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In this thesis, the behavior of geomagnetic fields in the Hainan Island region
of the Souti;China Sea was studied using a laboratory analogue model. In the

South China Sez model, the channel, island, and seamount electromagnetic

responses showed particularly interesting features. To examine these features.

more fully, idealized channel, island, and seamount models were constructed
and studied for a range of source periods and model parameters.

Hainan Strait, the narrowAchannel between the Leizhou Peninsula .and
Hainan Island, has an ideal direction .relative to the local continental China
coastline | io observe effects of current channel}ing. In the laboratory model,
induction arrows on Hainan Island ‘near the strait, very large~dt short periods,
point to the strait for periods up to 20 min for 'm-phéarrows and up to 100'
min for quadrature arrows, in response to current channelled and locally induced
'in this shallow channel.

The in-phase and quadrature H, arld"ﬂy island responses are of opposite sign
to. the channel responses. The quadrature responses are maximum at
appro}cimately 5 min while the in-phase responses attenuate uniformly with
increasing period. Induction .arrows," large at short periods, point to the
shallow local ocean in response to current deflection at the island coastlines.
Except for sites near the peninsula, the effects of the ocean should be of little

‘importance to field studies on Hainan Island for periods greater than 20 min.

-ii - .-
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Differing from the channel and island responses, the Seamount ;-esponses were
'found~to be significant over the entire period range studied (5-500 min). This is
due ‘to tht;_ combined et%acf of the seawat‘er overburden for short periods and the
surrounding deep ocean for long periods. The in-phase H, and Hy responses.
were__maximum at approximately 30 min, the same period at which the
quadrature response showed a tramsitiox_i f;om a channel-like re;sponse, at short
periods\t—o)an island-like response at long periods: The in-phase induction arrows
over the seamount, as for the island, point seaward for all periods, while the
quadrature arrows point inward to the seamount at short periods and rotate to
point seaward at long periods, in keeping with the channel-like response at short
periods and an island—likt;‘ response at long periods. Decreasing the depth to
the underlying model mantle has_the éffect of shifting the transition to longer
periods. This conducting mantle attenuates the seamount responses very little
due ‘to the screening effect of the surrounding deep ocean.

Méasurements for idealized channel, island and seamount models showed that
a quadrature reversal occurs at the period at which the in-phase i= maximum.
This feature could be a useful indicator of conductor thickness and geometry.
E‘lmpirical curves for 'idealized_ mc;dels were develoﬁed giving the maximum
possible response, and the optimum conductor depths (in skin depths] ~'.f;;r maxim‘um
possible response, as functions of model depth to width ratios. These curves can
be used to predict the ma'gnitude and period of the thaximum possible.response
for model Aof given depth and width, or conversely, measurements of the

maximum response can be inverted to obtain conductivity and depth of the

.-

anomalous structure, and thus have applications to geomagnetic induction studies.
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5 \ Chapter I
. INTRODUCTION

7

1.1  Electromagpetic Induction within the Earth

The study of electromagnetic induction within the earth has received
considerable attention, particularly in the last few decades since the problem
was first put forward-t;y Stewart (1861). It is now well unde::stood that the
fluctuations  of electromagnetic fields observed at the earth's surface are
associated with the electric currents induced in the conducting medium of the
earth by the external time-varying magnetic fields. The external inducing field is
generated by the ionospheric or mﬁgnetospheric current systems originating
frorﬁ the interactio-n of the solar wind with the earth's magnetosphere. The
magnetic field v’aria'tion.s due to these current systems contribute to the total
geomagnetic field variations with periods ranging from a fracti.on of a second to
several days. Eddy currents are induced in the conducting.medium of the earth
by this time-varying magnetic field, and i.n‘tum. the eddy currents generate
secondary electric and magnetic fields that éontribute to the total
geomagnetic fields ébserved at the earth’s surface.

The inte.nsity‘ of the induced electromagnetic field depends not only op the
nature of the inducing field but ‘also on the distribution of the electric

conductivity within the earth. The depth of penetration of the inducing field is a

function of the period of the field variations and the conductivity of the earth.




/\ : .
. —_— | 2
Thus the study of the electromagnetic inducrtion within the eartt; can yield useful
information on the conductivity distribution of the earth, wixich will lead to a
better understanding of the earth's interior structure.
Electromaguetic induction studies can be considered in two major groups
(Price, 1964): i) global studies, involving the properties of the earth as a whole

" and average induced current systems of world-wide extent; ii) local studies

which arise in the interpretation of anomalous features of wusually rapid

geomagnetic fluctuation in terms of local conductivity distribution.

1.1 Global Induction Studies

In global induction studies, the electric conducii,vity o is often treated as
some smooth function of the spherical polar coordinates (r, 8, ¢) of any point
within the earth. This function does not takeé account of the immediate local
variation of thé conductivity, but only of large scale variations of some suitablly
defined average or effective o, which determines the world-wide
characteristics of the induced current systems. To obtain information on
the conductivity ‘of the earth from the daily geomagnetic variations, the usual
procedure is to first express the variation fields in terms of spherical harmonics

and to determine the relationship between the parts of external and internal
origin for the various harmonics and time variatiocns. The results are then
compared with the calculated results for induction in various conductivity

models, and a model is sought which will be consistent with all the observed

results.

’

In the earliest studies on global induction problems, Lamb (1883) treated

the earth as a spherical uniform conductor. Schuster (1889) used Lamb's

-y
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solution to separate the field into parts of external and internal origin. Further
applications of Lamb's solution were made by Chapman (1919) and Chapman
and Whitehead (1922). Price (1930, 1931) extended Lamb's solution to include
aperiodic source- fields. A more general case, the conductivity of the sphere
as a function of its radius, was considered by Lahiri and Price (1939).
Through all these investigations ‘on the daily geomagnetic. variatio'ns. a
distribution in which the coﬁductivity of the earth rises steeply somewhere
between 400 km and 800 km from about 107° s/m to at least 1 s/m is
;uggested.

It is reasonable to treat the electric conductivity - of the earth as a function
_ of the radius r only when we are dealing »l-vith relatively long period variations.
For short period variations, howevér, the effect of the lateral contrast of the
conductivity within- the crust is so large that the c.onductivity of the earth must
be treated as both 8- and ¢-dependent. Price (1949) provided the basic
thcory of electromagnetic induction in non-uniform thin sheets and shells.
Analyses and applica:tions of Price's theory were. made by Ashour (1950) and
Rikitake (1960). Rikitake (1961} illustrated the mutual induction.between the
conducting shell and the conducting media in the upper mantle by studying the
" current induced in the ocean due to the daily.magnetic variations. Bullard
and Parker (1970) studied a particuiar model consisting of a conducting
mantle, a nonco:é't—xcti.ng crust-mantle layer, and a la);er of conducting
sediments of variable thickness. In a recent work Fainberg and Zinger (1981)
have treated the problem of global induction with a real near-surface conductivity

distribution.



“1.1.2 Local Induction Studies ST .
Local induction studies deal witix quite a limited region of the earth,
usually of the order of several hundred kilometers in depth and horizontal range.
~ On this scale the curvature of the earth can be Aneglected. For this approa’ch, the
earth is treated as a semi-infinite half-space with some variable distribution <;f
conductivity. The inducing fields for various types of transient geomagnetic
variations are, in most of the cases, of global dxmenswn and are then treated -
as umform over the region being studied.

Price (1950) studied the electromagnetic induction problem analytically
for a semi—infini’te I;x;ifbrqz conducting half-space and ‘an arbitrary inducing
source field. Uniformly layered earth models were considered by Tikhonov
(1950) and Lipskaya (1953)., Assuming a horizontally layered uniform earth in a
uniform source field, .Cagniard (1953) provided a definitive analysis for two-
layered and multi-layeréd earth models. His formulatign has since become
known as the magnet;tellurf‘f method. Wait (1954) shGwed that Cagniard's
results aré valid only - if the eiectromagnetic fields are uniform over a
horizontal di‘stance of at least one skin depth § (& = /Z/wuc) of the
conducting medium. Price {1962) refined Cagniard's results to include a
parameter defined by the dxmensxons of source field. However, more recently
Dmitriev and Berdxchevsky (1979) haVe shown that regardless of the source
frequency and dimension, the Cagma;rt;'s impedance relation is valid for a much
wider class of fields which are linear in horizontal variation. Weaver (1973) has

reviewed the principal features of electromagnetic induction for a multi-

layered earth for various source fields.
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Numerical methods have also been developed for local induction studies of

more complex structures. Jones ind Pascoe (1972), Lines and Jones (1973),
Brewitt-Taylor and Weaver {(1976) and Hermance (1982) employed the finite-
difference ;nethod to—calculate the elec:romagnetic fields for different
conductivity cbxifigurations. The finite:elemenf method, based on the principle
that electromagnetic fields behave in a way so as to minimize the energy of the
system, was described by Zienkiewicz (1971} and used by Coggon (1971) and
Reddy and Rankin (1973). Also, the method treating the thin conducting
layers of the earth as c.urrent sheets was considered for two- and three-
dimensional problems by Greer; and Weaver (1978), Weaver (1979), Dawson and
Weaver (1979).

Since the conductivity distribution of actual geophysical structures is
usually far more complex than the simplé two- or three-dimensional models that
can be solved by analytig or numerical methods, laboratory analogue
modelling can be very useful. The theory of electromagnetic scale modelling
has been fully treated by Sinclair (1948), Strangway (1966), Ward (1967}, and
Frischknecht {1971). Some of the model studies employed metal sheets in air
to simulate idealized ea:‘-th conductivity structure {e.g. Roden, 1964; Hermance,
1968; etc.). These models suffered from; tae problem of unrealistic infinite
conductivity contrasts in the model earth structure. Dqsso (1‘96:Heveroped a
laboratory modelling—£acility which employed graphite stfuc s embedded
in salt solution (NaCl) to simulate m’ore. reaistically ighly canductiqg
structure (e.g. cylinders, spheres, dykes, and oceans) in a poorly conducting

host earth. The graphite-brine conductivity contrast is of the correct order for a
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wide range of earth induction problems, inclﬁding the sea-land boundary
problems.  Dosso's léboratory analogue model facility "has been used for a
wide range of induction studiés, which include the study of various structures,
such as, vertical faults and dykes {Dosso, 1966b), an anisotropic conductor {Dosso,
1969), a sphere emb;dded in a conducting earth {(Ogunade et al., 1974; Ogunade
and Dosso, 1977}, a cond'ncting cylinder in a conducting earth (Ramaswamy
and Dosso, 1977); and a study of various inducing source fiélds, such as, a
uniform plane-wave field (Dosso, 196.63), the field of an oscillating line currer;t
{Dosso and Jacobs, 1968; Ramaswamy and Dosso, 1977), the field of overhead

vertical and horizontal magnetic dipoles (Dosso, 1969; Thomson et al., 197¢;

Ogunade et al., 1974}, and the field of buried vertical and horizontal dipoles

(Ramaswamy, 1973; Ramaswamy and Dosso, 1978).

The validity of the analogue model method has been examined in Dosso's
laboratory for a wide range of source fields by comparing calculated and

¢ .

measured model fields for a simple two layered conductor. -The model facility
has been used further by Dosso et al. {1974} to I‘study the coast -effect By
comﬁaring analogue model meésuren.)ents. with finite-difference numerical
calculations for induction in the ocean for an overhead uniform inducing field.
Ogunade et al. (1974) carried out a similar (;omparison fpr a buried conducting

sphere in the field of zbn overhead vertical magnetic dipole source. A

comparison of numerical, analogue model, and field station vertical magnetic

‘fields for the Vancouver Island region was carried out by Ramaswamy et -al.

{1980). All comparisons have shown good agreement.



1.2 Electromagnetic Induction in the Ocean

Electromagnetic induction in the ocean is eventually a‘ major part of global
induction. Since the conductivity of sea-water is in the neighborhood of 4 S/m
while that of continental strata is typically of the order of 10™* $/m, it follows
thgt the near surface inauced current density will be much greater in the
ocedan than in the land. Hence, if fqr a particular period of the variations,
the depth of the ocean is an appreciable fraction of the skin-depth, these induced

currents should have a noticable effect on the observed variations-

particularly near the sea-land interface. - . v B
-

1.2.1 Coast Effect .

The geomagnetic coast effect is characterized by an enhancement in
the vertical to horizontal magnetic field ratio as a coastal region is approached.
For long period variations this enhancement is observable for large distances
inland. Parkinson (1959), investigating the polarization of magnetic bay
disturbances in Australia, showed that the vertical to horizontal magnetic field
ratio increased as the coast was approached and concluded tha’t, a strong effect
on the observed magnetic fields was produced by the secondary field of induced
electric currents flowing in the surrounding deep oceans. Similar observations
were made by Rikitake (1959) in Japan, Schmucker (1964) along the California
coast, Lambert and Caner (1965) in western Canada, Evegett: and Hyndman
(1967) in sc;uth-wrestern Australia and Srivastava and White (1971) in eastern

- Canada.

Weaver (1963) developed a two-dimensional model with a plane boundary

consisting of two quarter-spaces of different finite conductivity and examined

A

A
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. the coast effect explicitly for the cases of both E- and H-polarization. Weaver

and Thomson (1972) subse?quently improved on Weaver's (1963) results by i.l.;si.ng
a perturbation method and boundary~condition improvement for E-polarization
case. Raval et al.. (1981) re—exam}ned the coast effect and obtajned an
analytic solution for a t;odel which consists of a uniformly conducting half-
space representing the solid earth overlain by a perfectly conducting half:
sheet representing the ocean.

Jones and Price (1971) studied three models of a sea-land interface (a
vertical contacf model, a sloping sea floor, and a shelf model) using a finite
difference method and found reasonable agreenie-nt with the analogue model
results of Dosso (1966c). Lines et al. (1973) numerically studied two-
dimensional ocean models with different mantle-crust interfaces to compare the
coast effect due to_the ocean alone and the coast effect due to the ocean and
mantle. Jones and Lokken "(1975) studied numerically a comple;: three-
dimensional model and found that the effect of smaller-scale coastal

features may be pronounced.

1.2.2 Island Effect

' The presence of an island will interrupt the flow of the induced currents
in the sea and thereby introduce edge effects at the ;:'oéstlines as ‘ ix;duéed
currents are deflected to either side of the island. Hence, the island effect is in
part characterized by local anomalous vertical magnetic fields of opposite sign at
the opposite coastlines oi’ the island.

This island effect has been observed on Christmas Island by Mason (1963),

‘Puerto Rico by Elvers et al. (1965), Japanese islands by Rikitake (1966) and
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Honkura (1972), Oahu Island by Klein (1972), Hawaii Island by Rikitake et al.
-

. (1969) and Vancouver Island by Nienaber et-al. (1979a). Three-dimensional

numerical calculations for various simplified island models near a coastline have

-been carried out by Lines and Jones (1973), Jones and Lokken (1975) and

Ramaswamy et al. (1975, 1980).

The analogue model method is perhaps the most potentially productive

means of studying complex local induction problems. Using an analogue model,

Roden (1964) showed that the coast effect was largely responsible for the

anomalous field of the Japanese islands. In a review paper of the coast effect, h

Dosso (1973) described analogue model techniques and provided results for some
complex models of the continent-ocean interface. He pointed out that a step
in the underlying highly conducting mantle structure can play an important role
in the observed coast effect.

Several scaled analogue models of coast-island regions have also been

studied by Dosso and his associates. These include the Vancouver Island region

. (Niepaber and Dosso, 1977; Nienaber et al:;, 1979b; Ramaswamy et al., 1980;

Chan et al., '1981c; and Nienaber ‘et al., 1982), the British I.s..les' (Dosso et al.,
1980a; Nienaber et al., 1981), the Queen Charlotte Islands (Chan et al., 1981a;
1;84), the east coast of North America (Dosso et al., 1980b), the Newfoundland
region (Hebert et al., 1983), the Assistance Bay regior; (Heard et al, 1983), the

Tasmania region (Dosso et al., 1985), and the Vancouver Island regidn with its

complex subducting Juan de Fuca Plate (Dosso and Nienaber, 1986).

-*
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"ocean flowing through the constricting channel. The latter is kngwn ,as the

10

1.2.3 Channel‘Effect
The observed anomalous field on either side of an oucean channel between
an island and a continent (e.g. the Vancouver Island région, the Queen

Charlotte Islands region, and the, Newfoundland region) can be attributed not

only to the induction in the local conducting ocean channel but also to the

current concentration due to currents induced in the more distant pasts of the
channel effect. Several locations where the channel effect is likely: have been
investigated, for example, the Strait of Georgia in Vancouver Island region
(Nienaber et al.,, 1973) and the Strait of Belle Isle and Cabot Strait in
Newfoundland region ( Cochrane and Hyndman, 1974; Hebert et al., 1983). It
seems that the induc.ed _currents al;e, in fact, channelled for some ocean
channel configurations and source field polarizations. The problem remains as to
how signi'ficant this channelling effect will be fo:; different geographical cases.
The importance of channelled currents was first pointed out by Price (1964} and
has recently been discussed by many authors (e.g. Babour and Masnier, 1980;
Dosso et al., 1980a; Hebert et al., i983; Nienaber et al., 1979a; and Summers
1981), and rePewed by Jones (1983), and Parkkmon and .Jones (1979). A certain
lack of frequency dependence of thg magnitude or direction of the induction

-

arrow is ofteri taken to be the evidence of current channelling.

«
.

-~
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13  Summary of the Work Covered in This Thesis

In the present work the Hainan Island region of the South China Séa is

studied with the aid of a laborato;-y electromagnetic analogue model. This
region, of much interest to geophysical exp}orati?n. includes a narrow ocean
channel, an island in a large shallow ocean bay, and a flat to‘p(ped seamount in a
deep ocean. These features, in close proximity to each other, readily permit

examination of the comparative electromagnetic responses of a channel, an

island, and a seamount.

The behavior of induced electric and magnetic fields over this z'-eg.ion is
studied for geomagnetic variations with simulated periods ranging from 5 min
to 500 min for two polérization& of a fairly uni‘form horizontal inducing source
field. The electric field -of the induc-ing source roughly parallel to ~thie
bathymetric contours of the continental margin is taken as the E-polarization
case, and the electric field of source roughly perpendicular to the bathymetric
contours as the H-polarization case. |

This analogue model study includes the examination of the
electromagnetic response of the continental coastline, the peninsula {Leizhou
Peninsula), a narrow shallow channel (Hainan Strait), an island (Hainan Island)} in
a shallow coastal sea, and a seamount {Zhongsha Islands) in a deep ocean. The
seamount is a case that has not previously been modelled or studied in any
detail.

To illustrate the behavior of electromagnetic induction in the Hainan Island
region for E- and Honlarization of the source field, contour diagrams and

three-dimensional views of the in-phase and quadrature model field components,
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as well as the single station induction arrow displays, are shown for a range of
source field periods. To examine the electromagnetic responses of the channel,
the island, and the seamount, .seiected sections of traverses over these structures
for a wide range of simulated periods are presented.

A set of idealized models was cdnstructéd and used to examine the
respanses of a channe], an island and a seamount in detail as a function of period,
the depth to the cor;ducting mantle, the channel depth, the ocean depth for
the island, aqd the seawater overburden for the seamount. Empirical curves
were developed that may be used to predict the maximum field responses, and
the optimum model conductor deptilé for maximum responses, as functions

of the depth to width ratios of model structures.
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Chapter I

THE LABORATORY ANALOGUE MODEL

a——

2.1'  Analogue Model Scaling Conditions !

The theory of electromagnetic analogue inodelling is well known'and thus
will be discussed only briefly here. In order to properly simulate a
geophysical problem in the laboratory, certain scaling conditions must be

satisfied. A brief outline showing how=the scaling conditions are determined is

4

given in what follows.
For linear isotropic media, the eieétrorﬁagnetic fields in the geophysical

system are described by Maxwell's equations (SI unit}) as

QHg A
VgxEg = - 5t—g ) (1)

3E; \
VgxHg = ug 0g Bg * ug £ A (2)

and in the model system as,

v

3Hp,
VpxEm=- — _ (3)
. - 9ty .
3Em
VYm*Hp = Um Om Em * Um €m 3’ (4)
m
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where the subscripts g and m are used to denote the - geophysical and model

parameters respectively, E md H are the electnc field and maguenc field and €

" and ¥ are the electric permittivity and magnetic permeability, and o, the
electric cos:ductivity. Although it is conventional to use B, we are here using the *

symbol H for the magnetic field.

:

Since the media are assumed to be linear and isotropic, the field variables
and parameters in the model and geophysical system may be related by simple

~N
linear transformations as

Eqm = Kgip (s}
Hp = KyHy } e
£m=K£cg ' - (7)
bm = Kyug | {8)
Om=Kgog , @
Lm=KLLy . L an
tm = Ky tg o \ (11)

where ‘Kg,' KH,. Kg, Ky Keo Kp and Ky are the _Scale coefficients for the
clectric  field, magnetic  field, coxﬂuctivity. magnetic permeability, —
electric permittivity, length -and tim:%cﬁv/ely. '

, In geop.hysi‘cal 'problerqs, the displai:emem currents in the earth are _

X . .
unimportant since we <<o, that is,

: ' .' . IEl . A ~
>> —_—
clE| €5 .
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Thus the displacement current term in Maxwell's equations can be ignored.
Furthermore, if only non—fermmaénetic media aré considered in both systems,
it is reasonable to choose ug = Uy, or Ky, = 1. Under these assumptions, it is
easy to show that the neces;sary and sufficient conditions for satisfying the

invariance of the Maxwell's equations under the linear transformations are

Om Ly 1

—_ == = =, (12)
cg Lg K

Lm fm o

e— — =K , (13
I"g fg . -

where { is the frequency of the time harmonic field, .and K = Kg / Ky is. the

ratio of model impedance to the geophysical impedance, cailed the impedance

scaling factor. . ’
In practice, the conductivity scale factor is dictated by the choice of the
model material and the length scale factor is restricted by the size of the

model. Scaling conditions (12} and (13} can be combined to yield

I fm (L‘m)z
—— o . =1 . (14)
°%g fg \lg

Fixing the conduétivity and length scaling for the geophysical problem to be
sitmulated by choosing the model material and . size, the frequency’ scaling can
then be determined by (14) and the impedance scaiing factor K can be found

from (12) or {13).
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2.2 The Laboratory Analogue Model Facility l

"The analogue model facilitf used in the present work is basically the

same as that described by Dosso (1966a, 1973) and will thus be described only
briefly. A sketch of the laboratory modelling facility is shown in Figure 2.1. It
includes’ a fibreglass lined plywood tank (2.44x1.68x0.76 m) filled with
concentrated salt solution to a height ?f 0.63 m. A five centimeter thick layer
of graphite lines the bottom of the tank to minimize the. effect of the concrete
floor of the laboratory. The walls of the tank perpendicular to the ihducing
elect:ic field of the source are lined with stainless steel plates. These two
plates are connected by heavy copper wire outside the tank to allow
électrical currents induced in the tank media (brine and modél material) to flow
parallel to the inducing electric field right to the edges of the tank and thus
reduce the edge effects due to the finite size of the tank.

The source signal, with desired wave-form and frequency',\ is generated by
a signal generator and amplified by a power amplifier. The power amplifiér
supplies current to a pair of parallel wires separated by a distance of 2.4 m and
syspended 1.2 m above the surface of salt solution. A fairly uniform horizontal
source field (Ramaswamy et al. 1975, Nienaber et al. 1976) is generated by these
parallel lines which have a horizontal sepa‘raéion equal to twice. the height. abdve

the surface of the model. A bank of variable capacitors, connected in parallel

with the power amplifier, is used to tune the double line circuit for resonance at

the source frequency. The source current is continually monitored by using a

CT-5 high current transformer and P6021 AC current probe to ensure a steady

"~ source field throughout the course of the measurements. The source current

P

was typically of the order of 0.1 ampere. o T



o

POWER
SOURCE

Figure 2.1: ~ Laboratory analogue model facility.

TANK CONTAINING SALT WATER
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The components of the electric field (Ey, Ey) and the magnetic field (Hy, Hy,
H,) are measured at the surface of salt solution by means of field‘detectors.
Since in s;cale modelling, typ:ical geophysical frequencies are nofmally
represented by model frequencies in the i(ilohertz range, the components of
magnetic flux density can be measured using induction coils and are refc;rred
to as Hy, Hy, and H; in this thesis. The two magnetic field detectors, for
measuring the horizontal and vertical field components, are similar in design.
Each detector consists of a 0.1 cm long coil c)f 250 turns of #42 wire, with
inside diameter 0.235 cm and outside diameter 0.635°- cm. The coil for the
horizontal fnagnetic field detector lS mqixqted in a lucite tube with the axis of
the coil in the horizont‘al -direction and its center 0.38 cm from the end. of the
tube, while the coil for the  vertical magnétic field-detector is mourllted in a
iucite tybe with the axis of the coil in the vertical direction and its center 0.1
cm from the end of the_tube. -jl'he horizontal electric field detector consists of
three equélly spaced ele.ctrodes in a straight line with the two outer electrodes
separated by 1.48 cm. The electrode pins protrude through the sealed end o'f the
- lucite tube to make contact‘ with the salt solution. This 3-pin detector
configuration permits measurement of the average electric field between the
two outer electrodes, and provides a suitable input to a differential amplifier
to remove unwanted noise sign.als common to both outer electrodes. Both the
electric apd magnetic detectoz:s are schematically illustrated in Figure 2.2.
To measure a particular field component, the .appropriate detector is

mounted rigidly in the probe carriage which is-driven by a variable-speed motor

along a vinyl track on the surface of a horizontal wooden beam over the tank.
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Figure 2.2: The detectors and récording equipment.
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The potential of a‘ wiper contact, which is fixed to the probe ‘carriage and slides
along a resistive nichrome wire embedded in the vinyl track, is used to define the
position of the detector. The signal from the detector ‘is amplified by
_ differential amplifiers and then transulaittied tc the analyzix_zgﬂ and recording
equipment shown in Figure 2.2. The in-phase and quadrature parts of the
amplified signals are reco.rded in analogue form using X-Y plotters, and in

digital form on floppy disks using an IMS 8000 microcomputer.

»

-

2.3 The Analogue Model of the Hainan Island Region

The simplified’ map of the Hainan Island region used for constructing the
laboratory model is shown in Figure 2.3. Hainan Island is situated on the
continental shelf in a large, shallow bay (Gulf of Tonkin) and separated from the

Leizhou Peninsula by a narrow, shzllow channel {(Hainan Strait). The

bathymetric contours show a deep ocean east of Hainan Island and a group of |

coral islands (Zhongsha Islands) in the deep ocean-on the edge of the South Chima-

Sea basin, )

The electromagnetic scaling relationships described in section 2.1 were used

to determine the model parameters. In this model study, graphite (o = 1.2x10°

S/m) was used to simulate the ocean (¢ = 3.6 S/m}) and sedin;ents, and
/

saturated salt solution (o = 21 S/m)} to simulate land (g = 6x10".' S/m}. These
conductivities lead to the conductivity scaling og/ O = 3x 1075, The sea-land
conductivity contrast is approximately 5.7x10°, Considering the area of interest
and the tank size available, the linear scaling was chosen as Lg/I.‘m =

. —

10°, Thus | mm in the model simulates 1 km in the geophysical scale. Th?se

<Y
.
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two factors determine the impedance scaling to be K = 30, and the frequency
scaling to be fg/fm = 3.3x 10’:’, so that a model frequency of 1 kHz simulates a
geomagnétic variation with a period of 500 min. The scaling conditions used in
this model work are summarized in Figure 2.4.

The shallow ocean surrounding Hainan Island was simulated in the analogue
model using a "Grafoil" sheet (laminated graphite foil available from Union
Carbide in sheets of 0.0éS4 cm and 0.0635 cm thicknesses) shaped according to
the island and continental coastlifles. Layers of Grafoil and graphite plate
of appropriately machined varying thickness were cémented together to pro{ride‘
t.he correct thickness to simulate the depth profile of the variable depth ocean.

On the basis of ocean sediment information given by Ludwig et al. (1979) and

Nino and Emery (1961), it was appropriate to add the equivalent of 0.15 km of . ,‘

sea water to account for the sediments in the coastal regionr eitgndir}g
roughly to the 1 km ocean depth contour. The Zhongsha Islands were modeligd as
a flat topped seamount 0.5 km below the surface of the ocean, and-the graphite
model ocean in this region was machined to follow the sharp g'radie\ﬁf .;)f the
‘ocean depth arouﬁd the seamount. This seamount model shéuid simulate the
actual Zhongsha Islands quite well since only a small ring-like coral reef projects
above the surface of the ocean. .

" The analogue model, supported on a fibreglass screen fixed on a wooden
frame, was suspended at the surface of the salt water in the tank. The increase
in conductivity with depth bénea‘th the oceanic lithosphere in this region was

simulated by a 1.5 cm thick graphite plate mounted 10 ¢m below the surface of

IS
the model ocean. This conducting plate, at a simulated depth of 100 km, is

»

3
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requir;ed so as to have the.same effect on the surface fields as the more
moderately increasing conductivity wi{h depth over a large depth range has in
the geophysical case. This method has béen used successfully in several previous
models ( e.g. Chan et al., 1981; Hebért et al., 1983} in Dosso's laboratory. To
examine the effect of the conducting plate, measurements were also cai-ried out
with the pla'te at a simulated depth of 500 km below the surface.

Model measurements of the in-phase and quadrature field components- of
Ex, Ey, Hy, Hy and Hy were carried out for two orthogonal polarizations of
the overhead uniform -source field, E- and H-polarization. Although the terms E-
a'nd. H-polarization are normally used for two-dimensional problems, in the present
three-dimensional problem, E-polarization'is used for the case of the electric field
of the source in the X-direction (Figure 2.3) and roughly parallel to the depth
contours, and H-polarizatién for the case of the electric field of the source in the
Y-direction and roughly perpendicular to the ocean depth contours of the
continental margin. F;)r "the model measurements for E—polari:;tion, the

model ocean edges perpendicular to the electric field of the source

were electrically connected to the stainless steel plates at the two walls of the

tank to minimize ‘' the ,effects due to the finite size of the model ocean.

Although it is actually magnetic flux density which is measured in the model,
v

in all the results presented, the magnetic components are labelled as H (with

units of flux density) in i;eepiflg with the work of other authors, pag_t'icula.rly

when presenting geomagnetic measurements (e.g. Caner et al,, 1969;.Hermance,‘

1973; Lilley, 1975; Schmucker, 1973; and Segawa et al., 1983}.

L4



v

Chapter Il 4

MODEL MAGNETIC FIELDS FOR E-POLARIZATION

Measurements of the electric and magnetic field }comporlxents for E-

polarization were carried out along 85 traverses parallel to the Y-axis over the

'Hainan Island model for simulated source periods of 5 min to 500 min. The in-

phase and quadrature field components at the surface of .the model were
recorded relative to a normalization field which is held constant in the course of
measurement. Since the electric field of the source for E-polarization is in

the X-direction and roughlv,( parallel to the ocean depth contours, the value of

the normalization field used for this polarization is in-phase Hy = 1 nT and

quadrature HY = 0 nT at an on-shore location at a simulated distance of 400 km
from the continental coastline. In all diagrams presenting the fields along

traverses, measurements over land are shown by dashed lines, over the ocean by

solid lines, and over the seaziount by dotted lines.

»

3.1  Field Components for Selected Traverses for E-Polarization

Six traverses (T1 - Tb in Fig.2.3) are selected to examine the responses of .the
continental coastline, the peninsula,’'the narrow channel, the island and the
seamount, For the E-polarization case, the induced currents in the model
ocean flow mainly in the X-direction and are deflected and channelled 4by

coastal contours. In the vicinity of the coastline, including the Gulf of Tonkin

-25 -
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and Hainan Strait, the shallow 0.25 km model ocean {(seawater and sediments) for
5 and 30 min periods has depths of approximately 0.056 and 0.028 respectively.
The atnpl-itudes of the analogue model magnetic field components for simulated
5 min and 30'min period variations along traverses Ti-Tb are shown in Figure 3.1.

The H, amplitudes for 5 min period show significant anomalies over the

continental coastlines for all traverses (T1-T6). The large bay shaped coastline

" responds in the way expected on the basis of the results of Chan et al. (1981b) in

studying the response of model bay coastlines, and the response also agrees with
the results of Dosso et al. (1980b) for the Gulf of St. Lawrence region of eastern
Canada. The response of the peninsula coastline for traverses T2, and T3

which just by-passes the tip of the peninsula, is large since it shows the
.

. combined effect of current concentration due to deflection by the cape-

coastline and that due to channelling in the narrow Hainam Strait. .Current.
induced in the ocean and deflected by a protruding cai;e (or peninsula) results
in current 'cbnc;mtration at the tip of the cape and deflection around the cape,
producing the expected associated magnetic field enhancement (Chan et al.
1981b, Dosso et al. 1980b, Honkura 1983). |

As well as current concentration due to the cape effect, there is a furthet
cu;'rent concentration due to the channel effect, the funnelling of induced
current into.a narrow channel. The response oé Hainan Strait observed for T2

and T3 agrees with the type of response observed by Hebert et al. {1983) for the

Strait of Belle Isle and Cabot Strait on the eastern coast of Canada. The large

'amplitﬁde of the H; anomaly over Hainan Strait (T2) indicates that, for this 5 min

period, enhanced currents are channelled through this narrow channel, flowing
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* in a dire¥on roughly 45° (see Hy) relative to-the X-direction of the electric
field of the inducing source. - ' '_ .
The H,, respoase for Hainan Island, typically in T4, shows coastal anomalies
aver each coastline, and a minimun; over the central region of the island. This
response is readily explained in terms of induced currents deflected to the east
2gd to the west around the island with the resulting increased current Aenlsity on
. ;ch side (Dosso et al. 1986, Nienaber et al. 1976, Ramaswamy et al. 1975).

The H, amplitqdc;' over the deep ocean are essentially zero as e‘xpected
for a simple tv.vo dimensional m'oaej. while quite large anomalies, some even larger
than those over the ¢ \stli.nes’. are observed over the entire continental ma.,rgin for
all‘si.x'.traverses. is indicates that the current induced in the deep ocean is
'Ex’ai.nly deflected by the bathymetric contours at the continental shelf and siope.

The response of the Zhongsha Islands, or in the model a . flat-topped
seamount approximately 6.5 km below the surface, is jshown by dotted lines in
traverses T4 and TS. The shapcs of the H, anomalies over the seamount are
very similar to thou/ior traverses over Hainan Island. Fer 5 min perxod\
variation, induced current in the neighboring deep ocean tends to be deflicted
around the seamount with perhaps some conc;‘entration of current dué -t'o

- channelling in the vertical di{gptit;n in the shallow ocean directly overhead.
These results can- be considered in terms of the response of a circular island
with lu"ge depth gradient in a deep ocean but with the difference of being overlain
by a thin conducﬂng layer of 0.5 km thick which corresponds to approximately 0._1

§ for 5 min. -
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For the longer period.of 30 min, the H, amplitude anomalies are much
reduced over the continental coastlines, the channel and the island since for this
period the shallow ocean in the Gulf- of Tonkin and surrounding Hainan Island
is only approximately 0.028. For this longer period the anomalies are produced |
mainl',; by the deép;r features such as the continental slope, deep ocean floor,
and seamount. Over the continental slope and deep ocean, the Hz.amplimde
anomaiies show large enhancements in response to the rapidly éhanging depth
profile. The important observation here is that while the island and channel
responses are greatly decreased with increasing p.eriod, the seamount
] rés;ionse is greatly increased, with the H, anomalies (T4 and TS)
approximatelyl a factor of 1.5 larger for 30 min than for 5 mm The
enhancement of the seamount resl;omse with increasing period c.ah in general  be
accounted for by the enhanced. current concentration, over and around the
seamount. The decreased channel, response for this period is expected since the
depth has-decreased from 0.055 at 5 min to 0.026 at 30 min. )

The Hy amplitudes for 5 min show significant anomalies over the channel,
the island and the seamount. Hy over the continent has a value of 1 nT, as
established by the normalization procedure, while over the deep ocean, Hy
is approximately 1.5 that of the nor;xaalization value. The increase in HY from 1
to 1.5 nT takes place abruptly ::r-er the conti'nental slope.

The Hy a;nplitudes for 30 min show almost no anomalies over é:e.
continental coastline, the channel and the island. The seamount Hy responses for

this 30 min period are, as observed for the H, component, again approximately a

factor of 1.5 larger than those for 5 min.
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The anomaly in the Hy component for E‘-polarization is basically an
indication of the three-’dimensional conductivity 'structure, and is observed only
where the strike of the structure is not parallel tdl the. direction of the électric
field of the source. For 5 mi.l; period variations, the Hy amplitudes show only
very small anomalies- over the continental coastlines except where the the
coastline strikes an angle of apﬁroximately 45° to traverse T6. The Hy channel
response for TZ is similar to the Hy channel response since the channel is
approximately 45° relative to the direction of the electric field of the imiucing
source. The island and seamount responses for T4, where the tangent of th_e‘.
island coastlines and seamount boundaries are almost parallel to the direction of
the electric field of source, show very small anomalies, while ‘for .TS, which just
bypasses the southern tip of the island and traverses t.he. southern tip of the
seamount, relatively large anomalies are observed.

For 30 min, the Hy anomalies over the cha-nneI and: the island show much
reduced responses compared with those for 5 min, but- a substantial anomaly for
T6 crossing the coastline. The seamount Hy response for T5 for 30 min is
slightly larger than that for 5 min. -

From the discussion above, it is noted that the electron-lagnetic response of
the channel, the island and the seamount are period dependent with the seamount
response being characteristicly di.f:ferent from the channel and the island
responses. In order to more fully delineate the dependence on period,' model
in-phase and- quadrature field components are Ifurther examined for the period

range 5 to 500 min, .
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Fig:ure 3.2 shows the in-phase H, channel, 1sland and seamount responses for
periods ranging from 5 to 500 min. Within this period range, the in-phase channel
and island responses decreé.se rapidly with increasing period, with negligible in-
phase responses for periods greater than 30 min. The shape of the in-phaSeHz
anomaly over the channel is similar to that expected over a single liné current.
For Hainan Island the induced currenf is partly deflected to the east and to‘the
west sides resulting in local current cqoncentrations near the east and west
coastlines. Thus the in-phase H, anomalies over the island are similar to 'those‘
that would be observed over a double line current.

The in-phase H, seamount re;ponées basically take the ‘form of the island
responses, but with very large amplitudes over the entire period range due to
the importance of the seamount overburden at shogt period; and the importance
of the deep surrounding ocean ato long periods. Defining tt;e change in H, over
the st.ructure as the anomalous response, the in-phase seamount responses first
increase and then decrease with increasing period, showing a maximum at a period
of appro:si'mately 30 min; | For this 30 min perjod, the (;.5 km overburden of
the ocean over the seaimount is approximaé{roj).mlé, the 2 km deep oceaan
landward a.pproximately'O.IS‘tS., and the 4 km deep ocean seaward approximately
0.38. This maximum resbonse occurring at the 30 min period may be though; to
be the cor21binaiion of the responses of the shallow ocean over the seamount and
the deep ocean surrounding the seamount. .

The quadrature H, anomalies channel, island, and seamount ‘responses are

~shown in Figure 3.3. The shapes of the quadrature responses over the channel

and the island are essentially the same as the corresponding in-phase
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responses. The quadrature responses over the channel and the island decrease
rapidly with increasing period, but have recognizable magnitudes up to 100 min

as compared to 30 min for the in-phase anomalies (Figure 3.2). Perhaps a

maximum quadrature channel response can be distinguished at a period between 5

and 8 min for which the 0.25 km depth channel (including sediments) is
approximately 0.058. No maximum is observed for the quadrature island response
within the period range studied. It is believed that a maximum qua(iraturé 1sland
response, if any, should be observed at a éeriod much shorter than 5 min, the
shortest period studied in present work.

Quadrature H, for the seamount shows a; channel-like response at short
periods and an island-like response at long periods, with a transition from a
qudrature channel-like to an island-like response in the neighi)orhobd of 30 min.
This behavior can be explained on the basis of current distortion by the seamount,
sir;ce at short periods, some of ‘the current induced in the surrounding oc.ean is
defle;ted vertically to flow over the seamount, producing a channel-like response,
while at long periods, r;mre of the current induced at depth is deflected
horizontally' around the seamount leading to an i;land-likel response. Thus the
period of transition should be related to the depths of both the overburden and the
surrounding ocean. It is notad that this .transition and the maximum in-phase
seamount response occur at the same period. The quadrature island-like response
shows e\n:yimum at approximately 100 min when the 2 km and 4 km
surrounding ocean depths {landward and’ seaward) are approximately 0.14
and 0.26 respectively, and the 0.5 km seamount overburden depth is
approximately 0.0258. .The channel-like seamount respc;nse shows no maximum

for the period range studied.

(
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The in-i)hase Hy chzinnel, ‘ island and seamount resp'ohsgs for periods ranging
from 5 to 500 min are shown in Figure }.4. For this component, the
enhanced field over the channel directly" indicgtes the co;xcentration og the
cﬁrrent, and the diminished field over the island and _gle seamount indicates the
dispersion of the current. The dependence on period for the HY channel, island

and seamount responses is- basically the same as for the corresponding H,

responses.

The Hy channel and island.response decreases rapidly with increasing period,
with negligible cesponse for periods greater than 30 min. The in-phase Hy
seamount responses are large over the entire period range, and show a maximum
at approximately 30 min. For this 30 :min period, the 0.5 km seamount
overburden is approximately 0.048, and the landwird and seawasd surrounding
deep ocean are approximatly 0.158 and 0.38 respectively.

Figure 3.5 shows the quadrature Hy channel, island and seamount responses
for periods ranging from 5 to 500 min. The quadrature Hy channel and island
rt;sponses are similar to the ix}—phase Hy -respénses, but have significant
amp-litudes up to 100 min as compared with 30 min for the in-phase responses.
The quadrature Hy ;gamount responses show channel-like responses for short

> periods and island-like responses for long periods. As was the case for the

quadrature H, response in Figure 3.3, the transition from a channel-like response

. td an island-like response takes place in the neighborhood of 30 min, the same

period for which the maximum in-phase Hy seamount response occurs.
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32  Contours of Field Components for E-Polarization -

,‘To provide :a‘ more detail view of the response of tl_le channel, the island, -
and the seﬁl;léunt, contours of th;a H, and HY field components for the:
enti;e model region are presented in Figures 3.6 to 3.9 for simulated 5 min and 30
min period. | In these figures, heavy lines are used to delineate the island and
co:ri'_}inental coastlines and dashed lines are lised to delineate the bathyp;etric
contours. To avoid confusion with the crov;de(i field contours, the coastlines and
the bathymetric contours are shown only in Figure 3.6.

For 5 min period, large gradients. in the H, - field for both the in-phase and
quacirziture parts reflect the coastal features and the shallow ocean, as well as
the seamount in the deep ocean. Along the bay coastline roughly parall;l to the
X-axis, the in-phase field contours form loops of negativ; values over the
coastlines since the ocean is to the right of the continental coastlines. _The
anomalous fields in the large shallow bay (Gulf of Tonkin) increase grad‘ually
from approximétely -0.3 nT at 'the cont_inéntal coastline to 0.2 nT at the west
coast of. Hainan Island. In-pha.se H, over Hainan Island decreases gradually to
approximately -0.4 nT at the east coast of the island and continental margin. The
model field contours over Hainan Island are quite similar to those for the Queen
Charlotte Island' model ‘(Chan et al,1981a). The lérgest concentration of field
contours (the largest field gradient), is observed at Hainan Strait, with a negative
peak at the tip of the peninsula and a positi;re peak at ;he island coastal region.
ﬁe contours of the anomalous H, field at the t.ip of pgnimpla, which form a
group of vortices, may be termed a peni‘nsula effect (Honkura 1983). qu to the

proximify of the channel and the island, the peninsula effect is mixed with the
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channel and lsland e‘ffeéts. The in-phase H; field inc/rease; gra.dt:ally to
approximately -.0.5 nT at roughly the 1 km bathymetr/ic contour, then shows
almost no change seaward for this period. though the ocean depth increases to
about 4 km. The only well shown anomalous feature occurs near the seamount in
the deep ocean. The field contours form two groups of loops with a positivé
peak to the:left, and a negative peak to the right of the seamount. These two

groups of contour loops, seen at both sides of each of the seamount and the

. 4 :
island, present an intuitive picture showing how the currents in the ocean are

deflected by the island and the seamount. ST T~

N
Se— -
Although the quadrature H, field contours shpu*hf@hange over the bay,

and slightly larger change at the continental ‘margin\ than the in-phase H, fields,
the general characteristics of the . in-phase H, and-quadrature H, fields are
basically the same for each of the continental céaastline, the channel, and the
island. There is, however, a significant difference | for the case of the
seamount. The quadrature field contours over the.‘ seamount e;.iso form a
series vortices, but with a negative peak to the left and a positive peak to the
right of the seamount, opposite to the behavior of the in-phase H, field contours
and consistent with the short period channel-like behavior of quadrat‘ure H,
seamount response discussed earlier.

The H; field contours for 30 min are shown in Figure 3.7. Compared with
the results for 5 min, the coastal, island, and channel in-phase anomalies are
greatly decreased while the seamount anomaly is‘enhanced as was seen in Figure
3.1. This is expected since ;he shallow ocean in the coastal region is

only approximately 0.028 for this 30 min period. The pattern of the quadrature
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seamount anomaly for this 30 min perio& seems quite different from that for 5
win, with a positive anomaly on each side and a island-like field anomaly directly .
over the seamount.

‘The m-phase and quadrature Hy field contours for 5 min are si.town in Figm:e
3.8. !n-pbase Hy over the continent has a value of roughly 1 nT, and quadrature
Hy &s approxxmately zero, as establ:sbed by the normalization procedure at a
point 400 ks inland. In-pbase Hy shows only small anomalies at tRe
coatinental coastal regions. The ring-like contours around Hainan Island "
ly delineate the coastlines of the island. The strong in-phase channel

is indicated by the dense ‘contours ‘over Hainan Strait. The field

contours show a sharp increase in Hy at the contmental margm, followed by a

. o

gradual increase seaward towards the deep ocean. The field contours
for the seamount are similar to those for Hainan Island, except there are two
sx‘nall lobes on either side of the seamount. Quadrature Hy has features similar
to those of in-phase Hy, but ”’hadrature Hy at the contmental margm decreases
ra;udly. from 0 nT to -0.2 aT, wtnle in-phase Hy “increases. Again, the
quadnt;xre seamount responsg is of opposite sign to the in-phase response.
F@e 3.9 shows the Hy contours for 30 min. As“was the case for the H, ‘
\lds shown in Fi.gure 3.7, jthe field anomalies in most regions are greatly
attenuated at thu longer 30 min period. The major exception is for the m-phase
seamount response which is, in fact, enhanced. It is noted that quadrature Hy
over tty; model ocean has a positive .value rather than the negative value

observed for 5 t?in. . . > .a
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33’ Three Dimensioual View of Field Compooents for E-Polarizatioa

- In order to provide yet another display of the responses of the channel, the
1sland, and the seamount, three.dimensional_ views of the field components
"'over the entire model are presented for 5 min 'and 30 min. Tﬁese thx;ee
dimensional views are particularly helpful in.showing in detail the spatial
variations of the fields over the model. F:igure 3.10 shows the three dimensional
v'iews: of in-phase and quadrature H, fo? 5 min for E-polarization. The in-phase
) I-iz fit;lds show trough-like anomalies over the continental coastline. Away from
the continental coastlines, in-phase H, first gradually in¢reases seaward, ang
then decreases as the continental slope is approached. Over  the continental
slopé, negative in-phase H, increases rapidly, attaining a value of
approximately 0 nT, which is expected fo;?n-phase H, over theé deep ocean.
The in-phase seamount and'island H, anomalies are quite similar in shape,
both‘showing a positive peak to the west and a negative peak to the east, but
the seamount anomalies are larger;

The quadrature H, fields also show trough-like anomalies over the
continental coastline, increasing seaward and then -de.creasing to approximately 0
nT at the continental slope. Note that the H, quadrature seamount and island
responses are of opposite sign.

The in-phase-H, in Figure 3.11 for 30 min shows almost zero response’ while
the quadrature H, shows small anomalies over the conmtinental coastlines, the
island and the channel. The quadrature seamount response is much smaller than

the in-phase seamount response, but is similar in shape.
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Three dimensional views of Hy for 5 min and 30 min are given in Figure

3.12 and 3.13-sespectively. At 5 min the channel, island, and seamount responses

are all readily observed, while at 30 min the in-phase seamount response is

significantly enhanced and the channel and island responses are much attenuated

as was also observed in the field coptours in Figures 3.8 and 3.9.

34

polarization.

i)

Summary of the Results in this Chapter

The work in this chapter shows several sig-nificant model results for E-

P

For the continental coastlines, the channel, and the island in the shallow

seazl

+ (a)

(b)

tt;e magnetic field responses were found to be significanf for short
periods and attenuated rapidly with increasing period;

channel and island quadrature responses each showed a maximum
at approximately 5 min when the. shallow ocean depth was

<

approximately 0.0436. | .

For the seamount in the deep ocean:

ia)

(b)

the in-phase H, and HY responses were large over a wide period
range, each showing a maximum at approximately 30 min when the’
overburden depth -was 0.046. and the surrounding ocean depth
0.155-0.36; ’

the quadrature H; and Hy sez;tmount responses each showed a

transition from a channel-like response at short periods to an island- '

like response at long periods, with the transition taking place at

RPN
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approximately 30 min, the same period for which maximum in;phase

response occurred;

{c) ‘the quailrature island-like response showed a maximum at

. approximately 100 min when the sea water overburden was

approximately 0.025 § and the surrounding'deep ocean 0.1&¢to0 0.28.
The thickness of the ‘seamount overburden and the depth of the
surrounding deep ocean are important factors in determining the

periods at which maximum in-phase responses occur, and the transition

from a channel-like to an island-like quadrature response takes place.

M



Chapter IV

MODEL MAGNETIC FIELDS FOR H-POLARIZATION

~

¥

The H-polarization of the source field is defined as the case of the electric’

fie_ld of the source m the Y-direction. 'I'Hé value of the normalization field

]
!

. used for the H-polarization case is in-pbase Hy = 1 nT and quadrature Hy = 0

‘nT at the same location as for the E-pblarization case.

4.1 Field Components for Selected Traverses for H-Polarization

Figure 4.1 shows the amplitudes of model magne_tic fields for‘si;nulated 5 min

—_

and 30 min period for H-polarization of the source field. For this polarization,

— . .
“'&nt} is induced in y-direction in the deep ocean, amd is deflected by the
T~~~ )

coastlines and diffuses into the continent.

_For a simple bay coastline, anomalies with considerable amplitude are
expécted for H-polarization (Chan at el. 1981b). For the present model, however,
the respopse of the bay coastline (T2-T5) is almost zero for 5 min partly due to
the effect of the nearby large island. The current incduced in the deep ocean is
partly diffuséd into the continental shelf and the island, and partly deflected by
the island and continental coastlines into the bay. The current induced in the bay
alone is expected to be small since the bay is very shallow, and the bay
coastline (T2-T5) is almost perpendicular to the source elet-:tric‘ field. Thus large

field enhancements should not be expected at the bay coastlines. The continental

-52 -



53

TeSmn  AMPLITUDE ~ . T=30min
-0.23 ’--_’,,' \}\Y;H-POL T ‘,/’\_//\_0.25-
Lo TTTTT TeeetT . ¢ J

-

1 I
Lo~ ]

~

Hy (nT)
{
J

L) K
| SR A L T T T T

~1 ------—"’—'—-.J«.‘_,!N——A&__‘_ —— _-_.I.z——-'""'"‘-—-ﬁ__;_. 3

—

- . . 4 4

s -l ___.__/\\ ,,-—-—73 —— -___I_B_—__,—"'..,,,____,.N_‘_‘ 1
x [ T4 - T 74 .

I

" . . 4 R
=L h/\\/—d\ﬂ___ L2 B
c Lo 7T —, e [« J
g
I>\ Lo ...__/—/1'.__-_,/\__,.‘[4_,-..-..\_ i D ,14__/'\_'_____/\__\’___““.__’ o
i ' 5 r T .15 7
-0 "ﬁ’—/\‘/\_/{f¥ i I R N o
Fo2s _ _____ . \/k T  Te_____. _/"’\_?'25
Ho . N A1 o - o
n S 4 . L 1 S 1 1 1 1 L
- o 4 8 2 0 4 8 t2

Y (102 km)

Figure 4.1: Amplitudes of magnetic field components for 5 and 30 min for
H-polarization. : _




RN |

54
coastline for each of Tl and T6 makes an angle of approximately 45° to the
direction of the electric field of t!;e source, therefor large H, coastal anomalies
;u'e expected

Hainan Strait, 'a narrow shallou; ocean channel traversed bg’r T2 and T3, shows
a very large response for H-polarization at 5 min. This ihfiica.tes local
current concentration due to current induced in the deep ocean channelléd through
the stréit. ‘

40ver Hainan Island, H, for 5 min is broadly enhanced (T4), and shows a
maximum at each island coastline .and a plateau over the island. Thg large

. \
anomaly near the southern tip of the island (T5 where it just by-pass the
southern tip) is due to _induced currents deflected by. the island coastiine and
chai;elled into the large shallow bay.

Significant ‘H, anomalies for 5 min are observed over the continental
shelf, extending to about the ‘1 Kkiu bathymetric contour. This can be seen
especially at the continent-al slope near the’ island coastline for TZ—.T4 and near
the continental coastline for Tl where current is deflected. Tra;rerse TS by-
passes the southern tip of the seamount and the-southerr; tip of the island, thus
thé seamount and island resi)onses are similar as expected due to cu?rent
deflecltion.

Compared with the anomalies for 5 min, the H, anomalies for 30'm'in ovex;
the channel, the island and fhe seamount are greatly attenuated. H, at the
T2-TS béy coastline$ shows little anomaly since the bay is very shallow
(0.028). At the continental coastline {T1 and Té) H; has significant anomalies due

to deflection of induced current. As well; current defle(étion at the sharp
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bathymetric gradient near the 1 km depth contour continues to be observed "(:I'Z .’
and T3) for 30 min.

. Over the deep ocean far from the land-sea interface, Hy has essentially the

-same amplitude as over land, as expected for a simple one-dimensional

structure for H-polarization: For 5 min, Hy shows no anomalies over the bz;y
coastlines (T2-T5), but shows signit:icant anomalies over the conti;ieiftal
coastlines (T1 and T6) ‘yyhere current deflection occurs. J'l'he chann,g?l,. island, and
seamount H, responses are significant only for 5 min.- . i

The Hy amplitudes for 5 min show no anomalies over the continental
coastlines, but show large. anomalies over. the channel and the island due to the
current concengtation as ‘a result of channélling and 'deflection. The seamount
Hy anomaly is small and approximately the same as the Hy anomaly. For 30 min,
the channel and éhe island Hy anomalies are es;entially zero.

Fig;xre 4.2 shows the i.n-i:hase H, anomalies over the channel, the island and-
the seamount for the period range 5 to 500 min for H-polarization. 'I'hé in-phase
channel and island responses have roughly the same magnit-udes for H-
polarization as was Athe, case for E-polarization. ,'The shapes .of the in-phasle
H.z channel responses are essentially the same as that for E-polai-ization, since
the induced current in the ocean is-channelled through the strait in.a similar
manner for both polarizations. The in-phase H, channel response decreases
rapidly with increasing period; ‘with negligible magnitude for periods greater than
30 min,

For H-pol;riz‘éxtion the induced current is deflected to t.he south and the north

of the -‘islanc‘i, thus the in-phase H, anomalous fields over the island (T4) are

-

~

[

r
.
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similar to those over a pair of line currents with opposite directions along the
east and west coasts. 'The broad anomalies over the east coast can in part be
attributed to the deflection of induced current at the continental  shelf.
The large enhancement at the west coast of the island is attributed to the
current in the deep ocean channelled through Hainan Strait.

The it_x-phase H, s'eamount, responses are much smaller for H-polarization (Fig
_ 4.2) than those. for E-polarization (Figure 3.2). Note that the seamount
responses in F-igure 4.2 have been expanded by a factor of four. For the period
range studied, the in-phase H, seamount response (T4) decreases rapidly with
increasing pe:riod, and does not ;how a maximum as observed for E—pol;arization.
It s};ould b/e noted thaf this is not the typical seamount response, since traverse .-
T4 (di}eﬂ{' over the céntral,regic;n of the seamoux;t) is parallel to the direction
of the electric field of the source, and i;iduced curre.nts are deflected equally to
the south and to the north around the seamount.

The quadrature H, channel; island and seampt;nt responses for H-
polarization are shown in Figure 4.3. The quédrature, H, channel ar'ld island
responses are similar in shape to the in-phase responses. As observed earlier for
E—polariiation, the quadrature H, channel response decreases with increasing
period, but-shows significant anomaly up to 100 min. .'I'he quadrature H,
anomaly at the east coast of the island decreases rapidly with. increasing
period, while at the west coast, the quadrature }% aromalies first increases
and then decreases with increasi'ng period. Thus a2 ~ wimum quadrature H,

' :
island response at the west coatg of Hainan Island is observed at approximately
17 min. The quadrature H, seamount responses are roughly a factor of 10 smaller

for H-polarization than for E-polarization (Figure 3.3).
L ’ . )
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The in-phase Hy channel, island, and seamount responses given in Figtne 4.4

are basically small, and decrease rapidly with increasing period.  The channel and
island responses are essentially zero for.periods greater than 20 min, while the Hy
seamount response is observable up to 100 min. 4

The quadrature Hy channel, island, and seamount response shown in Figure

4.5 are also véry small and decrease with increasing period. The quadrature

Hy seamount response is observable over a very wide period range, and shows a

channel-like response at short periods and island-like response at long periods,
A

with the tramf,ition/‘taking place at approximately 8 min.

Py
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4.2 ° Contours of Field Compoﬁents for H-Polarization

Figure 4.6 shows the H; contours for 5 min. As mentioned previously, the

currents induced in the deep ocean for H-polarization are deflected to the

so;th and north of the seamount and the island, thus the E, field contours form
group§ of loops to the south and north of the island and of the seamount. The in-
phase H, contour loops over the island and the séamount have a positive value
t;> the-south and a negatix;'e value to the north. The large gradient in H, over
tl;e channel indicates significant channelling of curreﬁt through the strait. The
field contours tend to reflect the topographical profile near the continental
shelf due to’ current deflection by the continental slope. The quadrature
field contours over the entire model show, in ge:leral, a behavior ;v.imilar to that
for the in-phase part, ._but with much smaller anomalies. The quadrature
seamount response shows contour loops with positive values to the north and
negative values to the south, which is opposite to that for the island and similar
to that for the channel.

Figure 4.7 shows, the in-phase and quadratur-e H, field contours for 30 min.
The anomalies over the channel, the island and the seamount have been greatly
attenuated with increasing period, much more than for the E-polarization case.
Furthermore, the in-phase H, responses have been attenuated much more than
the quadrature responses. This rapid attenuation with increasing period for the
island and coastal r!elgion‘ is in part explained by the fact that at longer periods
the bulk of the induced current flows at.depth in the deep ocean, and is. pz;rtly
diffusefi into the shelving sea floor as it approachs the shallow goastal ocean, thus

decreasing the induced current reaching the island and continental coastlines. The
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quadrature H, contours form two, groups of closed loops over each of the island
and the seamount. Compared with the’ results for 5 min, the quadrature H,
contours over the seamount reverse sign. for 30 min, \that is, show loops of
negative values to the north and of pesitive values to the s:uth. Thus the H,
contours over the seamount demonstrate a channel-like response at short periods
and an island-like response at long periods for H-polarization as well.

The Hy field contours -for 5 min are shown in Figure 4.8. Both ir-phase a‘md
qv.adfature contours over the island and ‘the seamount form closed loops which
roughly delineate the shape of island and seamount. Again, the highly
concentrated contours indicate current channelled through Hainan Strait as
well as current deflected into the gulf along the south iéland and bay coastlines.

‘ Figure 4.9 shows the in-phase and quadrature Hy field contours for 30 min.
As discussed for the H, component in Figure 4.7, the Hy channel, island, and
seamount responses are much smaller for 30 min than for 5 min. Quadrature Hy
anomalies are much larger than the in-phase anomalies for both the channel, the

A - o
island and the seamount. Thus both the H, and Hy, responses experience an

attenuation and a shift to the quadrature component with increasing period.
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4.3 Three Dimensional View of Field Components for H-Polarization

Figure 4.10 shows the three dimensional view of H, for 5 min. Both in-phase

’

- and quadrature coastline anomalies are large where. current 'is deflected by

coastlines not perpendicular to the electric field of inducing sour-ce. Ea'ch of
the island and seamount in-phase respon;se shows a positive peak to the south and
a negative peak to the north. ‘

A three dimensional view of Hy : for 5 min is shown in Figure 4.11. Very
small m-pha.se and quadrature anomalies are observed at the “‘continental
coastline. Both in-phase and quadrature Hy fields form basu{ like anomalies
over the island and seamount and show sharp anomalies directly over Hainan
Strait.

“Three dimensional views for H, and Hy for H-polarization are shown in
Figure 4.12 and 4.13 respectively. In general all anomalies are very- much
attenuated relative to those for 5 min (Figures 4.10 and 4.11), with the.

quadrature anomalies now somewhat larger than the in-phase anomalies.
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Figure 4.10: Three dimensional view of ‘H, for 5 min for H—polarizatio}
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" 44  Summary of the Results in this Chapter

The work in this chapter shows several significant results for H-polarization:
‘ i} For the case of a | shallow ocea.n,‘ the mignetic field responses for a
@ éontiner;tal coastline, an island, and an ocean channel are simila-r for E-
and H-polarization, and attenuated rapidly with increasing period.
i) For the case of a seamount in a deep ocean:

(a)  the in-phase and quadraturé responses are about ‘}' factor of 2
smaller for H-polarization than for+ E-polarization due to the effect
of the nearby continental slope and coastlines which inhibit the flow
of current induced in the deep ocean.

{b) the quadrature H, and H, seamount responses aré observable over a
wide period range due to the effect of the sea water overburden at
short periods a;&" the effect of .tk‘xe surrounding deep ocean at

.long periods.




Chapter V

MODEL MAGNETIC FIELD RATIOS AND INDUCTION A.RRPWS
. ) :

5.1 Magmetic Field Ratios for Channel, Island and Seamount
.T'he ratio of the vertical magnetic field to horizontal magnetic field
(Hz/Hy for E-polarization, and H,/Hy for H-polarization) is the dominant part of
the magnetic transfer function. To demonstrate the response for the two
polarizations, the ratios over the char'mel, the island and the seamount for the
period. rahgﬁ 5 to 500 min‘f.t;r both E— and H-polarizatién are shown in Figure 5.1.-
At a ‘given period, both in-phase and quadrature channel responses
in'crea_se' eastward - for' E—pclariza;ion and westward for Hpolarization.
Thus, while E-polar,ization indicates stx:ong eastward and westward induction
arrow cdmponents on eithex; side of the channel, H—’polaridation'indicates '

additional southward and northward components on either side gince the channel is

at 45° to the coordinate axes/ Over Hainan Island, both in-Bhase and quadrature

responses for E-polarization decrease eastward, and show sitive peak at

the west coast and a negative peak at the east coast. For H-polarization,

beyond approximateiy 60 min for in-phase and 100 min fh; quadrature for
: A ) ’ E
”

both polariiations. '

. N
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The in-pbase seamount responses fo; E-polarization are similar to “the in-
_phase island responses, but show significant responses for the whole period
range and a maximum response at app,roxiullately 30 min. As was earlier obsgrved
for the H, component-(}?igure 3.3), the seamount shows channel-like quadrature
responses at short periods and island-like quadrature responses for long periods
fox: E-polarization, with a transitibn ta.kmg place at approximately 30 mifx, the
period for which the maximum in-phase “seamount response occurs. The effect of °
the éeawzzt'ter overburden at short periods and the effect of the surrounding
deep ocean at long periods leads to the sustained response over such a large
period range. The in-phase responée decreases with increasing period, but the
quadrature response first increases with peri:)d then decreases, again showing a ~
response over a large period range due to the effect of the seawater overburden
and the surrounding deep .ocean. The in-phasé and quadrature seamount responses

for H-polarization (expanded by a factor of four) are obviously very small.

However, these small anomalies also decrease rapidly with increasing period.

5.2  Induction Arrows for Selected Traverses

Using the model measurements for E- and H—polaﬁzation, model induction
arrows, derived from sixigle station transfer functions, were determined‘f'or the .
period range studied in the present work. These transfer functions determina
the direction of the horizontal fimt correlates: beét‘ with the verfical

magneti_c fields. The sign of both t in-.pl{ase and quadrature transfer functions; .

as shown b)" the in-phase and drature induction arrows, were reversed _ixiil-;;'
R . . . ) " 3 . ) _‘ . .
ord'ex; to point.towards current cdi.centrations (Parkinson, 1959}, =~ A . B
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Figure 5.2 shows the sin|gle station induction arrows for 5 min for traverses

'i‘l, TZ, T4, TS and Té. These traverses are selected to examine the effects of
’ . N ——taay .
thé continental coastline, the bay, the narrow channel, the island, the deep

ocean, and.the seamount. On the continent, the in-phase arrows, pointing

seaward, increase in length as the coast is approached, then decrease in

rent channelled around the islahd and into

‘length seaward of the coastline. , Along the flanks of the bay, the in-phase
arrows are particularly large due to lu

the bay. "The very large \L\n/-}phase and quadrature arrows for points on the
peninsula indicate the unportance of current channelled through the narrow
\_ strait at 5 min. For points on the island, both in-phase and quadrature arrows
have substantial lengths and generally point seaward to the local ocean. For

points over the ocean, the arrows generally respond to ocean depth contours

Mdeflect and channel current. For points just off the seamaunt, the in-phase

-

arrows point seaward, whereas the quadrature arrows point inward ‘towards the

seamount. This behavior of the' quadrature arrows is consistent with the

) se;m_ount showing a channel-like response’ at short periods.

To demonstrate the change with increasing period, induction arrows for 30.

min are shown in Figure 5.3. The in-phase arrows over the continent and shallow

ocean are much attenuated, but enhanced over the seamount and the deep ocean.
All in-phase a;rowi; now'point (or tend to point more) towards the,. deep ocean.

L]

‘Gener‘ally the quadraturé arrows have been attenuated except for points south of

~

N the »island and the seamount (TS) The directions of the in-phase and quadrature
arrows Btlll mdxcate some current cha.nnellmg in* the strait, and current

deflectx_on at the contm_ental- and\ istand coastlines. ’ Perhaps the most

~ar
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interesting change, however,‘ is that at 30 min the quadrature arrows over the
seamount have reversed directions and are now pointing seaward, indicating a
transition to an island-like response has tal;en place with increasing period.

To further demonstrate the effect of .i'ncreasing period, Figure 5.4 shows the
induction arrows for 6Q min: Compared with those for 30 min, all arrows are
att’enuated slightly, except the in-phase arrows over the deep ocean are
somewhat enhanced. All in-phase arrows now point directly toward the deep
ocean, while the quadrature arrows continue to point towards the local ocean.
The quadrature arrows over tht; seamount have turned to point directly to the
surrounding deep ocean, consistent with the seamount showing an island-like
response at these longer periods. '

To examine the behavior of the induction arrows more fully as a function of
period -for points near the strait, on islaﬁd, and on the seamount, induction
arrows for locations A, B, C, D, E and F are presénted in Figure 5.5. At site A
on ‘e peninsula near Hainan Strait, both in-phase and quadrature arrows show
large magmtudes for short penods and point generally to the expected high
densxty cha.nnelled current in the strait, and retain roughly the same dxrectxon in
response to induced current in the deep ocean at longer periodls. At site B on
Hainan Island near Hainan Strait; the in—phasé and quadratux:e‘ar}ows at short

periods also point tow::l;gi the chanflelled current in the strait and continue(to do

so at periods longer (20-30 .min) than inight be expected-for locally induéed'

current’ alone. At much, longer periods the in-phase shortened arrows reverse

direction to pomt to the deep ocean. The quadrature arrow\rotate to point to

the hearby Guif of Tonkin for long periods. The in-phase and quadrature arrows

.
-
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at stta C a.nd D oo Haman Island generally point to the local shallow ocean at
short penods and rotate to point toward the deeper ocean at Ionger periods.
The arrows at site C for short perxods have large magnitudes mdlcatmg large
local current concentration due to current channelled mto\the Guif of Tonkin.
The significant difference in directions of the inddttion arrows for short periods
indicat‘e the seneitive response to- loc¢al ‘coastline- and ocean structures.

At sites‘E and F on the seamount, the in-phase arrows generally \soint
seaward to the dearby ocean, with only gradual change in dxrectxon with period
at the shorter perwds but generally point towards the deepest ecean at the
longest period. This belavior generally is expected since the surrounding ocean is
_deep every\;rhere. elthohgh the complex depth profi-le" of the deep ocean does
modify the general trends of arrow lengths and directions. Generally, the in-
phase arrows for the seamount sites behave as expected for island sites, indicating
" that for the present period range, the in-phase response is essentially that of an
island-like response. . | /

'I'i'\e behavior,ot: the quadrature __a{rows for the seamount sites E and F is
particularly interesting in that, for the very short periods the arrows point
generally inward to the seamount as would be expected for an ocean channel, -
and for long periods.point seaward as ;rou;d be-e;.pected for anisland. Thus, in ~
.agreement with the observations for the quadrature ‘field components, ' the
quadrature arrows over the seamount also iddicate a tran§ition from a° channel-
like ‘response to a island-like response _witﬂ increasing period: ¢

Ay
~
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5.3 Summryoftheletsinthi;Chapter

-~

In comparing the field responses (H,/H,) for E- and ‘H-polarization’ it was
shown that the channel and island responses\_ltave similar magnitudes and
behavior for the two ‘polarizations. The quadrature sea.mount response for both
pelarizations persist over a very wide period range due to[thg effect of the
seawater overburden at short periods and the effect of the surrounding deep
oce;n at long periods.

The induction arrows show significant current channelling around the
island and thréugh the narrow strait at short periods. At long pexjods all inland,
coastal, and island induction arrows point to the deep ocean. The seamount
quadrature induction arrows point inward to the seamount at short periods
ihdicating a' channel-like response, and- at long periods are reversed to point

seaward to the surrounding ocean indicating an island-like response.



Chapter V1

THE EFFECT OF THE MODEL CONDUCTING MANTLE

All model results discussed up to this point were for the case of a
simulated highly conductive upper mantle at a depth of 100 km. To examine the
effect of the conducting mantle, model measureme‘nts were also carried out for
the’ co;lductive mantle at a simulated depth of 500 km. In the following
discussion, A and B are the cases c_nf the conducting mantle at depths of 100 km
and 500 km respectively. Bas-?cally,- the field ‘curves for cases A and B are
similar in shape but _tﬁg_fa_\mplitud-es of the anocmalies and the éffects of changing
period are quite different.

-~
-~

6.1  Effects of Mantle Depth on Magnetic Field Ratios

Figure 6.1 compares |A(H2/Hy) |\for‘ the two mantle depths for each of the
channel, the island and the seamount as a function of period for E-polarization.
Here the response " is presented in the form of the absolute value of the change

of the ratio (| A(H/Hy)| for E-polarization, and |&(H,/Hy)| for H-plariza '

L .

in crossing the channel, the island and the seamount.

For the conducting mantie at 100 km depth {(curve A), each of the in-phase
channel and island responses decrease rapidly with increasing period; and
show negligible responses for periods greater than 50 min for the channel and

100 min for the island. The quadrature channel response shows a maximum at

-85 -
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approximately 7 min and qﬁadr.ature island responses at approximately 5 n:nin when
the depth of the shallow ocean is approximately 0.048. The in-phase seamount
' response Ifor case A shows a maximum and the quadrature response shows' a
minimum at approximately. 30 min. This 30 min period for thch the maximum
occurs, is the pe‘nod at which the quadrature seamount response undergoes a
transition from a channel-like response to an island-like response. At this‘
period the seamount everburden is approximately 0.046 and the surrounding

deep ocean is 0.155 to 0.38. The quadrature island-like seamount response also

*

shows a maximum at approximately 100 min when the 0.5 km ov_erbu%en of

the seamount is approximately 0.0256 and the surrounding deep ocean is 0.15 to

0.26.

For case B, each of the in-phase channel and island responses also decreases
rapidly with increasing period, and has magnitudes generally more than;‘fﬂactor of
two larger than that for case A. The in-phase channel and- island responses do not
show maxima explicitly for the period range studi:ad, but it can be seen th.at the
magnitude of the anomalous field rapidly decreauses with increasing period. On
the basis of numerical calculations and model measurements for the Strait of
Belle Isle, Hebert (1983) and Hebert et al. (1983) concluded that a maximum in
the magnitude of the anomalous field for a <.:c.mductive channel should occur when
the channel depth is approximately 0.128. It could be noted here that there is a
dimension difference, that is, the depth to width ratio is approximately 0.008
for Hainan Strait and approximately 0.01 for the Strait of Eelle Isle. At the

shortest period (5 min) studied in the present work, the 0.25 km depth

channel is only 0.058, considerably less than 0.12§, thus a maximum should not
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be observed for-\the present period range. Each of the quadrature channel and
island responses for case Bshow a maximuml at approxi_nftely 20 min whenhthe
depth of the shallow ocean is approximately 0.0255. The in-phase seamount
response shows a maximum at approximately 20 min, and the quadratur; response
shows a minimum at this same period, the pelriod at which the transition from a
chamél—like response to an island-like response occurs. At this period the
seamount overburden is approximately 0.058 and the sixrrounding‘ deep ocean is
0.26 to 0.48. However, the magnitudes of the in—phas;a and quadrature
seamount responses have increased only slightly with increasing the mantle depth
to 500 km. Further, increasing the mantle depth from 100 km to 500 km shifts
the ma:;imum in the seamount in-phase response from 30 min to 20 min, and the

transition from a channel-like to an island -like response to shorter periods, that

is, for case A the transition occurs at approximately 30 min while for case B at

’

approximately 20 min. >
. By comparing t@s of cases A and B, it can be concluded that

increasing the depth to the.conducting mantle results in the shifting of the
;raaxima in the channel and island. quadrature responses to longer periods and
increisigg the magnitude of the anomalous fields at the surface.

The attenuation due to the near surface conducting mantle is much less for
the seamount than for the channel or island. Since this attenuation is a result of
the partial cancellation of the anomalous field t;y the fields of the~eddy currents
induced in the mantle, the observed difference in attenuation for the case of

the seamount as compared with that of the channel and island may provide

information on the relative strengths of those induced eddy currents in the

-

~
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‘conducting mantle due to the primary external source field, and those due to"the
secondary fields of the induced coastal anomalous currents. If the mantle eddy
-currents are primarily due to the secondary fields of the coastal anomalous
currents, the anomalous field cancellation should be the same for each of the
three structures since the depth to the mantle and the host medium is the same
for each structure. If the mantle eddy currents are primarily due to induction by
the primary source field, the large poorly conductive land masses ‘in the
neighborhood of the channel and the island readily permit penetration of the
primary source field and hence the induction of substantial mantle eddy current.
The secondary fields of these would, by inducing current in the ocean above, lead
t.o considerable cancellation of fields at the surface of the ocean. For the case
of the seamount, however, the deep ocean surrounding the seamount strongly
shields the conducting substratum from 'the primary source fields, reducing
the mantle edd} currents and the cancelling effects on the fields at the
surface. This result clearly sypports the'view that it is primarily the external
source field induced eddy currents in the conducting substratum that are
responsible for reducing the field anomalies at the surface. This may be aﬁ
important result in aiding the é}é;nrts tc; sepa;ate the anomalous fields of near
surface conduc jvity structure from those of conductive structure at depth, and to
determine the inductive coupling between conductive structure at the surface and’
at depth.

Figure 6.2 gives |A(H,/Hy)| over the channel, the island and the seamount

as a function of period for the case of H-polarization. Again, curve A gives the

results for the conducting mantle at 100 km and curve B for the conducting
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mantle at 500 km. Both in-phase and quadrature- channel responées st.xow a
similar dependence on period- for H-polarization as for E-polarization (Figure -
6.1}, since Hainan Strait makes an a;zgle of approximately 45° to either the X-
or Y-axis. The effect of changing the mantle depth for the channel respopse is
essentially the same as for E-polarization. Although the anomalous fields over
the island are large, |A(H,/H,)| is small since the anomalous fields at both sides
of the island have the san;;e sign. As was the case for E-polarization (Figure 6.1),
decreasing the conducting substructure .depth from 500 km to 100 km
significantly attenuates the anomalies and shifts the maximum in each of the
channel and island responses to longer periods. The anomaly over the seamount
along T4; is negligible for both A and B since currents induced in the ocean

are deflected equally to either side of the seamount.

6.2  Effects of Mantle Depth on Apparent Registivities

The parameters of electrical resistivity simulated in the model are 1.7x10"
-9-M for land and 0.3 2-M for the ocean. From the model electromagnetic
measurements, the apparent resistivity p,, defined by Cagniard (Cagniard 1953},
was calculated for several traverses over the model. Figure 6.3 shc;ws the
apparent resistivities, p,, calculated from E-polarization measureménts'and Pay
calculated from H-pola;'iza’tion measurements’ alox;g traverses T2 and T4 for
cases A and B for 30 min. For Pax the electric field E, and the magneti;:
field Hy are perpendicular and parallel to the traverse respectively, while

for pay the electric field Ey and the magnetic field Hy are parallel and

perpendicular to the traverses respectively. Thus pax and Pay
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provide ‘the apparent resistivities roughly parallel and perpendiculé.r,
respectively, to the depth contours and coastlines for T2 and T4 (refer to
Figure 2.3). _—

The apparent resistivity p,x at 30 min over the continent far from the
coastline, say at Y=0 for both T2 and T4, has values of 10? Q-M for case A and
10° 9-M for case B, while over the deep ocean, Pax is essentially the same
for case A and B, and has the value of approximately 1 R-M. The differences in
pax for cases A and B decrease gradually along the traverse, from the island to
the deep ocean.

The characteristics of the Pay curve and the effect of the mantle depth are
basically the same as for p,x except that over the Gulf of Tonkin Pay is smaller

and over Hainan Island larger than pax

Figure 6.4 shows p,x and the phase ¢, for selected locations over the

‘channel, the island and the seamount as a function of period. For case A, p,x

over the channel increases from approximately 50 @-M at 5 min to a.
maximum of approximately 100 2-M at 10 min, then decrea‘sé; gradualiy with
increasing period due to the conducting substructure. For case B, p,, over the
channel shows a behavior similar to that for case A, but has a maximum of-400 ﬁ~
M at approxim.ately 25 min. This increase in Pax» and the shifting of the
maximum to longer periods are due to t'he increased depth of the conducting
substructure. Over ‘the channel for case ‘A, the phase (or the phase difference ;
between E, and Hy) increases gradually from approximately 45° to 75°
with increasing period. For case B, the phase is approximately .10° at 5 min
and increases rapidly with increasing period, at.taining approximately 85° at 100

min.
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Q‘ler‘ the island p,x varies with period-. in a 'way very similar to that over
the channel At 5 min, however, Dax ovex; the‘island has valgec' /<')f 100 and 300
Q-M for cases A and B respectively, considerably larger than the valies over
the channel. This indicates that the channel, even thouéh only 0.25 km deep;
affects the apparent resistivity significantly for this 5 min period. For long
periods, the apparent resi:;tivit? over the island is almost the same as that over
the channel. Increasing the mantle depth from 100 km to 500 km  shifts the
maximum in Da;: from approximately 6 min to 12 min. This shift is consistent
"with the shift observed ‘for the magnefic responses (e.g. Figure 6.1). The phase

“over the island is greater than 45° for both cases A and B, as expected for a two-
layer structure with the lower layer\having‘a greater condﬁctivity.

Over the seamount, pyx has the same value for cases A and B for pgriods
gréater t}_x;:m 50 min, with values between 6 and 10 2-M. For periods less than 50
min, the apparent rasistivities tend to decrease for case A and increase for
case B with decreasing period. The ph'ases over the seamount vary only from
45° to 60° over the entire period range, and are indentical for cases A and B t:or
periods greater than 200 min. .

The Pay and ¢y ovér the channel, the island and the seamount are shown in
Figure 6.5. In generﬂ, the behavior of Pay over the channel and over the island is
very similar to that for Pax» but pay is much larger than Pax: The effect of
mantle depth is greater for Day~ than for pyy for each of the channel and the
island. The phases ovex; the channel and island for case A have values larger than

45° and show little variation through the entire period range. For case B, the

phases increase rapidly at short periods and at 80 min attain approximately the



same vaLues as for'case A. It may be concluded that the effect of mantle depth
on the phase over the channel and the island is that the shallower depth of the
conductmg mantle flattens the phase variation. As was observed for Paxs an
for the seamount depends little on the depth of the conducting mantle due to the
sc'reeni.ng effect of the surrounding deep ocean. It is noted that for H-po”larization
the pb;ses for both cases A and B for the seamount are large and show significant

differences even at long periods. : =

' - . 96" .
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Summary of the Results in this Chapter

\n. this chapter the effects of the model conducting upper mantle have

been examined by compar.i.ng the resuits for two cases, case A and B with

mantle depths of 100 km and 500 km respectively.
i).

i),

iii).

-

-——

For the channel and island, increasing the mantle depth from 100 km to

500 km results in :

(a) shifting the quadrature response maximum from approximately
5 min to approximately 20 min;

(b) increasing the -amplitudes - of the i;esponkes siéniﬁcantly;

{c) shifting the maximum in p,x and Pay over the char'mel' from
approximately 10 min to 25 min;

(d) shifting the maximum in Pax and D,y over the islan& from
approximately 6 min to 12 min.

At .ZO min the depth of the shallow ocean is 0.0256.

For the seamount, increasing the mantle depth from 100 km to 506 km:

{a) shifts the in-phase maximum résponse from aéproximately 30 min to
20 min;

(b) shifts the transition from a channel-like respcose to an island-like
response from approximaiely 30 min to 20 min; |

{c} does not effect pay and pay significantly over the seamount. |

At 20 min period the depth of the seawater overburden ‘s approximately
¢

0.05 & and the surrounding deep ocean 0.2 §-0.48.

The results for H-polarization are generaliy very similar.-to those for E-

polarization, with the following exceptions:
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(a)  the field responses for the seamount and the island are much smaller
f or H-polarization than for E-polarization;
(b)  pay for each of the channel and island is approxi:_natel); a'factof of
10 larger than p;
(c) pay for the seamount is approximately a factor of 10 smaller than
Pax-
For. H-polarization, the continental slope and the coastlines inhibit the

flow of current induced in the deep ocean.



Chapter VI

IDEALIZED CHANNEL, ISLAND AND SEAMOUNT MODEL
\~
RESPONSES

7.1  Idealized Channel, Island and Seamount Models

The electromagnetic responses éf the channel, the island :and the sea t-
in the South China Séa model have been discussed in ) previous chapters. e
responses have surely been affected by the complex coastlines, and by coupling
'due to the proximity of these structures to each other. In order to better
understand these res;;onses, a set of idealized channel, is.Iand and seamount models .
were constructed and model measurements.were carried out.

The idealized channel, island and seamount models underlain by a
conducting mantle are shown for the half-space X>0 in Figures 7.1 and 7.2. All
models are symme'tric about th'e Y-axis. The model scaling factors were similar
to those used in the South China Sea model di;v.cussed earlier. In‘all models the
ocean and the conducting mantle (at a depth D) have a simulated conductivity of
3 S/m, and the host uniform earth a conductivity of 6x10"" S/m. For
convenience of discussion,.the model in Figur;e 7.1(a) will be réferred to as a
"simple channel”, and the model in Figure 7.1{b) as an "ocean channel” since it is
connected to a large deep ocean at either end. Figures 7.2{(a} and 7.2(b) show the
circular island and cylindrical flat-topped seamount models in a deep ocean.

Model measurements were carried out for a range of mantle depths D and a range

. - 100 -
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of v.:)cea.n depths d (the channel depths, t‘.he surrounding §cean depth for the island,
ana the ocean ovlerburden‘_depth for the flat-topped seamount). In the idealized
models (Figures 7.1 and 7.2), the parameter w {the width of ocean channels, and
the diameters of the island and the seamount models) was held constant at 100
. km for all meaéurements[\ The depth of the deep ocean for the' ocean channel and

the seamount models was held constant at 20 km, but the ocean depth for the
island model was varied. In-phase and quadrature E,, Hy and H, were
measured for all models along the traverse X=0 for E—polérization, that is,
the electric” f«iéld of source parallel to the X-axis. For -all measurements
the normalization of Hy=1 nT described earlier was used. In the presentation of
the results, the vertical to horizontal magnetic field ratios (in-phase and
quadrature H,/Hy maximum measured at the right hand side of the structure)
‘will be termed the response. Measurements along traverses over the idealized .
structures will not be shownhere, since for each of the idealized channel, island
and seamount models, the ant:)maly for each field component measured along a
traverse shows a pattern very similar to those observed for the South China

Sea model (see Figures 3.2 and 3.3)
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Figure 7.3 shows the in-phase and quadrature H;/Hy for the simple channel as
a function of period for mantle depth D=500 km and for a range of channel depths
d=2, 3, 5 km. In-phase H,/H, for the simple channel has_ a value of
- apprgximately 1.5 at 5 min, then increases gradually to a ;x;ag;imum value of
roughly 1.7 in the neighborhdod of 10-30 min, then decreases rapidly to almost
zero in the neighbqrhoc;d of 500 min. The period for which the in-phase
maximum Hz/Hy‘ occurs, is as expected, larger for increasing ocean depth, that
is, approximately 12 min for d=2 km and 25 min for d=5 km. The
quadrature Hz/Hy responses for the simple channel are negative at short periods
and positive at long periods. Positive quadrature Hz/Hy show maxima at periods
ranging from approximately 70 min to 120 min, shifting to longer periods with
increasing channel depth. As expected quadrature H;/Hy shows a transition from
positive to negative values at approximately the same period for which the
maximum in-phase H,/Hy occurs. Measurements carried out also for d=10
and 20 km are not shown h‘;!‘e, but will be used later in this chapter.

The responses of the simple channel !were also calculated using the finite-
difference numerical method of Brewitt-Taylor & Weaver (1976) for the period
range 12 to 500 min. Figure 7.4 shows the analogue model and the calculated
response Hz/Hy for the simple channel as a function of period for d=3 km. "The
calculated and measured model Aresp‘onseé generally agree well. Small
differences can be expected since the analogue model will show some 3-D

effects whereas the numerical calculations are for a 2-D model. The general

good agreement provides support for the validity of the model measurements.

A

Ky



105

)

IN-PHASE - e-roL
= ‘ ’ ﬁ
—1.5 —
— |
_bs -
3\: _ SIMPLE CHANNEL _
T T T T T TTTTT] T T T 1
QUAD
—.5 —
i -
..O -
- , -
el ] L1beatd L1 11
5 10 - 50 100 500
T (min)
F 7.3: In-phase and quadrature H,/Hy, for the simple channel.



106

IN-PHASE E -POL
- o —_ ANALOGUE -
~-- NUMERICAL
(\ —1.5 d=3 km -
R D=500 km
w=100 km
._..l —
—5 —
L7 SIMPLE CHANNEL |
\L ‘ |
T FTTTT] T T TTTTT] I
— | . -l
n QUAD -~
-5 —
~0 -
Ll Lt v 111
) 10 50 100 500
T (min)
L
] Figure 7.4 Comparison of analogue model measurements and numerical

calculations for a simple channel of conductivity =3 S/m in a

homogeneous earth of conductivity o0=6x10""

and
conducting mantle at a depth D=500 km.

S/m,

a



107

Figure 7.5 shows the H,/Hy response for the ocean channel as a function of
period. As wa-s the case for the -simple channel (Figure 7.3), in-phase H,/Hy
first increases gradually, reaching a maximum, then decreases rapidly with
increasing period. In comparing t . ocean.channel resylts with those for the
simple channel, significant di erences are that the maximum Hz/Hy
values are approximately a factdg of 1.3 larger for the ocean channel than for
the simple channel. Further, both the in-phase and quadrature maxima have
shifted 'to longer periods for all channel depths, with the quadratu;e’ maxima
showing the greater shifts. These differences can be accounted for in part as due
to the so called channe.lling effect, that is, the current induced in the deep
ocean is channelled through the strait and hence enhances the anomalies over
the strait. The maxima occur at longer periods; for the ocean channel since
current induced at depth in the deep ocean at long periods will also be channelled
in the vertical direction in order to flow through the refativaly shallow

channel.

-



R

108

IN—-PHASE - £-POL

—..5 ‘
i? - OCEAN CHANNEL
~
ft TTTIT] T T U TTIIT] T 1 11
' ~ QUAD
— |
—5
— 0
1tk v el L1 11
5 10 ' 50 100 500
T Mﬂn)_ |
Figure 7.5: In-phase and quadrature Hz/Hy‘ for the o‘cean éhaxmel.

J



109

Figure 7.6 shows the szHY response of the circular island as a ‘function of
period for ocean depths d='£, 3, 5 . Both in-phase and quadrature island
responses are of opposite sign to thope for the ocean channel, and approximately
a factor of 2 smaller than t for 'the. ocean channel. 'The maximum in-
phase response also shifts to longer periods with increasing ocean depth. No
positive quadrature respo/nse is observed. The peric‘)ds at which the in-phase and
qua;lrature maxima occur are essentially the same as for the ocean channel, but
are shifted to longer periods than was the case for the simple 'char.mel,'

particularly for shallower depths d. The latter observation is an indication of

current concentration due to deflection around the island.
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14 [Ieslized Seamount Respooee

. Figure ? 7 sbow; the Hy/Hy respoase for the seamount as ¥ function of period
for ocean Wn depths d=1, 3, and S km and a surroundmg deep ocean of
constant dcpth. The m-phue H;/Hy response buically takes the form of the
island respoase (negatwe) but with different period dependence. At short
periods the seamount in-phase H;/Hy increases rapidly, reaching ; m#xiuium
at ap}roximtely 50 min for d=1 km, then decreases rapi&ly with increasing
period. The period at which the maximum in-phase H,/Hy response occurs, is
comidcnbie!y longer than for the island, and shifts. to yet longer periods with
increasing overburden depth d. The maximum IH2/HY responses are app‘roximately'
a factor of two smaller than for the island, and decrease rapidly with increasing
overburden depth. The 'sharp attenuation with increasing. o;erburden. is
expected since ltx.e seawater overburden masks the effects of ' the poorly
conducting seamount, and the shift to the longer periods for increased overburden
can be accounted for in terms of the increasing importance of current induced
at depth in the surrounding deep ocean with increasing period.

The seamount quadrature H;/Hy in Figure 7.7 shows a channel-like
(positive) mponsethoﬂ{eriods and an island-like ’(negalive) response. at long
periods. This agrees with that observed for the case.;of the se.amount in the
South China Sea model discussed earlier, although the transition occurs at a
longer period due to the greater overburden and surrounding ocean depths in the
idealized model as compared with the depth in the South China sea model. Both
channel-like and island-like quadrature seamount responses show maxima which
attenuate with indreasing ;)verburt!en. Further, the period = at which the -

maximum occurs incroases -capidly with increasing overburden depthd. .

-

(
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5 \‘Effect of the Conducting Mantle
| In o‘uéer to examine the effect of the conducting mantle, model measurements
were carried out for a range of mantle.deptl'n;. D=100, 200, 300, ax.tde(.)O_km'for
each of the idealized models. IA(HZ/HY)], the absolute values of -the ch‘a:xge in
Hz/Hy measured at either side of the model simple channel, the dfean channei,
the island and the seamount for mantle depths D=100 (case A) and 500 km (case B)
are shown in Figure 7.8. This form of response was used m orfler to permit
direct comparison with the earlier results for the South China Sea model.
Results only for D=100 km and D=560 km are shown here, results for
intermediate values of D will be discussed later in this chapter. In general, a
comparison of the responseé for cases A and B shows that the mantle at 100 km
attenuates all in-phase résponses s.igniﬁcantly at short periods, and very little
atllong periods {(greater than 50 min) for ‘all models. The period for which the
maximum in-phase lA(Hz/Hy}l occurs for each model shifts to shorter periods
with increasing mantle depth D. For case A, maximum attenuation factors of
approximately 0.45 are observed in the nelghborhood of 10 min for the simple
channel and ocean channel, and approximately 0.3 in the neighborhood of 15
min for the island and the seamount. The difference in the attenuation is due
to the‘screening effect of .the deep ocean surrounding the is.land and the

seamount. The sustained appreciable difference for cases A and B for the ocean

channel can be accounted for by the effect of current channelhng from the deep

[
‘o

ocean for all periods.’
For all models quadrature IA(HZ/HYN shows little dependence on the mantle

depth for the entire period range, perhaps the greatest differences are seen for
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the seamount at short periods. However, the period for which the quadrature
fesponse changes sign (or where it goes to zero) shifts to shorter period®as the
mantle depth increases from 100 to 500 km. In the case of thY seamount, the
transition from a channel-like rt;;sponse to an island-like response shifts from
about 70 min to 50 min as the mantle depth increases from 100 km to 500 km.
This should be compared with the results in Figure 6.1 for the seamount in the
" South China Sea model, where the _transit.ion shifts f.rom aiaout 30 min to 20 min.
This difference is accounted for by the greater overburden depth (lkm) and
su;-roundmg ocean depth for the present idealized seamount as compared with

the' 0.5 km overburden and the 2-3 km ocean depth for the seamount in the

.t
¢

earlier model.

In the South China Sea model (Figure 6.1), the periods studied were not
“sufficiently short to show the quadrature sign changes for the shallow .ocean
channel and the island in the‘ shallow sea (0.25 km as compared with the much
deeper ocean for the idealized channel and island models). For the two
seamounts, ho;arever, the overburden depths differ only by a factor of 2, and

thus the seamount responses are very similar as expected.

;i;(: Generalized Mode_l Parameters and Responses

The results for the ;dealized models study show that each of the channel,
island and seamount in-phase and quadrature responses has a maximum at a
period that depends on the structure and dimensions, and that the channel and
seamount quadrature responses change sign at the same period for which the in-

phase response is maximum.
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To examine in further detail how the maximum possible responses

(obtained from results similar to those shown in Figures 7.3 -7.7) depend on

the model depths d (or thi€

provides an empirical plot of the YWaximum possible responses 1I*IZ/I-I.’,Im as a
function of d. Included also are the observations for the channel, island and
seamount structures in the So".xth China Sea model.  These latter results, though
for much smaller model d values, are seen to generally agree with the expected
trends for the empirical curves.

The in-phase and quadrature responses for the simple channel, the ocean

channel, and the island should, approach a constant value, as d becomes small,

since w becomes large in skin depths, and the tivf coast (or edge) effects should-

separate. The results in Figure 7.9 generally support this trend for the range of ¢
studied. The differences in the éimpie channel and the ocean channel responses
should in large part be attributed to current channelled from the deep ocean for
the case of the ocean-channel model. For d increasing to large values, the
island maximum in-phase and quadrature responses should become highly
dependent on d and w for a narrow (in terms of skin depths) island. Similarly, the
simple channel and ocean channel responses should become highly dependent on d
and -w for a deep ocean channel. The in-phase and quadrature seamount
responses should certainly vanish as the seamount-vanishes (ocean overburden
depth d approaching the deptH of the deep ocean). The results for the seamount
in Figure 7.9 clearly support this. On the other end of the sca'Ie., ;s d

approaches zero, the seamount responses should approach responses characteristic

of an island in a deep ocean. [t should be noted that the significant differences

e various idealized models, Figure 7.9

.‘
.ot
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in the island ‘and seamount responses for all d, and particularly for small
d, are attributed to the difference in the depths of the oceans that surround °
the island and the seamount in the present models. If-this effect were not
present, the seamount responses for small d would more clearly be seen to
approach' the island response valu'es.

It is instructive to also develop an empirical plot of /Ty as a function of
model depths d for a, range of ﬁ:o&el structures, where Ty, is the period at which
ther maximum possible response is observed for a given model. Figure 7.10
shows the empirical curves for the idealized models described in Figure 7.9.
'I'hes.;e curves can be considered as providing, for si)ecific models of constant
width w=100 km, and varying depths d, the periods T, for which maximum
responses occur. The differences between the values of Trln, for the simple
channel and the ecean channel with the same depth d, can be attributed to the
effect of current channelling. For the case cfxtl"le ocean channel connected to a
deep ocean, Tp, should depend als.cJ on the ratio of the channel depth to ocean
depth. The offset of the seamount values relative to the other model values,
over much of the rangé of d, is due to the large ocean depth and the®sgamount
overburden asbwas described earlier. ‘ Q

Although the empirical curves shqwn in Figures 7.9 and 7.10 generally agree
with the behavior expected, the dependencewon the horizontal dimension of the

models as well should be sincluded in generalized model response curves.

“According to the scaling theory discussed in Chapter II, the responses for two

models of different dimensions should be the same if the scaling conditions are

preserved. -
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the responses for differing model dimensions,

To somewhat generah
Figure 7.11 showﬁipiric

¥
possible response |Hz/Hylm as a function of the depth to width ratio d/w for the

plot of the in-phase and quadrature maximum

-channel, island and seamount models. for a simulated conductivity contrast of
5410%. The values plotted‘were obtained by selecting the response maximum of
responses plotted as & function of period (e.g. Figures 7.3-7.7) f"or each of the
idealized simple char-mel, " ocean channel, island, and seamount models. .For a
given value of d and w, and thus d/w, the corresponding maximum possible
: resp-onse IHz/I-IYIm for a éiven structure gan be predicted using these empirical
curves. It is, however, undetermined how the maxiﬁmm possible PESpo;lse
changes with tl;e ‘model” conductivity contrast ‘since measurements were not
carried out for varying conductivity.

Figure 7.12 shows an empirical plot of the dimensionless depth dy, as a
function of the depth to width ratio d/w of the rnodei, where dy,=d/8 is
the model depth in skin depths for the period Ty, at which maximum possible
response is observed. The period for maximum response was obta‘ned from
results similar to those plotted in Figures 7.3-7.7. |

With the aid of the expression §=/T/mug for the skin depth, and the empirical
results in Figure 7.12, Ty, for a specific model described by a given d/w
parameter can be predic;ced. Using dy,=d/8, and the expression for § stated
above, the expression for the period Ty, at which maximum response occurs

can be written as

‘Tp=mupld/dy)? sec.
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As an example of how the empirical results in Figures 7.11 and 7.12 can be
used, consider a flat-topped cylindricdl seamount of diameter w=25 km situated
d=0.25 km below the surface of a deep ocean (=3 S/,n:). From cﬁrve 4 m Figure
7.12, the maximum in-phase sgamount response fc;r d/w=0.01 is predicted to
occur at a period for which the d=0.25 km depth t;cean over the s_ezimount is
dp=0.065 skin depth. Thus, using the above equation for T, the period for
maximum in-phase response, is predicted to be T=7ug(250/0.065)2=3 min. From
the empirical curve for the seamount characterized by d/w=0.01 in Figure 7.11,
the maximum possible in-phase response is predicted to be approximately 0.5.
. In addition to the values for the idealized models shown in Figure 7.12,
included also are the values for the appropriate model structures encountered in
‘the South China Sea ;n_odel, and the model values for the Strait of Belle I;le
and Cabot Strait in the east cost of Canada model (Hebert et al. 1983). It
should be noted that the mode! structures in the South China_‘ Sea and East coast
of Canada models lacked the symmetry of the idealized model structt'xres, and
thus values for 'these. structures con‘ld be expe(;ted to shc'>w some departure from
the idealized 'lgodel empirical curves. In view of this, it is encouraging to see that
the South Ch{rta Sea and East coast of the Canada model values generally fit
the trends of the empirical curves.
In gene::'a‘l‘, the empirical curves in figure 7.12’;how roughly the same slopes
for all idealized model structures for tile given range of d/w. This indicates that
the period for_ maximum response for each: structure hgs a similar simple

dependence on the depth and depth to width ratio d/w. Except for the case of the

seamount, dy {the optimum depth for maximum response) differs very little for

g

~—
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the " various structures with the same depth to width ratio d/w. From the

v

results in Figure 7.7, it was seen that the quadrature seamount response showed a

channel-like response at short periods and an island- like resrmse at long periods.

. Curve 4 in the lower portion of Figure 7.12, is the empirical plot for the

channel-like seamount response, that is, in the parameter d/w, d is the
overbm‘-den depth and w ‘is the diamet;ar of the seamount. An empirical curve for
the quadrature island-like response is ;10t provided, since for that case, d is the
depth of the surroundihg ocean, and the depth of the surrounding ocean was not
varied in the present work. Thus the only one data poi;ut available for' the
island-like response is shown;x in 'Figﬁre 7.12. This result does agree well with
the idealized island ‘modell results, and adds further valiéity to these
generalized empirical curves.

The general form of the lmplncal curves for varymg conductor geometry
d/w in Figure 7.12 should have application to various geophysical structures.
For example, as d/w for a simple channel becomes large, that is, the depth
becomes large, and the width w becomes small, the model approaches the case of
a conducting dyke, where a depth large in terms of skin depths is required to
produ;:e the maximum possible response. As d/w becomes small, the channel
approaches the structure c;f a thin wide sheét (a conducti.ng sill} with the t;vo
coastlines (sides of ' the sill) well separated yteldmg two independent coast
effects On the basis of the model scaling conditions applied to a simple
coast effect .model, thch guarantees that all models having the same
thickness in skin depths will yield the same response, the maximum res;.;onse

should ogcur £¢ some constant value of dp, becoming independent of d/w for
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 wide cooducting,sms.- _The emptrical curves for the simple channel in Figures =

7.11 and 7.12 indjcate that a lu-gevalue of dyy would be required for the
— case of the conducung dyke (large d/w) and a smallcr value of dm

{approaching a coastant value) for the case of gonductmg sill.

Another possible application of the empirical results. such :}“‘L‘W in
Figures 7.11 and 7.1Z is in the interpretation of geomagnetie“field data. For

example, if 'm;gnelometer array measurements over a ~cﬁd.é'tix\g sill (small d/w
channel model) or dyke(large d/w channel model) indicated an in—;;hase muiﬁ:\rz
m?:u' accompanied by a quadrature reversal at the spme period, then an
’K . cstimate of the conductivxty {(through dm) of the structure could be made if the
" dimensions (d/v) of the sill were known. With' the aid of empmcal curves for
. range of coot}uctivzties. an estimate of the thickness {d) or the conductivity (o) is
possible.
‘Figure 7.13 shows fhe empirical plot of the maximum possible resi:onse'
IH;/HyIm as a function of mantle depth D for depth to with ratios d/w-O 1
/ (channels and the island), d/w=0.01 (seamount-channell, and 0.2 (seamount-
island}. These are th'é only cases shown in Figure 7.13, since measurements for
other values of d/w for the range of ma.nt‘lt‘: depths D were not available. The
Iv’m-piuu maximum response shows a stronger dei:endence on the mantle depth for
the ocean channel than for the simple channel due to current channelling. It is
) intc?uting that the maximum responses for the other three model structures
are 80 little affected by the subsmf;ce conducting mantle.
Figure 7.14 shows an empirical plot of the optimum depth dy for
maximum possible response IH,/H?I;,, as a function of mantle depth D for

3 . : A
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d/w=0.1 (channels and the island), d/w=0.01 (seamount-channel), and 0.2 -

" (scamount-island). The in-phase empirical curves in the upper portion of Figure
7.14 have a small positive gradient with increas:ing 1')‘l indicatiﬁg .'increasing
c’baracteristic dg (and thus decreasing characteristic Typ) with increasing
mantle depth D. The quadrature curves show more variation with D than the
in-phase curves, indicating that the characteristic period is ;xnore sensitive to a

change in D for maximum quadrature response than for maximum in-phase

response.
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Summary of the Results in this Chapter

The results for the idealized models in this chapter show several

significant results.

i)

{

The in-phase H,/Hy maximum response for the ocean channel is-
approximat‘ely a factor of two larger than for the island, and a factor of
four larger than for the seamount, and the period for which maximum
in-phase response occurs is approximately 40 mi:_x laréer for the

seamount than for the ocean channel and island for d=2 km. |,

ii) With increasing model depth (or thickness} and constant width w:

iii).

ai)J
¢

a) the period for maximum H,/Hy response increases for the idealized
** channel, island and seamount models;
b) the channelling effect for the ocean channel decreases gradually.

With increasing depth to width ratio (d/w), the empirical curves show

that:

"a) the optimum depth d;,=d/§, increases for all idealized models;
b) the dy, curves for all models have similar dependence on d/w.

' For increasing mantle depth D:

a} the maximum in-phase II-I/HY]m responses increase gradually for all
models, with the ocean channel showing the greatest increase;

b) the optimum depths d,;, generally increase for all models for in-
phase results;

c) the maximum quadrature [Hz/Hylmy responses also generally increasg
for all models, while the optimum depths decrease for the channels, -

and increase for the island, but for the complex case of the seamount,
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the optimum depth increases for the channel-like response * and

decreases for the island-like respanse;
d) the differences in the‘ simple channel. and the ocean channel
‘ maximum in-phase responses indicate -current cha)nnelling.
The empirical results should have application in predicting both the periods at

which maximum responses occur, and the magnitudes of the maximum responses,

for a range of model structures.



Chapter VI
SUMMARY AND CONCLUSIONS

A .
The analogue model study of the Hainan Island region of the South China
Sea has revealed interesting characteristics of the electromagnetic responses of a
number of geophysical structures associated with oceanic regions. The
structures eqcou.ntered in the study are the continental sl'ope, the continental
coastlines including bay and cape coastlines, an ocean channel, an island, and'a
seamount in a deep ocean.JQf the structures studied,the seamount is perhaps the

mosg_ginterestin’g since it has received little scientific attention to date.

8.1 Continental Coastline Response

The model continental coastline H; response, and hence the coast-effecf
H,/Hy, is negligible for periods greater than 30 min. This is attributed to
the extensive” shallow coastal sea, and the bay effect due to the general bay
shaped contour of the South China Sea coastli.nés.- In agreement with these
observations, the coastal induction arrows pointing to the shallow local ocean,
and geherally perpendicular to the local bay-shaped coastline at short periods, are
rapidly attenuated as they turn to point to the distant deep ocean for periods
greater than 5 min. The one region, the peninsula, does 'show highly
anomalous fields over a larger period rafige in response to intenseA
channelling of electric current through the nzfrow Hainan Strait. The effect of

- 131 -
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this current channelling, for ?eriods up'to 30 min, would be important in the

i . T e C
interpretation of field data for sites in the peninsula region. -

8.2 Continental Shelf and Slope Response

The continental shelf H, anomalies, significant near the continental coast
only at short periods, are enhanced and shift seaward to the distant steep
continental slope with increasing period. . The anomalies are ‘maximum over the
continental slope at approximately 20 min. The large anomalies for H-
polarization are in part attributed to current concentration due to current
induced in tht deep ocean deflected by the depth contours_of the. continental

slope. These effects\could be of some importance to field studies for sites on

Hainan Island.

8.3 Cbannel Response

Hainan Strait, thé narrow channel 'betw;een the peninsula and Hainan Island,
has an ideal direction relative to the local continental coastlines, and to the
direction of the inducing field for hoth E- and H-polarization, for observing the
effects of current channelling. In-phase induction arrows on Hainan Island near
the strait, extremely large at short periods, point to the strait for periods up to
20 min for the in-phase arrows, a:nd up .to 100 min for the quadrature arrows, in
response to current induction and channelling. For the peninsula site, the
effects of induced current in the deep ocean and the channelled current in the
strait should add, since the deep ocean and the channel are both in the seaward

direction, while for the Hainan Island site, the effects should tend to cancel.



133
The differences in the arrow lengths for the two sites give a measure of total
current flow in the channel for a range of periods, which may be largely the

effect of channelled currents at 20 to 100 min.

8.4 Kland Response .
The in-phase and quadrature H, and HY island responses are of sign opposite

to -the channel responses. The quadrature responses are maximum at
ai)pmximately 5 min, ‘while the in-phase responses attenuate uniformly with
increasing period. The island induction arrows generally point to the local ocean
at short periods and to the deep ocean at long periods. The large
magnitudes of the induction arrows at short periods indicate current
concentrations due to current deflection at the island ‘coastlines. Except for

sites near the peninsula, the effects of the océan should be of little importance

to field studies on Hainan Island for periods greater than 20 min.

8.5 Seamount Respoase

The model flat-topped seamount 'in the South China Sea basin shows
responses characteristically different from those of the channel and island.
The 0.5 km seawater overburden and the surrounding deep ocean‘are important

parameters in the seamount responses. Basically, the in-phase seamount H,

and Hy responses take the form of the in-phase island responses, but the

magnitudes of the responses are considerably larger. The inphase responses

are maximum at approximately 30 min, then decrease uniformly with period,

showing some response even at periods as large as 500 min. The quadrature
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responses show a channel-like response at short periods due to the seawater
overburden, and an island-like resp.onse at long periods due to the importance of
the surrounding deep ocean. The transition from seamount channel-like _
response to seamount island-like response takes place at approximately 30 min,
the same period at which the in-phase response is maximum. The quadrature .
channel-like and island-like respc;nses show maxima at 2 and 100 min respectively,

. periods that appear to be determined by the depths of the overburdex;x and the
surrounding ocean.

The in-phase induction arrows over the seamount point radially outward to
the surrounding ocean for all periods, while the quadrature arrows point inward
at short periods and outwards to the surrounding ocean at long periods. This
behavior of the quadrature arrows is consistent with a c‘han.nel—like responsé at
short periods and z;n island-like response at long periods. The' in-phase and
quadrature responses over the large period range studied (5 to 500 min) are due
to the combined effects of the seawater overburden and the surrounding
deep host ocean. Understanding the characteristic electromagnetic response .

of aseamount should aid the interpretation of sea floor electromagnetic

measurements in the vicinity of a seamount.

8.6 The Effect of a Conducting Mantle Substructure

For the channel and the island, decreasing the mantle depth shifts the
quadrature response maximum to shorter periods,ﬂand significantly attenuates
both in-phase and quadrature responses. For the seamount, decreasing the
mantle depth shifts to longer periods both thé in-phase maximum response and

’
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the qiadrature transition .V‘frc;nl chan.nel—li_lge to an island-like respoase. The
seamount responses are attenuat&i. only minimally with decreasing mantle depth
due to the shielding effect of the deep ocean, This is in agréement with the
observation -that it is difficult to resoive the parameters. of a conducting
substrat\\'.lm ‘using field measurements at the surface of a highly conductive
surface layer such as an ocean (Niblett et al. 1986).

8.7 Generalized Respouses for Idealized Models

In comparing the electromagnetic résponses of the simple channel and the
ocean channel {connected to a deep ocean at either end), for a range of channel
depths and_periods the presence of channelled current was demonstrated. Us‘ing
an -idealized seamount model (a flat—topped. cylindrical seamount in a deep
o¢ean) characteristics of the transition from aequadrature channel-like to island-

like response were found to be strongly related to the sea:w'ater overburden. For

each of the channel, island, and seamount models it was found that the

maximum possible in-phase response at a characteristic period was

accompanied by a quadrature rcversal at the same period.

Employing the model measurements for the idealized. models, empirical
curves were plotted pgiving the maximum possible responses for the .
conducting model structures for a range of depth to width ratios d/w. Ex_npixtical

curves were also plotted giving‘the optimum conductor depth (in skin depths) for

_ which maximum in-phase and quadrature responses occur for each conducting

model structure for a particular depth to width ratio d/w. These empirical

curves for each of the channels, the island, and the seamount show that the.
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optimum conductor depth (in skin depths) producing maximum possible
response for a given Iézodel depends strongly on the structure depth to 'width’

ratio.

-~

Using these generalized curves, both the magnitude of the maximum possible -
response and the period at which this maximum response should occur for a
model with a given depth to width ratio, can be predicted.. Such empirical -
curves coﬁld be use;i io aid.in the interpretation of field observations. For
example, if magnetometer arx:ay measurements over a conducting sill (s_mail d/w
for a channel model) or dyke (large d/w for-a channel model) indicated an in-
phase ‘maximum - response at some intermediat® period, and a quadrature
reversai at the _same period, then an estimate of the conductivity could be
. xixac{é if the dimensions {d/w) of the sill were known. 'With the aid of empirical
curves for a range of conductivities, an estimate of the Ithickness (d} or the
conductivity (o) is possible.

Further model wmeasurements, or numerical resuits, for a range of

conductivities for idealized model structures would be of interest to further

develop maximum response and quadrature reversal interpretation techniques.
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