traverse T6 shows
the effect of current concentration over the Korea-Japan strait. It is seen that
in-phase Ey and Ey show prominent responses over eitker side of the strait at
short periods and fall off with increasing period, while quadrature Ex and Ey
responses are significant for the entire period range. In general, the electric field
response observed here are consistent with the results of magnetic field responses

over the Japan island, Bohai bay and the Korea-Japan strait.

4.2  Model Fieid Components For B-Polarization

4.2.1 ‘Traverses For B-Polarization

For B-polarization, the current induced in oceans will tend to flow in the
y-direction (Fig. 2.5), and thus will encounter the coasts of Japan and the conti-
nent. At the convex island arc coastline (outer coast), some current will diffuse
into the island, while some will be deflected to the right (+x) or left (-x), depend-
ing on the lncation, These currents deflected in opposite directions account for
the positive in-phase and quadrature By anomalies for T2 and T3 in Fig. 4.9, and
the negative anomalies for T5, T6 and T7 just off-shore the outer Japan coastline,
The in-phase and quadrature B, as well respond to this current deflection by the

island arc coastline. At the outer coast region of the T2 and T3 traverses, induced
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Figure 4.9: In-phase and quadrature magnetic fields for traverses Ty to Tg for
B-polarization at 60 min.
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current flowing towards Japan encountering the coastline, will first be deflected
in the +x direction to yield outer coast field anomalies, then will be channelled to
the left through Tsugaru straii to yisld anomalies of opposite sign at the inner
coast, as indicated by both B and By. For the T7 and T8 traverses, induced cur-
rent in the Pacific Ocean will be deflected around the southern tip of the island
arc, with some flowing into the Yellow Sea and Bohai Bay, and some channelled
through the Korea-Japan strait and into the Japan Sea. Evidence of these current
distributions are clearly seen in the cff-shore B, By and By enhancements.

Although generally the field responses (Fig. 4.9) for B-polarization, are much
smaller than those for E-polarization (Fig. 4.1), the B, responses in particular are
more complex for B- than for E-polarization. For E-polarization the character and
the gradient of the B, responses change little fr~m traverse to traverse, while for
B-polarization by .1 change radically, including sign changes in the field gradients
from traverse to traverse, The magnetic field responses at short periods, for
example 15 min (not shown here), are very similar to those at 60 min for each
polarization (Fig. 4.1 and 4.9), with the differences that the in-phase responses are
generally somewhat smaller, and the quadrature responses somewhat larger than
the corresponding responses at 60 min. In addition, the anomalies are more local-
ized at the shorter periods than at longer periods. The strong similarity in the
responses over a wide period range demonstrates the dominant effects of the
oceans and the geometry of the compizx coastlines at all periods.

Figure 4.10 shows the electric fields Ey and Ey at 60 min along traverses T1
to T8 for B-polarization. The behaviour of the electric field seen here is generally

consistent with that expected for the induced electric currents as discussed for
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the magnetic field. Along the island arc of Japan, both in-phase and quadrature Ex
show negative response for T2 and T3, and positive for T5 and T6, which provides
evidence that induced current in the y-direction is deflected into the +x or —x
direction by the convex shaped Japan coastline. Large anomalous Ey is also

observed along the continental coastline (T1-T8).

4.2,2 Thke Frequency Response For B-Polarizatic 1

The in-phase and quadrature B, By, and By along traverse T3 at periods
15-180 min for B-polarization are shown in Fig. 4.11. For this polarization, the
currents induced in the deep Pacific Ocean tend to flow in y-direction and will be
funnelled through Tsugaru strait (which is along the T3 region traverse). The
enhanced current concentration resulting from the channelling effert leads to the
large negative B, responses observed in the northern Honshu region for a range of
periods. The responses observed along T3 clearly indicate that Tsugeru strait,
although shallow, plays an important role for the fields over the Honshu region of
Japan, To be funnelled into Tsugaru strait, the induced currents are deflected
around the tip of northern Honshu, accounting Jor the large anomalous response in
By. The continental coastlines have very little effect on the magnetic field due to
the coastline being roughly perpendicular to the source field direction. Quadrature
By shows a noticeable response over the deep trench.

The in-phase and quadrature B, responses along T5 for B-polarization shown in
Fig. 4.12 are small at all periods. The fact that the magnitudes of the anomalies
change little with period indicates that the current deflection at the island arc
(concave) coastline, which leads to the B, anomaly, occurs at all periods. This
should be expected in: view of the large depth of the off-shore ocean, a depth suf-

ficient for significant current induction even at long periods.
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In-phase and quadrature magnetic fields for traverse T3 for




94

-1 B,(nT) INPHASE I By(nT) TS r2 By(nT) B-POL

1 5MIN .

NS N 2SS S —_—
30 .

030~ lom Ly S
45... N P

L0 S .0 —_— " — "1 _"/—-——"

Lo .G_.Q___ N Lot e LI .......... —_— J

_0 ,g--Q""g./—'"”\\__ Lo T ..\’_——' "'I .......... ——— /\_’-
120 '

Lo v e TN LO ————e e L] __________ —— "
150

_0."...--- "\ _0 T ——— S -1 __________ ———— .-,______"
180

e S LU

1 1 ! ! i } | 1 | 1 | I i i ! ] | i | i 1

-5 QUAD 3 B '
1 SMIN

“0 -------- 'f—\’ v L'0-. _________ ST — LO- ,,,,,,,,, et UL N
30

.0 ......... g/\a"\/—- -0 - - N‘.~ -0. --------- B R Py
45

“0’ -------- ’,-\/ "0' ca N' .f_\ -0. --------- — ’\—’—\J
60

PN I SN T Y
99

-0 ........ \\_‘"oﬂ Iy SALLTTA o \/—. _0_ ________ e e ™
120 [

L« \w"'b L ARARRLEN — '\/’- 0 ee.. ~———T T
150

_0 PPEE S . e _o """"" ,_4"'\/‘ -0 ~—— /_\"—".
180 ,

"0 -------- O \\._4 ~0, --------- -—___’on.\/ _0 - — -/-—_______

i | 1 { i 1 i I { I | 1 { { 1 | | 1 ) I 1

-8 0 8 -8 o0 8 -5 0 8

Y (102km)

Figure 4.12: In-phase and quadrature magnetic fields for traverse Tg for
B-polarization.,




95

Figure 4.13 shows the magnetic fields along traverse T6 for B-polarization.
The responses along traverse T6 are generally small except for the region over the
Liaodong peninsula where large anomalous B, and By occur in response to strong
deflection of current around the tip of the Liaodong peninsula. Since the Japan
coastline provides a more abrupt obstacle to the y-direction flow of induced cur-
rent than was the case of E-polarization, it is expected that anomalous responses
will be relatively small.

The frequency responses for the electric fields for T3, T5 and Té are provided
in Figs. 4.14, 4.15, and 4.16 respectively. For traverse T3 (Fig. 4.14), Ey and. Ey
show large negative anomalies over the continental coastline and the Japan island.
The responses over both regions decrease with increasing period for the in-phase
components, and increase to a maximum at 150 min, then decrease with increasing
period for the quadrature component. For traverse T5 (Fig. 4.15), both in-phase
and quadrature Ey show negative enhancements over the Japan island, while Ey
shows positive enhancement, indicating the effect of current deflection, It is seen
that large positive Ey occurs along T5 well inland. This can be explained in terms
of induced current deflected along the Korea coast (which has an angle of roughly
45° relative to the x-direction) being diffused into the continent. In Fig. 4.16 the
electric fields show anomalous responses over the Bohai bay oast, the tip of the
Liaodong peninsula and the Korea-Japan strait. The significantly large negative
response of Ey over the Bohai Bay coastline is due to current diffusion, with the
maximum in-phase response at 15 min and the maximum negative quadrature

response at roughly 120 min for both Ey and Ey.
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Figure 4,15¢ In-phase and quadrature electric fields for traverse Ty for
B-polarization at periods from 15 to 180 min.
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4.3 Contours and Three Dimensional Views o Model field Components

4.3.1 Field Contours For E-Polarization

To provide an overview of the model in-phase and guadrature magnetic field
components, particularly for the region around Japan, B, field contours at 60 and
120 min for E-polarization are shcwn in TFig. 4.17 and 4.18. Clearly, for
E-polarization large in-phase B, field gradients are observed at all on-shore Japan
sites. Over much of the Japan region, the contour lines for both in-phase and
quadrature B, tend to follow the island arc shape, accounting for the very similar
B, responses from traverse to traverse noted in Fig. 4.9. Off shore, at the outer
coast, large gradients arw observed due to the current, induced in the deep ocean
south of Japan, being deflected around the convex island arc. Some of this current
is funnelled through the Korea-Japan strait, leading to very large in-phase B, gra-
dients on either side of the strait (the southern tip of Japan and the Korean perin-
sula), and to large gradients both in the continental coastal area of the Japan Sea
and the inner coastal region of Japan. In the central region cf the Japan Sea two
sets of closed contour lines account for the two anomalies of opposite sign noted
in Fig. 4,17. Large field gradients, too, are observed at the La Perouse and Tsuga-
ru straits in response to the current concentrations there due to current channell-
ing for E-polarization. It is rather surprising that a much greater anomalous in-
phase B, occurs along the U.S.S.R.~China coastline than that along the west coast
of Japan, which will lead to large in-phase induction arrow at the U.S.S.R.-China
coastline and relatively small arrows at the west coast of Japan. The quadrature
B, contours, though showing much smaller gradients than observed for the in-
phase components, follow very similar patterns, again accounting for the similar

responses observed from traverse to traverse in Fig. 4.1.
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Figure 4.17: In-phase and quadrature By field contours for E-polarization at 60
min.

101




XC102km)

YC102km)

Figure 4.18: In-phase and quadrature B, field contours for E-polarization at 120
min.
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As mentioned previously in the discussion of the frequency response, in-phase
B, reaches a maximum response at 60 min while quadrature B, reaches a maxi-
mum at a longer period. The contour plot of Fig, 4.18 shows full agreement with
this result, At 120 min, enhanced B; responses have shifted from the in-phase to
the quadrature, with reduced in-phase and enhanced quadrature components. For
instance, the two sets of closed contoui loops which map the in-phase B, in the
Japan Sea almost vanish but appear in the quadrature compcnent.

Figures 4.19 and 4.20 show By contours for 60 and 120 min. The in-phase By
contours at 60 min (Fig. 4.19) show large gradients seaward along the general
coastlines, and thus the contour lines very closely delineate the shape of the
coastlines over the region. Similar to the case of B,, greatly enhanced anomalous
By occurs off shore from the U.S.S.R.~China coast, in response to current concen-
tration there. Large gradients in By are observed at the convex shaped east coast
of Japan due the cape effect, while relatively small gradients are observed at the
west coast of Japan due to the bay effect. A strong channelling effect is indicat-
ed by the dense contours for the in-phase component over the Korea-Japan strait.
For 120 min, the anomalous in-phase By peak is shifted scaward where the con-
tour lines again depict the ocean bathmetry. Evidence of this can be found, in par-
ticular, in the By response along the Pacific Trench.  The quadrature By over
the entire region shows a much smaller field gradient than the in-phase compo-
nent, but increases, while the in-phase part decreases with increasing period. This
is related to the phase rotation of induced current at depth.

Figures 4.21 and 4.22 show By contours for 60 and 120 min periods. It has

been shown in the previous discussion, that By shows large anomnialous response
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Figure 4.19: In-phase and quadrature By field contours for E-polarization at 60
min.
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Figure 4.21: Injphase and quadrature By field contours for E-polarization at 60
min.
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where the coastline {or structure) has voughly a 45° angle relative to the source
field. This certainly accounts for the contour loops of the in-phase By over the
Pacific Trench, the Korean peninsula, and the La Perouse strait at 60 min. As
the period increases to 120 min, it is found that the contour loops vanish, except
for those over the trench (irea where current deflection occurs at depth in the
deep ocean. The widely spaced contours for both in-phase and quadrature By over
continent and ocean, away from the coast, indicate a fairly constant field (almost

zero for By).

4.3.2 Field Contours For B-Polarization

The B, field contours for B-polarization are shown in Fig. 4.23 and 4.24 for 60
and 120 min, Figure 4.23 shows large B, field gradients in the Yellow Sea in
response to current, funnelled into the Yellow Sea and Bohai Bay, and in Tsugaru
and La Perouse straits. In general, except in the neighborhood of the straits, rela-
tively small field gradients are observed directly over Japan both for the in-phase
and quadrature B,. These observations fully agree with the results shown for
B-polarization in Fig. 4.2, As the period increases from 60 to 120 min, it is found
(Fig., 4.24) that the in-phase B, is slightly attenuated while quadrature B, is
enhanced, very similar to that observed for the case of E-polarization, again
related to phase rotation of the induced current.

Figures 4.25 and 4.26 show the By field contours at 60 and 120 min. The in-
phase By over the continent, for the B-polarization, has a value of roughly | nT,
while quadrature By is approximately zero, as established by the normalization
procedure at a reference point at a simuiated range of 1500 km inland. For the

B-polarization cacze, the Japan islands provide obstacles to the induced current




X (102km)

B,(aT)  IN PHASE QUAD  6OMIN  B-POL

Y (102km)

Figure 4.23: In-phase and quadrature B, field contours for B-polarization at 60
min.
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flowing in the y-direction. However, the Tsugaru and La Perouse straits provide
two narrow current passages connecting the local Japan Sea with the open Pacific
Ocean. Thus as expected, both B, and By show anomalous responses over the
straits. The current induced in the deep ocean, also flowing in the Yellow Sea,
being deflected around the tips of the Korea, Shandong and Liaodong peninsulas,
lead to large contour loops of in-phase By at the Bohai strait.

The By field contours for 60 and 123 min are shown in Figs, 4.27 and 4.28.
The contour lines of in-phase By are dense over the tips of the Shandong, Liaocdong
and Korea peninsulas in response to the current deflections. The highly concen-
trated contour loops over thie La Perouse and Tsugaru straits again indicate the

current channelling effect.

4.3.3 Three Dimensional Views of field components for E-polarization

Figures 4.29 , 4.30 and 4.31 show three dimensional views of B, By and Ey
respectively for 60 min for E-polarization. (The three dimensional views of By
and Ey are given in Appendix A and will not be discussed here). In Fig. 4.29 the
in-phase B, responses show a trench-like shape over the east coast of Japan where
large current concentration occurs., The quadrature B, has, in general, smaller
amplitudes over the coastline but with a positive response, while the in-phase B,
is negative, whick will result in a direction reversal between the in-phase and
quadrature induction arrows at the east coast of Japan. Zurther seaward, notable
anomalous responses for both in-phase and quadrature B, are observed following
the shape of the Pacific Trench in response to the current concentration at depth.
At the Korea-Japan strait, the current channelling effect is clearly indicated by

the much enhanced positive and negative responses over each side of the strait. In
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Figure 4.29: Three dimensional view of B, for E-polarization at 60 min.
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contrast, the responses of B, over the Bohai bay area are much smaller, due to the
relatively shallow ocean there and the bay effect.

Fig. 4.30 provides a 3D view of By for 60 min for E-polarization. By usually
shows enhancements where induced current density is enhanced. Thus the large
in-phase By along the U.S.5.R.-China coastline, the east coast of Japan, and the
{orea-Japan strait once again are due to curreni concentrations tuare. The three
dimensional view of Ey for 60 min for E-polarization is given in Fig. 4.31, Large
negative enhancements are seen over the entire U.S.S.R.-China coastline and the
east coast of Japan for both in-phas= and quadrature components. Ey shows par-
ticularly large anomalies at the La Perouse and Korea-Japan straits, indicating

the presence of current concentration there.

4.3.4 Three Dimensional Views of field components for B-polarization

The three dimensional views of in-phase and quadrature B,, By, and Ey are
shown in Figs. 4.32, 4.33, and 4.34 respectively for B-polarization for 60 min peri-
od. The three dimensional views of By and Ey for the B-polarization are given in
the Appendix B. It is seen from Fig. 4.32 that in-phase B, shows a positive
response at the Liaodong peninsula and a negative response at the Shandong penin-
sula, indicating the effect of current deflection around the tips of the peninsulas
and current chaonelling through the Bohai bay strait. Similarly, large anomalous
B, occurs at Tsugaru strait in response to such current concentration. In Fig, 4.33
both in-phase and quadrature By show very small anomalies at the continental
coastline as well as at the Jepan coast, while for the case of E-polarization, the
responses are very prominent. It is observed that anomalies at the coastline are

lerge where current is deflected by coastlines. In-phase By shows large responses
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over the Liaodong and Shandong peninsulas and the La Perouse and Tsugaru straits
which are consistent with the results of By for this polarization. Figure 4.34
shows the 3D view of Ey. Jnlike the Ex responses for E-polarization, both the in-
phase and quadrature Ey show a trench-like shape along the continental coastline,
while Ey has positive response over the coast for E-polarization. As expected for

B-polarization, Ey is small over the conductive ocean and large, but negative, over

land.

44 Induction Arrows

In order to delineate the ocean effects and thus to aid in the interpretation of
field site measurements on the Japan island arc region, induction arrows over the
entire model area are examined. The responses for periods of 15, 60 and 120 min
are selected since most of the available field measurements are in this range. (The
method used to calculate induction arrows was discussed in chapter 1).

Figure 4.35 shows both the in-phase and quadrature induction arrows at 15 min
for T1 to T8. It is seen that the in-phase arrows have substantial lengths and point
seaward at the locations where current concentrations due to current deflection
occur; for example, at tip of the Korean peninsula, the convex shaped east coast-
line of Japan, and the Korea-Japan strait. In contrast, the quadrature arrows at
this short period tend to point away from the deep ocean everywhere, and are of
much smaller magnitude. This agrees with the result of previous analogue and
numerical studies, that although the in-phase arrow points towards current con-
centrations, the quadrature arrow at very short periods tends to point away from

the current concentrations. At 60 min ( Fig. 4.36), the in-phase induction arrows
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Figure 4.35: In-phase and quadrature induction arrows along traverse Tp to Tg at
15 min.




| INDUCTION ARROWS 60 MIN IN PHASE
1

0

)

*$$

e, T

;/ﬁi ) T2

BRI ANNNNNNSS

12| o
RSN S S SN

DR
gt "

F M‘\’\\‘\\\}-\\ Q ..- P .

\j’orru;“b'o-‘od TS

éw'

R R e T

A

-

31" “
\ T8

O

a‘

l
1N

& | e .///.,c_..“\\\\w.:.,,r._;;;ﬁ;.._ T8
o~ ——e T .
e QUAD

; R R R n-}--.-a(/ Tl

12“"\!‘-1-011"0- \ e 00 e dd T2

L % v v v 000 000w ! ok e s 0 0 00 e d d T3

@

% % @ 4 e a0 ¢ 0

4 A .
‘ \‘ VR
. - . B el SCR RSN et ] T4
3 2
- . L

.-‘-‘-‘O'.l.‘{/ N\\\\\\\\\‘\;oo .1.-0.0:1‘.0\,&& T8

18 -8 0o 8 18
Y(102km)

125

Figure 4.36: In-phase and uadrature induction arrows along traverse T to Tg at

60 min,
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Figure 4.37: In-phase and quadrature induction arrows along traverse T} to Tg at

120 min,
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are slightly increased in length while the quadrature arrows have reversed direc-
tion and now point towards the current concentration. It is rather interesting to
note that the quadrature arrows along the U.S.S.R.~China coastline point seaward
to the local Japan Sea while the quadrature arrows along the east coast of Japan
still point landward, which provides evidenc that the rotation of the quadrature
arrow is characteristic of ocean depth (Agarwar! and Dosso 1990). As the period
increases to 120 min (Fig., 4.37), the in-phase arrows over the coastlines of the
Asian continent and the Japan islands are generally reduced while the quadrature
arrows are continually enhanced, which fully agrees with the results shown earlier
(sections 4.1.2 and 4.2.2) that for both E- and B- polarizations the in-phase compo-
nent reaches a maximum at 60 while the quadrature component reaches a maxi-
mum at a longer period. The quadrature arrows at 120 min over the coastlines
generally point seaward and roughly parallel to the direction of the in-phase
arrows. It should be noted that the magnitude of the in-phase induction arrcws
along the east coast of Japan are much larger than those along the west coast of
Japan for all periods. This is partly due to the convex and concave shapes (east
and west coasts respectively) of the Japan island arc, and partly due to the Pacific
Ocean being much larger and deeper than the local Japan Sea. The in-phase
arrows over the ocean are generally small at the short period of 15 min, as
expected. As the period increases, they are enhanced in length and tend to delin-
eate the effect of ocean bathymetry. This certainly is seen for the induction
arrows at the local Japan Sea. Along much of the Pacific Trench, it is found that
the in-phase arrows are large at 120 min at distances of 200 to 300 km off the

east coast of Japan, in response to the current concentration at depth, while they
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are minimal for the short period of 15 min. Since no deep conductive structure is
included in the present analogue model, the induction arrows presented here only

delineate the ocean effect.

4.5  The Chapter Summary

In this chapter, the behaviour of the electromagnetic field components in the
coastal region of Japan-Korea-China is studied. The laboratory analogue model
includes a simulation of the known ocean bathymetry, the complex coastlines and
the deep Pacific trench. Model measurements of the electromagnetic field compo-
nents are carried out for simulated periods of 15-180 min for two mutually per-
pendicular polarizations (E- and B- polarization) of a uniform horizontal inducing
source field. In-phase and quadrature By, By, Bz, Ex and Ey model measurements
are examined in detail for a series of traverses over Japan, the Korean peninsula,
and the coastal regions of China and the U.S.S.R. Large anomalous in-phase mod-
el magnetic fields are observed over the Korea-Japan strait for E-polarization and
over Bohai strait, Tsugaru strait, and La Perouse strait for B-polarization due to
current channelling, The significant responses observed at short periods over the
peninsulas in the shallow coastal areas decrease with increasing period. Large
gradients in the in-phase B, field are observed over Japan for E-polarization for
both short and long periods due to the effects of induced currents in the surround-
ing oceans. Thus induction arrow rosponses over all regions of Japan show the

dominant effects of the ocean.




Chapter V
OCEAN-ANOMALOUS CONDUCTOR ELECTROMAGNETIC
COUPLING

5.1  Introduction

As discussed in Chapter 1, induction arrows, characterizing induced current
concentrations, are useful indicators of electrical conductivity structure within
the earth, In coastal regions, however, the coast effect component, due to induc-
tion in the conductive ocean and sediments, will tend to mask an induction arrow
component associated with a local anomalous conductor. Through the years,
numerous simplified 2D numerical models, and recently, thin sheet 3D models (e.g.
Weaver and Agarwal, 1989) have been studied with the view to delineate the coast
effect. As well, laboratory analogue model studies (referred to in Chapter 1) have
been carried out for a number of complex coastal regions of the world.

The motivation for the present coastal region EM induction study is to delin-
eate the coast effect, and attempt to remove this component from the observed
response at a given field site. If the coast effect component can be successfully
removed, then the residue should be characteristic of any local subsurface anoma-
lous conductor. Perhaps the simplest approach to removing the coast effect com-
ponent, would be to vectorially subtract the coast effect induction arrow from the
field site induction arrow, to yield a difference arrow, which is the induction
arrow of the anomalous conductor alone.

- 129 -
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As has been discussed in Chapter 1, the induction arrow (Eq. 1.3) is defined
as
V = ( -a, ~b), (5.1)
where a and b are transfer functions given by the relationship
Bz = aBy + bBy (5.2)
between the vertical magnetic fizid B, and two horizontal magnetic field compo-
nents By and By. The transfer functions a and b are generally complex and fre-
quency dependent, and thus, can be written as
a =(a, + iaj) and b =(by + iby), (5.3)
where r and i denote the real and imaginary (quadrature) parts. According to Eq.
(5.1) the in-phase and quadrature induction arrows respectively are
Vy = (~ay, ~by) and Vj = (-aj, ~by). {5.4)
If the induction arrow for a given model consisting of an ocean and an anomalous
conductor embedded in the host earth (say model 1) is
Vi =Vie + iV (5.5)
and the induction arrow for a model not including the anomalous conductor (say
model 2) is
V) = Vo + iVpy, (5.6)
then the difference arrow obtained by vectorially subtracting V3 from Vj is
V1-Vo=(V1p-Vap) + i(V13-V24). (5.7)
Such a subtraction to remove the coast effect has been attempted with the
aid of laboratory analogue model measurements {or field sites in Newfoundland
(Hebert et al., 1985), the Bobai Bay region of China (Meng et al., 1990), and sever-

al sites in Japan (Meng and Dosso, 1990), Difference arrows, thus determined,
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neglect the inductive coupling between insulated conductors, which may be signif-
icant as has been emphasized by Price (1964) and Rikitake (1966). With the aid of
numerical models of two-dimensional idealized conductors, Wolf (1983) investi~
gated the mutual coupling effect for what he termed the additive case in which
the anomalous conductor was located some distance from the ocean and underlain
by a conductive layer, and the coupled case in which the anomalous conductor was
overlain by the ocean and underlain by a conductive layer., His results indicate
that simple subtraction for the additive case may be promising if the separation
distance of the anomalous conductor and the ocean were sufficiently large, but
that for the coupled case, strong mutual induction effects would lead to erroncous
interpretation. Weaver and Agarwal (1990) employed a thin sheet numerical mod-
el to study electromagnetic induction in a rectangular surface anomaly near a
coastline, and concluded that in certain regions the induction arrow is not simply
the resultant of the component for the coast effect and the component for the
anomalous conductor individually, unless the ocean-anomalous conductor separa-
tion distance is sufficiently large so as to have negligible coupling through mutual
induction and the redistribution of the charge accumulations on their boundaries.
It is of interest to examine the constraints on ocean-anomalous conductor
separation distances (for simplified subsurface anomalous conductors in the form
of an upwelling or a depression in a typical upper asthenospheric conductive subs-
tratum) as a function of period, required to ensure sufficiently weak coupling that
would permit (to within a given accuracy) simple subtraction of the coast effect
from the observed field site induction arrows. In the present chapter 2D numeri-

cal models of EM induction for simplified anomalous conductors in the form of an
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upwelling and a depression in a conductive substratum at depth in a resistive earth
near continental and island coastlines are studied with the intent of determining
approximate separation distances for minimal inductive coupling effects. In the
next two chapters, induction arrows for a 3D laboratory analogue model will be
used to subtract the coast effect from observed induction arrows for continental

coastal sites in China and island sites in Japan.

5.2 2D Models Of The Coast Effect Magnetic Field Response Range

In these simplified models, the conductivities of the resistive host and ocean
are taken to be 0 = 6.3 x107% Sm™! and oy = 3.6 Sm™! respectively. For uniform
horizontal inducing electromagnetic fields, the induction arrows associated with
the anomalous conductor and the ocean will depend primarily on the induced verti-
cal magnetic field (B;) which is entirely anomalous. In the 2D numerical cases
considered, the behavior of le/Bynl » where Byy, is the amplitude of the normal
horizontal field taken to be 1 nT, as a function of distance from the coastline is
studied using the numerical method of Brewit-Taylor and Weaver (1976) for
E-polarization of a uniform inducing source field, Since for 2D ocean-land mod-
els the B, response is maximum at the coastline, le/Bynl will have a maximum at
the coastline and decrease both seaward and landward. It will be demonstrated
that if the coast effect response IBz/Byn| y at an anomalous conductor inland loca~
tion has diminished to a value of 0.2, then removal of the coast effect by simple

subtraction yields an acceptable approximation of the anomalous conductor
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response alone. In the present work, this distance from the coast where the

response IBz/Bynl = 0.2 is defined as the coast effect response range YR .

5.2.1 Continental Coast Eftect Response Range

Figure 5.1 shows the coast effect field rasponse |Bz/Bynl| as a function of
distance from the continental coast for a range of periods (5 min - 120 min) for a
vertical interface ocean-land infinite depth model. The response range YR
(already defined) for a given period is the value of Y for the intersection of the
response curve for that period and the dashed line representing the 0.2 response
value. As an example, YR shown in Fig. 5.1 for 120 min period is approximately
1650 km. For comparison IBz/Byl » where By is the horizontal field at each field
point rather than the normal field Byp, is shown for 120 min (dashed curve 5). It is
seen that |Bz/By| = ,25 when |Bz/Bynl = ,2. From the results of Fig. 5.1, it is
clearly seen that YR increases rather uniformly with period as expected for this
simplified ocean-land model, showing values of roughly 350 km and 1650 km for 5
min and 120 min periods respectively.

To demonstrate the effect of ocean depth, Fig. 5.2 shows the coast effect
response for the case of a 1 km depth ocean, rather than the infinite depth ocean
of Fig. 5.1. Again, the response range, taken to be the value of ¥ where IBz/Bynl =
.2, increases smoothly with increasing period. The response range for 5 min (curve
1) is approximately the same in Figs. 5.1 and 5.2, but at 120 min the response
range for the 1 km de' . - . cean is approximately 1200 km, while for the infinite
dupth case of Fig. 5.1, 1t is roughly 1650 km, As was the case in Fig, 5.1, IBZ/Byl
=,25 (dashed curve 5 in Fig. 5.2) when |Bz/Byn| = .2,
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Figure 5.1: The continental coast effect magnetic field response [Bz/Byn| as a
function of distance Y from a vertical ocean-land interface with infi-
nite ocean depth.
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Figure 5.3: The continental coast response range YR as a function of period T for

a range of ocean depths d} for an infinite depth resistive host.
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Figure 5.3 examines in some detail the effect of the ocean depth (dj) for the
case of infinite depth (d3) resistive host. The response range YR for each ocean
depth model is seen to increase smoothly with increasing period. At 5 min period
the response range is roughly 300 km for all ocean depths, while at 120 min the
responses as a function of distance have diverged considerably, so that YR = 900
km for the shallow ocean (d] = .5 km), and YR = 1700 km for the infinite depth
ocean (curve 5).

The coast effect response for a more realistic geophysical model, that
includes a conductive asthenosphere substratum ( g3 = O.ISm"l) at a depth of 100
km (d3), is shown in Fig. 5.4. For this 'nodel the |Bz/Bynl responses, again having
sharp maxima right at the coastline, show decreasing maximum values with
increasing period, opposite to that observed for the infinite depth resistive host
model of Fig. 5.2. A further very significant difference for the two models, is
that the conductive substratum at 100 km (Fig. 5.4), which generally attenuates
the coast effect, is seen to have the effect of decreasing the response range with
increasing period, rather than the opposite as observed in Fig. 5.2. This opposite
behaviour is expected, since the 1 km depth ocean is but a fraction of a skin depth
for all periods (e.g., the skin depth ranges from 4.6 km at 5 min to 23 km at 120
min), and the infinitely thick conductive substratum at 100 km depth (shallow in
terms of skin depth in the host o) plays the increasingly dominant role in the
response with increasing period, with the response becoming more that of a lay-
ered conductor than that of a coast effect. This leads to the response maxima at
the coast, as well as the spatial responses of the coast effect, showing a monoton-

ic decrease with increasing period. Perhaps, the most important result is that the
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Figure 5.4: The continental coast effect magnetic field response le/Bynj as a
function of distance Y for a model with ocean depth d1=1 km and con-

ductive substratum depth d3=100 km.
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conductive substratum( g3 = 0.1 sm™1) has the effect of greatly localizing the
response, so that the approximate response ranges YR now vary from 130 km at §
min to 40 km at 120 min, as compared with 300 km at 5 min and 1200 km at 120
min, in the absence of the conductive substratum (Fig. 5.2). It is noted in Fig. 5.4
that landward, at 120 min, 1Bz/By| differs little from IBz/Bynl. It can be conclud~
ed that an underlying conductive substratum greatly reduces the range of the
coastal response, and thus has the effect of reducing the separation distance
required for minimal electromagnetic coupling between an ocean and an onshore
anomalous conductor.

Figure 5.5 shows empirical curves of the response range YR as a function of
period for a range of ocean depths (d1) and conductive asthenosphere depths (d3).
For the shallow ocean models (d] = .5, 1 km), the response range decreases with
increasing period over the entire range (5 min - 120 min ) for all depths d3, except
for d3 = 200 km for the dj=1 km depth ocean, where YR shows a maximum at 15
min. The results for the 2 km depth ocean tend to show broad maxima in YR fol-
lowed by gradually decreasing values with increasing period, while for the 4 km
depth ocean the response range continues to show increases with increasing period
at short periods, but becomes essentially constant for periods greater than 30 min,
Thus, as the ocean depth increases, the general observation is that the response
range increases for all periods. Further, as a function of increasing period, the
behavior changes from sharply decreasing for shallow depths, to becoming con-
stant for large ocean depths. In addition, the response range is seen to depend
strongly on the conductive substratum depth (d3), genevally increasing markedly

with increasing depth, The results of Fig, 5.5 should provide a useful guide as to
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ange YR as a function period T for a range of ocean
» 2y 4 km and d3 = 30, 50, 100, 200 km,
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the response range beyond which electromagnetic coupling of an ocean and an
anomalous conductor in a continental coastal region should be small for the range
of conductive asthenosphere depths expected to be encountered in the interpreta-~

tion of field studies in the various regions of the earth,

5.2.2 Island Coast Effect Response Range

Figure 5.6 shows the coast effect field response |Bz/Bynl as a function of
distance from the one of the island coastlines for a Y;j = 400 km width island for a
range of periods (5 min - 120 min). The coast effect field response for the island
model is found to decrease more rapidly with range than was observed for the con~
tinental model. It is also noted that the field response as a function of distance
from the coast changes little with period, quite different from that observed for
the ocean - continental model of Fig. 5.1. This should be expected, since for this
simple 2D island model the induced vertical magnetic field must reverse sign at
the midpoint of the island, and thus the amplitude response le/Bynl must be zero
at the midpoint (Y = 200 km), Further, due to this minimum value at the mid-
point, the coast effect field response range YR should also be expected to
decrease as the island width decreases. For this 400 km island width example,
|Bz/By| is seen to be less thax 0.2 for the central 200 km region.

To demonstrate the effect of ocean depth, Fig. 5.7 shows the coast effect
response for the case of a 1 km depth ocean, rather than the infinite depth ocean
of Fig. 5.6, The response range YR, compared with that of Fig. 5.6, is slightly
reduced (about 210 km), but again, does not depend on period very much. The
coast effect response for a more realistic geophysical model, that includes a con-

ductive asthenospheric substratum ( o3 = o.1sm™l) at a depth of 100 km (d3), is
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Figure 5.6: The island coast effect magnetic field response |B,/Byy| as a function
of distance Y from a vertical ocean-island interface.Byn
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Figure 5.7: The island coast effect magnetic field response 'BZ/EIWI as a function
of distance Y for the ocean-island model with ocean depth d] = 1 km.,
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shown in Fig. 5.8, For this model the le/Bynl responses show much reduced max-
ima at the coastline and thus, lead to smaller coast response range values.

The response range YR (as defined for the ocean-continent model in 2.1) as a
function of period for island widths (¥; = 100, 200, 300, 400, 500 km) and finite
ocean depths (dj = .5, 1, 2, 4 km) for the case of infinite depth resistive host ( o
= 6.3 x10'4Sm"1) is shown in Fig. 5.9. The response range YR is seen to decrease
rather uniformly with decreasing island width for each ocean depth case. For
example, at 60 min for d] = 2 km and Yj = 300 km (curve 3 in the lower left of
Fig. 5.9 ), YR = 80 km, while for Y; = 200 km, the response range value is YR = 50
km, Similar changes in YR are seen for each of the other island widths. For these
finite depth ocean models, the response range YR depends only weakly on period,
except at the short periods, and particularly for the shallow ocean (d1= .5, 1 km)
mcdels, where YR decreases significantly with increasing period. Further, the
response range is seen to increase with increasing ocean depth. For example, at 60
min for Yj = 300 km, YR = 65, 70, 80, 85 km for ocean depths d1 = .5, 1, 2, 4 km
respectively.

Figures 5.10 and 5.11 show the island coast effect response range as a func-
tion of period for the geophysically more realistic models of an underlying conduc-
tive asthenosphere ( 03 = 0.18m™}) for a range of depths d3 = 30, 50, 100, 200 km.
The effect of adding the conductive substratum at depths d3 = 30, 50 km and d3 =
100, 200 km is examined in Figs. 5.10 and 5.11 respectively. A general observation
is that the conductive snbstratum, which generally attenuates the coast effect,
has the effect of greatly reducing the response range as compared with those

observed in the absence of the conductive substratum (Fig. 5.9), As an example, at
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Figure 5.9: T}}e response range YR as a function of period T for a range of island
widths Y; and ocean depths, for an infinite depth resistive host.
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Figure 5.10: The response range YR as a function of period T for a range of
island widths Y{ and ocean depths, for the conductive substratum
depths d3 = 30 km and 50 km.
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Figure 5.11: The response range YR as a function of period T for a range of
island widths Y; and ocean depths, for the conductive substratum

depths d3 = 100 km and 200 km.
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60 min YR = 5 km for the shallow ocean and shallow conductive substratum depths
(d3= 30, 50 km), as compared with YR= 20 km (for Y{=100 km) in Fig, 5.9. As the
conductive substratum depth increases to 13=200 km for the deep ocean case (dj =
4 km in the lower right of Fig. 5.11), the YR response curves approach those of
Fig. 5.9 (lower right), as would be expected. It is seen in both Figs., 5.10 and 5.11,
that for increasing ocean depth, the response curves show increasing dependence
on ocean depth with increasing conductive substratum depth. For example, for
Yi=300 km and d3 = 50 km (upper right in Fig. 5.10) YR = 5 km for d} = .5 km,
while the response range increases to YR = 20, 30, and 50 km as the ocean depth
increases to dj = 1, 2, 4 km respectively. Further, as the conductive substratum
depth increases, the response range YR becomes more dependent on period, par-
ticularly at the longer periods for the shallow ocean cases, with YR decreasing
sharply with increasing period. For example, for the d3=50 km and Y;=300 km
model (upper right in Fig. 5.11), the response range at both 60 min and 120 min is
YR =5 km, while for the d3 = 200 km model (upper right in Fig. 5.11), YR = 50 km
and 15 km at 60 and 120 min respectively.

Clearly, from the results of Figs. 5.9, 5,10 and 5.11 the island width Y;j and
the conductive substratum depth d3 are important parameters in determining the
response range. Further, since the coast effect response range is seen to be gener-
ally much smaller for an island than for a continent, it should be possible to suc-
cessfully remove the coast effect response from measurements at field sites much

nearer the coast. on an island (Figs. 5.10 and 5,11) than on a continent (Fig. 5.5).
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5.2.3  Inductive Coupling for a Conductor in a Coastal Region
Figure 5.12 provides the schematics of a series of idealized models that aid in
considering the effects of electromagnetic coupling for an anomalous conductor (
07) in the form of an upwelling conductive substratum at a horizontal distance Y
from a uniform depth ocean (01). The resistive host ( 0,) and conductive struc-
ture are underlain by a conductive substratum ( 03). In a preceding section (5.2.1)
it was proposed that if the ocean conductor separation were sufficiently large so
that the mutual coupling were negligible, then the ocean coast effect response
could simply be subtracted from the field site response to yield the approximate
response of the anomalous conductor alone. A measure of the required separation
distance for negligible coupling was taken to be the range for which the ocean
coast effect response at the anomalous conductor location was diminished to a
value of 0.2, This separation distance was defined as the response range YR.
In Fig. 5.12, model a includes an ocean of Jdepth d1, an anomalous conductor at
a depth dp and a conductive substratum at a depth d3, model b is the same as
model a but not includes the anomalous conductor, while model ¢ is the same as
model a but does not include the ocean. In order to have some validity for the
interpretation of field measurements, the resultant of a subtraction of the
response of model b (ocean) from the response of model a (ocean plus conductor)
should provide an acceptable response for model ¢ (anomalous conductor and the
conductive substratum). The level of validity of such a subtraction will depend en
the mutual coupling of the various conductive structures (ocean, host, anomalous
conductor and the underlying conductive substratum). Since the induced vertical

magnetic field B, at a point on the surface (say P) can be considered as due to
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anomalous currents (or localized current inhomogeneities) associated with conduc-
tive anomalies, the effect of mutual coupling between conductive bodies may be
rationalized in terms of anomalous currents (current circuits) and their images. In
the schematic of anomalous currents for model a in Fig. 5.12, the current circuits
(loops in the horizontal plane of the model) labelled I} and Iz symbolize regions of
anowmalous currents due to the ocean - host interface and the conductive anomaly
- host interface respectively, and are considered as sources (taken to also include
the effect of current distortion due to charge distribution on the conductive
boundaries). At a given periced, current in circuit I] induces current MIj in circuit
I2, while current circuit Iz induces current MIp in circuit I3, where M is the coef-
ficient of mutual inductance between the I] and I3 current circuits. The currents
11, I3, (MI1), (MI2) and their complex images I'}, I'7, (MI1)', (MI2)' in the underly-
ing conductive substratum lead to magnetic fields By, B2, Bz, B21 and image
magnetic fields B'{, B'y, B'12, B'21. Thus, at an arbitrary point P (surface of the
earth in model a), the resultant anomalous vertical magnetic field for model a is

Bza = (B] + B12) + (Bg + Bp1) + (B'1 +B'12) + (B'2 + B'21). (5.8)
Similarly, it is readily seen that the anomalous fields at point P for models b and ¢
are respectively,

Bzp = By + B'y, (5.9)

B,c =B +B'2 . (5.10)
At P, a subtraction of the anomalous field for model b from the anomalous field
for model a, results in

By = Bya ~ Byp = (Bp + B'2 ) + (Byp + B'12) + (B21 + B'21) (5.11)

which is the anomalous field for model ¢ (the desired model) plus the field due to
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the mutual inductive coupling of the ocean and the anomalous conductor, and is
described by the anomalous current schematic in the lower right of Fig. 5.12,
Thus the subtraction of the field of model b from that of model a yields
Byqd =Bzc+t 812 + 821 (5.12)

where 812 = (B + B'12), and 831 = (Bpj + B'p1) are the contributions due to
inductive coupling. Clearly, 812 and 631 must be small relative to B, (the
response of the anomalous conductor) in order that subtraction yields an accepta-
ble approximate response of the anomalous conductor alone. It should be pointed
out that the phase relationship between a current source and its image (due to the
conductive substratum) is such as to reduce the resultant vertical magnetic field
at P from what it would be in the absence of the conductive substratum. This will
also be the case for the component due to coupling, and its image. Thus the con-
ductive substratum has the effect of reducing the spatial range of the components
due to inductive coupling between the ocean and the anomalous conductor. The
numerical results discussed in section 2.1 indicated that the effect of reducing the
depth of the underlying conductive substratum is to reduce the spatial range of
the ocean coast effect, that is, to reduce the response range, YR, in the 2D mod-
el. This decrease is expected intuitively, when summing the fields of the current
source (associated with the ocean-host interface) and its image at shallower

depths, for decreasing conductive substratum depths.
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5.2.4  Removal of the Coast Effect Responses for 2D Models

Continental Coastal Region

The empirical curves of Fig. 5.5 will now be used to specify the response
ranges YR to be used for numerical models of anomalous conductors in the form
of an upwelling or a depression in the conductive substratum at depth in a conti-
nental coastal region, a model for which the ocean-conductor electromagnetic
coupling should be sufficiently small to permit a subtraction of the coast effect
response from field measurements to provide an approximate response of the ano-
malous conductor alone. The induction arrow components, which for 2D ocean-
land models are essentially the real (in-phase) and imaginary (quadrature) compo-
nents of the vertical to herizontal field ratios, will attenuate, as a function of
distance from the interface, at least as rapidly as the (amplitude) coast effect
field responses |B,/Byp| studied in Figs. 5.1 - 5.11. In the following figures, the
induction arrows presented are the in-phase and quadrature single station trans-
fer functions (with sign reversed) for time varying fields of the form exp(iwt).

Figure 5.13 shows schematics of three models a, b, and c that will be used to
examine the results of the subtraction of the coast effect responses from the
combined coast effect and anomalous conductor responses at 60 min. The ano-
malous conductor is in the form of an upwelling in the conductive substratum at
100 km depth and at a horizontal distance of 80 km (equal to the response range
YR ) from the coastline of a 1 km depth ocean (i.e., the response range YR for 60
min from the upper right in Fig. 5.5). The numerical method of Brewit-Taylor and
Weaver (1976) was used to evaluate the 2D in-phase and quadrature induction

arrow responses V (Va, Vi, and V¢ ) for the three models at 60 min. Positive val-
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ues of V represent arrows poiating in the +y direction, while negative values rep-
resent arrows pointing in the -y direction. In Fig. 5.13, the dashed curve for model
¢ is the resultant of subtracting the model b induction arrow (V},) response from
the model a induction arrow response (Vz), The small differences between these
two curves is attributed to the electromagnetic coupling of the ocean and the con-
ductor ( 02) that is not removed in the subtraction (as discussed in the previous
section). For this model, simple subtraction to remove the coast effect response
would be judged acceptable, particularly for the in-phase component. The quadra-
ture response, being very small (less than .05), would be of little value in any
interpretation.

Figures 5.14 and 5.15 show 2D models and induction arrow responses at 60
min for the case of an anomalous conductor, in the form of a depression in the
conductive substratum, in a continental coastal region. The depth of the ocean is
the same as that for Fig. 5.12, but the depth of the conductive substratum is taken
to be d3 = 100 km and d3 = 50 km for Figs. 5.14 and 5.15 respectively, and thus the
horizontal distance from the ocean coastline to the edge of the anomalous conduc-
tor is chosen to be 80 and 40 km, approximately equal to the response range YR
value predicted from the upper right in Fig., 5.5 (curve 2). The differences
between the dashed curve and the response curve for model ¢ (Fig. 5.14 and 5.15)
again are attributed to the electromagnetic coupling of the anomalous conductor
and the ocean. The results indicate that the coupling effect is small, and thus
simple subtraction to remove the coast effect for this model also, appears to be
acceptable, again particularly for the in-phase component.

Island Coastal Region
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The empirical curves of Figs. 5.10 and 5.11 are used to specify the response
ranges YR to be used for numerical models of anomalous conductors in the form
of an upwelling or a depression in the conductive substratum at depth for the case
of an island, a model that should permit subtraction of the island coast effect.

Figure 5.16 shows 2D models and induction arrow response curves for an ano-
malous conductor, in the form of an upwelling of the conductive substratum at
depth, in an island coastal region. The island width is Y{ = 200 km and the hori-
zontal distance from the ocean coastline to the edge of the anomalous conductor
is chosen to be 40 km, approximately equal to the YR value indicated in Fig. 5.11
(curve 2 for dj = 2 km and d3 = 100 km). For this upwelling conductive anomaly
structure in the island coastal region, subtraction yields excellent results, except
very near the coastline and over the ocean.

Figures 5.17 and 5.18 deal with a model of a conductive anomaly in the
form of a depression in the conductive substratura at depths of 50 km and 100 km
respectively, in an island coastal region. The island width is Y; = 200 km and, in
this case, the horizontal distance from the ocean coastline to the edge of the ano~
malous conductor is chosen to be 35 km for d3 = 50 km, and 40 km for d3 = 100
km, approximately equal to the YR values indicated in Fig, 5.10 (curve 2 for dj =
2 km and d3 = 50 km), and in Fig. 5.11 (curve 2 for d] = 2 km and d3 = 100 km).
These results, too, show that the coast effect response can be subtracted to yield,

with small error, the response of the conductive anomaly alone.
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numerical models a, b, c respectively, and (V}, -

Va) for an anomaly in the form of a depression in the conductive
substratum (d3=50 km) in &a island coastal region.
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5.3  The Chapter Summary

The 2D numerical calculations of EM induction in continental and islana
coastal regions for an anomalous conductor in the form of an upwelling or a
depression in the ¢-nductive substratum, show that if the ocean-conductor separa-
tion distance is at least as great as the coast effect response range YR (defined
here to be the range where the coast effect IBZ/Ban has decreased to a value of
0.2), then the coast effect can be removed by vector subtraction to yield a
response, approximately that of the conductive anomaly alone. For a given period
(in the range 5 - 120 min), YR is found to increase with increasing ocean depth,
conductive substratum depth, and island width. Further, the dependance on period
is found to vary from model to model, but the general trend is for YR to decrease
with increasing period, on account of the increasing importance of the underlying
conductive substratum through the skin depth effect in the host. For a typical
conductive substratum depth d3=100 km, general trends for the dependance of the
response range YR on the ocean depth, conductive substratum depth, island width

and period can be empirically generalized as a set of practical "rules of thumb" as

shown in Table 5.1.
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Table 5.1: COAST EFFECT RESPONSE RANGE Yr "RULES OF THUMB"

(for a typical conductive substratum depth d3 = 100 km)

The coast effect response range YR is defined to be the range where the coast

effect |Bz/Byn| has decreased to a value of 0.2

1. CONTINENT CCAST EFFECT RESPONSE RANGE

(a) YR = d3 for shallow ocean (dj = 1 km)

(b) YR = 3/2d3 for deep ocean (d] = 4 km)

2. ISLAND COAST EFFECT RESPONSE RANGE

(a) YR £ 1/4d3 for narrow island (Y; = 100 km), and all ocean depths.
(b) YR < 3/4d3 for wide island (Yj=300km), " " " "
(c) YR ¢ 1/4Y; for island widths (Y; € 500 km), " " " "

3.CONTINENT AND ISLAND COAST EFFECT RESPONSE RANGE COMPARISON

(a) YR (narrow island)< 1/4YR (continent) for given ocean depths.

(b) YR (wide island) ¢ 1/2YR (continent) " " " "

4. GENERAL TRENDS IN THE RESPONSE RANGE

(a) YR decreases with decreasing ocean depth (d;)
(e) YR " " " island width (Y;)
(b) YR " " " conductive substratum depth (d3)

(d) YR " " increasing period (T)




Chapter VI
ANALOGUE MODEL AND FIELD SITE RESULTS FOR THE

COASTAL BOHAI BAY REGION OF CHINA

6.1  Introduction

The continent of China, situated between the subduction zone of the west Pacific
Oceanic plate and the collision zone of the Himalayas, is divided into two major
parts, namely the western and eastern continents, based on their geological identi-
ties (Liu, 1987). The boundary between the two is a N-S striking geotectonic zone
with a width extending from the longitude of 102°E to 107°E. The western part of
the continent, including the Tibetan Plateau and the Cenozoic basins of Talimu,
Chaidamu, and Zhungeer, is characteritized by strong neotectonic movements,
thick Cenozoic deposits in the basins, and NWW geological trends. The eastern
continent adjoins Bohai Bay, the Yellow Sea and the East China Sea. Although the
neotectonic features are different from region to region, the geological trends are
main'y in the NNE direction, roughly parallel to the Asian continental coastline
(the direction of E-polarization of the source field for the Bohai Bay model). The
Bohai Bay region (in the eastern part of this continent) is roughly located on a
Cenozoic rift system (Liu, 1987) where strong earthquakes have frequently
occurred. The rift system, with a maximum width of 400 km at the middle, and a
minimum width of 50-100 km at the north and south ends, runs about 1000km

through Northern China with a NN3 strike. The terrain within the rift system is
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low-lying, covered by seawater in its most easterly and northeasterly parts and
surrounded by mountains. It consists of a series of uplifts and depressions. The
thick sediments are characteristic of rift systems with the thickness of Cenozoic
deposits inside the depressions generally 6-7 km, and up to 12 km in the depression
of Bohai Fiay, ~nd less than 1 km at the uplift region (Liu, 1987).

Geophysical study of the Bohai Bay region is of considerable interest as the
region abundant petroleum resources have been found within the thick sediments.
During the last ten years, various geophysical surveys have been carried out in the
Bohai Bay region (Chen, 1974; Qi et al., 1981; Liu et al. 1984; Teng et al., 1985;
Kao et al. 1990). One dimensional inversion results of MT site measurements for
deep structure in the region (Liu, 1987) indicate a conductive layer at a depth of
35-40 km (with a thickness of 4-5 km and conductivity of 0.1 to 0,2 Sm"l), and a
conductive asthencsphere substratum at a depth of 80-90 km (with conductivity
of 0.5 to 1.0 Sm_l). The resistive host has a conductivity on the order of
0.00ISm_l. Based on the results of seismic data inversion, a low velocity zone,
with a velocity of 7.8 km/sec is indicated at a depth of roughly 60 -70 km in the
Bohai Bay region (Song, 1985). This suggests that the conductive substratum in the
region may coincide with the low velocity zone. The measurement of heat flow
shows that the average exceeds 1.6 HFU (10_6 cal/sec cmz) inside the rift system.
In particular, the heat flow values in the Bohai Bay coastal region range from 1.77
to 2.53 HFU, while in the surrounding mountains the average value is only 1.0 HFU
(Liu, 1985).

The scaled 3D laboratory analogue model of the Bohai Bay coastal region (as

discussed in detail in Chapter 3) can readily be used to provide ocean coast
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effect responses for the continental region. These responses for the 3D laboratory
models may then be used to delineate the coast effect response component in the
geophysical field site observations, and if this coast effect response can success-
fully be subtracted, then the remaining response should be characteristic of any
conductive anomaly in the earth that was not included in the laboratory simula-
tion. Thus the response of the conductive anomaly alone could be determined.
Laboratory analogue model ocean coast effect responses, in terms of induction
arrows (or transfer functions), available for the Bohai Bay coastal regions will be
used to attempt %o remove (approximately) the coast effect in the coasial field
site measurements. The subtraction of the analogue model response should have
validity for cases where the electromagnetic coupling of the ocean and inland
conductive anomaly is sufficiently small.

In Chapter 5, the ocean coast effect response range, and the proposed empir-
ical criteria for permitting subtraction of the coast effect from field measure-
ments, were analyzed for 2D models. Since an actual geophysical conductive ano-
maly, as well as the ocean-land interface, are generally 3D in nature, it should be
advantageous to employ measurements of the coast effect response for a 3D labo-
ratory analogue model which includes a simulation of the complex coastlines, the
shelving ocean (simulating the known bathymetry), as well as the conductive asth-
enosphere substratum, to account for the ocean coast effect component in actual
field measurements in a coastal site. The empirical response ranges (YR) pro-
posed in Chapter 5 for the 2D numerical models should provide useft.’ zstimates in
3D regions, particularly at the longer periods. At shorter periods, where a coastal

response for a cape or a bay coastline may differ considerabl, from that for &
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straight coastline (Dosso et al., 1986), the 2D response range may somewhat
underestimate the actual response range. In Chapter 5, 2D numerical models of
M induction in continental and island coastal regions for an anomalous conductor
in the form of an upwelling or a depression in the conductive substratum at depth
were studied to determine constraints on ocean-anomalous conductor separation
distances that would permit, to within an acceptable approximation, a simple vec-
tor subtraction of the coast effect response. It was found that if the ocean-
conductor separation distance were at least as great as the coast effect response
range YR (defined as the distance from the ocean where the |B,/Byy| coast effect
response is reduced to a value of 0.2), then the coast effect could be removed by
vector subtraction to yield a response, approximately that +»f the conductor alone.

In the present chapter, the analogue model induction arrows will be compared
with field site arr~--» {or several sites in the: Bohai Bay region. The field results
include those of Chen (1674), IGSSB (1986, private communication), and Kao
(1990). A convenient method of viewing the model and field station results is to
compare the model and field site induction arrows at the same site, so that the
difference between the two can be easily observed. Difference arrows, obtained
by subtracting the 3D laboratory analogue model coast effect responses from the
field site responses, are examined and employed in the interpretation of the field

site induction arrow responses available in this Bohai Bay region of China.
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6.2  Induction arrows in the Bohai Bay region

In Fig. 6.1, the removal of the ocean coxzst effect, by subtracting the ana-
logue model coast effect responses from field site responses (Chen, 1974) for
three locations in the Bohai Bay region of continental China is examined for 5 and
60 min. In-phase field site induction arrows (V¢), analogue mudel induction arrows
(Vin), and field-model difference induction arrows (Vg-Vp,) are shown for three
sites, two of which are roughly 50 km from the shallow Bohai Bay, and " .e third
over 200 km from the coast. All sites are at least 200 km from the deeper ocean
of the Yellow Sea. At 5 min the model and field site arrows at all three sites bave
directions approximately normal to the local Bohai Bay coastline, with the field
site arrows rotated about 10° clockwise relative to the model arrow directions.
The model arrows at A and B are about 50% larger, and at C about 70% larger,
than the respective field site arrows. From the results of Chapter 3, it is known
that induction in Bohai Bay is important at short period, and thus in the ..bsence of
other nearby conductors, induction arrows at coastal sites should point to Bohai
Bay and shorten with distance from the coastline. Both of these features are
clearly seen in Fig. 6.1. At 60 min, induction in Bohai Bay should not be so impor-
tant, and any induction arrow response, in the absence of other local conductors
(e.g. subsurface conductors), should be due to induction in the distant ocean. At
60 min, the model arrows at the three sites are shortenasd in length, with the
arrow at A (nearest to Bohai Bay) decreased the most, and at C (furthest from
Bohai Bay) decreased the least, as expected since the induction effects of the
shallow bay at 5 min would be the greatest for site near the coast. At 60 min the

analogue model arrows at the three sites have roughly equal lengths indicating
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Figure 6.1t Analogue model Vi, and field site (Chen, 1974) V¢ and difference (V-
V) induction arrows, and the 2-D model of an anomaly in the form of
an upwelling in the conductive substratum for Bohai Bay region.
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response to a distant common conductor, namely the ocean of the Yellow Sea.
The induction arrow at A has rotated CCW by about 5°, while at B and C it has
rotated CW by roughly 20° and 5° respectively, so that the three arrows now
roughly point to a common distant location (the Yellow ocean) as expected. The
field site arrows, however, have not behaved in as predictable a manner with
increasing period. they have not rotated to point to the distant ocean, but rather
have all rotated CW by relatively large angles (20°, 35°, 25°) to point in a more
southerly direction. The field site arrows are shortened at each site, with the
largest relative decrease at B, so that the arrow at R is now shorter than the
arrow at C. The field si* » arrows appear to be responding to some conductive fea-
ture (not included in the analogue model) in addition to the distant ocean. It is
seen that when the ocean effect, as typified by the model arrows, is removed from
the field site arrows though subtraction, the resulting difference arrows (Vg - V)
at both short and long periods point inland (-y direction in Fig. 6.1), indicating a
conductive anomaly some distance inland. At short periods the shallow ocean of
the nearby bay is important, while at long periods the distant Yellow Sea bhas a
significant effect, and subtraction of the coast effects yields difference arrows
that provide the same result for the short and long periods. The fact that the
directions of the arrows are almost identical for the two periods, lends credence
to this interpretation of an inland conductor.

Chen (1974) has interpreted the field observations at 60 min to be the
response to an E-W striking conductor at 60 km depth. In this interpretation,
while sites A and C would be north of the conductor, the arrows would show the

combined responses to the distant ocean and the conductor at depth. The arrow at
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B would be attenuated due to the underlying conductor, but the arrow direction
could still be effected by the distant ocean. The direction at B supports this view.
At 5 min, the effects of the deep conductor would be small relative to the effects
of the nearby Bohai Bay, but the 10° rotation of the field site arrows relative to
the model arrows would be consistent with some response to the E-W striking con-
ductor. The further southward rotation at 60 min are also consist with this con-
clusion.

Included also in Fig. 6.1 are 2D models (a, b, and c), and numerical results
(V) for model ¢ (a postulated inland anomalous conductor), difference arrow
results (V,-Vp) for models a and b, and the y-component of the field-model differ-
ence arrows (Vg-V,). The conductive substratum in the 2D Bohai Bay model, tak-

en to be at a depth of 80 km and of conductivity of 0.5 Sm~!

, is based on the
results of magnetic surveys in the Bohai Bay region reported by Liu and Liu {1983)
and Liu et al. (1983). From the numerical results (lower right in Fig, 6.1), it is
concluded that the electromagnetic coupling of the anomalous conductor and
ocean is sufficiently small to permit simple subtraction of the coast effect. The
field-model difference arrows (V,-V}p) agree more closely with the the model c
results (V) at 60 min than 5 min, in keeping with the decreased response range
with increasing period as observed in the 2D numerical results discussed earlier in
chapter 5.

Figures 6.2 and 6.3 show in-phase and quadrature induction arrows and differ-
ence arrows (Kao, 1990) for the Bohai Bay region for 5, 10, and 40 min. These dif-

ference arrows alsc support the interpretation of a conductive anomaly inland,

with the strike of the conductor roughly in the north-south direction as indicated
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Figure 6.2: Analogue model Vy, and field site (Kao, 1990) V¢ in-phase induction
arrows and difference arrows (V§-Vp,) for the Bohai Bay region of

China.
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tion arrows and difference arrows (Vg-Vy,) for the Bohai Bay region.
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by the Fig. 6.1 results, According to Liu and Liu (1983), the Bohai Bay region is

located roughly on a Cenozoic rift system that has a mainly NNE striking geologi~
cal trend, which is parallel to the Asian continental coastline (roughly the direc-
tion taken for E-polarization of the source field in the 2D Bohai Bay model in Fig.
6.1).

Figure 6.4 shows the model in-phase induction arrows and the field site arvows
from the work carried out by the Institute of Geophysics, State Seismological
Bureau of China (IGSSB) in the Bohai Bay region for 5 and 60 min at 27 field sites.
The difference arrows (V§ - Vy,), obtained by subtracting the model arrows from
the field site arrows, are also shown. It is seen that the difference arrows in the
southern and western areas of Bohai Bay consistently point in a westerly direction
which supports the results of the previous discussion. As the period increases
from 5 min to 60 min, the difference arrows in the western area of Bohai Bay all
point roughly westward, but with slightly enhanced magnitudes. This behaviour of
the in-phase difference arrows with increasing period in this area again suggests a
N-S striking conductor. The fact that the dilference arrows are not strongly
dependent on period, indicates that the anomzlous conductor must be at consider-
able depth, At the Shandong Peninsula sites, the difference arrows all point west~
ward, while at the Liaodong Peninsula the difference arrows all point in the NW
direction. The consistent direction of the difference arrows at the Shangdong
Peninsula may be indicative of the effect of an upwelling of a highly conductive
layer underneath Bohai Bay, and those at thn Liagdong Peninsula indicative of an
anomalous conductor to the north-west of Bohi- Bay., These difference arrows

also support the interpretation of a Zunductive anomaly iiland, with the strike of
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the conductor roughly in the north-south direction as indicated by the Fig. 6.1
results.

The results of Figs. 6.1, 6.2, 6.3, and 6.4 for the Bohai Bay region provide
examples of what appears to be the successful removal of the ocean coast effect
from field site measurements over an anomalous conductor in the form of an
upwelling in the conductive asthenosphere in a continental coastal region. Clear-
ly, the conductor-ocean separation distance is sufficiently large for both the shal-
low and the deep ocean (as can be seen from the empirical response ranges of
Figs. 5.5) so as to have negligible electromagnetic coupling at both short and long

periods.

6.3  Apparent Resistivities in the Bohai Bay Region

In the Bohai Bay region, particularly west of Bohai bay, extensive magnetotel-
luric (MT) measurements have been carried by Liu et al. (1983), The field appar-
ent resistivities and the analogue model apparent resistivities at sites HL and XS
(Fig. 6.5) are shown in Fig, 6.6. The field measurements cover periods from 10
sec to 2000 sec (30 min), while the model results cover a range from 180 sec to
1800 sec (3-30 min). Figures 6.6 shows the components of the apparent resistivi-
ties parallel to the coast at sites HL, XS. It i5 seen that the model apparent resis-
tivities are approximately an order of magnitude greater than the field site values
at both sites. This is expected, since the analogue model only includes a conduc-

tive layer of .5 Sm™1

at a simulated depth of 80 km, and does not include the
inland anomalous conductor discussed in the previous section. The sites HL and

XS are at a distance of approximately 200 km from the Behai Bay coast, and
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Figure 6.5: A simplified map of the Bohai Bay region showing the locations of two
MT field sites, XS and HL.
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directly over the anomalous conductor suggested in the 2D model of Fig. 6.1. A
simulation of such a conductor in the analogue model, would considerably reduce
the model apparent resistivities, particularly at the long periods. In conclusion,
the comparison of the analogue model MT and field site MT results do support the

premise of a conductive anomaly with a N-§ strike to the west of Bohai Bay,

6.4  The Chapter Summary

With the coast effect, as typified by the model arrows, removed from the
Bohai Bay field site arrows (Chen, 1974; IGSSB, 1986 and Kao, 1990) through sub-
traction, the resulting difference arrows indicate a N-S striking conductor to the
west of Behai Bay, Two dimensional numerical calculations support the premise of
a conductor, in the form of an upwelling in the conductive substratum (with con~
ductivity 0.5 Sm™! at 80 km depth), situated at about 150 km from the Bohai Bay
coastline to account for the field site observations. A comparison of the analogue
model and field site MT results at two sites west of Bohai Bay shows that the
mode! apparent resistivities are about an order of magnitude greater than the
field site apparent resistivities. This result supports the premise of a conductive

anomaly, in addition to the conductive substratum at 80 km depth.




Chapter VI
ANALOGUE MCDEL AND FIELD SITE RESULTS FOR THE
JAPAN REGION

1.1  Introduction

Field MT and GDS measurements have been extensively carried out in Japan
in the past few decades, and varicus geomagnetic variation anomalies have been
discovered. A large portion of the anomalies can be attributed to the ocean
effects, namely island and peninsula effects (Honkura, 1971; 1974), however, there
is evidence that conductivity anomalies do exist in the upper mantle beneath the
Japan Islands, and that some of these anomalies also account for the anomalous
distributions of heat flow and seismic wave velocity (e.g. Rikitake, 1969; Honku-
ra,1974; Utada et al., 1986; Ogawa et al.,1986). Extensive 2D numerical models
were investigated in these studies in order to delineate the regional coast effects,
and thus to permit interpretation of EM field measurements in terms of anomalous
conductivity structure. The effects of 3D conductivity features are certainly
expected to be important for some areas of Japan, such as the irregular coast-
lines, straits, and peninsulas. In addition to these small-scale 3D features, the
arc-shape of the Japan islands would significantly enhance induced current density
in the Pacific Ocean and reduce current density in t! . local Japan Sea due to the
cape and bay effects respectively (Chapter 4), Thus, the Pacific Ocean efiect is
expected to be important over the entire Japan Island region, particularly at long-
er periods. Such effects obviously can not be adequately modelled by a 2D model.

- 181 -
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Figure 7.1t Simplified map of the China-Korea-Japan region showing 2-D profiles
in the Kii Peninsula, Central Honshu and northern Honshu regions.
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In the present chapter, the 3D analogue model measurements of the Japan
region (discussed in detail in Chapter 4) will be compared with field site measure-
ments available in the Japan Island regions. As well, difference induction arrows,
obtained by subtracting the 3D laboratory analogue rrodel coast effect responses
from field site responses, are employed as an aid in the interpretation of the
induction arrow respounses. Figure 7.1 shows a map of the Japan-Korea-China
coastal region with several profiles where field site measurements are available.
These include the Kii Peninsula and centra Honshu regions (Sasai, 1969; Miyako-~
shi, 1979; Honkura, 1974; Yukitake, 1984 and Utada et al., 1986), and the northern
Honshu and Hokkaido regions (Tanaka, 1972; RGCRSJ, 1983; Ogawa, 1986; Nishida
and Kuboki, 1972), Two parallel profiles (y'-direction) traversing the Kii Peninsula
and central Honshu regions form an angle of -30° relative to the y-direction, while
a third profile (y"-direction) traversing the northern Honshu region forms an angle

of +30° relative to the y-direction as shown in Fig. 7.1.

7.2 Induction arrows in the Japan region

7.2.1 The ©entral Japan region

Since Rikitake and Yokoyama (1953) pointed out the anomalous behavior of
the vertical component of geomagnetic variation at short periods in the Central
Japan region, various field and numerical studies have been conducted to investi-
gate the subsurface conductivity structure in the region, Sasai (1969) carried out a
10 site field study at the Kii Peninsula in the southwest coast (Pacific Ocean) of
Central Japan. It was found that the magnitudes of the induction arrows at some

sites were unexpectedly large (larger than unity), which, .:ccording to Honkura
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(1974), can not be explained by the peninsula effect alone, Based on the field data

of Sasai (1969), Honkura (1974) postulated a conductive anomalous structure sub-
ducting under the Pacific Ocean. Similarly, in the southwestern region of Central
Japan, field measurements have focused on the investigation of an anomalous con-
ductivity structiwe beneath the Japan Sea (Sumtomo, 1972; Miyakoshi 1976, 1979).
In an attempt to interpret the behavicur of the field induction srrows in the
region, Miyakoshi (1976, 1979) proposed a conducting layer at a depth of 30 km
(or so), beneath the Japan Sea and extending further to the south. For the same
purpose, the Research Group for Crustal Resistivity Structure, Japan (RGCRSJ,
1983) carried out a magnetometer array study at 16 sites in the Central Honshu
region (Yukitake, 1984), In addition to these land based studies, geomagnetic field
measurements on the sea, flour off the southwestern coast of Central Japan have
been carried out by Segawa et al.,, (1982). More recently, field measurements
together with sea floor measurements, were carried out by Utada et al. (1986). In
that study, geomagnetic transfer functions were obtained at 21 sites on land and
7 sites on the sea floor for periods between 15 and 120 min. A 2D conductivity

model was proposed in the interpretation of the 3-component geomagnetic field

data.

7.2.2  The Kii Peninsula region

The analogue model in-phase induction arrows, together with the field site
induction arrows for the Kii Peninsula region (Sasai, 1969), are shown in the upper
left of Fig. 7.2. The results generally show very good agreement between model
and field site arrow directions, with all arrows directed towards the ocean, as

would be expected for a typical coast effect. Further, the peninsula {(or cape)
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effect should, as observed, lead to enhanced magnitudes. However, there are con-
siderable differences in the analogue model and field site arrow magnitudes, with
the field site arrow magnitudes at the tip of the peninsula (e.g. sites 1 and 2) being
30-50% larger than the model arrows, and at the inland sites being roughly 20-20%
smaller. Since the analogue mode! simulates only the effects of the surrounding
oceans over a conductive horizontal substratum at depth (80 km), the differences
between the field site arrows and the model arrows should be indicative of other
lateral conductivity anomalies not included in the analogue model. For example,
tor the 2D model of Utada et al. (1986), a coastal 2D conductor at moderate depth
(roughly perpendicular to the observed arrow direction) weuld have the effect of
enhancing the coastal arrows to lengths greater than expected for a peninsula
effect alone, while a second parallel subsurface conductor in the central region of
the island (to yield a response oppositely directed to that due to the coast effect)
should lead to shorter arrows than expected for a peninsula effect at field sites
somwawhat inland.

The aifference arrows (Vg-Viy,) are shown in the lower left of Fig. 7.2. It is
seen that the seaward directed difference arrows at sites 1 and 2 support a model
of a nearby anoimalous 2D conductor bezneath the coastal (or pear off-shore)
region, and the landward directed ditference arrows at the inland sites 6, 7, 9, and
10 support the response to be expected for a nearby anomalous conductor beneath
the central region of the island. The very small responses at sites 4 and 5, inter-
mediate between the coastal ard inland sites, would indicate roughly equal respon-
ses of an inland conductor to the left and a coastal conductor to the right., The

arrow directions at sites 3 and 8, generally not parallel to the others at the coast-
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al or inland sites, cuuld be accounted for by an arc-like (rather than 2D) coastal
conductor.

Included also in Fig. 7.2 are 2D models (a, b, c) and numerical result (Vi) for
model ¢, 2 model that might represent a 2D approximation of the two conductive
anomalies in the Kii Peninsula region. The y'-direction of the profile is roughly
perpendicular to the geological trend of the region and forms an angle of -50° rel-
ative to the y-direction. In the numerical models, the condu=tivities of the host,
the conductors and the conductive substratum are taken to be 6.25x10™% Sm'l,
5x107! sm™! and 1072 sm™! respectiveiy. The 80 km depth of the substratum and
the 30 km depth of the upwelling conductors, one beneath the Japan Sea and one
beneath the Pacific Ocean, are based on the 2D model of Honkura (1975). The
Japan Sea to the west and the Pacific Ocean to the east are taken to be uniform
depth oceans, with depths of 2 km and 4 km respectively. In the model, the ocean
extends 1000 km beyond the east coast and 800 km beyond the west coast of
Japan, distances that are sufficiently great that these boundaries should not
affect the coastal responses understudy. The y'-components of the in-phase
numerical induction arrows (V) for model ¢ (upper right of Fig. 7.2) that does
not include the ocean, the numerical difference arrows (V, -V}), obtained by sub-
tracting the induction arrows of model b (V},) from the induction arrows of model
a (V3), and the field-model difference arrows (Vi-Vy,) are also shown in the lower
right of Fig. 7.2. The numerical difference arrows (V, - V) generally show good
agreement with the numerical induction arrows ( V) over the entire range except
right at the coast of the Pacific Ocean and over the oceans. The field - model

difference induction arrows (Vg-Vy,) at this 60 min period generally show reason-
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able agreement with the model ¢ numerical results, suppoting the interpretation
of both omnshore and offshore vpweiiing conductive anomalies at depth, anomalies
that would generally support the Pacific plate subduction beneath Japan.

Figure 7.3 and 7.4 respectively show in-phase and quadrature field (Vg) induc-
tion arrows and the field - model difference arrows (Vi-Vy,) for twe sites (Utada
et al,, 1986) in the same Kii Peninsula region as described in Fig. 7.2. The in-
phase difference arrow results for 30 min and 60 min clearly support the interpre-
tation of both an off-shore and an inland conductive anomaly at depth as
described for Fig. 7.2, The in-phase difference arrows at the coastal site for both
15 and 120 min also support the interpretation of a conductor beneath the peninsu-
la coastline region, bu. it the inland site the difference arrows at the short and
jong periods, do not provide as definite 2n indication of an inland conducior. At
the shortest period, any near surface geological features not included in the mod-
el, would be expected to be important in the response, while at 120 min the model
and field site arrows, being essentially identical at the inland site, could be inter-
preted as due to approximately equal and opposite responses of the coastal and
inland conductors at this particular period, resulting in the field induction arrows
showing the ocean response only. The quadrature difference arrows in Fig, 7.4
also support the interpretation of the two conductive anomalies, although at the
inland site the difference arrows are very small,

Figure 7.5 shows the in-phase model induction arrows Vy,, the field site
induction arrows Vg and the difference armows (Vi-Vyy) at the Kii Peninsula region
(Sasai, 1969; Utada et al., 1986), the southwest region of the central Japan (Miya-

koshi, 1979) and the central Honshu region (Honkura, 1974). The induction arrows
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of 60 min at the Kii Peninsula, though already shown in Fig. 7.2, are included to
show the general trends of the induction arrow responses for the full width of the
island. A conductivity structure in which one conductor beneath the Pacific
Ocean and a second under the central island was proposed in Fig. 7.2 for the Kii
Peninsula region. If the 2D model (Fig. 7.2) supported by the difference arrow
results (obtaired by substrating the analogue model induction arrows from the
field induction arrows of Sasai, 1969), is realistic, it should also be supported by
other independent iiecld measurements in the region. For the sites of Mivakoshi
(1979) near the western coast, substantial differences between the mode! and
field site arrows are observed, with the model arrows rotated from south to so>uth-
west as the coastline is approached, indicating the effect of current channelling
through the the Japan-Korea strait. Further, the field site arrows generally point-
ing towards the Japan Sea, are enhanced in magnitude.

In Fig. 7.5, it is seen that, for locations on the west coast (Miyakoshi, 1979),
the difference arrows (Vy, -V¢) at the 2 sites near the central region of the island
are roughly parallel to those of Sasai (1969) at inland sites, and have approxi-
mately equal magnitudes, suggesting that the vertical interface of the conductor
could be located somewhere between these sites, while the somewhat northward
directed difference arrows at the Japan Sea coast indicate that the conductor may
extend to the Japan Sea. the difference arrows at 30 min, in general, are consis-
tent with those at {0 min, except that the magnitudes of the arrows at 30 min at
the west coast are slightly enhanced relative to those at 60 min.

At the field sites of Honkura (1974) in the central Honshu region (about 100

km northeast of the Kii penirisula), it is seen that the field site arrows agree very
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well with the mcdel arrows at the easterly coast, but the field site arrow are
much smaller the than model arrows at the central island region, which is similar
to that observed at the Kii Peninsula (Sasai,1969) in Fig. 7.2, where the interpre-
tation was that of two conductive anomalies, one beneath the Pacific Ocean and
one beneath the central region of the island.

Generally, the difference arrows in Figs. 7.2, 7.3 7.4 and 7.5 for the Kii Penin-
sula region appear to be valid responses of the conductive anomalies, with the
ocean-conductive anomaly separation distances being sufficiently large (as sup-
ported by an interpolation of the results of Figs. 5.8 and 5.9) for minimal electro-
magnetic coupling with the ocean. It is noted that 07 in the Kii Peninsula numeri-
cal model (Fig. 7.2) is a factor of 5 greater than was the case for the idealized
models of Figs. 5.8 and 5.9, and calculations carried out (not shown) for a factor
of 5 increased conductivity for the conductive substratum in the idealized models,
indicated a resulting sharp decrease in response range with increasing conductivi-
ty.

In comparing the present 2D model (shown in Fig, 7.2) with models proposed
by others in earlier work as shown in Table 7.1, it is noted that the existence of a
conductor (O.SSm'l) at a depth of 30 km beneath the Pacific Ocean agrees with
the models of Honkura (1975) and Utada et al. (1986). It was pointed out by Filloux
(1980) that, a layer with conductivity of 0.1 - 0.5 sm! at a depth oi 30 km is
commonly observed beneath a moving oceanic plate. It is believed that this depth
corresponds to the top of the asthenosphere (Filloux, 1980; Oldenburg, 1981)., The
highly conductive structure beneath the Japan Sea in the present model, agrees

with the results of Honkura (1975), except that the conductor in the present model
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the models of Honkura {1975) and Utada et al, (1986). It was pointed out by Filloux
(1980) that, a layer with conductivity of 0.1 - 0.5 sm™! at a depth of 30 km is
commonly observed beneath a moving oceanic plate. It is believed that this depth
corresponds to the top of the asthenosphere (Filloux, 198C; Oldenburg, 1981), The
highly conductive structure beneath the Japan Sea in the present model, agrees
with the results of Honkura (1975), except that the conductor in the present model
extends further inland. The conductive anomaly, according to Honkura (1975),
could be attributed to the observed high heat flow, implying a high temperature
state and possibly the existence of partial melting at depth beneath tiie Japan Sea.
It is noted that the two conductors ( 02 = .5 Sm'l), one beneath the Japan Sea and
the other beneath the Pacific Ocean, together with the highly conductive substra-~
tum ( 0=0,01 Sm™?) at 80 km depth (shown in Fig. 7.2), form a depression in the
conductive substratum, a structure which agrees in principle with the Rikitake
(1969) model, although the shape of the depression and the conductivity of the
substratum differ from those in Rikitake's model, where the conductivity of the
substratum was taken to be infinite.

Table 7.1. 2-D Conoductivity Model For The Kii Peninsula And Central Honshu

Rikitake(1969) Honkura(1975) Utada et a!.{1986)
Japan Japan Pacific |Japan Jap Pacific | Japan Japa Pacific
Sea Ocean Sea Ocean | Sea Ocean

i lLld | y L LLLLA | Méééé{ 20Ik [Zﬁéféﬂ
S0 km 30 km 0018’ L ooisd!
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i T
-1 I -1 - |40 km
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7.2.3 The Central Honshu Region
Figures 7.6 and 7.7 respectively show the in-phase and quadrature model and
field site (Utada et al. 1986) induction arrows and the difference arrows at the
central Honshu region about 100 km north east of the Kii Peninsula for a period
range of 15 to 120 min, In the Utada et al. (1986) study, sea floor measurements
were included at seven off-shore sites. However, the sea floor results are not
included here, since the sea floor measurements are not simulated in the present
analogue model measurements. In Fig, 7.6, all the in-phase field site arrows for
the period range 15 ~-120 min point to the southeast, roughly normal to the general
trend of the Pacific Ocean coastline, with large amplitudes. The analogue model
and field site in-phase induction arrows show good agreement in direction, with
less than 10° difference for all but a few sites, indicating that the Pacific Ocean
has an important effect on the field measurements. However, the field site
amplitudes are generally larger than the model arrow amplitudes, supporting the
premise of a conductor at depth beneath the Pacific Ocean (which is not simulated
in the analogue model) that enhances the field induction arrows beyond that
expected due to the Pacific Ocean coast effect alone. It is interesting to note that
the field site induction arrows at stations further inland are generally smaller than
the model arrows. A similar situation was observed at the Kii Peninsula (I'igs.
7.2-7.5), which was interpreted as being due to the response of a conductor at
depth in the central island region competing with the response of a conductor
beneath the Pacific Ocean, stated otherwise, due to the effects of a depression in
the conductive substratum as shown in the numerical model of Fig. 7.2. Since the

field sites of Utada et al. (1986) are only about 100 km from the field sites of the
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Kiji Peninsula, it is reasonable to assume that the two anomalous conductive
structures at depth in the Kii Peninsula area extend northeast along the general
trend of the Japan island to the <entral Honshu region, Although most of the in-
phase field arrows at the field sites in the central island and near the Japan Sea,
are pointing towards the Pacific Ocean, indicating a predominating Pacific
Ocean coast effect over the Japan Islands (as shown by the model arrows), there
are significant discrepancies in direction and magnitude between the analogue
model arrows and field site arrows, particularly in the central island region. It
should be pointed out that these central island field sites are near Quaternary
Volcanics (Utada, et al,, 1986) and the discrepancies between the model and field
site arrows could be accounted for by high conductivity due to higher tempera-
tures.

For the quadrature components of the induction arrows, it is interesting to
note that except at a few sites, both model and field site arrows at 15 min all
point towards the Japan Sea rather than towards the Pacific Ocean., This is
expected, since the quadrature irduction arrows tend to point away from, rather
than towards, the major current concentrations at sufficiently short periods as has
been pointed out for 2D models by Agrawal and Dosso (1990). As the period
increases, it is seen that the model quadrature arrows rotate anti-clockwise from
pointing towards the Japan Sea tc pointing towards the Pacific Ocean. The field
site quadrature arrows in general show fairly good agreemeni with the model
arrows.

Also included in Figs, 7.6 and 7.7 are the in-phase and quadrature difference

arrows for periods of 15, 30, 60 and 120 min, In Fig.7.6 at a period of 15 min, it is
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seen that southward directed difference arrows near the Pacific coast support the
response of a model of an anomalous conductor beneath the Pacific Ocean, and
the northward directed difference arrows at inland sites support the response to
be excepted for an anomalous conductor beneath the central island region. For
longer periods, the difference arrows are fairly consistent with those at 15 min,
although with some discrepancies. The quadrature arrows in Fig. 7.7 generally are
small in comparison with the in-phase arrows in Fig. 7.6. With increasing period,
the quadrature difference arrows are enhanced in magnitude, and tend to point
towards the conductor at the central island region.

Figure 7.8 shows in-phase induction and difference arrows for additional 15
sites (Yukitake, 1984) in the same area of the central Japan as described in Figs.
7.6 and 7.7, The difference arrows at locations near the southerly Pacific Ocean
coast for the period ramge 15 - 120 min clearly support the interpretaticn of a
conductor beneath the Pacific Ocean coastal region. The inland difference
arrows, pointing in roughly the opposite direction, indicate the effect of an inland
conductive anomaly at depth. In general, results for the Yukitake (1984) sites in
Fig. 7.8 are consistent with those Utada et al. (1986) as shown in Figs. 7.6 and 7.7.

The 2D model proposed for the ceniral Honshu region is shown in Fig. 7.9.
Similar to the case for the Kii Peninsula, the 2D profile (the y'-direction as shown
in Fig.7.1) is roughly perpendicular to the geological trend of the region and forms
an angle of roughly -50° relative to the y-direction. In Fig. 7.9 the dots represent
these y'-components of the difference arrows for the field sites of Utada et
al.(1986), denoted as UT(86), the triangles represent those of Yukitake (1984),

denoted as YU(84), and the crosses represent those of Honkrua (1974), denoted as
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HO(74). It is seen that the numerical difference arrows (V4 - Vi) generally show
good agreement with the numerical induction arrows of model ¢ ( V) over the
entire range over the island, except near the the Pacific Ocean, and over tie
oceans for all four periods.

In compariug the field site difference arrows with the numerical difference
arrows, it is found that they are generally in good agreement, particularly for the
in-phase component. Taking the d.{ference arrow responses at 60 min as an exam-
ple, it is seen that these field difference arrows reach a positive maximum near
the Pacific Ocean coast and a negative maximum at approximately the middle of
the island, suggesting that the subducting conductor beneath the Japan Sea is
extending to the middle of island (about 150 km inland), while the anomalous con-
ductor bereath the Pacific Ocean is subducting a few tens of kilo.aeters inland.
For tl.e quadrature component, both the field and the numerical difference arrows
are very small, agreeing well with the model c results.

The y'-component of the difference arrows for the central Honshu region
behave quite similarly to those for the I"ii Peninsula except that the: central Hon-
shu induction arrows have smaller magnitudes. This could indicate a smaller sepa-
ration distance between the two conductors at the central Honshu region, com-
pared with that at the Kii Peninsula, resulting in greater mutual coupling between
the two conductors, and thus resulting in reduced vertical magnetic fields. In
order to account for the negative responses near the Japan Sea coast (about 50 km
from the coastline), an additional conductive anomaly (with conductivity of 0.5
Sm"l) at depth of 20 km as shown in Fig. 7.9 was included in the model. Reason-

able agreement between the numerical model V¢ and the field difference arrows is
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seen over the entire period range. It is noted that Quaternary Volcanics (Utada et
al., 1986) exist in this region. This fact, and the present results for the central
Honshu region, support the view thai the southern edge of the subducting conduc-
tor beneath the Japan Sea is coincident with the volcanic front in this region, and
suggests there exists a relationship between the volcanic activity and the conduc-
tive anomalies.

In summary, there are three significant features in the 2D conductivity model
of the central Honshu region. The first is the existence of a highly conductive
structure beneath the Pacific Ocean (at as shallow a depth as 30 km) that could be
caused by partial melting at the near surface of the asthenospere (Honkura,
1975). The second feature is the existence of an upwelling of the conductive
material beneath the Japan Sea, and extending somewhat inland Japan. The
observed heat flow is known to be high in the Japan Sea region, implying a high
temperature state, and possibly the existence of partial melting (Honkura, 1975).
The third feature is that the anomalous conductor at a depth of 20 km beneath the
westerly coast of Japan (Fig. 7.9), is coincident with the distribution of the Qua-

ternary Volcanics in the region.

7.3 Northern Honshu, Tsugaru strait, and Hokkaido Region

The northern Honshu of Japan is known as the region with a typical island arc
structure. A large amount of geophys: ' data, such as seismic wave velocity,
gravity, heat flow, seismicity and electrical resistivity (Yoshii, 1975), have been
accumulated for this region. The geological structure here is comparatively sim-

ple, showing almost a 2D character perpendicular to the direction of the island arc
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axis (the north-south direction) for much of the Northern Honshu region, except
near Tsugaru Strait, where the channelling effects of the strait (connecting the
Pacific Ocean and Japan Sea) is strong, particularly at short periods (see Chapter
4).

The resistivity structure of the region has been investigated by a number of
scientists, including Kato et al. (1971), Honkura (1974), Yukutake et al. (1983),
RGCRSJ (1983), and Ogawa et al. (1986). Kato et al. (1971) employed a 2D model
of an anomalous perfect conductor to explain the amplitude ratios of the vertical
to the horizontal component of magnetic field observed at 15 sites. In the 2D
maodel, the conductor was taken to be at a depth of 200 km beneath the east coast
(Japan Sea), raised to about 35 km west of the volcanic front, (about 80 km west
from the Pacific coast). Honkura (1974), employing a 2D model, concluded that
for the pericd range of 10 to 120 minutes, the effect of the ocean is predominant,
and thus the field measurements observed along the east-west profile in the north-
ern Honshu region could be explained by the ocean effect alone. However,
according to the more recent study of Ogawa et al. (1986), the field responses
observed in the region between the volcanic front and the Japan Sea coast are
difficult to explain in terms of the coast effect alone. Ogawa et al. (1986) pro-
posed a 2D conductivity model that included conductive layers (with conductivity
of 0.0ISm'l) situated beneath the Pacific Ocean and the Japan Sea at depths of 80
and 30 km respectively. In addition, a conductor (with conductivity 0.2 sm’l) at a
depth of 30 km in the lower crust extended from the Japan Sea to the volcanic

front.
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Figures 7.10 and 7.11 show the field site induction arrows (Vf) of Ogawa et
al. (1986), the analogue model induction arrows (Vy,) and the difference arrows
(Vg-Vy) over the northern Honshu region of Japan at 15 and 60 min for the in-
phase and quadrature induction arrows respectively. For the field sites near the
Pacific Ocean, the coast effect is clearly observed, with the in-phase field induc-
tion arrows behaving very similar to the analogue model arrows, pointing normal
to the coastline, however, with much enhanced magnitudes at both 15 and 60 min,
In the central part of the islaand, the in-phase field induction arrows at 15 min
period point northward to Tsugaru strait while the model arrows point eastward.
The d.fference between the r. tel and field site arrows becomes more pronounced
at the longer 60 min period. For much of the inland region, it is seen that the
field site arrows have much larger north components than the analogue model
arrows, indicating the effect of current concentration in the east-west direction
in the strait to the north. The Japan Sea coast effect is seen to be relatively
small for both field and model induction arrows, even near the Japan Sea coast.
This is expected since the Japan Sea is a back-arc sea with a bay shaped coastline,
thus resulting in reduced current density.

The quadrature arrows show quite a different behaviour from that of the in-
phase arrows, with magnitudes much smaller than the in-phase arrows. At the
short period of 15 min, it is seen that the field quadrature arrowr point westward,
to the Japan Sea, while the in-phase arrows here point eastward., This is consistent
with the observed behaviour of the quadrature arrows in central Japan. As the
period increases to 60 min, both the field and model quadrature arrows have rotat-
ed anti~clockwise about 60° to 80°, with the field quadrature arrows now pointing

westward and the model quadrature arrows pointing northwards.
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In examining the difference arrows in Figs. 7,10 and 7.11, it is seen that in-
phase arrows at 60 min point northwards and increase in magnitude further north
along the island arc axis, indicating the effect of current concentration in the
east-west direction in the northern strait region. If the ocean effect has been
removed from the field responses, the difference arrows should indicate the effect
of any additional conductivity structure, rather than the channelling effect of
Tsugaru strait. According to Nishida (1982), there exists a high heat flow region to
the north, thus the northward components of the difference arrows could be
attributed to the high conductivity structure beneath Tsugaru strait and the sur-
rounding ocean. For locations near both the Pacific Ocean and Japan Sea, the in-
phase difference arrows point perpendicular to the coastlines, indicating the
effect of the conductors, one beneath the Pacific Ocean and one beneath the
Japan Sea. Similar features are also indicated at 15 min, however the discrepan-
cies between the in-phase model and arrows are increasing with decreasing period,
since near-surface conductors may contribute the field responses at short periods.
The behaviour of the quadrature difference arrows is consistent with that of the
in-phase arrows. At 15 min, the quadrature arrows point southward, opposite
direction relative to the in-phase arrows, then rotate to point towards the conduc-
tor beneath the Japan Sea.

Figure 7.12 shows the in-phase components of the field site induction arrows
(Vs) of RGCRS (1983), the analogue model induction arrows (Vy,), and the differ-
ence arrows (Vi-Vy,) over the northern Honshu region of Japan at 30 and 60 min,
The behaviour of the field site arrows are fairly consistent with those of Ogawa et

al. (1986). It is seen that the east-west components of the difference arrows
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clearly indicate the effect of two parallel conductors, one beneath the Pacific
Ocean and the otl:er beneath the Japan Sea, while the significantly large N-S com-
ponents of the difference arrows indicate the effect of a conductor beneath Tsu-
garu strait. It is noted that although the coastlines and the baythmetrey of the
region would suggest a 2D model as being a good approximation, the difference
arrows indicate a 3D conductivity distribution, one that might include an anoma-
lous conductor at depth in Tsugaru strait region, in addition to the parallel con-
ductors beneath the coasts of the island. Previous studies (e.g. Ogawa et al,,
1986) neglected the northward components of the induction arrows, but the differ~
ence arrow results suggest that both the northward and eastward components
sh~uld be considered in any interpretation of the field measurements.

Figure 7.13 shows the model (V) and field (V§) induction arrows and the dif-
ference arrows (V§-Vyy,) in the northern Honshu, Tsuguaru strait and Hokkaido
regions for 60 min, The field site measurements include those of Tanaka (1972)
and Honkura (1974) at the northern Honshu region, those of Yamashita (1976) in
the vicinity of Tsguaru strait, and those of Nishida and Kuboki (1972) at Hokkaido.
One of the predominate features of the difference arrows is that the arrows in
the northern Honshu and Tsugaru strait region have significantly large north com-
ponents. In addition, the magnitudes of the difference arrows increase as the
strait is approached, reaching a maximum at the two sites north of Tsugaru strait,
then decrease further northward.

To explain the behaviour of the difference arrows in the northern Honshu
region, a 2D profile along the EW direction (denoted as the y"-direction as shown

in Fig. 7.1) is studied. The upper part of Fig. 7.14 shows the proposed 2D model of
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1 are situ-

the profile in which anomalous conductors with conductivity of 0.5Sm™
ated beneath the Pacific Ocean and the Japan Sea, similar to the model for the
Kii Peninsula (Fig. 7.2). The ocean depths are taken to be 2 and 4 km for the
Japan Sea and Pacific Ocean respectively, and the island width is about 220 km. It
is known. that in the northern Honshu region, terrestrial heat flow measurements
show that the heat flow value across the volcanic front is about 100% higher than
that at the Pacific Ocean, and 50% higher than that at the Japan Sea. The lower
part of Fig. 7.14 shows the numerical induction arrows (V¢), the numerical differ-
ence arrows (V;-V}), and the projected difference arrows (Vg-Vp,) along the
y"-direction for the periods of 15, 30, and 60 min, In Fig, 7.14 the dots represent
the difference arrows for the field sites of Ogawa et al. (1986), denoted as OG(86),
the triangles represent those of RGCRS (1983), denoted as RG(83), the crosses
represent those of Honkrua (1974), denoted as HO(74), and the plus signs represent

those of Tanaka (1972), denoted as TA(72).

1.4  Summary of the conductive substructure of Japan

Based on the vertical and horizontal magnetic field measurements, Rikitake
(1969) proposed a 3D conductivity model for the Japan islands, a model in which a
highly conductive substratum at 50 km depth subsides to a depth of 200 km
beneath an area extending from the northeast to the southwest along the Pacific
coast of Honshu, and rises to a depth of 50 km toward the Japan Sea. further, the
depression in the conductive substratum rises to depths shallower than 50 km
beneath the Tsguaru strait to the north, According to Uyeda and Rikitake (1970),

their model is consistent with enhanced heat flow and low seismic wave velocity
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at these coastal regions. The difference arrows, obtained by subtracting the ana-
logue model induction arrows from the field site induction arrows at the Kii Pen-
insula, the central Honshu region, and the northern Honshu region support the
model of two conuctive anomalies, one beneath the Pacific Ocean and the other
beneath the Japan Sea. These two conductors, together with the highly conduc-
tive substratum at 80 km depth, form a depression in the conductive substratum,
which agrees in principle with the Rikitake (1969) model.

Figures 7.15-7.18 provide general views of the difference arrow distribution
for 15, 30, 60 and 120 min respectively, The field measurements available for the
Japan islands include those of Ogawa et al. (1986), Utada et al. (1986), Yukitake
(1984), RGCRS (1983), Miyakoshi(1979), Yamashita (1976), Honkura(1974), Tanaka
(1972), Nishida and Kuboki (1972) and Sasai (1969). For the regions of the Kii Pen-
insula, the central Honshu and the northern Honshu, it is seen that the in-phase
difference arrows near the Pacific Ocean coast all tend to point toward the ocean
with the maximum responses right at the coastline, indicating that the anoma-
lous conductor beneath the Pacific Ocean is a large-scale tectonic structure which
may extend from the Kii Peninsula region all the way to the northern Honshu
region along the general trend of the Japan island arc. Further landward, the in-
phase difference arrows are reduced in magnitude and rotated in direction to
point towards the Japan Sea. The westward directed in-phase difference arrows
have maximum lengths in the central region of central Honshy, and at the Japan
Sea coastal region of the northern Honshu. This suggests that the anomalous con-
ductor beneath the Japan Sea extends about 150 km inland at the Central Japan

r«gion and a few tens of kilometers inland at the northern Honshu region. The sig-
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nificantly large north components of the in-phase difference arrows observed at
the northern Honshu region for all periods, could be explained by an E-W striking
conductive anomaly beneath Tsugaru strait to the north. The quadrature differ-
ence arraws, although much smaller in magnitude than the in-phase arrows, are
seen to be consistent with the behaviour of the in-phase components.

In summary, the magnetic field responses of the conductive anomalies in the
Japan Island region, as delineated by the difference arrows in Figs, 7.15-7.19,
suggest an arc-shaped conductive substructure in which the conductors, one
beneath the Pacific Ocean and one beneath the Japan Sea, roughly follow the gen-
eral trend of the island arc, and eventually are connected by an E-W striking con-
ductor beneath Tsugaru strait to the north. It is noted that such a substructure can
also be viewed as a depression in a conductive layer (conductivity 0.5 sm™1) over-
laying a conductive substratum (conductivity 0.01 Sm'l), which agrees in principle
with the Riktitake (1969) 3D model, and with the 2D profile of the substructure in

Central Japan (Fig. 7.2) proposed by Honkura {1974).

7.5  The Chapter Summary

Difference arrows were employed in an attempt to remove the ocean effect
from field site measurements avaiiable in the Kii Peninsula region, the central
Honshu region and the regions of northern Honshu, Fokkaido and Tsugaru strait.
Calculations for 2D numerical models for the Kii Peninsula region, the ceniral
Honshu region and northern Honshu region support the premise of two conductive
anomalies (with conductivity O.SSm'l), one heneath the Pacific Ocean and the

other beneath the Japau Sea at a depth of 30 km. Further, the difference arrows
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over the entire Japan region suggest that the two conductors roughly follow the
general trend of the island arc, and eventually may be connected by an E-W strik-

ing conductor beneath Tsugaru strait to the north,




Chapter VIII
SUMMARY AND CONCLUSIONS

The primary thrust of this thesis is the study of the coast effects in the conti-
nental Bohai Bay coastal region of China and the island coastal region of Japan.
These 3D laboratory analogue model measurements are used to remove these

coast effect responses from the observed field responses.

8.1  Analogue Model Results For The Bohai Bay Region

Electromagnetic induction in the continental Bohai Bay coastal region of Chi-
na is studied using a scaled laboratory analogue model. The model includes a sim-
ulation of the known ocean bathymetry of Bohai Bay, the Yellow and the East Chi~
na Seas, and the deeper Japan Sea. Major geographic features are the three
peninsulas (Sandong, Liaodong and Korea) and two straits ( the Bohai and the
Korea-Japan straits ).

Detailed measurements of the electric and magnetic field components for E-
and B-polarizations were carried out along 15 traverses over the Bohai Bay model
for simulated source periods of 3, 5, 10, 20, 60 min. The model results for
E-polarization of the source field indicate that a large amount of the current
induced in the deep ocean is channelled through the Korea-Japan strait. The cur-
rent deflected by the Korean, Shandong and Liadong peninsulas leads to large B,

responses, particularly at short periods. The anomalous fields observed at the
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Bohai Bay coast and the west coast of the Korean peninsula are generally small,
due to mirima! induction in the shallow Bohai Bay.

For B-polarization of the source field, the shapes of the coastlines provide a
much more abrupt obstacle to the induced current than was the case for
E-polarization. The responses at the eastern coast of Korea show the effects of
some current channelling through the Korea-Japan strait, but much less than is
observed for E-polarization. Current induced in the East China sea is in part fun-
nelled into the Yellow Sea and eventually into Bohai Bay where it diffuses into the
continent. The peninsulas (Korea, Shandong, and Liaodong) provide obstacles to
the current funnelling and lead to local c'rrent concentrations at the tips of the
peninsulas. The induction arrows for the Bohai Bay region show that the induction
in the shallow local Bohai bay is important primarily at short periods. Large
induction arrows occur at the tips of the Korean, Liadong and Sandong peninsulas

due to the cape effect.

8.2  Analogue Model Results Of The Japan Island Region

The laboratory analogue model fields of the Japan-Korea-China region are
studied in an attempt to delineate the coast effects for the complex Japan islands
region, Included in the model simulation are the Asian continent, the Japan Sea,
the Japan Islands, and the deep Pacific Ocean.

For E-polarization of the source field, induced current in the oceans flows
roughly parallel to the west and east coastlines of Japan. Off the east coast, cur~
rent is concentrated due to the cape effect, as it is deflected to flow around the

convex shaped coastline, while off the concave shaped west coastline, current
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density is reduced due to the bay effect. This current density distribution general-
ly leads to greater B, i:oast effects on the eastern than on the western coastal
regions of Japan. The greatly enhanced current concentrations resulting from
channelling through the straits leads to the large B, responses observed in the
Korea-Japan strait and Tsugaru and La Perouse straits. As the period increases,
the in-phase components over the Korea-Japan strait first increass, reach a maxi-
mum at roughly 60 min, then gradually fall off at longer periods. The quadrature
components, however, first decrease with increasing period, approach a minimum
at about 60 min, then following a reversal of sign, increase to a maximum at 180
min,

For B-polarization, The enhanced current concentration resulting from the
channelling effect in Tsugaru strait leads to the large negative B, responses
observed in the northern Honshu region over a range of periods. The responses
clearly indicate that Tsugaru strait, although shallow, plays an important role for
the fields over Homshu region of Japan. In general, the field responses for
B-polarization, are much smaller than those for E-polarization, however, the B,
responses in particular are more complex for B- than for E-polarization. For
E-polarization the character and the gradient of the B, responses change little
from traverse to traverse, while for B-polarization both change radically, includ-
ing sign changes in the field gradients from traverse to traverse.

The in-phase induction arrows in the coastal region have substantial lengths
and point seaward at the locations where the current concentrations, due to cur-~
rent deflection occur, for example at the tip of the Korean peninsula, the convex

shaped east coastline of Japan, and the Korea-Japan strait, In contrast, the quad-
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rature arrows at the short periods tend to point away from the deep ocean every-
where, and are of much smaller magnitude. As the period increases, the quadra-
ture arrows over the coastlines generally rotate to point seaward and roughly par-
allel to the direction of the in-phase arrows. The magnitudes of the in-phase
induction arrows along the ' ast coast of Japan are much larger than those along

the west coast of Japan for all periods.

8.3 Difference Arrows and Removal Of The Coast Effect

If the coast effect responses, as delineated by the laboratory analogue model
results for the continental Bohai Bay region and the Japan island region, can be
successfully removed by subtracting them from the field site responses, the
resulting responses (or the difference arrows) should be characteristic of any local
subsurface anomalous conductor not simulated in the analogue model. The level of
validity of such a subtraction will depend on the mutual inductive coupling
between the conductors (i.e. ocean, anomalous conductor and the underlying con-
ductive substratum). If the anomalous conductor-ocean separation were suffi-
ciently large so that mutual coupling were negligible, then the difference arrows
should yield the approximate response of the anomalous conductor alone, In the
present work, a measure of the required separation distance for negligible
coupling was taken to be the range for which the ocean coast effect |B;/Byy| at
the anomalous conductor location is reduced to a value of 0.2. This separation
distance is defined as the response range YR. Calculations for 2D numerical mod-
els of EM induction in continental and island coastal region for an anomalous con-

ductor in the form of an upwelling or a depression in the conductive substratum,
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show that if the ocean-conductor separation distance is at least as great as the
coast effect response range YR, then the coast effect can be removed by vector
subtraction to yield a response, approximately that of the anomalous conductor
alone. The coast effect response ranges, as empirical criteria for permitting sub-
traction of the coast effect from field measurements, are numerically studied for
both continental and island coastal sites,

For the ocean-continent 2D model with an infinite depth resistive host, the
response range for each ocean depth mocdel increases smoothly with increasing
period. However, for a more realistic geophysical model that includes a conduc-
tive substratum at finite depth, the response range decreases with increasing peri-
od. Thus, it is concluded that an underlying conductive substratum greatly reduces
the separation distance required for minimal electromagnetic coupling between an
ocean and an onshore anomalous conductor. The response range at all periods
decreases as the ocean depth decreases. Empirical curves are presented for the
continent-ocean mode: showing how the response range depends on ocean depth,
conductive substratum, and period.

The coast effect field response for the ocean- island model is found to
decrease more rapidly with distance than was observed for the ocean-continent
model, and the field response as a function of distance from the coast changes lit-
tle with period, quite different from thas observed for the ocean ~ continent mod-
el. It is found that the response range YR decreases rather uniformly with
decreasing island width for all ocean depths studied, and decreases with decreas-
ing ocean depth for the entire period range. For a deep ocean (d] = 2, 4 km) mod-

el, the response range depends only weakly on period, while for a shallow ocean
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(d1= .5, 1 km), YR decreases significantly with increasing period. The conductive
subs*ratum greatly reduces the response range as compared with the response
range in the absence of the conductive substratum. Generally YR decreases with
decreasing conductive substratum depth. Empirical curves are presented showing
how the response range depends on the ocean depth, the conductive substratum
depth, the island width and the period.

As "rules of thumb" for a typical conductive substratum depth d3 = 100 km,
the continental coast effect response range is roughly of the order of the substra-
tum depth d3 for the 1 km ocean depth case, and (3/2)d3 for the 4 km ocean depth
case, for all periods. The island coast effect response range is of the order of, or
smaller than, (1/4)d3 for the narrow island case (Y;=100 km), and of the order of
(3/4)d3 for wide island case (Y§ = 300 km). Further, YR is less than (1/4)Yj for all
island widths studied (Yj < 500 km). For a given depth ocean, the response range
for a narrow island is less than 1/4 the response range for a continent, and for a

wide island is less than 1/2 that for a continent.

8.4  Applications To Field Measurements in China And Japan

8.4.1 The Bohai Bay region

For the continental Bohai Bay coastal region, difference arrows (V¢ - Vi) are
obtained by subtracting model induction arrows from field site induction arrows
(Chen, 19'74; IGSSB, 1986 and Kao, 1990). It is noted that the difference arrows at
both short (5 min) and long (60 min) periods point inland (westward), suggesting a
conductive anomaly some distance inland. The fact that the difference arrows are
not strongly dependent on period, indicates that the anomalous conductor must be

at considerable depth.
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Two dimensional numerical calculations support the premise of a conductor, in

the form of an upwelling in the conductive substratum (with conductivity 0.5 Sm™1

at 80 km depth), situated at about 150 km from the Bohai Bay coastline to account
for the field site observations.

A comparison of the analogue model and field site MT results at two sites

west of Bohai Bay shows that the model apparent resistivities are about an order

of magnitude greater than the field site apparent resistivities. This result also

supports the premise of a conductive anomaly, in addition to the conductive subs-

tratum at 80 km depth.

8.4.2 The Kii Peninsula Region

For the Kii Peninsula region, the difference arrows (V§~Vyy,), obtained by sub-
tracting model induction arrows from the field site induction arrows (Sasai, 1969;
Miyakoshi, 1979; and Utada et a'., 1986) support a model of an anomalous 2D con-~
ductor beneath the Pacific Ocean coastal (or near off-shore) region and an ano-

malous 2D conductor at a depth of 30 km beneath the central region of the island.

8.4.3 The Central Honshu Region

The difference arrows, obtained by subtracting analogue model coastal regions
from field site responses (Honkura, 1974; Yukitake, 1984 and Utada et al. 1986)
for coastal sites in the central Honshu region Ocean coast for the period range 15
- 120 min, point towards the Pacific Ocean and thus clearly support the interpre-
tation of a conductor beneath the Pacific Ocean coastal region. The inland differ-
ence urrows, pointing inland in roughly the opposite direction, indicate the effect

of an inland conductive anomaly at depth. The 2D numerical calculations for the
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central Honshu region suggests that in addition to the two parallel anomalous con-
ductors, one beneath the Pacific Ocean and the other beneath Japan Sea at a
depth of 30 km, there is an anomalous conductor at a depth of 20 km beneath the
westerly coast of Japan, which is coincident with the distribution of the Quater-

nary Volcanics in the region.

8.4.4 Northern Honshu, Tsugaru strait, and Hokkaido Region

In this northerly region, the difference arrows (V¢ ~ Vi), obtained by subtract-
ing analogue model coast effect responses from field site responses (Tanaka, 1972;
RGCRSJ, 1983; Ogawa et al., 1986; and Nishida and Kuboki (1972), indicate the
effect of two parallel conductors, one beneath the Pacific Ocean and the other
beneath the Japan Sea, similar to the cases of the Kii Peninsula and the central
Honshu region, while the significantly large N-S components of the difference
arrows could be accounted for by an anomalous conductor beneath Tsugaru strait.
Although the coastlines and the baythmetrey of the region would suggest a 2D
miodel as being a good approximation, the difference arrows indicate a 3D conduc-
tivity distribution, one that might include an anomalous conductor at depth in Tsu-
garu strait region, in addition to the parallel conductors beneath the coasts of the
island.

In summary, the magnetic field responses of the conductive anomalies in the
Japan Island region, as supported by the difference arrow interpretation, suggest
arc-shaped substructures in which one conductor beneath the Pacific Ocean and
the other conductor beneath the Japan Sea, roughly follow the general trend of
the island arc, and eventually are connected by an E-W striking conductor beneath

Tsugaru strait to the north.
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Generally, the results for the continental coastal Bohai Bay region and the
island region of Japan treated in this work provide examples of what appear to be
successful removal of the ocean coast effects from field site measurements over
an anomalous conductor in the form of an upwelling or depression in the conduc-

tive substratum in the continental and island coastal regions.

8.5  Suggestions For Further Work

In the preseni work, it is seen that for the period range of 5 ~ 120 min, the
response range YR, generally increases with decreasing period. However, for
much shorter periods at which the ocean depth is more than a skin depth, the
response range YR should decrease with decreasing period, since the ocean can
then be treated as being infinitely deep. A maximum in the response range YR
thus is expected to appear at some period. This period at which a maximum in the
response range occurs should be related to the characteristic period (Agarwal and
Dosso, 1990), since the period (at which maximum YR occurs) and the character-
istic period both depend on the depths of the ocean and the conductive substra-
tum. A more detailed study of the response range for shorter periods (a few sec-
ond to 5 min) should be carried out to investigate this further.

The study of the removal of the coast effect in sea floor measurements would
also be an interesting topic in further work. For the case of an anomalous conduc-
tor (or conductive sediment) beneath the ocean floor, the mutual inductive
coupling between the ocean and the conductor will depend not only on the coast
effect response range, but also on the depth of the conductor. The behavior of the
response range for poinis on the sea floor, thus, is expected to be much more com-

plex than that for the continent and the island cases for land based measurements.
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It would also be of interest to study aspects of the coast effect in magretotel~
luric measurements in coastal regions. This could take the form of determining

the ranges at which the coast would have minimal effects for the E- and B~ polari-

zation cases.
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APPENDIX A
THREE-DIMENSIONAL VIEWS OF Bx AND Ey FOR
E-POLARIZATION
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Three-dimensional views of in-phase and quadrature By for the Bohai

Bay model for E-polarization at 3 min.
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Figure A.2: Three-dimensional views of in-phase and quadrature Ey for the Bohai
Bay model for E-polarization for 3 min.
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Three-dimensional views of in-phase and quadrature By for the
Japan model for E-polarization at 3 min.
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APPENDIX B
THREE-DIMENSIONAL VIEWS OF By AND Ex FOR
B-POLARIZATION
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Figure B.1: Three-dimensional views of in-phase and quadrature By for the Bohai

Bay model for B-polarization for 3 min.
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Bay model for B-polarization for 3 min.
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model for B-polarization ior 3 min.
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