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ABSTRACT

A laboratory analogue model of New Zealand was constructed and magnetic
field measureme:nts carried out for a detailed grid of traverses for simulated peri-
ods of 5-120 min. The model includes a simulation of the North and South Island
coastlines, the surrounding ocean bathymetry in a region 2800 km x 2800 km, and
a horizontal conductive asthenosphere at a depth of 100 km. In the analogue mod-
el studies, the ocean bathymetry, the irregular coastlines, as well as Cook Strait
between the North and South Islands, ar= seen to lead to a wide range of geomag-
netic coast effects both at coastal and inl.nd sites for these relatively narrow
islands. In addition, the geological and tectonic structure of New Zealand (not
included in the simulation) is rather complex in that in the North Island the Pacif-
ic Plate subduction leads to a belt of active voicanism, a zone of crustal and man-
tle earthquake activity, numerous faults, and large negative gravity anomalies,
while in the South Island, as well as numerous faults, the zones of subduction
occurring at the northern and southern tips, are joined by the Alpine Fault along
the length of the island.

To aid the interpretation of field site measurements in t.is complex New Zea
land region containing numerous conductive major and minor faults, electromag-
netic induction studies of idealized analogue models of single and pairs of parallel

conductive faults near an ocean coastline are carried out, and empirical curves of
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induction arrow responses for a range of parameters (e.g. fault depths, ocean-fault
separation distances, inducing field periods, etc) provided. Further, measurements
carried out for the responses of the model ocean and the model fault separately,
are used to examine and demonstrate the validity of removing by vector subtrac-
tion the response of the ocean from that of the ocean and an on shore fault to
yield the induction arrow response of the fault alone. In a similar fashion, the
New Zealand model induction arrow responses, being those of the ocean alone, are
used to remove the coast effect components present in geomagnetic field site
measurements, to yield difference induction arrow responses of any anomalous
conductors present at that site but not simulated in the analogue model. The
resulting difference arrows at 96 sites (both coastal and inland New Zealand) are
then interpreted in terms of the responses of a range of conductive structures
(conductive faults, sedimentary basins, geology, and subducting plate structure) in

the field site survey region.
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Chapter I

INTRODUCTION

Electrical conductivity is one of the physical properties of the rock constitut-
ing the crust and mantle. The conductivity distribution within the earth has been
studied for decades employing the principle of electromagnetic induction. It is
now well understood that geomagnetic variations observed at the earth's surface
are associated with electric currents induced in the conducting medium of the
earth by external time-varying alectromagnetic fields that originate in the iono-
sphere and magnetosphere. Upon striking the earth's surface, most of the incident
energy of the electromagnetic fields is reflected. The small portion of energy
transizitted travels vertically downward. As the field propagates into the earth,
its amplitude is reduced. The depth at which the field has decreased to 1/e (37%)
of its value at the surface is called the skin depth:

8(T) = [ T/(my o)}1/2 m, (1.1)
where T is the period in seconds, u is the magnetic permeability in Henrys/m
(H/m) and o is the conductivity in Siemens/meter (S/m). The magnetic permeabil-
ity is generally taken as the free space value, py = 41 x 1077 H/m. Electromag-
netic (EM) methods respond to an integration of the electrical conductivity distri-
bution from the surface to the depth of penetration, normally taken as severa!
skin depths. Geomagnetic fields at short periods are primarily sensitive to the

conductivity distribution near the site, whereas at long periods the fields are also
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influenced by the distant conductivity distribution. EM methods are more sensi-
tive to conductance S (conductivity-thickness product, in Siemens) than to the
conductivity or thickness of a zone of enhanced conductivity (Jones, 1992). On a
global scale, the geomagnetic field observed at the surface of the earth can be
separated into inducing external, and induced internal parts. The ratio of the
induced to inducing fields yields information on the nature of both the external
field and the global conductivity structure within the earth. Roberts (1986) has

given a critical review of global electromagnetic induction.

1.1 Regional Electromagnetic Induction Studies

Regional electromagnetic induction studies deal with a limited region of the
earth, usually of the order of several hundred km in depth and in horizontal range.
Ca this 5cale the curvature of the earth can be neglected. An external field origi-
nating in the ionosphere and magnetosphere can be treated as being approximately
spatially uniform within an area of local extent. On a regional scale, the observed
field usually can not be separated into inducing and induced parts, but the varia-
tion of the total fields observed on the earth's surface should contain some infor-
mation on the subsurface conductivity structure. Recent reviews of regional elec-
tromagnetic induction studies have been provided by Haak and Hutton (1986),
Kaikkonen (1986), Chave and Booker (1987), Jones (1987, 1992, 1993), Campbell
and Schiffmacher (1988), Hjelt (1988), Gough (1989, 1992), Schwarz (1990), Hjelt

and Korja (1993).




[9%)

1.1.1 Magnetotelluric (M7} Studies

Cagniard's (1953) magnetoteliuric method is well known for studying regional
conductivity distributions in the earth's crust and upper mantle. In the MT meth-
od, large scale naturally-occurring electromagnetic source fields of long period (a
few seconds to a few hours) are used to probe the earth up te depths of a few hun-
dred km. The principal reason for this is that natural fields can be considered to
be essentially plane waves in the mid-latitudes and tc have sufficient energy at
long periods to generate a detectable response {rom very deep structure. In this
period range displacement currents, compared with the conduction currents, can
be neglected. Thus the problem may be treated as ¢iffusion of the electromagnet-
ic field into the conducting medium. A collection of fifty-five papers on the MT
method up to the early 1980's is given by Vozoff (1986). In MT studies the hori-
zontal electric field components (Ex and Ey in V/m) and the horizoncal magnetic
induction (By and By in Teslas) are measured simultaneously at a field site. Usual-
ly x denotes north (or along a strike for a 2-dimensional body), y denotes east (or
perpendicular to a strike), and thus z is directed vertically downwards. The fields
are normally measured in the tire domain and then transformed into the trequen-
cy domain through Fourier transformations. The amplitude and phase relationship
between E(w) and B(w) at a particular frequency w, are indicative of the conduc-
tivity distribution. The horizontal field components are related by the frequency
dependent complex MT impedance tensor:

<Ex 1 [ Zyx Zxy\/Bx
Ey

- (1.2)
U zyx Zy/ By .




4

The princioal in & e -w -xy @and Zyy are converted to apparent resistivities (p,
in @m) anag -0 es (&) usix
(Padxy=(1/wi)[Zyy(w)]* , and (1.3)
bxy(w)=tan ! [Imag Zyy(w/Real Zyy(w)]. (1.4)

Expressions similar to Eq.(1.3) and Eq.(1.4) determine (pa)yx and ¢yx(w). For a
uniform earth, the apparent resistivities are the true resistivity of the half-space,
and the phase ¢yy is 45°,

In a one-dimensional (1D) structure where the conductivity varies only with
depth, the impedance tensor reduces to the simple form:

0 Zy
21D = y>
\"Zyy 0 /.

(1.5)

Because of the symmetry, the impedance for a layered earth does not depend on
the orientation of the measuring axes at the earth's surface. So in this case Zyy =
~Zyx. The negative sign for the lower off-diagonal element indicates that the sign
convention is such that the phases of this element are in the third rather than the
first phase angle quadrant. In a layered earth, the phase varies with the conduc-
tivity of the layers. For a 1D model in wkich the conductivity increases with
increasing depth, the phase lies between 45° and 90°, and conversely for the mod-
el in which the conductivity decreases with increasing depth, the phase lies
between 0° and 45°. Mathematical modelling for 1D geoelectric structure has
been greatly advanced and the analytical solutions and many inversion schemes
have been widely used (e.g., Niblett and Sayn-Wittgenstein, 1960; Parker, 1980;
Fischer and LeQuang, 1981; Schmucker, 1983; Constable et al., 1987; Dosso and

Oldenburg, 1991; Weaver and Agarwal, 1993).




)
In a two-dimensional (2D) environment where the axes of the co-ordinate

frame are aligned parallel (x) and perpendicular (y) to the strike, the impedance

tensor becomes:
0 ny \
Zyx 0 } .

The techniques of 2D forward modelling and 2D inversion are widely used

ZZD = (1.6)

(e.g., Brewitt-Taylor and Weaver, 1976; Jones and Craven, 1990; Kurtz et al.,
1990; Smith and Booker, 1991; Oldenburg and Ellis, 1993; Agarwal and Weaver,
1993; Agarwal et al., 1993).

In a fully three-dimensional (3D) earth model, MT data are not as well under-
stood. The apparent resistivity curves giving p, as a function of period are found
in many cases to demonstrate a strongly anisotropic earth due to lateral inhomo-
geneities. Much effort has gone into calculating the distortion of the apparent
resistivity curves for 2-D and 3-D conductivity structures (e.g., Groom and Bailey,
1989; Cerv and Pek, 1990; Jiracek, 1990; Groom and Bahr, 1992; Singer, 1992).
Due to prohibitively high computational costs, 3D modelling is usually undertaken
only for representative structure, and 3D inversions for arbitrarily-shaped realis-
tic structures continue to pose a challenge (Raiche, 1993; Pu et al., 1993).
Approximate 3D solutions, such as thin-sheet methods, have been developed and
used for modelling continent-ocean boundaries (e.g., Vasseur and Weidelt, 1977;
Dawson and Weaver, 1979; Weaver, 1982, McKirdy et al., 1985; Agarwal and

Weaver, 1989; Fainberg et al., 1993; Heinson and Lilley, 1993).




1.1.2  Geomagnetic Depth Sounding (GDS) Studies

Geomagnetic depth sounding (GDS) is based on the ratio of the vertical to hor-
izontal magnetic field responses. In GDS, similar to MT, the natural source is
used. The vertical (Bz) and the two horizontal (By and By) components are meas-
ured at the same site on the surface of the earth, usually in the time domain.
These components are then transformed into the frequency domain through Fouri-
er transformation, for example:

B,(w) = L BL(t) exp(-iwt) dt, (1.7)
where B{w) is the transform of the time series B;(t) at angular frequency w. The
correlation of the vertical component with the horizontal components in the fre-
quency domain for a uniform inducing field is assumed to be:

B, = aBy + bBy + 4, (1.8)
where By, By and By are the Fourier transformations of the vertical and two hori-
zontal components. The coefficients a and b are complex numbers and are gener-
ally frequency dependent (Schmucker, 1970). To determine the complex coeffi-
cients a and b, magnetic field components for two independent polarizations of
the regional source field are required. If A is negligible, and thus not included, it

follows from Eq.(1.8) that

Bz1By2 - Bz2By1
a= y Y , (1.9)

Bx1By2 - Bx2By1

Bz2Bx1 - Bz1Bx2
b= . (1.10)

Byx1By2 - Bx2By1

Statistical methodz are used in the field data processing to minimize the error A

(e.g., Everett and Hyndman, 1967). Lateral conductivity variations cause defor-
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mation in the induced current system which in turn yields an anomalous field. The
coefficients a and b characterize the frequency-dependent response at the field
- -e. The pairs Real(-a, -b) and Imaginary(-a, -b) are defined respectively as the
um-phase and quadrature induction arrows (Parkinson, 1959, 1962; Wiese, 1962;
Schmucker, 1970), with the signs of both the in-phase and quadrature a and b
reversed. This follows the sign convention of Lilley and Arora (1982) for time-
varying fields of the form exp(iwt), so that both the in-phase and quadrature
arrows at long periods point towards current concentrations. In the present work,
the symbol to be used for the induction arrow is V, with in-phase and quadrature
parts. In the Cartesian coordinate system used throughout, it will be convenient
in some cases to discuss the Vy and Vy components of each the in-phase and quad-
rature parts.

Induction arrows are commonly used to display anomalous geomagnetic varia-
tions associated with lateral conductivity inhomogeneities. The magnitudes and
directions, as well as the components of the induction arrows, can readily be cal-
culated and displayed on geographical maps. Since the magnitudes and directions
of the induction arrows do not change under a rotation of the coordinate systems,
By and By in Eq. 1.8 need not necessarily be northward and eastward. Gregori and
Lanzerotti (1980, 1982), Jones (1981a) and Wolf (1982) have discussed in detail the
different methodologies and arrow conventions and their relationships. In general,
at a given site the in-phase induction arrow associated with a conductivity anoma-
ly points in the direction of the horizontal field which is most efficient in inducing
the anomalous vertical magnetic field cbserved at that site. In a 2-D case, this

arrow usually points towards current concentration in the conductive body. How-
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ever, at periods for which the depth of burial of the conductive body is more than
one skin depth in the resistive host, the in-phase arrows (though small in ampli-
tude) may point away from a buried conductor (e.g., Jones, 1986; Hu et al., 1989).

The properties of the quadrature induction arrow appear to be more complex
than those of the in-phase arrow (e.g., Rokityansky, 1982; Nienaber et al., 1983;
Chen and Fung, 1985, 1987; Agarwal and Dosso, 1990, 1993). At sufficiently shor:
periods, in numerical studies of an ocean model, the quadrature arrow near the
coast is seen to point away from (rather than towards) the conductive ocean, then
with increasing period, the arrow magnitude decreases to become zero at a period
(Tc) characteristic of the model. With further increase in period, the quadrature
arrow reverses direction (to point towards the current concentrations) and
increases in magnitude to some maximum value, then again decreases. The char-
acteristic period (1'¢) of the ocean model is the period at which the in-phase arrow
amplitude is maximum and the quadrature arrow amplitude is zero (Rokityansky,
1982; Agarwal and Dosso, 1990, 1993). In a recent 2D numerical model study of
the induction arrow spatial behaviour for a conductor in a resistive host, Agarwal
and Dosso (1993) suggested that the characteristic period could be used to delin-
eate the boundaries of an anomalous conductor, such as a buried conductive sill,
and to provide information on the depth of the conductive substratum when the
conductivity of the host is known. The analytic calculations of Weaver (1987), in
studying the geomagnetic coast effect both at short (1 min) and long (60 min) peri-
ods, showed a sign reversal in the quadrature vertical magnetic field in the vicini-
ty of maximum conductivity contrast. The sign reversal of the quadrature induc-

tion arrow at the conductive-resistive interface has also frequently been observed
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in earlier analogue model experiments at the University of Victoria (Hebert et al.
(1983a) for the Newfoundland coastal region, Hu et al. (1989) for a seamount, and
Meng and Dosso (1990) for the Japan-China region). In field studies, DeLaurier et
al. (1983) noted that for periods less than 35 min the quadrature induction arrow
reversed direction at sea floor sites crossing the continenta! margin off Vancouver
Island. The seemingly erratic behavior of reversing direction over a short period
range, combined with the often rather small magnitudes of the quadrature induc-
tion arrows, has resulted in this component often being ignored in the interpreta-
tion of field site measurements. With improved methods of measurements and
analysis of data, the behaviour of the quadrature arrow should aid the interpreta-

tion when its characteristics are fully understood.

1.1.3 Controlled Source Methods

Controlled source EM methods are alternative to natural source soundings in
some circumstances (e.g., Nekut and Spies, 1989; Kurtz et al., 1990). Unlike natu-
ral source EM methods, artiticial EM source methods can be used to optimize res-
olution and minimize interactions with local conductive structures. The source
characteristics are precisely known and are controllable in time or frequency.
Examples of the conventional controlled source techniques include LOTEM (Long
Nffset Transient ElectroMagnetic system: Keller et al., 1984; Strack, 1984; Sko-
kan, 1991), CSAMT (Controlled Source Audio MagnetoTellurics: Boerner et al.,
1990), and UTEM (University of Toronto ElectroMagnetic system: Kurtz et al.,
1989). Controlled source EM methods are used in land-based petroleum explora-
tion to a typical depth of a few km for mapping geological structures (e.g., Trevi-

no and Edwards, 1983), stratigraphy (e.g., Macnae and Lamontagne, 1987),
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hydrocarbon-induced alteration (e.g., Duckworth, 1987), and in some application to
enhance the interpretation of other geophysical data such as MT and seismic
reflection. The MT methed of exploring the upper few kilometers of the seafloor
has severe limitations due to the overlying conductive seawater that attenuates
the natural source signal. However, seafloor controlled source methods can be
used very effectively, since the EM source is placed on the seafloor. Examples of
seafloor studies are those of the EMSLAB project (the EMSLAB Group, 1988;
EMSLAB, 1989), and the Tasman project (Lilley et al., 1989). Constable (1990)
provided a review of marine EM induction studies using controlled sources. Con-
trolled source EM methods can also be used for exploration to depths on the order
of 20 km, if the measurements are made on a relatively uniform resistive surface
(e.g., Ward, 1983). Devices developed for other purposes can also be used to carry
out large scale experiments to probe the lower crust of the earth, such as power
transmission lines (e.g., Towle, 1980), decommissio:- i telephone lines (Constable
et al.,, 1984), and the Kola Peninsula Magneto-hy. rodynamic Generator (Velikhov
et at., 1986). Simulated controlled source EM induction studies can also be car-
ried out in laboratory using analogue models, for exmple, line currents (Dosso,
1966¢; Dosso and Jacobs, 1968; Ogunade and Dosso, 1981), vertical and horizontal
magnetic dipoles (Dosso, 1969; Ramaswamy et al., 1972; Thowmson et al., 1972;
Ramaswamy and Dosso, 1973,1975,1978; Hibbs et al., 1978). The major restric-
tions of controlled source EM methods include limited depth penetration and the
limited number of modelling algorithms. Reviews of controlled source EM sound-
ings were presented by Ward (1983), Keller (1989), and more recently by Boerner
(1992).
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1.1.4 Electromagnetic Analogue Model Studies

The theory of scaling in the simulation of electromagnetic systems and the
applications to geophysical problems were introduced by Sinclair (1948), and fur-
ther developed by many others employing laboratory modelling techniques for
studying electromagnetic problems (e.g., Rankin et al., 1965; Dosso, 1966a; Ward,
1967; Brjunelli et al., 1969; Frischknecht, 1971; Morrison et al., 1982; Olm and
Frischknecht, 1982).

The validity of laboratory analogue modelling in MT and GDS interpretations
has long been recognized, particularly for 3D cases. Dosso (1966a), at the Univer-
sity of Victoria, developed a laboratory analogue modeiling facility employing gra-
phite plate to simulate conductive structures, and brine solution to simulate a
resistive host earth. Th~ graphite-brine conductivity contrast is of the correct
order for modelling a wide range of realistic induction problems. An interesting
range of induction problems has been modelled in the University of Victoria Geo-
physics Laboratory. These include the studies of idealized conductive structures
such as vertical faults and dykes (Dosso, 1966b; Charters et al., 1989), conductive
spheres and cylinders embedded in a resistive host earth (Ogunade et al., 1974;
Ogunade and Dosso, 1977, 1980,1981; Ramaswamy and Dosso, 1977), islands sur-
rounded by an ocean (Ramaswamy et al.,, 1975, 1977), island-continent-ocean
channels (Nienaber et al., 1976, 1977a,1977b), cape and bay coastlines (Chan et
al., 1981a; Dosso et al., 1986), and seamounts (Hu et al., 1984, 1986, 1989). Induc-
ing source fields that have been employed in the laboratory electromagnetic
induction studies include approximately uniform fields (Dosso, 1966a; Nienaber et

al., 1974), non-uniform fields of line currents (Dosso, 1966¢c; Dosso and Jacobs,
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1968; Ogunade and Dosso, 1981), fields of vertical and horizontal magnetic dipoles
(Dosso, 1969; Ramaswamy et al., 1972; Thomson et al., 1972; Ramaswamy and
Dosso, 1973, 1975, 1978; Hibbs et al., 1978), and a vertical line current source to
simulate lightning induced Schumann Resonances (Heard et al., 1985). Magnetic
field variations induced by ocean waves have also been simulated using mercury as
a conductive fluid (Miles et al., 1977; Miles and Dosso, 1979,1980). As well, 3D
models of realistic coastal conductivity structures have been used to examine the
effects of complex continental coastlines, for example, in the Vancouver Island
region (Nienaber et al., 1979a, 1979b, 1980, 1982; Ramaswamy et al., 1980), in the
San Juan Bay region of Vancouver Island (Chan et al., 1981a), in the eastern coast-
al region of North America (Dosso et al., 1980b), in the British Isles region (Dosso
et al,, 1980a; Nienaber et al., 1981), in the Assistance Bay region (Heard et al.,
1983), in the Queen Charlotte Islands region (Chan et al., 1981b, 1983), in the
Newfoundland region (Hebert et al., 1983a, b), in the Hainan Island region of the
south China sea (Hu et al., 1983, 1984), in the Tasmania region (Dosso et al., 1985;
Parkinson et al., 1988), in the Bohai Bay region of China (Meng et al., 1990), and
the Japan-Korea-China region (Meng and Dosso, 1990; Dosso and Meng, 1992).

As part of the LITHOPROBE project (Clowes et al., 1984; Kurtz et al., 1986;
Clowes et al., 1992) and EMSLAB (EMSLAB, 1989; Kurtz et al., 1990), an analogue
model of the subducting Juan de Fuca plate region, including a simulation of con-
ductive substructure associated with the subducting plate was constructed at the
University of Victoria and measurements were used to aid in the interpretation of
field measurements (Dosso and Nienaber, 1986, Chen et al., 1989; Dosso et al.,

1989, 1990, 1992). These analogue model results, when compared with field site
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measurements, clearly demonstrated the importance of the dipping conductive
substructures on the observed electromagnetic field responses in regions of lithos-

pheric plate subduction.

1.2  The Geomagnetic Coast Effect

The ocean-continent interface can influence the geomagnetic field observa-
tion since the conductivity of both seawater and the material beneath the ocean
differs considerably from that of the continents. Near most coastlines the
vertical/horizontal magnetic field ratio is greatly enhanced as the coast is
approached from the landward side. This phenomenon is known as the geomagnet-
ic coast effect and has been studied extensively since it was noted by Parkinson
(1959). Induction arrows, characterizing induced current concentrations, have
been widely used through the years to study this coast effect. Examples of the
coast effect field studies include those of Parkinson (1962), Wiese (1962), Everett
and Hyndman (1967), Schmucker (1970), Parkinson and Jones (1979), Gough and
Ingham (1983), Jones (1983), Gough (1989). Numerical EM modelling techniques
have also been widely used to study the coast effect, for example, Jones (1981b),
DeLaurier et al., (1983), Fischer and Weaver (1986), Weaver (1987), Agarwal and
Weaver (1989), Dosso and Meng (1992), Agarwal and Dosso (1993). In a thin sheet
numerical model study of the coast effect, Fischer and Weaver (1986) examined
induction for lateral variations in lithospheric conductivity in the presence of the
strong ocean response. They concluded that MT methods do not perform very well
in these circumstances, but GDS experiments are well suited to the detection of

lateral conductivity changes. Analogue model studies of the ocean coast effect
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have been carried out in many interesting coastal regions (as referred to in the
previous section). Dosso (1973) provided a review of anzlogue model studies of the
coast effect. Some recent analogue model studies of the coast effect are those of
the Vancouver Island region (Dosso et al., 1989, 1990, 1992) and the Japan-China
region (Meng et al., 1990; Meng and Dosso, 1990; Dosso and Meng, 1992). How-
ever, the coast effect component tends to mask any induction arrow component
associated with a local anomalous conductor. In a region such as that of New Zea-
land (to be studied in the present work), where the coast effect is expected to be
important for all inland sites, the interpretation of geomagnetic measurements
would be much simplified if the coast effects could simply be removed before
interpretation.

If the mutual coupling between the ocean and the anomalous conductor is
small, it can readily be argued that in principle, the ocean response components
can approximately be removed from the field measurements to yield the response
of the anomalous conductor alone. Wolf (1983) investigated the mutual coupling
effect for what he termed the additive case in which the anomalous conductor was
located some distance from the ocean and underlain by a conductive layer, and the
coupled case in which the anomalous conductor was overlain by the ocean and
underlain by a conductive layer. His results indicated that simple subtraction for
the additive case may be promising if the separation distance of the anomalous
conductor and the ocean were sufficiently large, but for the coupled case, strong
mutual induction effects would lead to erroneous interpretation. Weaver and
Agarwal (1991) employed a thin sheet numerical model to study electromagnetic

induction in a rectangular surface conductive anomaly near a coastline, and con-
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cluded that in certain regions the induction arrow is not simply the resuitant of
the component for the ocean and the component for the anomalous conductor indi-
vidually, unless the region is sufficiently far from the ocean so as to have negligi-
ble coupling through mutual induction and the redistribution of the charge accu-
mulations on their boundaries. Dosso and Meng (1992) carried out calculations for
2-D numerical models of electromagnetic induction for anomalous conductors in
continental and island coastal regions to determine empirical criteria for conduc-
tive structures that would permit such a subtraction. The anomalocus conductors
were in the form of upwellings and depressions in the conductive substratum.
Their empirical curves provided the anomalous conductor - ocean separation dis-
tances required to permit a valid subtraction. As an application, they used ana-
logue model measurements (Meng and Dosso, 1990) to subtract coast effects from
field measurements in the Japan-China region. The interpretation of the resulting
difference arrows supported the 2-D model of Utada et al. (1986) for Japan, a
model that proposed a coastal 2-D conductor at moderate depth, and a second par-
allel subsurface conductor somewhat inland. Many other authors have also used
difference induction arrows to interpret field observations (e.g. Bapat et al., 1993;

Chamalaun and McKnight, 1993; Kang et al., 1993).

1.3 Previous EM Induction Studies in New Zealand

The present study of EM induction in New Zealand has been preceded by oth-
ers, Lawrie (1965) discussed the geomagnetic fluctuations near coastlines on the
North Island of New Zealand. Gill and MacDonald (1967) used a signal obtained by

switching a major dc power transmission line to make large scale earth resistivity
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measurements. MT and GDS studies have been carried out on the North Island of
New Zealand by Christoffel and Linford (1968), Hurst (1974), Midha (1979), Ingham
(1985a, 1985b, 19832, 1988b, 1991), Boteler (1987), and on the South Island by
Bromley (1979), Kellett et al. (1988). A review of the North Island measurements
was provided by Ingham (1987). Much of the North Island work has centred around
the Taupo Volcanic Zone which is the main area of geothermal activity in New
Zealand. Midha (1979) undertook a major study in this area to investigate the geo-
logical structure beneath. However, the magnetovariational measurements over a
wide range of periods produced induction arrows that pointed in the same north-
east direction, for sites on either side of the Taupo Volcanic Zone. Midha (1979)
reported that these induction arrow responses could not be explained by a simple
coast effect, but could be caused by a conductor at depth. It has been suggested
that such a conducting structure could be related to a fracture of the subducting
plate. More recently, Chamalaun and McKnight (1993) carried out a magnetome-
ter array study for 34 sites on New Zealand. An attempt was made to remove the

ocean effect by means of a thin sheet numerical model.

1.4  Summary of the Work in This Dissertation

The motivation for the present analogue model measurements for the New
Zealand coastal region is to delineate the coast effect, and to remove this compo-
nent from the observed responses at field sites before interpretation. Laboratory
EM responses of analogue models of a simple ocean, conductive fault, and com-
bined ocean and conductive fault are used to demonstrate how the geomagnetic
coast effect can be removed, and how the residue can be used to interpret field

responses in terms of the many conductive faults present in New Zealand.
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EM induction for pairs of elongated parallel conductors in a resistive host
earth underlain by a conductive substratum for both continental and coastal
regions is studied with the aid of laboratory analogue models. Magnetic field
measurements for a wide range of periods are obtained for models of elongated
conductors parallel to an ocean coastline, and for models that vary the separation
distance and depth extent of the elongated conductors. It is demonstrated that in
certain cases the coast effect induction arrows can be subtracted from those of
the ocean-elongated conductors to yield the responses of the elongated conductors
alone. The behaviour of the induction arrows at locations between pairs of simu-
lated major-minor conductive faults is examined in detail in order to obtain
empirical plots that show the dependence of the arrow magnitudes and directions
on the relative distances from the faults, the fault separations, the depth extent
of the minor fault, and the period of the inducing field.

The construction of a laboratory analogue model of the New Zealand region,
that includes a simulation of the North and South Islands and the expansive sur-
rounding oceans, and the methods to carrying out detailed model field measure-
ments are discussed. Model measurements of the in-phase and quadrature electro-
magnetic field components are carried out for the simulated period range of 5-120
min for X- and Y-polarizations for an approximately uniform horizontal inducing
source field. Traverses are selected to provide detailed measurements of the
model ocean coast effects in the North and South Island regions where field site
measurements are available. The geomagnetic field measurements studied at over
ninety onland sites throughout New Zealand are from a recent array experiment

(Chamalaun and McKnight, 1993), and from earlier work in local regions (Ingham,
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1985a, 1985b, 1987, 1988b; Bromley, 1979; Midha, 1979; Fellett et al., 1988).
Since the model simulates only the effects of the oceans and a conductive substra-
tum at depth, the resulting difference arrows, after the coast effects have been
removed, are expected to be indicative of anomalous conductive structures not
included in tne model simulation. The empirical results obtained in the model
study of simulated major-minor faults described above are used to interpret the
difference arrow respouses in terms of the geological faults at given sites in the

surveyed regions of New Zealand.




Chapter II

LABORATORY ANALOGUE ELECTROMAGNETIC MODELLING

2.1 Model Scaling Conditions and Scaling Factors

Electromagnetic scale modelling involves the use of a laboratory analogue
model to study large-scale geoelectromagnetic problems. In the laboratory, only
linear and isotropic media are considered. The validity of constructing a model of

a given electromagnetic system is based on the linearity of Maxwell's equations (SI

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

where E, B, j, p, 1 and € are electric field vector, magnetic induction vector, the
electric current density, the volume charge density, the magnetic permeability
and the electrical permittivity respectively. For most materials in the earth, u
does not differ significantly from the free space value, and thus in regional geo-
physical studies is chosen to be p = g = 47 x 1077 H/m. Materials within the
upper regions of the earth have conductivities ranging from 1074 S/m for some
rocks to 4 S/m for seawater. Since at low frequencies 0 >> euw, displacement cur-
rents can be neglected, and thus the last term of (2.2) can be ignored. Physically

this means that only quasi-static electromagnetic fields are considered and the
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free space wavelength of the electromagnetic field is much longer than the typi-
cal geophysical linear dimension.

To obtain the scaling conditions, the principle of electromagnetic similitude is
applied to Maxwell's equations, by relating the field variables and parameters in

the model and geophysical systems through the linear transformations,

Eg = KgEm, (2.5)
By = KpBp, (2.6)
eg = Keem, (2.7)
Mg = Kykm, (2.8)
0g = KgOms (2.9)
Lg = KpLm, (2.10)
tg =K tp, (2.11)

where the subscripts g and m refer to the geophysical and analogue model values
respectively. The dimensionless constants Kg, Kp. K¢, Ky Kgy KL, Kt are the
scaling factors for the electric fie:d, magnetic field, electric permittivity, mag-
netic permeability, conductivity, length and time respectively. Since only non-
ferromagnetic media are considered, it is reasonable to choose uy, = Hg- By com-
paring Maxwell's equations in the two systems, it is readily shown that under these
assumptions, a valid simulation requires the two necessary and sufficient condi-
tions

(0g/0m)Lg/Lm) = 1/K, (2.12)

(fg/fm)(Lg/Lm) = K, (2.13)
where f is the frequency of the time harmonic field, and K = Kg / KB is the impe-
dance scaling factor. In cases where impedance scaling is not of interest, K can

be eliminated by combining (2.12) and (2.13), and the scaling condition becomes
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(0g/Om)Eg/fm NLg/Lip) = 1. (2.14)

Equations (2.12) and (2.13) consist of four unknowns, thus any two of the four
scaling factors can be chosen arbitrarily. In practice, the conductivity scaling
factor oglom, and the length scaling factor Lg/Lm for the geophysical preb-
lem, are restricted by the model materials and the size of the laboratory. Thus
the frequency scaling factor fg/fm and the impedance scaling factor K are deter-
mined respectively by (2.14) and (2.12) or (2.13).

The modeling materials used in the previous analogue model studies carried
out at the University of Victoria, and also used in the present work, are graphite
plate (1.2 x10° S/m) to simulate the conductivity of an ocean (3.6 S/m), and satu-
rated salt solution (21 S/m) in a large tank to simulate the conductivity of a resis-
tive host earth (6.3x10°% S/m). Using these materials, the conductivity scaling
og/ Om is 3 x 1073, Two different sets of length and frequency scaling are used in
the present work. In the case of the simulated ocean and fault models, the length
scaling was chosen to be Lg/Lm = 106, so that the frequency and impedance scal-
ing by Egs.2.12 and 2.13 are constrained to be fg/fy = 3.3 x 1078 and K = 30
respectively. Thus 1 cm simulates 10 km in the geophysical scale, and a frequency
of 100 kHz in the laboratory corresponds to a geomagnetic variation period of 5
minutes. In the case of the analogue model of the New Zealand region, the length
scaling was chosen to be Lg/Lm =2 x 106, so that the frequency and impedance
scaling factors are fg/fy = 10-8/1.2 and K = 60 respectively. In this model 1 cm
simulates 20 km in the geophysical scale, zrd a frequency of 40 kHz in the labora-
tory ccrresponds to a geomagnetic variation period of 50 minutes. This latter
length scaling was chosen to permit modeling a very large region, that of New

Zealand and the surrounding oceans in an area of 2800 km x 2800 km.
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2.2  The Laboratory Analogue Model Facility

The analogue model facility in the University of Victoria geophysics laborato-
ry has been described earlier in detail by Dosso (1966a, 1973) and Nienaber et al.
(1976). The sketch of the model tank and the source field used in analogue model
experiments is shown in Fig. 2.1. Saturated salt water (0 = 21 S/m) in a large
wooden tank (2.44 m x 1,90 m x 0.76 m deep) filled to a depth of 0.64 m simulates
a uniform resistive earth. Graphite (o = 1.2 x10° S/m) plate of scaled shape can
be used to simulate conductive oceans, sediments, anomalous conductors, and con-
ductive substructures. A thick graphite plate lining the bottom of the tank reduc-
es the effects of the concrete floor of the laboratory. In certain model induction
problems, this graphite plate is used to simulate a highly conductive lower layer in
the earth.

The inducing source field for a wide period range is provided by oscillating
currents in two parallel wires. The horizontal separation of the horizontal current
lines is 2.4 m, twice the height above the surface of the salt solution. This config-
uration provides a reasonably uniform horizontal inducing field and is used to sim-
ulate an ionospheric source of large extent (Ramaswamy et al., 1975; Nienaber et
al., 1976). The current for the source field is supplied by a sine-wave signal gen-
erator and a power amplifier. In the laboratory coordinates (Fig. 2.1), source
electric currents are parallel to the x-axis while the source magnetic fields are
mainly horizontal and parallel to the y-axis. The walls of the tank perpendicular
to the inducing electric field of the source are lined with stainless steel plates
which are electrically connected by a thick copper wire outside the tank. This

permits electric currents induced in the model materials to fiow in the direction
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TANK CONTAINING SALT WATER

Figure 2.1:

Inducing source field and tank containing salt solution.
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of the source electric field right to the edge of the tank and thus decrease the
edge effects of the two walls. A current transformer is used to monitor the mag-
nitude and stability of the current, as well as to provide a reference signal for the
lock-in analyzers employed in carrying out the model measurements.

The detecting and recording equipment sed is schematically illustrated in
Fig. 2.2. Each field detecting sensor is mounted at the end of a lucite tube. The
magnetic field detectors each employs a hand-wound coil of 250 turns of No.42
wire. The horizontal and vertical magnetic field detectors are similar in con-
struction, with the coil length in each detector 0.1 cm and the inside and outside
diameters 0.235 cm and 0.635 cm respectively. The coil axis is horizontal in the
horizontal magnetic field detector and vertical in the vertical magnetic field
detector. The horizontal electric field detector consists of three electrodes in a
straight line with the two outer electrodes having a 1.48 cm separation. The cen-
tre electrode is connected to the common ground of the differential input pre-
amplifier. These three electrodes just protrude through the flat sealed end of the
lucite tube and thus when in use make contact with the salt solution. The horizon-
tal electric field components along the surface of the salt solution are determined
by measuring the voltage difference between the two outer electrodes. Noise
common to the outer electrodes and the cable leads are removed employing a dif-
ferential pre-amplifier which is mounted on the detector carriage. The magnetic
field components (By, By, B;) are measured with the magnetic probes just above
the surtface of the salt solution while the horizontal electric field components (E,,
Ey) are measured with the electric probe just touching the salt solution. The cali-

bration of the magnetic and electric field detectors has been discussed by Dosso
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(1966a). In the present work, the calibration of the electric field detector was
extended to higher model frequencies than used previously by comparing measured
fields with numerically calculated fields for the model frequency range of 1 kHz -
400 kHz.

When measuring the field components, the appropriate probe is mounted on
the motor driven carriage that moves along the horizontal wooden beam that rests
on the two edges of the tank walls. A wiper mounted on the probe carriage slides
along a resistive nichrome wire embedded in the vinyl track. The voltage of the
wiper contact defines the horizontal position of the detector as it traverses the
model tank. The detector signal amplified by the differential pre-amplifier
mounted on the carriage is transmitted to the analyzing and recording equipment
shown in Fig. 2.2. The in-phase and quadrature components are monitored on digi-
tal voltmeters, recorded in analogue form on X-Y plotters, and in digital form
using a computer.

Model measurements along traverses over the model can be carried out for
two perpendicular polarizations (X and Y) of the source field. The X- and
Y-polarizations of the source field ure defined as the inducing electric field
respectively along the x- and y-axes of the model structure. The horizontal mag-
netic field is normalized for each frequency at a model land reference point well
removed from the model structure and tank edges. For X-polarization the analyz-
ing equipment is adjusted so that in-phase By =1 nT and quadrature By = 0, while
for Y-polarization, in-phase Bx = 1 nT and quadrature By = 0. The model field
measurements are processed using the University of Victoria Mainframe Comput-

ing System IBM 3090 (model 180S), as well as an IBM PS/1 computer. In-phase and
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quadrature electromagnetic field components can then be plotted for traverses
over the model at given periods. As well, model induction arrow responses can
readily be calculated using the measured field components. Computer programs
are used to plot the in-phase and quadrature induction arrows V on a map of the
region, and also in the form of Vi and Vy (x- and y-components of V) in-phase and

quadrature response curves along traverses over the model map.

2.3  Chapter Summary

In this Chapter, a brief description of the electromagnetic model scaling con-
ditions and a general description of the laboratory analogue model facility used in
the present work are presented. The modeling materials used are graphite plate
to simulate the ocean and conductive structures, and saturated salt solution in a
large wooden tank to simulate the resistive host earth. In the case of the ideal-
ized ocean and fault models, the scaling factors were chosen so that 1 cm in the
analogue model simulated 10 km in the geophysical scale, and a frequency of 100
kHz in the laboratory corresponded to a geomagnetic variation period of 5 min. In
order to include a large ocean region surrounding New Zealand, length scaling for
this model was hosen so that 1 cm in the analogue model simulated 20 km in the
geophysical scale, and thus a frequency of 40 kHz in the laboratory corresponded

to a geomagnetic variation period of 50 min.




Chapter II
EM RESPONSES OF OCEAN AND FAULT LABORATORY

ANALOGUE MODELS

3.1  Introduction

The interpretation of geomagnetic field observations can be aided by studies
of various types of conductivity structures, which then may permit an approxi-
mate determination of true geoelectric structures within the earth. The under-
standing of the effects of oceans, the responses of conductive faults, as well as
the electromagnetic coupling between them, is of crucial importance. As dis-
cussed in Chapter I, induction arrows, characterizing induced current concentra-
tions, are useful indicators of lateral conductivity variations in the earth. How-
ever, for the case of a local conductor in a coastal region, the ocean coast effect
is a major component in the geomagnetic responses, and thus complicates the
interpretation of the induction arrow responses. The interpretation would be
much simplified if the coast effects were known and could be removed before
interpretation.

The motivation for the work in this chapter is to delineate these coast
effects, and to examine the possible removal of the coast effects for cases of par-
ailel conductive faults near coastlines. The approach used is to vectorially sub-
tract the induction arrow responses of a model ocean from the responses of a

model of a conductive fault near an ocean coastline. This study has application to
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the interpretation of geomagnetic field measurements in the New Zealand region,
where major conductive faults, for example, the Alpine and Wellington Faults, are

roughly parallel to the ocean coastlines.

3.2 The Responses of a Constant Depth Ocean

Figure 3.1 shows the schematic cross-section of a model ocean (2) of 5 km
depth and dimensions X=1000 km and Y=500 km in a resistive host earth, all
underlain by a conductive substratum (c) at depth Z.. The origin of the coordinate
system is at the ocean coastline with Y towards the right and Z vertically down-
ward. Model magnetic field B, and By measurements for the case of
X-polarization (inducing electric field in the X-direction and parallel to the ocean
coastline) for a period range 1-90 min were carried out for a traverse in the
Y-direction along a profile perpendicular to the straight coastline for a range of
depths Z.. The field measurements were used to calculate model in-phase and
quadrature induction arrow responses along the profile. These induction arrow
responses of the model ocean as a function of the period, as well as the effect of
the depth Z of the conductive substratum, are examined here.

Figure 3.2 shows the in-phase and quadrature induction arrow responses V as a
function of the distance Y from the coastline at periods T=2 and 20 min for a con-
ductive substratum depth Z. = 200 km. In the response curves shown, negative
values of V represent induction arrows pointing to the left (negative Y-direction),
while positive values of V represent arrows pointing to the right (positive
Y-direction). Both the in-phase and quadrature responses show the typically large

coast effect near an ocean-land interface. The in-phase responses for both peri-
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The cross—section of the model ocean (a) in a resistive

all underlain by a conductive substratum (c).
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ods are everywhere negative, and, thus the arrows at all locations point towards
the bulk of the ocean, as expected. The maximum in the in-phase response at the
coastline {labelled as Vp,) clearly depends on period, with the maximum at 2 min
being roughly a factor of two greater than at 2u min. The in-phase response sea-
ward shows a larger spatial gradient at 2 min than at 20 min, while landward near
the coast the opposite is the case. At 20 min the spatial gradient of the in-phase
response seaward is much smailer than that of the quadrature response, but over
land near the coast, the in-phase response curve shows the greater spatial gradi-
ent. The quadrature responses at 2 min are positive everywhere indicating arrows
pointing away from the bulk of the ocean, while at 20 min the response over land
and about 25 km seaward are negative, indicating arrows pointing towards the bulk
of the ocean as expected. These results show that the in-phase arrows for points
both over land and sea point towards the bulk of the ocean at both short and long
periods, while the quadrature arrow reverses its direction from pointing away
from the ocean at short periods to pointing towards the ocean at long periods.
Such a reversal of the quadrature arrow direction near a conductive-resistive
interface has also been noted earlier by other authors (e.g., Hebert et al., 1983a;
Nienaber et al., 1983; DeLaurier et al., 1983; Weaver, 1987; Hu et al., 1989; Agar-
wal and Dosso, 1990, 1693).

The periods T=1.5, 2.6, 5 min for the induction arrow responses shown in Fig.
3.3, were selected from the range of model measurements carried out, in order to
demonstrate the behaviour of the ocean responses at the characteristic period T.
As described in Chapter 1, T is that period at which the ocean in-phase response

as a function of period is maximum, and the quadrature response at the same loca-
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tion is zero {and does not reverse sign along the profile). In the period range
included in the analogue model measurements, it was found that at T=2.6 min the
in-phase Vy, (as introduced in Fig. 3.2) was maximum (labelled as Vy,c in Fig. 3.3)
and the quadrature response was zero, as required for the responses at the charac-
teristic period. In order to demonstrate the quadrature response b:zhaviour at
periods T<T. and T>T,., the responses at periods T=1.5 and 5 min are included in
Fig. 3.3. These responses clearly show that for T<T. the quadrature induction
arrows everywhere along the profile point away (positive Y-direction) from the
ocean, while for T>T. the reversed sign over land indicates arrows pointing
towards the ocean, the same as observed for the in-phase arrows.

To show the period dependence in some detail, the in-phase and quadrature
coast effect responses V for a range of periods (1-90 min) are presented in Fig.
3.4. It is apparent that both the in-phase and quadrature responses are strongly
period dependent. The in-phase V, is seen first to increase with an increase in
period, to attain a maximum between 2 and 3 min (more precisely 2.6 min, the
characteristic period described in Fig. 3.3), and then to decrease with a further
increase in period. The corresponding quadrature response, however, positive at
short periods (T<2 min), decreases with an increase in period to approach zero at
Tc (2-3 min), changes sign to become negative at 3 min, and then increases in
magnitude with a further increase in period. After reaching a maximum response
at roughly 10 min, (a period roughly a factor of 4 greater than the period T, at
which the in-phase response is maximum), the quadrature response gradually

decreases with a further increase in period.
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Figure 3.4: The in—-phase and quadrature induction arrow responses V

along a traverse perpendicular to the coastline for periods of 1-90 min.
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If the in-phase curves in Fig. 3.4 (for example, the curves for 5, 10, and 30
min) were normalized to all have the same maximum response Vy, at the coast, it
would readily be seen that seaward the spatial gradient near the coast decreases
with an increase in period. Another way of stating this behaviour is that over the
ocean {near the coast) the response curves are steeper at short periods than they
are at long periods. For example, at 5 min period the in-phase response uver the
ocean 10 km from the coast is about 20% of that observed at the coast, while at
20 min period the distance from the coast for such a decreased response is seen to
be about 25 km. It is noted that the distances of 10 and 25 km are roughly equal
to 28 (ocean conductivity skin depths) at 5 and 20 min periods respectively. Over
the land, the opposite trend to that over the ocean is noted, with the in-phase
response as a function of distance decreasing more rapidly at long periods than at
short periods, so that the distances for attenuation to 20% of the response at the
coast are 180 km and 115 km at 5 and 20 min periods respectively. The quadra-
ture component shows a more complex behaviour, partly due to the sign change in
the neighborhood of the characteristic period. But if the curves were normalized
as described for the in-phase component, it would be seen that over the ocean, at
periods somewhat greater than T, the quadrature response curves are steeper
than those of the in-phase curves. For example, at 20 min the distance seaward at
which the response is decreased to 20% of that at the coast is roughly 10 km (or
18), compared with 20 km (or 26) for the in-phase component. The svatial gradi-
ents of the quadrature response curves landward as a function of period do not
change much for periods greater than 5 min. Thus, the spatial gradients landward

are smaller for the quadrature than for the in-phase responses, indicating that
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over land the quadrature component of the coast effect attenuates less rapidly
with distance than does the in-phase component.

Figure 3.4 also shows that for periods somewhat greater than T, the quadra-
ture arrows on either side of the coastline, but near the coast, point towards each
other, thus point towards the conductive-resistive interface. It is noted that dif-
fering from the quadrature arrow response behaviour, the in-phase arrows at ail
locations along the profile point towards the bulk of the conductive ccean at all
periods. The reversal of the quadrature arrow near the conductor-land interface,
as well as the oppositely directed arrows observed on either side of the interface
for T>T(, agree with the results of the numerical calculations of Agarwal and
Dosso (1993). They suggested that since these oppositely directed arrows define
the location of the conductive-resistive interface, such oppositely directed arrows
observed in geomagnetic studies could be an aid in locating the boundary of a bur-
ied conductive sill in a resistive host.

Figure 3.5 shows the induction arrow responses (of Fig. 3.4) plotted in the
form of amplitude and phase angle. In examining the amplitude maximum at the
coast as a function of period, it is seen that the maximum occurs at 3 min (as was
also the case for the in-phase response curves in Fig.3.4). The phase angle at the
same location is roughly 180° at 3 min, agreeing with the minimal quadrature
response seen at this period in Fig. 3.4. It is noted that over the ocean the
response as a function of distance from the coast decreases more rapidly at short
periods than at long periods. For example, at 5 min the response observed over
the ocean 10 km from the coast is approximately 20% of that at the coast, while

at 20 min the distance for such a decreased response is about 20 km, a distance
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Figure 3.5: The amplitude and phase angle response curves along

a traverse perpendicular to the coastline for periods of 1-90 min.
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roughly equal to 2§ (ocean conductivity skin depths at this period), similar to that
for the in-phase response of Fig. 3.4. On shore, the response at all periods falls
off gradually as a function of distance from the coast, with the exception that
very near the coast the decrease is very rapid. The general form of the amplitude
response curves is that of being broader at long periods than at short periods.

The phase angle at all locations (Fig. 3.5) is less than 180° for T<3 min, while
on shore for T>3 min (i.e., T>T.), it is greater than 180 and is seen to increase
with an increase in period. At long periods (60 and 90 min) the phase angles both
on land and over the ocean are in the third phase angle quadrant, indicating that
both the in-phase and quadrature arrows everywhere point towards the bulk of the
ocean. At these long periods, the phase angles over the land are greater than
225°, thus agreeing with the responses shown in Fig. 3.4, that the quadrature com-
ponent is dominant in the ocean response. Over the land, the broad phase angle
curves at long periods show the persistence of the quadrature response a great dis-
tance inland.

The ocean in-phase response maximum Vy, and the corresponding quadrature
(both from Fig. 3.4) are shown in the upper portion of Fig. 3.6, while the induction
arrow amplitude and the phase angle (both from Fig. 3.5) are shown in the lower
portion. The in-phase response curve shows a maximum (V) at roughly 2.6 min
(the characteristic period T.), while the corresponding quadrature value is zero.
At this characteristic period for Z.=200 km, the skin depth § (in the host conduc-
tivity) is 260 km, and thus § = 1.3 Z, a value that is in agreement with the calcu-
lations of Agarwal and Dosso (1990) (who determined § at the characteristic peri-

od to be in the range of 1.1 Z; to 1.3 Z. for single station induction arrows).
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Figure 3.6: a) The in—-phase response maximum V, (and the quadrature

response at the same location), b) the amplitude response maximum
(and the phase angle) as a function of period for the 5 km depth
ocean underlain by a conductive substratum at depth Z, =200 km.
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Again (as was noted in the curves shown in Fig. 3.4), the quadrature response in
Fig. 3.6a as well reaches a maximum at approximately 10 min, a period roughly a
factor of four greater than the 2.6 min (T.) period at which the in-phase response
is maximum.

As is the case for the in-phase response curve, the amplitude response (Fig.
3.6a) also reaches a maximum at roughly 2.6 min. The amplitude curve shows a
second maximum at roughly 10 min, obviously due to the maximum in the quadra-
ture component at this period. The phase angle increases with increasing period,
from less than 180° for T<T, to greater than 180° for T>T.. At short periods T<5
min the phase angle is roughly 1809, and thus the major response is that of the in-
phase component, while at long periods (say T=60-90 min) the phase angle
approaches 270°, indicating that at long periods the major response is that of the
quadrature component. Clearly the results of Fig. 3.6b are consistent with those
of Fig. 3.6a, and a knowledge of T, delineated by the period for in-phase arrow
maximum (and the accompanying zero quadrature), or the amplitude maximum
(and the accompanying 180° phase angle) used in 8(T¢e) = 1.3 Z, could aid in
determining the depth Z. if the conductivity of the host were known.

In order to show the dependence on substratum depth Z., the in-phase
response maximum Vy, (and the corresponding quadrature) as a function of period
for conductive substratum depths Z.=50, 100 and 200 km are shown in Fig. 3.7 (the
curve labels are the same as those in Fig. 3.6a). As shown by the curves in Figs.
3.3 and 3.6 for the case of Z;=200 km, the skin depth (in the host conductivity) at
the characteristic period T:=2.6 min could be expressed as 8(T¢) = 1.3 Z.. This

expression indicates that T, decreases with decreasing substratum depth Z., so
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that for a smaller depth, say Z-=100 km, T, should be decreased by a factor of
four. It should be stated that the analogue model equipment did not permit meas-
urements below simulated periods of 1 min, and thus it was not possible to show
characteristic periods T, for the cases of Z-=50 km and 100 km. However, two-
dimensional numerical model calculations carried out confirmed the period of
T¢=0.7 min for the case of Z.=100 km, thus indicating that the quadrature arrow
which reverses direction for TST(, should do so at a shorter pericd for the
decreased substratum depth Z.=100 km.

The in-phase and quadrature responses over most of the period range in Fig,
3.7 are clearly seen to be highly dependent on the substratum depth Z.. For
example, at 10 min both the in-phase and quadrature responses are each about a
factor of two smaller for Z:=50 km than for the case of Z:=200 km. This can be
attributed to the effect of current induced in the underlying conductive substra-
tum, since the induced current has the effect of both attenuating B, and enhanc-
ing By much more when the current is induced in a conductive substratum nearer
the surface than for one at greater depth, thus leading to the smaller induction
arrow responses for Z-=50 km. At the shorter periods (T<10 min) the in-phase
response shows a much stronger dependence on Z. than does the quadrature
response, while for periods T>10 min, the opposite is the case. The somewhat
complex behaviour of the quadrature curve at short periods can be attributed to
the sign reversals at the characteristic periods, differing for each depth Z.. How-
ever, at the long period of 90 min, a period at which the skin depth (for the host
earth conductivity) is approximately 1500 km (a depth much greater than all the
Z depths studied), the responses for both components show little dependence on

Zco
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3.3  The Responses of an Ocean and an on Shore Fault Parallel to the Coastline

Figure 3.8 shows the schematic cross-section of a 5 km depth ocean (a), and at
a distance S from the coastline, a parallel conductive fault (b) in a resistive host
earth, all underlain by a conductive substratum (c) at depth Z, that was simulated
in the laboratory analogue model. Model magnetic field components along a pro-
file normal to the coastline were measured for the case of X-polarization (electric
field of the inducing source parallel to the ocean coastline and the fault strike) for
a range of periods (T=1-90 min) and fault depths (2=5, 25, 50, 75 km) for each
ocean-fault separation distance (S=50, 100, 200 km). These field components were
used to calculate in-phase and quadrature induction arrow responses for various
models.

Figure 3.9 shows the 2 and 20 min in-phase and quadrature induction arrow
responses V as a function of the distance Y from the coastline for Zy = 5 km,
Z2:=100 km, and S=100 km. This figure is provided to introduce the labels of the
response maximum Vp,, (at the coastline), and the response maximum Vp,p, (just to
the left of the rault). From the curves for the 2 and 20 min periods it is obvious
that the responses along the traverse are strongly period dependent, and that the
period dependence is not the same for the in-phase and quadrature components.
For example, the changes in the magnitudes and the signs of Vi, and Vt, for the
2-20 min period interval for the quadrature response differ in a complex manner
from those for the in-phase response. Other examples are the sign reversal (at 75
km) seen in the in-phase response at 2 min (but not at 20 min), and a similar sign

reversal (at 80 km) in the quadrature component at 20 min (but not at 2 min).
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To show the dependence on period in some detail the in-phase and quadrature
induction arrow responses along the profile for a range of periods {1-90 min) for
the ocean-fault model are shown in Fig. 3.10 (it should be noted that the response
curves for 2 and 20 min are the same as those shown in Fig. 3.9). It is seen that
both the in-phase and quadrature responses are strongly period dependent over the
entire period range. The in-phase Vi, (as introduced in Fig. 3.9) at the coastline
for T<3 min increases gradually with period to its maximum value at about 3 min,
and then decreases with further increasing period, while the in-phase V} (also
introduced in Fig. 3.9) just to the left of the fault decreases rapidly with increas-
ing period to become zero at 20 min. It is noted that at 1 min the in-phase
response reverses sign at a distance of approximately 75 km from the coastline,
while at 10-20 min this distance is increased to approximately 100 km. To the left
of this response reversal along the profile, the in-phase induction arrows point
towards the ocean (negative Y direction), while to the right they point towards the
fault (positive Y direction and away from the ocean). Since at periods T 2 20 min
the in-phase response is seen to be negative over the entire profile, the in-phase
induction arrow at these longer periods everywhere points towards the ocean. The
quadrature response, however, due to the characteristic period behaviour of the
ocean response, shows a more complex behaviour. For periods T<2 min, it is posi-
tive pointing towards the fault at all locations between the ocean and the fault,
while for periods T 2 3 min it shows a behaviour similar to that of the in-phase
arrow, reversing direction at distances from the coastline that increase with
increasing period. However, at the short period of 3 min, the quadrature response

reverses direction at Y=30 km, a location much nearer the coastline than that for
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the in-phase response. Thus, for T=3 min the quadrature arrows at distances less
than Y=30 km point towards the ocean, and at distances Y>30 km point towards
the fault, while at very long periods (say 60-90 min), both the quadrature and the
in-phase arrows at all locations point towards the ocean. The arrows (in-phase and
quadrature), everywhere at long periods pointing towards the ocean, together with
the ocean showing the larger responses, indicate that the induction responses at
long periods are predominantly those of the ocean. In contrast, at short periods
(T<3 min in Fig. 3.10) the major quadrature response is clearly that of the fault.

Figure 3.11 shows the response maximums V5 and V1, (as defined in Fig.3.9)
for tue in-phase component as a function of period for fault depths Zy=5, 25, 50,
75 km for each ocean-fault separation distance (S=50, 100, 200 km). Both V5
and Vppy at a given period for a given Zy, increase with an increase in the separa-
tion distance S. The Vp,; response curves show that the effect of increasing the
fault depth, though small, is the largest for the S=50 km ocean-fault separation
distance, and is negligible at the largest separation distance of $=200 km. It is
interesting to note that for each separation distance S=50 and 100 km the maxi-
mum in the V5 response curve occurs at roughly 3 min, the same period at which
the Vizp curves for four fault depths intersect. For the S=200 km separation, the
Vma response curve does not show such a2 maximum, since the fault response
would be expected to provide only a negligible component to the response at the
distant ocean, and the ocean response alone would be expected to show a maxi-
mum at the characteristic period T = 0.7 min, a period outside the range shown
in Fig. 3.11, For periods T 2 3 min for all three separation distances ($=50, 100,

200 km), the largest V1, responses are cbserved for the shallowest fault, and the
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magnitudes of the responses decrease with increasing fault depth. For periods T>3
min, the opposite is observed, except for the case of S=50 km which shows the
responses for the shallow fault depths (Z=5, 25 km) to be of sign opposite to those
for the larger fault depths (Z,=50 and 75 km). In general, both V5, and V1, show
strong dependence on period.

Figure 3.12 shows the response maximums Vi, and Vyp, for the quadrature
component as a function of period (as for the in-phase component in Fig. 3.11).
The change in the fauit depth is seen to have even a smaller effect on the quadra-
ture ocean response Vi, than was observed for the in-phase component (Fig.
3.11). In fact, except for the smallest separation distance (S=50 km) for T>3 min,
the quadrature Vi, appears to be insensitive to the fault depth. Similar to the
results for the in-phase component, the quadrature Vi, is the largest for the shal-
lowest fault at short periods for all separation distances, with the opposite being
the case at long periods. A major difference is that this cross-over from the
behaviour at short periods to the opposite behaviour at long periods occurs at
roughly 10-12 min, a period approximately a factor of 3-4 greater than the lower
period of roughly 3 min observed for the in-phase component (Fig. 3.11).

The cross-over in the dependence on fault depth at short periods, where the
shallower fault results in the larger response, to the opposite dependence on fault
depth at long periods, observed at different periods for the in-phase (Fig. 3.11) and
in the quadrature (Fig. 3.12) components, could have application in determining
the depth of a fault ir. a coastal region.

Figure 3.13 shows the zero response period T, for the in-phase component as a

function of the distance Y from the coastline for the ocean-fault separation dis-
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tance S=100 km and the fault depth Zp=5 km. The zero response period T, is that
period at which the response, at a given distance from the coastline, is zero, and
for T>T, is of sign opposite to that for T<T,. The induction arrows for 3 and 10
min are included to demonstrate arrow reversals and magnitude changes alcng the
profile. At roughly 85 km from the ocean the in-phase response is zero at 3 min
(To), then for T>3 min the arrow points towards the ocean, while for periods T<3
min the arrow points towards the fault (or away from the ocean). Further, at this
3 min period, the arrows at sites Y<85 km point towards the ocean, and at sites
Y>85 km point towards the fault (or away from the ocean). The zero response
curve (Ty as a function of Y) divides the region between the ocean and the fault
into two zones in which the induction arrows to the left of the curve point towards
the ocean and to the right of the curve point away from the ocean (or towards the
fault). It is noted that the points on the zero response curve lie well to the right
of mid-way (S/2) between the ocean and the fault, and move towards the fault
with increasing period.

The zero response curve for the quadrature component, similar to that for the
in-phase component (Fig. 3.13), is shown in Fig. 3.14 (it should be noted that the
arrow scale differs by a factor of two from that for the in-phase component).
Differing from the in-phase arrow at 3 min, which reverses direction near the
fault at Y=85 km (Fig. 3.13), the quadrature arrow over land reverses sign at
Y =35 km, a location much nearer to the ocean than to the fault. As was the case
for the in-phase component (Fig. 3.13), the zero response curve for the quadrature
component also divides the region between the ocean and the fault into two zones

in which the arrows to the left of the curve point towards the ocean, and to the
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right of the curve point towards the fault. A second zero quadrature response
curve (to the left in Fig. 3.14) lies completely over the ocean, with the arrows to
the left of the curve pointing to the right and those to the right of the curve
pointing to the left, so that the arrows on opposite sides point towards each other.
This differs from the quadrature arrow behaviour on land (zero response curve to
the right in Fig. 3.14) where the arrows on opposite sides of the zero response
curve are also oppositely directed, but point away from each other. In general,
the zero response periods T, for both the in-vhase and quadrature components
increases with distance from the coastline.

Figure 3.15 shows in detail the zero response curves (T, as a function of Y)
for the in-phase component for fault depths Zy=5, 25, 50, 75 km for each ocean-
fault separation distance S=50, 100, 200 km, It is seen that for all three separa-
tion distances (S=50, 100, 200 km), the zero response curves shift to smaller values
of Y (towards the ocean) with increasing fault depth Z}. This is expected due to
the increasing positive fault response with increasing fault depth, a response that
is of sign opposite to that of the negative ocean response (see Fig. 3.10). At short
periods (To<5 min) the zero response period T, increases with increasing distance
Y from the ocean (or decreasing dis.ance from the fault) for all fault depths and
separation distances. This is also the case at longer periods for fault depths Z},=5
and 25 km for separation distances S=100 and 200 km. However, for the very
large fault depths Z1,=50 and 75 km, the zero response curves show an inflection in
the neighborhood of Ty=5 min, so that for the pericd range Ty=5-20 min, T,
increases with decreasing distance from the coastline for all three separation dis-

tances. At the longer periods (say, for T,>20 min) for these large fault depths, T,
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again increases with distance from the coastline. This is expected since at very
long period the res; - ‘e of the massive ocean should be larger than that of the
fault. These inflections in the zero response curves observed for the large fault
depths draw attention to the rather interesting feature that at certain distance
from the coastline the in-phase response could be zero at two or even three dif-
ferent periods Ts. For example, in the case of Zp=75 km for S=50 km, curve 4
shows zero response periods T of approximately 1.2, 15, and 30 min at Y=30 km.
It is apparent that the fault depth and the proximity of the ocean are important
parameters in determining the zero response period at a given location. It is
interesting to note that T, in the proximity of the fault, is very sensitive to the
fault depth, increasing sharply with increasing Zy,, and that there is an upper limit
to the zero response period at the fault edge for each ocean-fault separation dis-
tance. This feature has application to delineate a fault location and depth in a
field survey carried out along a profile in a coastal region. For example, if in a
linear array of field sites such a cut-off period (say Ty=10 min) was observed at a
site Y=95 km from the coastline, curve 1 for S=100 km would suggest that the site
may be roughly at the edge of a 5 km depth fault.

The curves for the zero quadrature response periods T, are shown in Fig. 3.16.
Compared with the observations for the in-phase component (in Fig. 3.15), the
zero quadrature response locations (say for given periods To<5 min) are much
nearer the ocean at short periods than was the case for the in-phase component.
Further, as was the case for the in-phase component (Fig. 3.15), the zero quadra-
ture response curves (T as a function of Y) shift towards the ocean (or away from

the fault) for increasing fault depth for all ocean-fault separation distances S.




QUAD
100 ~ - B o L . . . -
D S R R I A B L O
R - H i - /
r a r a c. v o a 'u‘ }7' o}
N /
1 /
- : - 1 — , /
A 3 N No. Al)(l\’lll) /
- a o a o v 0o 1 5H a o v o
! 2 25 4k R /1
a g v o 3 50 a o v [s}
4 i3 475 !
. P
H / __5. /
8 v' [»] t— Aﬂ' vl [o]
K / - Y -
i .- <
£
".'/.
:'.?
o'a 0
-
R p
S0 N2
S 50 ko SO 100 kin S 00200 km
1 1 ! | I | i | B | | | I { b i | | i | I |
- 6 ¢! < G ] 10 12 |-l 16 18

!
i
‘)

Y (10 ki)

=oor
D, 26,

Migure 316 Empimceal plots of the zero quadrature response period Ty as a function of the
distance Y from the coastline for o range of faull depths (4, 50, 7O km) and for
fault separation distances (550, 100, 200 k).

cach of three ocean




60
For example, in Fig. 3.16 for the case of S=200 km and Zp=5 km (curve 1), Y (at
T5=10 min) decreases from roughly 145 km for Zp=5 km, to approximately 115 km
for Zp=75 km. Again, as for the in-phase component (Fig. 3.15), the zero quadra-
ture response curves at intermediate periods (roughly 10-40 min) for the deep
faults also show multiple T, values at certain distances from the coastline. The
zero response period To depends more strongly on Zy, at long periods than it does
at short periods. For example, for $=200 km and Zp=5 km, the zero response peri-
ods at Y=40 and 120 km are Ty=2 and 5 min respectively, while for Z;,=75 km at
the same two sites they are Tp=2.2 and 50 min respectively. The zero in-phase
and zero quadrature response curves in Figs. 2.15 and 3.16 cculd aid in determin-
ing a fault location a: well as its depth for the case of a fault near a coastline.
For example, if at a distance Y=80 km from the coastline, the in-phase response
were found to be zero at 4 min period, the curves in Fig. 3.15 would suggest the
ocean-fault separation distance S to be roughly 100 km and the fault depth to be
approximately 25 km. This would be confirmed by the zero quadrature response
observed at a period of roughly 20-30 min (Fig. 3.16) at the same site (Y=80 km),
with the sign negative at sites Y<80 km, and pos’“ive at Y>80 km.

As was pointed out in the discussion for the in-phase component (Fig. 3.15),
for each ocean-fault separation distance there exists an upper limit (T;,) to the
zero response period (Ty) observed at the fault edge. For example, for the fault
depth Zp=5 km for the case of S=200 kin (curve 1 in Fig. 3.15), the upper limit
period Ty, is 30 min, a period beyond whicli no zero in-phase response is observed
(and thus no reversal in sign at any site) between the ocean and the fault. This

period T=30 min for the shallow fault Zp=5 km, increases to 60 min for Zp=50
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km, and to 90 min for Zy=75 km. For a decreasing ocean-fault separation distance
(=100, 50 km) the cut off period Ty, shifts to shorter periods for a given fault
depth Zp. For example, the T;=30 min period observed for the shallow fault
(Zp=5 km) for the case of S=200 km (curve 1), is decreased to 10 min for S=100
km, and to 3 min for S=50 km. It is noted that the zero response curves for the
quadrature component (Fig. 3.16) do not show an upper limit to the zero response
period as is observed for the in-phase component.

An empirical plot of the cut-off period T, as a function of the fault depth Zy,
for the three ocean-fault separation distances $=50, 100, and 200 km is shown in
Fig. 3.17. It is noted that these curves show the relationship between the cut-off
period and the fault depth only approximately, since some extrapolation was
required in view of the spacing of the periods studied. Nevertheless, the curves in
Fig. 3.17 do show that in principle a knowledge of the cut-off period could provide
information on the fault location and depth. For example, a cut-off period Ty, of
roughly 20 min at a site roughly 100 km frcm the ocean coastline could suggest an
ocean-fault separation distance S=100 km and a fault depth of approximately 25
km,

If the sites in a geomagnetic field study were in a coastal region that included
conductive faults, zero in-phase and/or quadrature induction arrow responses at
some sites might be expected at periods T, periods that on the basis of the mod-
els studied in this section should be characteristic of the ocean-fault model gecm-
etry. Further, comparing the magnitudes and the signs of the responses for a
spectrum of periods (including those for T<T, and T>T,), normally available at

each site, with those for a range of mod..ls should in principle permit an interpre-
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Figure 3.17: Empirical plots of T (the upper limit to the zero
in—phase response period Ty) as a function of the fault depth

Z, for ocean—fault separation distances S=50, 100, 200 km.
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tation of the field site measurements. In the following, figures 3.18-3.20 are pre-
sented to provide such model responses over a spectrum of periods at specific
sites between the fault and the ocean coastline.

The in-phase and quadrature induction arrow responses at selected distances
Y=15-45 km from the coastline for an ocean-fault separation distance $=50 km a-e
shown as a function of period for fault depths Z,=5, 25, 50 km in Figs. 3.18, 3.19,
3.20 respectively. The response curves for a shallow fault Zp=5 km in Fig. 3.18
show that for locations Y<35 km the in-phase responses are negative at all peri-
ods, indicating that the in-phase arrows point towards the ocean. Nearer the
fault, at sites Y>35 km, the in-phase responses reverse sign at T, (closed circles),
from positive for T<Ty to negative for T>T,. This zero in-phase response period
T, increases for sites near (increasing Y) the fault, for example, Ty increases
from roughly 1 min at Y=35 km to 3 min at Y=45 km. The quadrature response
shows a sign reversal at T, (open circles) over a much larger distance range
(Y=15-45 km) than that for the in-phase response. Again, as is the case for the
in-phase response, the zero quadrature response period T, also increases with
increasing Y. At a location very near the fault (Y=45 km), the quadrature
response becomes negligible for periods T>T, (but the in-phase response remains
significant), it is noted that at short periods (T<5 min), while one of th: compo-
nents (suy in-phase) is zero at the period T, the other component (say quadrature)
shows a broad maximum at roughly the same period. For example, at Y=35 km the
in-phase response is zero at 1 min while the corresponding quadrature response is
roughly maximum; and at 5 min period, the quadrature response is zero while the

in-phase response shows a maximum. The zero 1zsponse periods T, for the in-
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Figure 3.18: The in—phase and quadrature induction arrow responses
as a function of period for selected localions at distances Y=15-45
km from the coastline for S=50 km for fault depth Zb=5 km. The
closed and open circles indicates the zero response periods Ty for
the in—phase and quadrature components respectively.
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phase and quadrature components are seen to be confined to the period range of
1-10 min for this ocean-fault model. For periods T>10 min, both the in-phase and
quadrature responses are negative, indicating that the arrows for both components
at all sites point towards the ocean at the longer periods.

To show the effect of increasing the fault depth, the in-phase and quadrature
responses at the same sites {Y=15-45 km) as those in Fig. 3.18 are provided for
fault depths Z),=25 kra and 50 km in Figs. 3.19 and 3.20 respectively. In comparing
the responses in Fig. 3.19 for the fault depth Z=25 km with those for the shallow-
er fault depth Zp=5 km in Fig. 3.18, the main changes are a shift to larger T, at
each site Y, and a generally attenuated response at periods T<Tg and T>T for the
increased fault depth. The zero in-phase and zero quadrature response periods T
are now confined to the increased period ranges 1-4 min and 3-20 min respective-
ly, as compared with the ranges 1-3 min and 3-10 min for the shaliower fault
depth Zp=5 km. Signs reversals (at Ty) in the in-phase response (in the period
range shown) occur at locations Y230 km, as compared with Y235 km for the shal-
lower fault. The quadrature response shows sign reversals (at periods Tgy) at all
sites. However, the quadrature response for periods T>T, is negligible at sites
Y240 km, compared with the similar small responses at Y=45 km for the case of
Zp=5 km.

In comparirg the responses for the further increased fault depth of Zp=50 km
{(Fig. 3.20) with those for the Zp=25 km depth (Fig. 3.19), it can be seen that the
zero response periods Tg, (characteristic of the model parameters) for the in-phase
component are again shifted to somewhat longer periods (for example, from 4 to 8

min at Y=45 km), while for the quadrature component they are shifted to slightly
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Figure 3.19: The in—phase and quadrature induction arrow responses
as a function of period for selected locations at distances Y=15-45
km from the coastline for S=50 km for fault depth Z,=25 km. The
closed and open circles indicates the zero response periods Ty for
the in—phase and quadrature components respectively.
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shorter periods for Y<35 km, and to longer pericds for Y>35 km. The increased
fault depth also has the effect of further attenuating the responses for both com-
ponents, with the quadrature response for T>T, being negligible for Y>35 km.
Additional response curves, similar to those in Fig. 3.18-3.20, but for increased

ocean-fault separations of S=100 and 200 km are given in Appendix A.

3.4 Removal of the Coast Effect From the Response of an Ocean and an on

Shore Fault Parallel to a Coastline

In order tc examine if the sum of the individual responses of a model ocean
and a model fault would yield the response of a model of an ccean and an on shore
fault parallel to the coastline, laboratory measurements were carried out for mod-
els of each of an ocean, an elongzated conductive fault, and an ocean and an elon-
gated conductive fault parallel to the coastline, each in a resistive host earth.
The parameters for these models are shown in the upper parts of Figs. 3.21-3.24,
the figures that show the in-phase and quadrature induction arrow responses at 2
and 20 min for models of the ocean (V3), the elongated conductive fault (Vy), the
fault parallel to a straight ocean coastline (V,3), as well as the sum (dashed curve)

of the ocean and the fault responses (V,+Vy).

3.4.1 The Effect of the Fault Depth for a Small Ocean-Fault Sepairation
Distance
The in-phase and quadrature responses for each of the ocean, the fault, and
the ocean and un on shore fault parallel to the coastline, as well as the sum of the
ocean and the fault responses for a small ocean-fault separation distance (S=50

km) are shown for the cases of a shallow fault (Zp=5 km) in Fig. 3.21 and for a
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Figure 3.21: The in-phase and quadrature induction arrow responses V

al 2 and 20 min for each of: the ocean (V,

and the fault parallel to the coastline (V5), and the sum of the ocean

). the fault (Vy,); the ocean

and the fault responses (V3+Vy) for the ocean-faull separation distance
S=50 km and for the fault depth Z;=5 km.
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very deep fault (Zp=75 km) in Fig. 3.22. The in-phase responses V, (ocean) at 2
and 20 min are seen to be negative at all locations, indicating arrows pointing
towards the bulk of the ocean as expected. The quadrature response V, at 2 min
reverses sign near the ocean coastline as well as at a location further inland, indi-
cating that the 2 min period shown is greater than the characteristic period (T()
for this ocean underlain by a conductive substratum at 100 km depth. At 20 min
the ocean quadrature response V, is negative everywhere on land, the same as is
the case for the in-phase response. This agrees with the ocean coast effect
observed at long pericds in a previous section (3.2). Both the in-phase and quadra-
ture responses Vy, (fault) at 2 and 20 min are positive to the left of the fault but
negative to the right of the fault, again indicating that the arrows at either side
of the fault point towards the fault as expected. At 2 min the in-phase response
V} is considerably larger than the quadrature response Vi, but at 20 min the two
responses are roughly the same. The in-phase response V3, (ocean and the fault
parallel to the coastline) reverses sign (at a location very near the fault) at 2 min,
but not at 20 min. The quadrature response V,}, however, at 2 min does not show
a reversal but is positive between the ocean and the fault. At 20 min the quadra-
ture response Vy, as is the case for the in-phase response, is negative every-
where. Thus the observations of the induction arrow behaviour for models of the
ocean, the fault, and the ocean and the fault, are consistent with the results in the
previous sections.
The sum of the individual responses V,+V}, are shown in the dashed curves in
Fig. 3.21. For the in-phase response at 2 min very good agreement is seen

between the dashed line curve (Vz+Vp) and solid line curve (Vap) in the region
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Figure 3.22: The in-phase and quadrature induction arrow responses V
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and Lhe fault responses (Va+V},) for the ocean—fault separation distance
S=50 km and the fault depth Zy=75 km.
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between the ocean and the fault. The agreement for the quadrature component at
2 min is also very good, except right at the coastline and at the fault. A compari-
son of the results (not presented here) for periods greater than 20 min for the 5
km depth fault, as well as for the 25 km and 50 km depth faults also showed good
agreement. In general, Fig. 3.21 shows that the agreement between V,} (the
induction arrow response of an ocean and a conductive fault parallel to the coast-
line) and V,+V}, (the sum of the individual ocean and fault responses), though very
good at the short period of 2 min, is even better at the longer period of 20 min.

The curves in Fig. 3.22 show that for an unrealistically deep fault (Z2;,=75 km,
rather than Zp=5 km as in Fig. 3.21) the agreement between V,}, and V +Vy, at 2
min has deteriorated somewhat, compared with the results for the shallower 5 km
depth fault (Fig. 3.21). However, very good agreement in the region between the
ocean and the fault for both components is seen at 20 min. Thus, for the respon-
ses of the conductive fault parallel to the coastline for the case of a small ocean-
fault separation distance (S=50 km), the sum of the responses V;+V}, shows good
agreement with the response V,}, in the region between the ocean and the fault
for shallow and intermediate depth faults at both short and long periods (periods

as long as 90 min were also studied, but not shown here).

3.4.2 The Effect of Fault Depth for a Large Ocean-Fault Separation Distance
Figures 3.23 and 3.24 show the in-phase and quadrature responses for the same
models as those of Figs. 3.21 and 3.22 except that the ocean-fault separation dis-
tance has been increased to S=100 km. It is apparent that for this increased sepa-
ration distance both for the shallow fault (Zp=5 km in Fig. 3.23), and the very deep

fault (Zp=75 km in Fig. 3.24), the agreement between V,}, and V,+V}, is excellent
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at both short and long periods along the entire profile (except very near the
conductive-resistive interfaces). As expected, this agreement for the larger
ocean-fault separation distance of S=100 km is even better than that for the smal-
ler separation of $=50 km (in Fig. 3.21), since the electromagnetic mutual coupling
of the ocean and the fault is reduced with the increased separation distance.

Thus for an ocean-fault separation distance as small as S=50 km, the coupling
between the ocean and the fault is seen to be sufficiently small, so that the sum
of the response of the ocean and the response of the fault yields (within reason-
able accuracy) that of the ocean and the fault. This indicates that in geomagnetic
field studies of faults in coastal regions, the coast effects (if known) could be sub-
tracted from the measurements to yield the responses of the fault alone, and thus

simplify the interpretation of the measurements.
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3.5 Chapter Summary

In this chapter, analogue model measurements are used to study induction
arrow responses for two basic models: i) a simple 5 km depth ocean for a range of
conductive substratum depths; and ii) an elongated conductive fault parallel to the
ocean coastline for 2 range of periods, fault depths, and ocean-fault separation
distances. These results are then used to examine the removal of coast effect

responses from those of a fault near an ocean coastline.

The Responses of a Constant Depth Ocean

The induction arrow in-phase and quadrature responses (as well as the ampli-
tudes and phase angles) along a profile perpendicular to the ocean coastline are
studied for a wide period range (1-90 min) for three conductive substratum depths
(Z:=50, 100, 200 km). These model responses depend strongly on the depth of the
conductive substratum as well as on the period. The characteristic period T (the
period at which the in-phase induction arrow response near the ccastline is maxi-
mum, and the corresponding quadrature response at the same location is zero) for
the model ocean underlain at depth by a conductive substratum, is seen to
increase with increasing substratum depth. The corresponding quadrature
response at the same location shows a maximum at a period roughly a factor of
four larger than the period at which the in-phase response is maximum. The
empirical relationship between thg host skin depth § (at the characteristic period
T¢) and the depth (Z) of the éoﬁductive substratum, 8(T¢) = 1.3 Z, could be used
as an aid in determining the conductive substratum depth if the conductivity of

the host were known.
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The Respouses of an Ocean and an on Shore Fault
The in-phase and quadrature induction arrow responses of an ocean and an
elongated conductive fault parallel to the coastline are studied for a range of
periods (1-90 min) and fault depths (Zy=5, 25, 50, 75 km) for each of three ocean-
fault separation distances (S=50, 100, 200 km). Due to the opposite signs of the
ocean and fault responses at locations between the ocean and the fault, the resul-
tant responses for both the in-phase and quadrature components are zero and
reverse sign at periods T, that are seen to depend on the ocean-fault separation
distance, the fault depth, and the distance from the ocean (location between the
ocean and the fault). Empirical response curves for the in-phase and quadrature
induction arrows are provided to show this dependence. A knowledge of the mag-
nitudes and the signs of the induction arrow responses for a spectrum of periods
(including those for T<T, and T>T.), as well as a knowledge of the periods for
maximum and zero responses along a profile for a catalogue of ocean-fault ana-
logue models, should have application to the interpretation of induction arrow

responses along a profile in coastal regions that included conductive faults.

Removal of the Coast Effect from the Responses of a Fault Near an Ocean

The possible removal of the geomagnetic coast effect from the response of an
ocean and an on shore fault parallel to the coastline is studied by comparing the
model induction arrow response of the ocean and an on shore fault with the sum of
the ocean anc' the fault responses for a range of fault depths (Zy,=5, 25, 50, 75 km)
and ocean-fault separation distances (5=50, 100, 200 km). It is demonstrated that
a simple vector subtraction of the ocean responses from those of the ocean and

the on shore fault does yield (within reasonable accuracy) the in-phase and quadra-
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ture induction arrow responses of the fault alone. Thus in geomagnetic field stud-
ies in coastal regions that include faults parallel to the coastlines, the ocean coast
effect could be removed from the field site measurements by a simple vectorial

subtraction, and hence simplify the interpretation of the measurements.




Chapter IV
EM RESPONSES OF SINGLE AND MULTIPLE-FAULT

LABORATORY ANALOGUE MODELS

4.1  Introduction

The interpretation of geomagnetic field observations can be complicated in
the vicinity of faults. Vertical thrust faults in some regions of the world have
been suggested to penetrate the entire crust (e.g., Clowes et al., 1984, 1992;
McCaig, 1988; McGeary, 1989). Some of these faults could be highly conductive
because of the presence of water or solution in a large zone of high porosity. EM
induction in elongated conductors, a topic of major interest in geophysics, has
seen scme study in numerical models (e.g., Rankin, 1962; Chouteau, 1985; Schnegg
et al,, 1986), as well as in some geomagnetic field studies (e.g., Schnegg et al.,
1983; Rooney and Hutton, 1987; Arora and Adam, 1992; Jones et al., 1992; Hjelt
and Korja, 1993).

In this chapter, analogue model measurements are used to examine the induc-
tion arrow responses of a single and a pair of elongated conductive faults for a
range of fault depths. The results of this study of the induction arrow behaviour
of faults should have general application to the interpretation of field measure-
ments in regions that include single and multiple conductive faults, as are common

in many regious of New Zealand.

-179 -
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4.2 The Responses of a Single Fault

Figure 4.1 shows the schematic cross-section of a model fault (a) 5 km wide, 5
km deep, and 500 km long in a resistive host earth, underlain by a conductive subs-
tratum (c) at depth Z.=100 km. Analogue model magnetic field components were
measured for the case of X-polarization (the inducing magnetic field in the Y
direction) for periods of 1-90 min for fault depths Z =5, 25, 50, 75 km. These
field components were used to calculate in-phase and quadrature inductioa arrow
responses along a profile perpendicular to the fault strike.

Figure 4.2, showing the in-phase and quadrature induction arrow responses V
along a traverse perpendicular to the fault for pericds of 2 and 20 min, is provided
to introduce the labels Vi, and W, the response maximum and the curve width at
half maximum for each component. The in-phase and quadrature responses along
the profile are seen to be positive to the left of the fault and negative to the right
of the fault, indicating that the arrows at either side of the fault point towards
the conductive fault as expected. The responses for both components, reversing
sign directly over the mid-point of the fault, clearly depend on period. For exam-
ple, the in-phase maximum (Vy,) is roughly a factor of 3 smaller at 20 min than at
2 min, and the quadrature maximum (also labelled as V) is roughly a factor of 2
smaller at 20 min than at 2 min. Further, at 20 min the in-phase V;, and the
quadrature V, are essentially equal, while at 2 min, the in-phase Vy, is a factor of
approximately 1.5 larger than the quadrature V. Near the fault the spatial gra-
dient of the in-phase response is greater at 20 min than at 2 min. For example, at
2 min the response has been attenuated to 20% of its maximumw value Vy, at a dis-

tance of 65 km fiom the fault, while for the same attenuation at 20 min the dis-
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Figure 4.1: The cross—section of the model ol a conductive fault (a)

in a resistive host earth underlain by a conductive substratum (c).
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Figure 4.2: The in—-phase and quadrature induction arrow responses

V along a traverse perpendicular to the fault for periods of 2 and
20 min for a 5 km depth fault underlain by a conductive substra-—

tum. W is the width of the response curve at half maximum.
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tance is roughly 40 km. For the quadrature component, the spatial gradient of the
response is also greater at 20 min than at 2 min, with distances for attenuation to
20% of the maximum values being 55 km and 87 km respectively. Thus, for both
the in-phase and quadrature responses the spatial gradients are greater at long
periods than at short periods, and the spatial gradient of the in-phase response is
greater than that of the quadrature response.

Another parameter of interest in the response curves in Fig. 4.2 is the width
W of the curve at half maximum (or half height). As examples, the widths W of
the fault response curves for the in-phase components are roughly 22 and 16 km at
2 and 20 min respectively, while for the quadrature components these widths W
are approximately 42 and 20 km at 2 and 20 min respectively. Thus at 2 min W for
the quadrature component is roughly a factor of two larger than for the in-phase
component, while at 20 min W is roughly the same for both components. Further,
for each component W is smaller at 20 min than at 2 min. The period dependence
of W will be shown in detail in a later figure (Fig. 4.7).

To show the dependence on period in some detail the in-phase and quadrature
induction arrow responses along the profile for a range of periods (1-90 min) for
the fault (Z;=5 km) are shown in Fig. 4.3. The in-phase response Vy, for the fault
(defined in Fig. 4.2) decreases with increasing period, while the quadrature V,,
first increases with increasing period, reaching a maximum at roughly 3 min, then
decreases with a further increase in period. At short periods (T<5 min) the in-
phase response is greater than the quadrature response, while for periods T>10 min
the quadrature response is greater than the in-phase response. At a very long
period of 90 min the in-phase response becomes negligible while the quadrature

response is still measurable near the fault.
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To demonstrate the effect of increasing the fault depth Z,, Fig. 4.4 provides
the induction arrow responses for a fault of Z;=50 km depth. (Model measure-
ments for fault deptbs Z;=25, 75 km were also carried out, and the results zre
provided in Appendix B). It is seen that the response curves are broader for this
deep fault than those for the shallow fault (Z;=5 km in Fig. 4.3). This indicates
that the induction arrow response is more localized for a shallow fault than for a
deep fault, as expected. The in-phase response Vi, for the deep fault also
decreases with an increase in period. The quadrature response Vp, is maximum at
roughly 10 min, compared with the 3 min period for the case of Z;=5 km (Fig.
4.3). It is interesting to note that at short periods (1-3 mir) the in-phase V; and
quadrature V, are each smaller for this deep fault Z,;=50 km than the correspond-
ing ones for the shallow fault Z;=5 km (Fig. 4.3).

Figure 4.5 shows in detail empirical plots of the in-phase and quadrature
responses Vy, (introduced in Fig. 4.2) as a function of period for the fault depths
Z3=5, 25, 50, 75 km. The response curves for both the in-phase and quadrature
components show a strong dependance on period, and a somewhat complex depen-
dence on the fault depth Z,. For the in-phase component V,, decreases sharply
with increasing period for each fault depth, and the Vi, curves for four fauit
depths intersect at roughly 3 min periou. For periods TZ3 min the in-phase Vy is
the largest for the shallowest fault, and Vi, decreases with an in:rease in fault
depth. For example, at 2 min for *he shallow fault (Z;=5 km) the in-phase V, is
roughly 0.75 and for the deep fault (Z,=75 km) is decreased to approximately 0.65.
For periods T>3 min, however, the opposite is generally the case with the largest

in-phase V, observed for the deepest fault. The period of roughly 3 min where
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the in-phase response curves intersect, is the period at which the quadrature
responses show the strongest depencence on fault depth. Similar to the belaviour
of the in-phase component, V, for the quadrature component is also seen to be
the largest for the shallowest fault at short periods, with the opposite being the
case at long periods. This cross-over in t{he behaviour at long periods opposite to
that at short periods, occurs in the neighborhood of 10 min where the four quadra-
ture response curves roughly intersect. This 10 min period is a factor of 3-4
greater than the perviod at which the in-phase curves intersect. Further, the in-
phase component shows its strongest dependence on fault depth Z, at this 10 min
period, the period at which the quadrature component shows negligible dependence
on fault depth. Varying the fault depth affects the in-phase Vi, most in the inter-
mediate period range {T=5-30 min), and affects the quadrature V,, most at short
periods (T=1-5 min). Differing from the in-phase response Vp, which decreases
with increasing period, the quadrature response V, shows a broad maximum at a
period which increases with an increase in the fault depth. For example, V, for
the quadrature response shows maximum values at roughly 2.5 and 25 min for fault
depths Z;=5 km and 75 km respectively.

Analogue model measurements were also carried out for an increased substra-
tum depth (Z.=200 km) to examine the effect of varying the substratum depth.
Figure 4.6 shows an empirical plot of the period at which the quadrature Vi, is
maximum as a function of the fault depth Z, for the substratum depths Z.=100
and 200 km. It is seen that for a given Z. the quadrature Vp, is maximum at
increasing periods for increasing [ault depth. Except for very large fault depths,

the curve is shifted towards longer periods for the increased Z.. This feature has
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application in determining the depth of the fault if the depth of the underlying
conductive substratum (asthenosphere) is known. For example, a maximum quad-
rature Vy, observed at T~4 min at a site near a fault would suggest a fauit depth
of approximately 25 km, if Z. was known as 100 km.

Figure 4.7 shows empirical plots of the width W of the fault response curves
at half maximum (introduced in Fig. 4.2) as a function of period for the fault
depths Z,=5, 25, 50 km. It is seen that for the in-phase component this width W
decreases smoothly with increasing period for each fault depth. For the quadra-
ture component, however, W is maximum at a period which increases with increas-
ing fault depth, but for T>3 min decreases with increasing period for each fault
depth, similar to that observed over the entire period for the in-phase component.
For both the in-phase and quadrature components the widths W increase with an
increase in the fault depth, indicating that the 1: sponse curves are broader for a
deep fault than those for a shallow fault. The curves for a range of fault depths
(Z5=5, 25, 50 km) in Fig. 4.7 show that a knowledge of the width of the fault
response curves at half maximum could lead to useful information on the fault
depth. For example, if the width W for the in-phase response observed along a
profile over a fault were roughly 40 km at a short period T=1 min, 20 km at T=5
min, and roughly 15 km for T>10 min, a shallow fault of depth 5 km would be indi-
cated (see curve 1 in Fig. 4.7). Further support for this interpretation would be
provided, if the quadrature component measurements yielded W=30 km at 5 min,
and the W values were generally somewhat larger for the quadrature component

than for the in-phase component.
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The results for the single fault discussed in this section show that both the
in-phase and quadrature induction arrows at either side of a fault point towards
the fault at all periods, with the maximum responses observed at either edge of
the fault. Further, the behaviour of the maximum responses Vi, as a function of
period for various fault depths, the cross-over in the behaviour of the V, curves,
with the shallow fault at short periods showing the larger Vy,, and at long periods
showing the smaller Vy,, the quadrature V,,, period dependence on the fault depth,
as well as the width of the response curve at half maximum should aid the depth

determination of a fault in a geomagnetic field study.

4.3 The Responses of a Pair of Parallel Faults

Figure 4.8 shows the schematic cross-section of a pair of parallel major (a)
and minor (b) faults separated by a distance S in a resistive host earth, all under-
lain by a conductive substratum. The depth of the major fault is fixed to be Z,=
75 km, while the depti: of the minor fault takes the values of Zy=5, 25, 50 km.
Model measurements were again carried out along a traverse perpendicular to the
paraliel faults for a range of periods (1-90 min), minor fault depths (2=5, 25, 50
km), and separation distances (S=50, 100, 200 km). The responses in the region
between the parallel faults are of major interest in the present section.

Figure 4.9 shows the induction arrow in-phase and quadrature responses V
along the traverse for periods of 2 and 20 min for the case of Zp=5 km and S=100
km. Both the in-phase and quadrature responses to the left of the major fault are
positive (arrows pointing towards the major fault), and to the right of the minor

fault are negative (arrows pointing towards the minor fault), similar to those of a
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single fault discussed in detail in the previous section (Figs. 4.3 and 4.4). In this
figure the response maximum just to the right of the major fault is labelled as
Vma and the response maximum jusi to the left of the minor fault is labelled as
Vmbp: From the model results for a single fault in the previous section, it is
expect that in the region between the faults the responses of the two faults should
be of opposite sign, and thus the induction arrows along a profile would be expect-
ed to decrease to zero and reverse direction at periods (Ty) that would depend on
the locations and the geometries of the faults. For example, at 2 min the in-phase
response along the traverse is zero at Y=70 km and reverses sign, while at 20 min
it reverses sign at Y~87 km. To the left of these sites the in-phase arrows point
towards the major fault, while to the right they point towards the minor fault.
The 2 and 20 min periods are thus the zero response periods (T,) for the sites at
Y=70 and 87 km respectively. For the in-phase responses, at 2 min Vp,, is smaller
than Vi p, while at 20 min Vi, is at least a factor of 2 greater than V. The
spatial gradient of the in-phase response curve near the minor fault is greater
than that near the major fault at 2 min, resulting in the zero in-phase response at
a lecation nearer to the minor fault than to the major fault. At 20 min the major
fault shows the dominant (negative) response, leading to the zero in-phase
response at a site (Y=87 km) very near the minor fault. However, at 2 min the
minor fault shows the dominant response, resulting in the zero quadrature
response at a site (Y=32 km) near the major fault. At the longer period of 20 min,
however, the major fault shows the greater (negative) quadrature response, and
thus at this period results in the zero quadrature response at a site (Y=78 km)

again near the minor fault, as is also the case for the in-phase component.
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To show the dependence on period in some detail the in-phase and quadrature
induction arrow responses along the piofile for a range of periods (1-90 min) for
the case of S=100 km and Zj,=5 km are shown in Fig. 4.10. Bothk the in-phase Vi,
and Vpp (introduced in Fig. 4.9) are seen to decrease smoothly with increasing
period. For the in-phase component, V1, at very short periods (T<2 min) is slight-
ly larger than V5, while for periods T>2 min the opposite is the case, with Vi,
decreased to negligible values at long periods. The quadriature response curves
show maximum V5 and V1, values at approximately 25 and 2.5 min respectively.
At short periods T<10 min the n 'nor fault shows the larger quadrature response,
while at longer periods T>10 min the major fault shows the larger response (as dis-
cussed for Fig. 4.9). Both the in-phase and the quadrature response curves show
zero responses at locations Y (distance from the major fault) that shift towards
the minor fault with increasing period. For a pair of identical faults, zero respon-
ses at all periods would be expected at the site mid-way (S/2) between the faults,
with the responses for Y<S/2 of sign opposite to those for Y>S/2. For the periods
studied here, the zero in-phase responses along the traverse are confined to dis-
tances Y>S/2 from the major fault, while the zero quadrature responses are con-
fined to distances Y<S/2 for T<5 min, and to Y>S/2 for periods T>5 min. At longer
periods (T>20 min) both the in-phase and quadrature responses are generally neg-
ative at all sites (arrows pointing towards the major fault) except for locations
very near the minor fault, indicating again that the major fault dominates the
induction arrow response in this region. This characteristic of the zero response
period (Ty) increasing with decreasing distance from the minor fault, could have
application to delineating the location of a minor fault parallel to a nearby major

fault in a geomagnetic field study.
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Figure 4.11 presents in detail the response maximums V5 and Vi,;, for the
in-phase component as a function of period for the minor fault depths Zy=5, 25, 50
km (the major fault depth is fixed to be 75 km) for separation distances S=50, 100,
200 km. In general, both V5, and Vi, decrease with increasing period for all
fault depths and for each separation distance. For a given S the V1, curves for
three o inor fault depths intersect at roughly T=2-3 min, so that for T<2 min the
largest V1, response is observed for the shallowest fault, and the magnitude of
Vmb decreases with increasing Zp, while for periods T>2 min the opposite is
observed with the largest Vi, observed for the deepest fault. The Vi, curves do
not show such a cross-over, but Vi, does decrease with an increase in 2}, due to
the increasing positive response of the minor fault, a response which is of sign
opposite to that of the major fault in the region between the faults. The Vi,
response curves show that the effect of increasing the minor fault depth, though
small, is the largest for the S=50 km case, and is negligible at the largest separa-
tion distance of 5=200 km, as expected. At a fixed period for a given fault depth,
the increase in both Vi, and Vi, for an increased separation distance S can be
contributed to the decreased mutual electromagnetic coupling between the faults,
since the responses for the two faults are of opposite sign in the region between
the faults, leading to a cancellation of fields.
Figure 4.12 shows the response maximums Vi, and Vi, as a function of peri-
od for the quadrature component (as for the in-phase component in Fig. 4.11,
except that the scale differs by a factor of two). The change in the minor fault
depth is seen to have even a smaller effect on the quadrature Vy,; curves than

was observed for the in-phase component (Fig. 4.11). In fact, except for the
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smallest - 5.: lior <..iance ($=50 km), the quadrature Vi, appears to be insensi-
tive to the cl:iuge of the minor fault depth. Similar to the results for the in-phase
component, the quadrature Vp,y, is the largest for the shallowest fault (Zp=5 km)
at short periods (T<10 min) for all separation distances, with the opposite being
the case at periods T>10 min. A major difference is that this cross-over from the
behaviour at short periods to the opposite behaviour at long pericds occurs at
roughly 10 min, a period roughly a factor 3-i greater than that for the in-phase
component (Fig. 3.10). This cross-over behaviour for both the in-phase and quad-
rature Vi is consistent with the observation for a single fault in the previous
section (Fig. 4.5). The roughly 25 min period of the broad quadrature Vy,, maxi-
mum for all Zy, and S is characteristic of the major fauit (Z;=75 km underlain by a
conductive substratum at Z-=100 km), agreeing with the period for the quadrature
maximum shown in Fig. 4.5 for a single fault. The quadrature Vp,}, curves each
show a broad maximum at a period which increases with increasing Z, and S. As
examples, for the separation distances §=50, 100, 200 ki the periods for maximum
Vb response for Zp=5 km are approximately 1.5, 2.5 and 3 min respectively, and
for S=200 km the periods for fault depths Zy=5, 25, 50 km are approximately 3, 5,
and 20 min respectively.

Figure 4.13 shows an empirical plot of the period at which the quadrature V,,
is maximum (from Fig. 4.12) as a functicn of fault depth Zy, for three separation
distances. It is seen that for each major-minor fault separation distance S, this
period increases with increasing fault depth 2}, and with increasing S the curve is
shifted to longer periods. The curves in Fig. 4.13 show that in principle, a knowl-

edge of the quadrature V1, period dependence could provide information on the
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minor fault depth if the separation distance between the faults were known. For
example, if the separation distance between the faults were known as 100 km, a
maximum quadrature Vi observed at T=2 min at a site near the minor fault
would suggest a minor fault depth of approximately 15 km.

Figure 4.14 shows the zero in-phase response period T, (obtained from Fig.
4.10) as a function of distance Y from the major fault. As described earlier, the
zero response period T is that period at which the response, at a given distance
from the major fault, is zero, and for T>Tg is of sign opposite to that for T<T,. A
profile of the induction arrows for 2 and 10 min is also shown in the figure to dem-
onstrate the arrow magnitude change and direction reversals along the profile. At
roughly 70 km from the major fault the in-phase response is zero at 2 min (T,),
then for periods greater than 2 min the arrow points towards the major fault,
while for periods less than 2 min the arrow points away from the major fault (or
towards the minor fault). At this Ty=2 min period, the arrows at sites Y<70 km
point towards the major fault, while at sites Y>70 km the arrows point away from
the major fault (or towards the minor fault). The zero response curve (T as a
function of Y) divides the region between the major and minor faults into regions
in which the induction arrows to the left of the curve point towards the major
fault and to the right of the curve point away from the major fault (or towards the
minor fault). As was the case for the earlier ocean-fault model, the points on the
zero response curve lie well to the right (Y>S/2) of mid-way between the faults,
and moves towards the minor fauit with increasing period.

The zero quadrature response curve, similar to that for the in-phase compo-

nent (Fig. 4.14) is shown in Fig. 4.15 (it should be noted that the arrow scale dif-
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fers by a factor of two from that for the in-phase component in Fig. 4.14). It is
seen, that differing from the in-phase arrow at 2 min, which reverses direction
near the minor fault (Y=70 km in Fig. 4.14), the quadrature arrow reverses sign
much nearer the major fault (Y=32 km). Again, the zero response curve divides
the region between the major fault and the minor fault into regions in which the
quadrature arrows to the left of the curve point towards the major fault, and to
the right of the curve point towards the minor fault.

Figure 4.16 shows in detail the zero response curves for the in-phase compo-
nent for the parallel major (Z;=75 km) and minor (2=5, 25, 50 km) faults separat-
ed by distances $=50, 100, 200 km. Again, as was the case for the earlier ocean-
fault model, the zero response curves shift to decreased values of Y (towards the
major fault) with increasing fault depth Zy,, and the response curves are restricted
to sites at distances Y>S/2. At a given distance Y from the major fault, the zero
response period T, increases with increasing minor fault depth Z},. For example,
at Y=70 km (S=100 km), To=2 and 5 min for fault depths Zp=5 and 25 km respec-
tively. Or if Y is considered to be a function of Ty, then Y decreases with
increasing Zp. For example, for S=100 km and T,=10 min, Y=85 and 60 km for
Zp=5 and 50 km respectively. This is expected, since as Zj, increases to 75 km
(the case for identical faults Z;=Z},=75 km), zero responses would be observed at
all periods at the same site, namely mid-way (Y=S/2) between the two identical
faults. With increasing period the zero in-phase response curves shift towards the
minor fault (increasing Y) for all fault depths (Z,=5, 25, 50 km) and separation dis-
tances (5=50, 100, 200 km). It is apparent that the minor fault depth and the prox-

imity of the major fault are important parameters that lead to a zero response
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Figure 4.16: Empirical plots of the zero in—phase response period T as a function of the
distance Y from the major fault for a range of the minor fault depths (Z;=5, 25, 50 km)
and for each of three separation distances (S=50, 100, 200 km) between the faults.
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period at a given site (and hence to a reversal in sign of the response at that site
along the profile), since in the case of a single fault (as discussed in the previous
section) no reversals in sign are observed at any site on the profile, except at a
site directly over the fault.

The curves for the zero quadrature response period T, as a function of Y are
shown in Fig. 4.17. Compared with the zero response curves for the in-phase com-
ponent (in Fig. 4.16), the curves for the quadrature component for all periods and
minor fault depths for each of the separation distances (S=50, 100, 200 km) are
shifted to smaller values of Y (i.e., nearer the major fault). In fact, at short peri-
ods (To<4 minj Y<S/2. It is interesting to note that differing from the observa-
tions for the in-phase component, the zero quadrature response curves for chang-
ing Zy, (for all S) intersect at a period of roughly 2-3 min, with Y increasing with
increasing Zj, at shorter periods, and decreasing with increasing Zy, at longer peri-
ods. This observation could also be stated as, at a given distance Y from the
major fault, T, for the quadrature component decreases with increasing Zy, for
very short periods (T<2-3 min), while the opposite is observed for longer periods.

The zero response curves in Figs. 4.16 and 4.17 for models of parallel conduc-
tive faults could be used as an aid to the interpretation of field observations if
field measurements were carried out at sites along a linear profile over faults.
For example, if the in-phase induction arrows at sites along a profile were
observed to reverse direction at T=5 min at a site 40 km from a known major
fault, and for periods T<5 min the arrows pointed towards the major fault, but for
T>5 min arrows pointed towards the major fault, a minor fault (Z,=25 km) located

10 krz from the site (roughly Y=50 km from the major fault) would be indicated
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(see curve 2 for S=50 km in Fig. 4.16). A zero quadrature response period of
approximately 20-30 min at the same site would support the interpretation of a
nearby minor fault.

If the sites in a geomagnetic field study were in a region including parallel
faults, zero in-phase and/or quadrature induction arrow responses at some sites
might be expected at periods T, periods that on the basis of the models studied in
this section should be characteristic of the major-minor fault geometry. Further,
comparing the magnitudes and the signs of the responses for a spectrum of pericds
with those for a range of models should in principle aid the interpretation of field
site measurements. In the following, figures 4.18-4.20 are presented to provide
such model responses over a spectrum of periods at specific sites between the
faults.

The in-phase and quadrature induction arrow responses at selected distances
Y=15-45 km from the major fault (Z;=75 km) for the separation distance S=50 km
are shown as a function of period for the minor fault depths Zp=5, 25, 50 km in
Figs. 4.18-4.20 respectively. The response curves for a shallow fault Zp=5 km in
Fig. 4.18 show that for locations Ys35 km, the in-phase responses are negative at
all periods, indicating that the in-phase arrows point towards the major fault.
Near the minor fault, at sites Y>35 km, the in-phase response reverses sign at T,
(closed circles) from positive for T<T, to negative for T>T,. This zero in-phase
response period Tq increases from roughly 1.5 nin at Y=35 km to 3.5 min at Y=45
km. The quadrature response shows a sign reversal at T, (open circles) over a
much larger distance range (Y=15-45 km) than that for the in-phase response.

Again, as is the case for the in-phase response, the zero quadrature response peri-
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km from the major fault (Z;=75 km) for S=50 km for Zp=5 km. The
closed and open circles indicates the zero response periods T, for the
in—phase and quadrature components respectively.
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od T, also increases with increasing Y. The zero response periods for the quadra-
ture component are approximately a factor of 4-5 longer than those for the in-
phase component. At a site very near the fault (Y=45 km), both the in-phase and
quadrature responses become negligible for periods T>Tq. It is noted that at short
periods (T<5 min), while one of the components (say in-phase) is zero at the period
To, the other component (quadrature) shows a broad maximum at roughly the same
period. For example, At Y=15 km the quadrature response is zero at roughly 2.5
min while the corresponding in-phase response is roughly maximum; and at Y=35
km the in-phase response is zero at 1.5 min while the quadrature response is
roughly maximum. The zero response periods T, are seen to be confined to the
period ranges of 1-5 min and 2-25 min for the in-phase and quadrature components
respectively for this major-minor fault model.

To show the effect of increasing the fault depth Zj,, the in-phase and quadra-
ture responses at the same sites (Y=15-45 km) as those in Fig. 4.18 are provided
for ZK=25 km and 50 km in Figs. 4.19 and 4.20 respectively. In comparing the
responses in Fig. 4.19 for Z=25 km with those for the shallower fault depth Z=5
km in Fig. 4.18, the main changes are a shift of T, to longer periods at each site
Y, and a generally attenuated response for increased fault depth. Sign reversals in
the in-phase response occur at sites Y=30-40 km, as compared with Y=35-45 km
for the shallower fault.

In comparing the responses for the further increased minor fault depth of
Zp=50 km in Fig. 4.20 with those for the Z,=25 km (Fig. 4.19), it can be seen that
the in-phase and quadrature responses for Z,=50 km are further attenuated, due to

the increased minor fault response, which is of sign opposite to that of the major
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fault. For the increased Zj, the zero in-phase and quadrature responses are now
confined to the distance range Y=20-30 km (in the neighborhood of S/2). This is
expected since if Zj, is increased to 75 km, the zero response would be at the same
central site (Y=S/2) at all periods. Additional model response curves, similar to
those in Fig. 4.18-4.20, but for increased separation distances of $S=100 and 200 km

are given in Appendix C.

4.4 Removal of a Single Fault Response From the Response of a Pair of

Parallel Faults

In order to examine if the sum of the individual responses of a major and a
minor fault would yield the response of a pair of parallel faults, laboratory meas-
urements were carried out for models of each fault, and of the pair of parallel
faults, embedded in a resistive earth underlain by a conductive substratum. The
parameters for these models are shown in the upper parts of Figs. 4.21 and 4.22,
the figures that show the in-phase and quadrature induction arrow responses at 2
and 20 min for models of the major fault (V,), the minor fault (Vy), the pair of
parallel faults (V,p), as well as the sum (dashed curve) of the responses (V,+Vy,) of
the major and of the minor fault.

The in-phase and quadrature responses for each of the major fault, the minor
fault, and the major and minor faults, as well as the sum c¢f the responses of the
major and minor fault, for a small separation distance S=50 km are shown for the
case of Z;=75 km and Z;,=5 km in Fig. 4.21. For each fault, both the in-phase and
quadrature responses at the two periods shown are positive to the left of the fault

but negative to the rigi:v of the fault, again indicating that the single fault induc-
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Figure 4.21: The in—phase and quadrature induction arrow responses
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tion arrows point towards the fault. The in-phase response V,}, along the profile
reversas sign (at a location near the minor fault) at 2 min, but not at 20 min. The
quadrature response Vap, however, shows a reversal at both periods, near the major
fault at 2 min, and near the minor fault at 20 min,

The sum of the individual fault responses (V;+V},) are shown in the dashed line
curves in Fig. 4.21. At 2 min period the in-phase response shows very good agree-
ment between the dashed curve (V,+Vy) and solid line curve (V,p) in the region
between the major and minor faults. The agreement at this period is also very
good for the quadrature component, except for sites near the faults. In general,
Fig. 4.21 shows that the agreement between V,}, and V+V}, though good at 2 min,
is even better at the longer period of 20 min.

Figure 4.22 shows the in-phase and quadrature responses for the same faults
as those of Fig. 4.21 except that the separation distance has been increased to
S$=100 km. It is apparent that for this increased separation distance, the agree-
ment between V,}, and V,+Vy, is excellent at both short and long periods along the
entire profile (except right at the fault). As expected, this agreement for the
larger separation distance of S=100 km is even better than that for the smaller
separation of S=50 km (in Fig. 4.21), since the electromagnetic mutual coupling of
the major and minor faults is reduced with increased separation distance. Model
measurements (not shown here), carried out for periods as long as 90 min for both
S$=50 and 100 km confirmed the observation of good agreement at long periods, as
well as at short periods. Thus, for a separation distance as small as S=50 km, the
coupling between the major and minor faults is seen to be sufficiently small, so

that the sum of the responses of the individual faults, yields (withir. reasonable
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accuracy) the response of the pair of parallel faults. This indicates that in geo-
magnetic field studies in regions that included multiple faults, the responses of
one fault (if known) could be subtracted from the measurements to yield the
responses of the second unknown parallel fault alone, and thus simplify the inter-

pretation of the measurements.

4.5 Chapter Summary

In this chapter, analogue model measurements are used to study induction
arrow responses for two basic models: i) a single elongated conductive fault for a
range of fault depths, and ii) a pair of parallel faults, for a range of fault depths
and separation distances. These results are then used to examine the removal of
the responses of one fault from those of a pair of parallel faults.

The Responses of a Single Fault

The induction arrow in-phase and quadrature responses along a profile perpen-
dicular to a single conductive fault are studied for a wide period range (1-90 min)
for four fault depths (Zy=5, 25, 50, 75 km). Both the in-phase and quadrature
arrows at either side of the fault point towards the fault at all periods, with the
maximum responses (Vi) observed at either edge of the fault. The in-phase and
quadrature Vy, depend strongly on the depth of the fault as well as on the period,
with the shallow fault at short periods showing the larger Vi, and at long periods
showing the smaller Vy,. The quadrature response shows a broad Vp, maximum at
a period which increases with an increase in the fault depth. The empirical plots
of the widths W of the response curves along a profile and the maximum responses

Vm as a function of period for a range of the fault depths, as well the period for
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quadrature Vy, maximum as a function of fault depth should have application to
the depth determination of a fault in a geomagnetic field study carried out near a
fault.

The Responses of a Pair of Parallel Faults

The in-phase and quadrature induction arrow responses of a pair of parallel
faults are studied for a range of periods and fault depths for each of three separa-
tion distances. Due to the opposite signs of the major and minor fault responses
at locations between the faults, the resultant responses for both the in-phase and
quadrature components along a profile are zero at certain periods T, (and reverse
sign), periods that depend on the major-minor faults separation distance, the
minor fault depth, and the distance from the major fault. Empirical curves for
the zero response periods as a function of distance from the major fault, as well
as the maximum responses near the faults as a function of period for both the in-
phase and quadrature components are provided. A knowledge of the magnitudes
and the signs of the induction arrow responses for a spectrum of periods, as well
as a knowledge of the periods for maximum and zero responses along a profile for
a catalogue of major-minor faults models, should have application to the interpre-
tation of induction arrow responses along a profile in regions that include parallel
conductive faults.
Removal of a Fault Response From the Responses of a Pair of Parallel Faults

The possible removal of the induction arrow response of a fault from those of
a pair of parallel faults is studied t.y comparing the model induction arrow respon-
ses of the pair of parallel faults with the sum of the separate responses of a major

and a minor fault for two separation distances. It is concluded that a simple vec-




121
tor subtraction of the response of the major (or minor) fault from that of the pair
of faults, does yield (within reascnable accuracy) the response of the minor (or
major) fault alone in regions between the faults, and thus in the case of parallel
faults, the responses of a known fault (say from analogue model results of a single
fault) could be removed from the field site measurements by a simple vectorial
subtraction to yield the response of a unknown fault, and thus aid in the interpre-

tation of the measurements.




Chapter V
TECTONIC AND GEOLOGICAL SETTING OF THE NEW

ZEALAND REGION

5.1 Tectonic and Geological Setting

It is now generally believed that New Zealand developed as part of the border
of Antarctica and Australia when those two continents were part of the great
southern super-continent, Gondwana. Figure 5.1 shows an abbreviated tectonic
history of New Zealand (adapted from Thornton, 1993). It is interesting to see
how South America and Africa fitted together prior to the break-up of Gondwana.
New Zealand began its formation as sediments and volcances on the borders of
Gondwana, and for most of its history was subjected to collision and uplift. About
85 million years ago (as shown in diagram (c) in Fig. 5.1), New Zealand split away
from Gondwana (Australia and Antarctica) and became established as a small con-
tinent. This rifting by 60 Ma ago (d) resulted in the fully opened Tasman Sea, fol-
lowed by the healed rift at about 25 Ma ago, at a period when New Zealand was
mostly below sea level. During the last 20 million years, renewed uplift (f)
through collision has occurred and sediments have been deposited over the older
submerged rocks.

Figure 5.2 shows the postulated geological structure of New Zealand 130 Ma
ago and at present (adapted from Thornton, 1993). The rocks can be divided

roughly into two groups, one group on either side of the Alpine Fault. Both groups
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Figure 5.1: Reconstructed tectonic history of New Zealand (adapted
from Thornton, 1993)
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were formed before the movement along the Alpine Fault wrenched some parts of
the rocks to locations at the present southern tip of South Island roughly 500 km
from the corresponding rocks at the northern tip of the same Island as shown in
Fig. 5.2.

The Torlesse rocks in Fig. 5.2 are believed to have been formed 170 Ma ago in
great, long trenches in the ocean, into which vast masses of sediments were
dumped, and which were later uplifted to form new mountains. The Murihiku
rocks were formed in the period 345-170 Ma ago, and the Tuhua landmass is dated
as greater than 345 Ma. The schists (345-170 Ma) are sedimentary rock that has
been altered by pressure and heat. It is well known that as temperature and pres-
sure increases, various minerals become unstable and their atoms move to regroup
and form new minerals. This occurs in the solid state. The formation of the
schists on South Island, covering many hundreds of hectares, could not be
explained as due to localised heat and pressure, but it is now understood (Thorn-
ton, 1993) that the schists in this area were originally deposited as sediment at
depth and buried under a sediment pile 345-167 Ma ago, and thus subjected to high
temperatures and pressures. Such deep burial results in the high electrical con-
ductivity of schists. Movement along a break in the crust, namely the Alpine
Fault dipping to the east at an angle of roughly 45°, and acting as a plow share,
has resulted in these rocks at depth turned over and brought to surface zones.

Figure 5.3 illustrates the tectonic development of the two islands of New Zea-
land during the last 30 million years (adapted from Thornton, 1993). The subduc-
tion of the Pacific Plate resulted in the ocean floor slowly being lost during the

last 30 million years, while the continental mass of the Chatham Rise was being
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compressed as it slid along the fault lines. The present-day coastline; shown on
the reconstructions in Fig. 5.3 have meaning only as far as locations, since the sea
was covering most of New Zealand 25 million years ago (Fig. 5.1). As ocean floor
was being lost at the collision zone, horizontal movement of the land mass east of
the Alpine Fault continued southward, and New Zealand began to approach its
present configuration. It is noted that the fault system extends offshore north of
North Island, as well as south of South Island. Walcott (1987) has also reconstruct-
ed the plate boundary zone for New Zealand up to 40 million years ago, using
knowled:ge of the transform faults and magnetic anomalies in the Australia, Ant-
arctic, and Pacific Plates. He concluded that the Pacific Plate has been progres-
sively subducted under the Indian Plate over the last 40 million years, with partic-
ularly rapid subduction occurring in the time periods of 35-25 Ma and 5-0 Ma.

New Zealand today lies across the convergent boundary between the Indian
and the Pacific Plates. The distribution of crustal (0-15 km) and deep (16-40 km,
and greater than 40 km) earthquakes of magnitude greater than 3.0 during 1992 is
shown in Fig. 5.4 (provided by Smith, 1994). The occurrence of shallow earth-
quakes is indicative of active crustal deformation over most of New Zealand due
to compression and uplift and lateral motion along faults. Earthquakes ai depths
of 16-40 km, as well as at depths greater than 40 km, indicate subduction of the
Pacific Plate under North Island and the northern tip of Scuth Island, and subduc-
tion of the Indian Plate under the south-western tip of South Island. The termina-
tion of the deep earthquakes at the northern end of South Island indicates the
location of the edge of the subducting Pacific Plate, and the shallow earthquakes

(0-15 km) cutting diagonally across to the south-western tip of South Island gener-
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Figure 5.4: Earthquakes in New Zealand in 1992, magnitudes 3.0 and greater, provided by Smith (1994).
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ally define the faulted boundary between the Pacific and Indian Plates. Crustal
earthquakes during the period 1956-1974 (Walcott, 1978), and earthquakes deeper
than 40 km during the period 1964-1987 (Reyrers, 1989), also show a similar distri-
bution pattern.

Figure 5.5 shows the present accepted tectonic setting in the New Zealand
region. Along Hikurangi Trench, eastward of North Island, the Pacific Plate is
subducting under the Indian Plate at a rate of 5 cm/year (Kamp, 1984; Walcott,
1987; Bannister, 1988; Smith et al., 1989; Cashman et al.,, 1992). Between the
Hikurangi Trench and the east coast, the plate dips at 3-59, so that at the east
coast the plate has reached depths of 20-30 km. At these depths, the plate begins
to dip more steeply (Smith et al., 1989), and it may well bend at a continuously
increasing dip to depths of at least 400 km beneath the North Island. Plate recon-
structions for the last 40 million year period (e.g., Walcott, 1987) suggest that
subduction of the Pacific Plate lithosphere to this depth is possible. The obsarved
low seismic velocities obtzined by Bannister (1988) appear to indicate the pres-
ence cf an appropriate thickness of subducted sediment at the depth of about 20
km. Such sediment would be expected to have an effect on the mechanical
coupling between the overlying and subducted plates. Broad-scale uplift observed
by Pillans (1986) along the east coast of North Island may in part result from
underplating of the overlying plate by the sediments as they become detached
from the subducted plate.

At the south-western tip (Fiordland) of South Island, as shown in Fig. 5.5, the
Indian Plate is known to subduct beneath the P:.cific Plate along the Puysegur

Trench (Davey and Smith, 1983; Kamp and Hegarty, 1989; Reyners et al., 1991).
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Subduction here (Fiordland) is believed to have occurred only during the last 7 mil-
lion years, while the oceanic lithosphere of the Indian Plate has been in contact
with the continental lithosphere of the Fiordland region (Davey and Smith, 1983).
Seismicity at depths greater than 15 km (see Fig. 5.4) is indicative of this subduc-
tion in this south-western region of New Zealand. Opposite to the subduction to
the east of North Island, where the Pacific Plate subducts beneath the Indian
Plate, a small section of the Indian Plate in the Fiordland region (southern tip of
South Island) is subducting under the Pacific Plate. Davey and Smith (1983) delin-
eated a steeply dipping (>60°) planar zone of intermediate depth earthquakes, that
indicated subduction of the Indian Plate at this approximate angle under the
Pacific Plate.

Between the North and South Island subduction zones, and through the centre
of South Island, the Indian and the Pacific Plates are both continental in nature,
and are compressing the terrain and sliding past each other to form the Alpine and
Marlborough Faults system (Arabasz and Robinson, 1976). Relative motion
between the boundaries of the Pacific and Indian Plates through New Zealand is
currently 30-50 mm/year (Walcott, 1978). The area between the Pacific Plate
boundary and the Alpine-Marlborough Faults comprises the axial tectonic belt
(Walcott, 1978) in which the deformation due to the differential motion between
the plates is accommodated. The relative movement between the plates is
absorbed to a very large extent by distributed movement within the axial tectonic
belt. The shallow depth seismic activity (Fig. 5.4) supports the premise that ithe
boundary between the Pacific and Indian Plates in the New Zealand region is a

wide zone of distributed deformation.
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The Central Volcanic Region (CVR), and the axis of negative gravity anomaly,
on North Island are also shown in Fig. 5.5. The Central Volcanic Region (CVR), a
triangular area on North Island, and extending off shore, is an active region of
intensive volcanism, with very high heat flow, and with a thin crust (Smith et al.,
1989). The CVR is generally considered to be an active back-arc basin associated
with the Hikurangi convergent margin and formed within continental lithosphere
(Stern and Davey, 1987). The volcanic rocks of the Central Volcanic Region are
very young, being less than 1 millicn years old (Walcott, 1987). Heat flow in the
eastern part of the CVR is as high as 700 mW/mz, or about 12 times the continen-
tal average (Walcott, 1987). This region contains the majority of the important
geothermal fields in New Zealand. Reilly (1978) showed negative Bouguer anoma-
lies along an axis diagonally across the central regions of North and South Island.
One of the interpretations associates the North Island negative gravity anomaly
with a crustal down-warping at depth (Hatherton, 1970; Kayal, 1984).

Lateral segmentation (or tears) in the subducting Pacific Plate has been indi-
cated by seismological data. For example, Robinson (1986) has suggested that a
tear in the plate exists at the southern end of North Island. Figure 5.6a shows a
sketch of the plate interface configuration as seen from the west (adapted from
Robinson, 1986). The plate interface appears to be disrupted along a NW-SE line
through Cook Strait (see profile AA' in Figs. 5.6a and 5.6b), with the plate inter-
face believed to be offset vertically by 7 km on average. Other down-dip tears in
the subducted Pacific Plate have been suggested by Reyners (1983) 200 km to the
northeast of Wellington, and in the northern Hawke Bay region, as well as in the

northern region of South Island, as shown in Fig. 5.6b. The termination of deep




Figure 5.6a: The subducted Pacific Plate as viewed from the west
(adapted from Robinson. 1986). See also profiles AA’ and BB’ in
Fig. 5.6b.

Figure 5.6b: Possible segmentation (dashed lines) of the subducted
Pacific Plate (adapted from Reyners, 1983). The AA’ and BB’ profiles
refer to Fig. 5.6a above.
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earthquakes near the northern end of South Island (as seen in Fig. 5.4), supports
the premise of a tear (see profile BB' in Figs. 5.6a and 5.6b) in the subducting
plate that defines the edge of the down-going plate. These tears and offsets
would affect the electrical conductivity of the New Zealand substructure, and
thus be expected to lead to anomalous geomagnetic responses at apprepriate peri-
ods.

Figure 5.7 shows the New Zealand physiography, emphasised by tbz 1-2 km
altitude range (shown in black), and fault locations (adapted from Suggate, 1978;
Campbell, 1992; Thornton, 1993; Beanland, 1994; Cowan, 1994). It is seen that
faults occur generally along the mountain ridges, and thus many of the larger
faults have strikes roughly parallel to the coastlines. Most of the recent faults
show both vertical and lateral displacement. The fault depths are believed to vary
considerably, with some extending to moho depths, and others of shallow depth
extents. Some examples are: the Wellington and Wairarapa Faults are believed to
extend to depths of 20-30 km (Darby and Beanland, 1992) and both dipping to the
west; the Alpine Fauit (boundzry between the Pacific and Indian Plates) would
extend to depths of 20-50 km and is thought to dip to the east at angles of up to
about 45° (Grindley, 1978) in the central regions of South Island. While many
major faults are roughly parallel to thc coastlines, the short faults have strikes at
all directions, even perpendicular to the coastlines. This is particularly true on
South Island, where the rate of relative motion between the Pacific Plate and the
Indian Plate decreases southward. It is understood that many faults could be high-
ly conductive because of the presence of water or solution in a zone of high poros-
ity. Thus, anomalous geomagnetic fields are expected in New Zealand due to the

presence of conductive faults in a survey region.
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Figure 5.7: a) The New Zealand physiography. b) Fault distribution of

New Zealand (adapted from Suggate, 1978; Campbell, 1992; Thornton,
1993; Beanland, 1994; Cowan, 1994). For profiles AA’ and BB’ see Fig.5.6.
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Figure 5.8 shows the many sedimentary basins in offshore and onland regions

of New Zealand (adapted from Czochanska et al. 1987). The dotted lines in Fig.
5.9 are 200 m ocean depth contours. The sedimentary basins in New Zealand have
a wide range of depths. Walcott (1987) and Barnes (1990) have suggested that a
sedimentary wedge of up to 18 km thick has been formed between the east coast
of North Island and the Hikurangi Trench. It is likely that a substantial part of the
accumulated sediments has been transported below the crust on top of the sub-
ducted Pacific Plate. Some of the basins, such as the Taranaki Basin of North
Island and the Westland Basin off the west coast of South Island, have petroleum
potential. It is well known that sediments with fluid content are conductive
materials, and thus sedimentary basins (and their boundaries) are expected to

result in anomalous geomagnetic field responses.
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Figure 5.8: Sedimentary basins of New Zealand (adapted from
Czochanska et al., 1987).
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5.2 Chapter Summary

The ,eological and tectonic structure of the North Island of New Zealand is
typical of that found in active continental margins and island arcs. It includes an
offshore oceanic trench (Hikurangi Trench), a belt of active volcanism, a zone of
crustal and mantle earthquake activity, numerous faults, and iarge negative gravi-
ty anomalies. The geological structure of South Island is quite different in that
active subduction occurs only at the northern and southern tips, with the transcur-
rent Alpine Fault (extending to Moho depth) at the boundary between the Indian
and Pacific Plates joining the two regions of subduction. The region throughout
much of South Island is mountainous and highly faulted.

The electrical conductivities associated with the complex geological and tec-
tonic structure, the two oppositely directed subduction zones, numerous faults,
active volcanoes, sedimentary basins, Cook Strait between the North and South
Islands, and the proximity of the oceans for all sites would be expected to lead to
a wide range of onland anomalous geomagnetic responses. The present work of
employing analogue model electromagnetic measurements to aid the interpreta-
tion of geomagnetic measurements in the New Zealand region supplements other
geophysical studies, and should aid our understanding of the geological structure

of the region.




Chapter VI
ANALOGUE MODEL EM RESPONSES IN THE NEW ZEALAND
REGION

6.1 The Analogue Model of the New Zealand Region

Figure 6.1 shows a simplified map of the New Zealand region (2800 x 2800
kmz), including the surrounding ocean with its depth contours used as a pattern to
construct th analogue model in the present work. In the map, the coastlines have
been smoothed to eliminate the extremely shallow inlets.

In the laboratory model of the New Zealand region, graphite plate (1.4 x 1.4
mz) and grafoil (laminated graphite foil) of appropriate scaled thicknesses and
shaped according to the contour map in Fig. 6.1 were used to simulate the ocean
and a horizontal conductive asthenosphere at a depth of 100 km. Although
restricted by model materials, the geophysical model conserves the integrated
conductance (0z) as nearly as possible. The ocean model was supported on a fibre-
glass screen mounted on a plywood frame suspended at the surface of the salt
solution in the tank. The model conductive substratum was constructed as a sepa-

rate unit and suspended at a simulated depth of 100 km below the model ocean.
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Figure 6.1: Simplified map of the modelled New Zealand region
including the ocean bathymetry and showing the model traverses
for which model measurements were carried out.
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6.2  Analogue Model Magnetic Field Components in the New Zealand Region

The in-phase and quadrature magnetic field components (By, By and B;) for
the simulated period range 5-120 min were measured for a grid of 25 traverses
(horizontal dashed lines in Fig. 6.1) over the New Zealand model for two perpen-
dicular source field polarizations. The field polarizations relative to the model in
Fig. 6.1 are here chosen as X- and Y-polarizations for the electric field of the
source in the X- and Y-directions respectively. For each polarization the source
field was held constant at each period for all measurements (in-phase By= 1 T
and quadrature By = 0 nT for X-polarization, and in-phase By = 1 nT and quadra-
ture By = 0 nT for Y-polarization) at a simulated land reference location in the
model tank well away from the model ocean. In the present work, the time varia-
tion of the field is taken to be described by exp(iwt) and thus the quadrature com-
ponent leads the in-phase component by 90°.

The oceans surrounding both North Island and South Island are expected to
play an important role in the geomagnetic field responses due to the proximity of
the ocean for all onland locations. In addition, the effect of coastal bays and
capes, as well as the Cook Strait separating the two islands, will add to the com-
plexities of the responses. Cook Strait links the Pacific Ocean with the Tasman
Sea and is a highly three dimensional structure. The analogue model results should
readily delineate these anomalous coastal responses. Although detailed measure-
ments were carried out for periods of 5, 10, 15, 20, 25, 50, 80 and 120 min for 25
traverses over the entire laboratory model of the New Zealand region, only the
results for 16 selected traverses will be discussed here. These traverses were cho-

sen in order to examine the coast effect responses onland near a variety of coastal
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features, such as the ocean strait, capes, bays, and a range of near shore ocean
bathymetries.

Figure 6.2 shows the coastal features in the New Zealand region, traverses N1
to N8 on North Island, and traverses S1 to S8 on South Island. For X-polarization,
as described earlier, electric current is induced in the X-direction, and thus on the
north-east coast, flows roughly parallel to the coastline. As a consequence, the
coast effect expected inland for this polarization is expected to be approximately
that for a simple straight coastline. The responses inland on the opposite coast
(north-west of North Island) should be somewhat modified by the greater compiex-
ities of the coastline contour due to current deflection where the local coastline
forms some non-zero angle relative to the inducing electric field. Some part of
the current induced in the regions north of the North Island will be deflected east-
ward to flow along the Hikurangi Trench, and some part will be deflected to flow
along the opposite coast. This deflection of current to either side of the islands
will lead to increased current density along the two coasts, and thus lead to
enhanced electromagnetic fields for coastal as well as inland sites.

As an example of the vertical field B, responses along traverses over the New
Zealand model, Fig. 6.3 shows the in-phase and quadrature B, components {in unit
of nT) at a simulated period of 10 min for traverses N1-N8 and S1-S3 on the North
and South Island respectively. This 10 min period example is chosen to demon-
strate changes in coast effect responses from traverse to traverse over the model.
It is seen that the in-phase B; responses change from positive on the westerly
coast to negative on the easterly coasi, reversing sign roughly mid-way between

the two coastlines. In general, the maxima in the in-phase B, responses do not
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Figure 6.2: Simplified map of New Zealand showing the selected

traverses N1-N8 on North Island and S1-S8 on South Island.
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occur right at the coastline, but rather some distance offshore where the ocean
depth is increasing rapidly. For example, for traverses N3-N6 at the shallow
ocean west coast region, the ocean depth gradient at roughly Y=-200 km (see Fig.
6.2) leads to the broad offshore coast effect-like responses observed in both the
in-phase and quadrature B;. On the east coast of North Island the coast effect
response maximum occurs very much nearer the coastline in response to the near-
by sharp ocean depth gradient. For the North Island, the maxima in the B,
response curves are greater on the easterly coast than those on the westerly
coast, due to the strong current induced in the Hikurangi Trench east of the North
Island {see Fig. 6.2). On the south-west of South Island, however, the ocean is
much deeper off the west coast than it is off the east coast, resulting in the larger
B, responses observed at the west coast for S7 and S8 than those at the east
coast. It is interesting to note that, although only a small portion of the traverse
S1 crosses land (Cape Farewell) at the west coast, the B; response for Sl at the
west coast is almost identical to the corresponding responses observed for N8 and
S2. This could be anticipated since the ocean depth in the South Taranaki Bight is
very shallow, so that induction in the offshore deeper ocean (also roughly paralle!
to the west coast of South Island) plays a larger role in the response for
X-polarization. Over the Banks Peninsula (see Fig. 6.2) along S4, the in-phase B,
response shows a large maximum due to the current concentration around the pen-
insula (cape effect). As is typical for induction at short periods, the B, quadra-
ture component is seen to show a smaller response than that of the in-phase com-
ponent at this 10 min period. Over the North Island the quadrature B, responses

are everywhere positive, while over the South Island the respcnses reverse sign at




146
some points along the traverse, again from positive on the westerly coast to neg-
ative on the easterly coast. (The field response curves for other periods will not
be discussed further here, but response curves for all three components B, By and
By for periods T=10, 25, 50, 80 min for X- and Y-polarizations are provided in the

Appendix D).

6.3 Induction Arrows in the New Zealand Region

The in-phase and quadrature magnetic field components discussed briefly for
B, at 10 min in the previous section, and for the other components and periods
provided in Appendix D, were used in equations 1.9 and 1.10 to caiculate the in-
phase and quadrature parts of the Vy (x-component) and Vy (y-component) induc-
tion arrow components at detailed points along the many traverses over the New
Zealand analogue model. As an example, the in-phase and quadrature V4 and Vy
response curves are shown in Figs. 6.4 and 6.5 respectively for the 16 traverses at
10 min period. The signs of both the in-phase and quadrature responses have been
reversed following the convention of Lilley and Arora (1982) for time-varying
fields of the form exp(iwt), so that both the in-phase and quadrature arrows point
towards current concentrations. Values along a response curve that are positive
relative to the dotted zero base line indicate components in the positive direction
(+X for V4 and +Y for Vy), while values negative relative to the base line indicate
induction arrow components in the negative direction (-X for Vy and -Y for Vy).
Thus, each of the in-phase and quadrature induction arrows at a given site along
the traverse can be formed by using the appropriate Vy and Vy component values

given for that site. The inducticn arrow response curves to be used for determin-
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Figure 6.4: The in—phase and quadrature V4 (x—component of
the induction arrow V) response curves at 10 min for traverses
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ing the induction arrows for given sites for additional periods (5, 15, 20, 25, 50, 80,
120 min) are provided in Appendix E. Induction arrows determined using these

responses curves will be discussed in some detail in sections 6.3.1 and 6.3.2.

6.3.1 Induction Arrows Along the North Island Model Traverses

Figure 6.6, to be used for reference in discussing the model induction arrows
in detail, shows the North Island map with ccean bathymetry and labelled coastal
features, as well as the location of traverses N1 to N8. The in-phase induction
arrows along traverses N1 to N8 on North Island for T=5, 10, 20, 50, 80 and 120
min are shown in Fig. 6.7. In the northern regions (N1-N4) the in-phase arrows at
coastal sites for the short periods of 5-20 min generally point directly towards the
nearest ocean, with the largest induction arrow lengths observed at the easterly
coast due to the cape effect (enhanced response due to current concentrations as
a result of induced current deflected around the East Cape). The shortest length
(or zero) arrows found at the central regions along N3 and N4, are due to the sum
of opposite sign coast effects of the easterly and westerly coasts. The location
for zero response (with accompanying reversal) is seen to shift towards the west
coast with increasing period, due to increasing current density on the east coast
due to the cape effect of the East Cape, and the decreasing current density off
the west coast due to the bay effect of the North Taranaki Bight. This shift west-
ward with increasing period is also in part due to greater current induction in the
deeper ocean off the east coast as compared with induction in the much shallower
ocean off the west coast. With increasing period, the arrows in the northern
regions of North Island are scen to reach maximum magnitudes at 20-50 min and

then decrease in length with further increasing period. The arrow directions at
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Figure 6.6: Simplified map of the New Zealand North Island showing
the location of the model traverses (N1-N8) for which model induction
arrows are provided.
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T=20-120 min rotate northwards with increasing period to point more towards the
deep ocean north-east of North Island. At the long periods of 80-120 min, the
arrows along N1-N4 (including the west coast sites) point in the north-east direc-
tion towards the deep ocean off the East Cape (see Fig.6.6), due to decreased
induction in the west coast shallow oceans at long periods.

As was the case for the northern regions, the arrows in the southern regions of
the island (N5-N8 in Fig. 6.7) also point towards the nearest ocean at the short
periods of 5-20 min. Electrical currents induced in the oceans east or west of the
island for the Y-polarization are forced, as they approach the island, to flow
around the much more resistive land masses, or to charnel through the narrow
Cook Strait. The channelling of current through Cook Strait, as well as the
deflection of current by the South Taranaki Bight coastline (see Fig. 6.6), results
in the large current concentrations in the Cook Strait region at short periods. The
long arrows at points along traverse N8 over the Strait and the southern tip of the
island clearly show this channelling effect at short periods, with the arrows point-
ing towards current concentrations in Cook Strait. With increasing period the
arrows in the southern region (N7-N8) of the island are seen to generally rotate
counter-clockwise to point more directly towards the deep ocean in the Hikurangi
Trench (see Fig. 6.6) as expected. At the east coast N4 region the arrows at 5 min
are roughly parallel to the traverse, indicating equal current deflection northward
and southward. This region of equal current deflection shifts to M6 at 50 min and
N8 at 120 min, indicating increased current deflection around the northern end of
the island, and decreased current channelling through Cook Strait at the southern

end, with increasing period. In coastal regions, the arrow lengths, generally large
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at short periods, are much decreased at long periods, as expected for the typical
coast effect.

Figure 6.8 shows the quadrature arrows for North Island. At the short periods
of 5-10 min, the quadrature arrows at coastal sites for all traverses are seen to
generally point away from the oceans, in the directions which are roughly opposite
to those of the in-phase arrows (Fig. 6.7). With increasing period these arrows
rotate to roughly reverse directions so as toc point towards the ocean at periods
greater than 20 min, in directions similar to those of the in-phase arrows. For
example, the quadrature arrows at the west coast and offshore in the shallow
North Taranaki Bight (N2-N4) and Cape Egmont (N5-N6) regions point landward at
5 min, are roughly zero at 10 min and have reversed directions to point seaward at
20 min. This type of reversal, expected at short periods, and being characteristic
of the coast effect response for an ocean underlain by a conductive layer at depth,
is discussed in some detail in the next section (6.3.2). The quadrature arrows for
N1-N4 at the east coast and offshore (East Cape and Hawke Bay regions), tend to
reverse directions at periods greater than 20 min, probably due to the cape effect
(N3), the bay effect (N4), and the increasing induction in the deep oceans off the
east coast. At 50 min, the arrow: for traverse N4 at the east coastal region point
roughly perpendicular to the coast, with the arrows at sites north of N4 (N1-N3)
pointing northward, and arrows at sites south of N4 (N5-N8) pointing southward.
Again, as was the case for the in-phase arrows (Fig. 6.7), this dividing line with
increasing period moves southward to N5 at 120 min, due to sustained quadrature
phase current channelled through Cook Strait and decreased quadrature phase cur-

rent in the shallow Bay of Plenty to the north. Differing from the in-phase arrows
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(Fig. 6.7), the quadrature arrows for N7 and N8 at the southern end of North Island
show significant ~urrent channelling effect at the long periods of 50-120 min, due
to the current induced in the deepest distant oceans (say to the east or west) being
deflected vertically in the shallow sea while approaching land, then in part being
channelled to flow through the shallow Cook Strait. This quadrature phase current
induced at depth and channelled through Cook Strait leads to the sustained signifi-
cant quadrature responses in the Cook Strait region. In general, the quadrature
responses for the North Island are small at short periods (5-20 min) and significant
at longer periods (50-120 min), with the responses at these longer periods being
very similar to the responses seen for the in-phase responses (Fig. 6.7) at the

shorter periods.

6.3.2 Induction Arrows Along the South Island Model Traverses

Figure 6.9, to be used for reference in discussing the model induction arrows
in detail, shows the map of South Island with ocean contours and labelled coastal
features, as well as the location of traverses S1-S8. The in-phase induction arrows
along traverses S1-S8 across the South Island for periods T=5, 10, 20, 50, 80 and
120 min are shown in Fig. 6.10. At all coasta! sites the in-phase arrows point sea-
ward, a direction that is perpendicular to the induced current flow in the local
oceans. The arrows for S1 and S2 show the effect of current channelling through
Cook Strait very dramatically. As discussed for the North Island in section 6.3.1,
the sustained responses over the large period range are due to currents induced in
the deep ocean being deflected by the off-shore bathymetry and easterly coast-
line, and funneiled into Cook Strait. This channelling effect would be expected to

decrease at the very long periods, as seen for the in-phase arrows for S1 and S2 at
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arrows are provided.
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120 min, since the currents induced at increasing depth in the deepest ocean would
in part be deflected by the ocean bottom depth profile to flow northward or south-
ward, and thus less would be funnelled into Cook Strait. For each traverse the
in-phase components at the coast show maximum responses at periods that vary
somewhat from site to site. This could be expected on the basis of changes in cur-
rent densities from site to site in the local ocean due to changes in current deflec-
tion and channelling with period. The in-phase response maxima for S1-S6 near
the east or west coast occur at 10-20 min, while for $7-S8 the maxima occur at 50
min, showing increased current deflection southward with increasing period. At
the east coast 51-55 regions the in-phase arrows at 5 min indicate significant cur-
rent deflection northward to the shallow Cook Strait, while at 10 min, the arrows
parallel to the traverse S5 indicate equal current deflection northward and south-
ward. At 50 min, this region of equal current deflection in opposite directions has
shifted northward to S4. The in-phase responses are much diminished at all coast-
al sites (except at the southern tip) at 120 min.

The coastal quadrature arrows at 5 min shown in Fig. 6.11 for all traverses
generally point landward (almost opposite to the direction of the in-phase arrow),
while at 20 min the arrows have rotated to point seaward. Such a quadrature
arrow direction reversal is observed, for example, in the S5 west coast region with
the arrow pointing landward at 5 min and seaward at 20 min. It is noted that on
the west coast at S5 (a region that is approximately 2-D), the quadrature response
is minimum and the corresponding in-phase response {Fig. 6.10) is maximum at 10
min. Since the island can approximately be described as 2-D structure at short

periods for regions somewhat remote fiom tbe northern and southern ends, such as
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S5 region, these quadrature arrow reversals could be expected on the basis of the
Agarwal and Dosso (1990) 2-D ocean-land numerical results which suggested a
5-10 min characteristic pericd (T¢). (T is the period for maximum in-phase and
minimum quadrature response at a given coastal site, and for T<T; the quadrature
arrow points landward, while for T>T it points seaward.) At periods greater than
20 min (T>T;) the quadrature responses generally mimic the short period in-phase
responses. For example, the quadrature responses for all traverses at 50 min are
very similar to the in-phase responses at 10-20 min (Fig. 6.10). For all sites on the
island, the largest quadrature responses are seen to occur at the southern tip, and
at a period of 80 min. For comparison with the in-phase component, the largest
responses also occur at the southern tip, but at the shorter period of 50 min (Fig.
6.10). The quadrature responses continue to be significant over a large period
range. The strong quadrature arrow responses for S1 and S2 at long periods corre-
spond to currents induced at depth being deflected vertically to be channelled
through the shallow Cook Strait. The significant quadrature responses at the
southern and northern ends at long periods, attest to the importance of currents
induced at depth in the deep oceans at long periods. This quadrature phase cur-
rent approaching the island (say in the Y-direction) is deflected upward to shal-
lower depths at the coast where it may divide to flow both northward an¢i south-
ward, as well as in part channelled through Cook Strait. Additionally, some of the
current is deflected by the more distant ocean depth contours (see Fig. 6.1) to
flow southward, resulting in the large quadrature responses shown for S7 and S8.
Clearly the induction arrows observed for Sl at the northern tip of Scuth Island
and N8 at the southern tip of North Island show ruther compiex induction arrow

responses in this Cook Strait region.
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64  Chapter Summary

A scaled laboratory analogue model of the New Zealand region was construct-
ed using graphite plate, machined to simulate the ocean bathymetry and the con-
ductive substratum, and salt solution in a wooden tank to simulate the resistive
host earth. Thus, the analogue model simulated the New Zealand coastlines and
the surrounding oceans, as well as a horizontal conductive substratum at 100 km
depth. Model magnetic field measurements were carried out along 25 traverses
over the New Zealand model. These magnetic field components were used to cal-
culate the in-phase and quadrature induction arrows for simulated geomagnztic
variations of 5-120 min for 16 traverses over the North and South Islands. The Vy
and Vy (x- and y-components of the induction arrow V) response curves are provid-
ed along these traverses.

Since New Zealand is relatively narrow, the model induction arrow responses
for most onland locations show large effects of the surrounding oceans. The ocean
bathymetry, the irregular coastlines, as well as Cook Strait between the North and
South Island, lead to onland field anomalies due to induced currents in the ocean
being deflected and channelled to produce local off shore anomalous current den-
sities. The model induction arrows at short periods show the importance of cur-
rent channelling in the shallow Cook Strait, while at longer periods show thai an
increasing proportion of the current induced in the deep ocean is deflected to the
south of South Island and to the north of North Island. These complex coast
effects for onland sites would clearly pose a difficulty in interpreting geomagnetic

field measurements.




Chapter VII
INTERPRETATION OF ANALOGUE MODEL AND FIELD SITE

INDUCTION ARROWS IN NEW ZEALAND

Magnetotelluric (MT) and geomagnetic depth sounding (GDS) surveys have
been conducted in the New Zealand region by several authors. Midha (1979) car-
ried out extensive GDS measurements at 15 sites in the central region of North
Island. Ingham (1985a, b, 1987, 1988b) carried out measurements at an additional
20 sites in the south-western (Cape Egmont) and southern regions of North Island.
In the Southern Alps region of South Island, Bromley (1979) carried out measure-
ments at short periods of up to 10 min at 26 sites, while Kellett et al. (1988) car-
ried out measurements over a period of time at the Eyrewell Observatory (EYR).
More recently, between November 1991 and April 1992, Chamalaun and McKnight
(1993) operated an array of three-component magnetometers at 34 sites across
New Zealand. Thus geomagnetic field data are available at 96 sites on North and
South Island.

The analogue model induction arrow response curves (discussed in the previous
Chapter and given in Appendix E) can be used to provide ocean effect reference
values at the 96 sites, with some sites near the coasts and others inland. For cas-
es of negligible electromagnetic mutual coupling of the ocean and any inland coi-
ductors, such as conductive faults and other geological structures, the difference

arrows (field site induction arrows minus the analogue model arrows) should pro-
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vile approximate responses of the anomalous conductors alone, and simplify the

interpretation of the geomagnetic field data.

7.1  The Midha (1979) and Ingham (1985a, 1985b, 1987, 1988b) Field Sites

Midha (1979) has provided induction arrows for periods T=5-6.5, 12.5, 25, 50,
and 83-100 min at 15 sites (BDL, GLT, KGF, KPR, MKI, MKN, MMK, OPP, PRK,
RTH, THT, TKR, TPO, WPG, WTP) in the central part of North Island as shown in
Fig. 7.1, The 20 sites from the work of Ingham (1985a, b, 1987, 1988b) (Cape
Egmont and southern regions of North Island) also shown in Fig. 7.1 are AKA,
AWA, EAS, GOL, GOW, HOP, KAH, KAI, KAR, MAK, MOR, NGA, NGM, RE]I,
TEA, TEW, TUR, WAI, WES, WIO. To aid the discussion it is appropriate to place
the field sites into three groups (A-the central region; B-the Cape Egmont region;

C-the southern tip region of North Island}.
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7.1.1 In-phase Induction Arrows
Figure 7.2 shows analogue model and field site in-phase induction arrows at 5,
10, 25, 50 and 8C min at the 35 site locations shown in Fig. 7.1. At 5 min the in-
phase model arrows at coastal sites are seen to generally point towards the near-
est ocean. At 80 min the model arrows at most sites, including those well-inland
and even those near the west coast, have rotated (or are rotating) from pointing
towards the local shallow ocean at short periods so as to point towards the more
distant deep oceans (generally to the northeast or southeast) at long periods. For
periods greater than 10 min, the in-phase model arrows of group A (central region)
consistently poini in the northeast direction and have very uniform magnitudes.
With a few exceptions, the group B arrows and the arrow at BDL, which are all
relatively near the shallow ocean of the North and South Taranaki Bights (Fig.
7.1), point towards the nearest shallow ocean off the west coast at short periods,
and at the 50 and 80 min periods point north-eastward towards the deep ocean
some distance off the east coast. The exceptions at long periods are the arrows at
the coastal sites KAR and TEA. The essentially zero magnitude at each of these
sites indicates roughly equal and oppositely directed responses of the nearby shal-
low ocean to the west and the distant deep ocean to the east. The group C in-
phase arrows at the southern tip of North Island, generally pointing to the south
towards Cook Strait at 5 min, are seen to be gradually rotating counter-clockwise
with increasing period so as to point in the south-east direction, more directly
towards the deep ocean in the Hikurangi Trench off the east coast. The magni-
tudes of the group C arrows are much attenuated at 80 min due to decreased cur-
rent channelling through Cook Strait at long periods. Thus the model in-phase

arrows behave much as would be expected due to the ocean effect alone.
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The directions of the field site in-phase arrows in group A, with the exception
of those at 5-8.3 min (and 12.5 min at several sites), agree very closely with those
of the analogue model arrows, indicating that for this region the ocean plays the
major role in the in-phase induction arrow responses. The generally smaller mag-
nitudes of the field site arrows than those of the analogue model at all periods,
together with the discrepancy in direction at the short periods, could be attributed
mainly to geological structure not simulated in the analogue model. In particular
the largely conductive structure of the Central Volcanic Region, postulated to be
the back-arc basin of the subduction zone to the east of the North Island (Smith et
al., 1989), can be expected to have a significant effect on the field site in-phase
arrows at short periods. Further, the discrepancies between the model and field
site results could support the hypothesis put forward by Midha (1979) of a NW-SE
trending conductive structure, associated with the volcanic region both onland and
off the north coast beneath the Bay of Plenty.

The behaviour of the in-phase field site arrows for most sites in group B is
generally in agreement with that of the analogue model arrows, with the excep-
tions that the field site arrows are generally shorier at all periods, and they rotate
from pointing to the local ocean off the westerly coast, to point to the more dis-
tant deep ocean off the easterly coast at a shorter period than is the case for the
model arrows. These differences in behaviour too could be attributed to conduc-
tive structure in the central region. The conductive structure postulated by Ing-
ham (1987} to lie at around 40 km depth beneath the northwestern part of the
Nortk: Island would have a significant effect on the group B arrows. The behaviour

of the field arrows at sites TEA and TUP is also likely to be strongly influenced by
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the deep sediments of the Wanganui Basin (see Fig. 5.6) which were not included in
the model simulation.

As was the case for the model arrows, the in-phase field site arrows in group
C (southern tip of the island) also gradually rotate with increasing period from
pointing towards the shallow Cook Strait at the shortest periods, to pointing more
towards the deeper ocean off the east coast at longer periods. As is the case for
the group B arrows, the field arrows in group C again tend to show rotation at a
shorter period than do the model arrows. The scatter in the directions of the field
arrows for adjacent sites (of small separation) may in part be explained by the
responses of localized complex geological structure ané conductive faults not
included in the model, and in part by the responses of coastal features which can-

not be accurately simulated in the analogue model.

7.1.2 Quadrature Induction Arrows

Figure 7.3 shows analogue model and field site in-phase induction arrows at 5,
10, 25, 50 and 80 min at the 35 site locations shown in Fig. 7.1. The group A mod-
el arrows are small and generally point inland at 5 min. With increasing period,
these arrows are seen to rotate counter-clockwise, ard at the long period of 80
min the arrows have roughly reversed direction so as to point towards East Cape
in response to the cape effect and the distant deep ocean eastward. The group B
arrows, also small at short periods, rotate counter-clockwise with increasing peri-
od so as to point towards the South Taranaki Bight, in response to current chan-
nelling through Cook Strait. The group C arrows at 5 min are also seen to point
away from local current concentrations, that is, concentrations due to channelling

through Cook Strait. With increasing period, the group C model arrows also rotate
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counter-clockwise so as to point towards these current concentrations at the long
periods. Thus, current channelling through Cook Strait clearly plays an important
role in the model induction arrow responses at both the group B and C sites.

The behaviour of the group A field site quadrature arrows (Fig. 7.3) as a func-
tion of period is very similar to that of the model arrows, with the differences
that the model arrows generally have larger magnitudes, and rotate at a shorter
period to point eastward towards the deep ocean. These observations generally
also apply in the comparisons for the arrows at the group B sites. The field site
quadrature arrows in group C are scattered in direction, particularly at short peri-
ods, but at a number of sites reasonable agreement in direction with model obser-
vations exists. A dipping subducting tectonic plate, together with tears and off-
sets as described in Fig. 5.6, as well as the conductive structure of the Central
Volcanic Region, and the numerous faults in North Island could readily account for
the discrepancies between the model and field site arrows. Such discrepancies
will be examined in greater detail in sections 7.2 and 7.3. Suffice it to say, the
observations in the present section do indicate the importance of the coast effect

throughout the entire North Island region.

1.2 The Kellett et al. (1988) Eyrewell Field Site

Kellett et al. (1988) digitised and analysed four months of magnetic records
from the Eyrewell Observatory (EYR) near Christchurch on the South Isiand of
New Zealand. Thus, in-phase and quadrature induction arrows at this site are
available for a range of periods. The difference induction arrows at EYR

(obtained by subtracting the model arrows from the field site arrows), as well as
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the model and the field site induction arrows for periods of 5, 10, 15, 20, 35 and 80

min are shown in Fig. 7.4,

7.2.1  Analogue Model and Field Site Induction Arrows at EYR

The model in-phase arrows at EYR (solid arrows in Fig. 7.4) generally point
eastward at all periods, showing the coast effect. At 15 min, the model in-phase
arrow is maximum and points directly towards the peninsular cape in response to
the cape effect, while at shorter periods the arrows are slightly rotated counter-
clockwise in response to the increasing importance of current deflection north-
ward so as to be channelled through the shzllow Cook Strait. At longer periods,
the arrows are slightly rotated clockwise in response to a greater component of
the current induced at depth in the distant ocean being deflected southward.
Compared with the model in-phase arrows, the field arrows are roughly 20-50%
shorter and are rotated 20-30° counter-clockwise. This could be accounted for by
the presence of an anomalous conductor northward of EYR.

Both the model and field site quadrature arrow magnitudes in Fig. 7.4, when
compared with the corresponding in-phase arrows, are smaller at short periods
(T<20 min), are roughly equal at 35 min, and are longer at 80 min. This increasing
quadrature response is due to curreunt in the ocean being induced at increased
depth at longer periods. The model quadrature arrow, though small, points away
from the ocean at 5 min, is essentially zero at 10 min, and at 15 min has roughly
reversed its direction to point eastward towards the local ocean, while the field
site quadrature arrow at 5 min is essentially zero, at 10 min has increased in
length to point roughly northward, then at 15 min has rotaied to point eastward

towards the local ocean. With further increase in period, the model and field site
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quadrature arrows each show a further small rotation clockwise. The magnitudes
of both are maximum at 35 min, then much decreased at 80 min.

As was the case for the in-phase components, the field site quadrature arrows
also show a 20-30° angle counter-clockwise relative to the model arrows. Kellett
et al. (1988) have attributed the observed directions of the quadrature arrows to
large quadrature phase currents being channelled through Cook Strait. The model
quadrature arrow direction does not indicate such a large current channelling

component, but rather supports the premise of an anomalous conductor north of

EYR.

71.2.2 Difference Induction Arrows at EYR

The observed field site responses at EYR could be explained as the sum of the
responses of the ocean eastward and an anomalous conductor northward. To
examine this, difference induction arrcws are shown in Fig. 7.4 (dotted arrows).
The empirical model results of Dosso and Meng (1992) indicated that for a 200 km
wide 2-D island, with an embedded anomalous conductor, the coast effect
response could be removed by simple subtraction at short periods if the conductor-
ocean separation was at least 30 km, and at long periods (say 80 min) if the sepa-
ration was at least 10 km. The bulk of the faulted region (Alpine and Marlborough
Faults in Fig. 7.4) north of EYR, taken to be the anomalous conductor, should be
sufficiently far from the oceans to meet the criteria for negligible coupling, and
thus a simple vector subtraction of the model coast effect arrows from the field
site arrows should yield a valid response of the faults alone.

The in-phase difference arrows (shown as dotted arrows in Fig. 7.4) consis-

tently point .aorthward at all periods studied. This can be interpreted as largely
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that of the induction arrow response of the Alpine and Marlborough Faults in the
northern region of South Island, particularly at long periods. The period dependent
small rotation (clockwise) of the in-phase difference arrow can be attributed to
increased importance of induction in the more distant faulted region (near Cook
Strait) at long periods. There are numerous short raults also to the north (near
EYR as shown in Fig. 5.7b and in a later Fig. 7.12), and these faults are expected
to be particularly important at short periods. Further, the Alpine Fault is
believed to extend to depths of 25-50 km and to dip to the east at an angle of
roughly 45° (e.g. Suggate, 1978). The combined effects of the nearby short faults,
the long major dippirg Alpine Fault, and the more distant complex Marlborough
Fault regions can readily account for the significant and relatively constant in-
phase responses over a wide period range.

The quadrature difference arrows show negligible response at 5 and 10 min,
but the magnitudes and arrow directions at 15-80 min support the in-phase differ-
ence arrow interpretation as the responses of the nearby minor faults (Fig. 5.7b)
and the more distant major Alpine and Marlborough Faults. The slight rotation
clockwise of the quadrature arrow at 80 min also agrees with the behaviour of the
in-phase arrow. The significant quadrature response at 80 min (while the in-phase
response is negligible) indicates induction at considerable depth in the more dis-
tant faulted region.

The analogue model results of an idealized single vertical fault discussed in
Chapter 4 (Fig. 4.4) would indicate significant in-phase and quadrature responses
over the period range 5 to 30 min for, say, a 50 km fault-site distance, with the

quadrature responses as a function of period showing a broad maximum. The EYR
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site region, with its multiple nearby minor and distant major faults, cannot be
simulated by so idealized a fault as that of Fig. 4.4, but the directions and the
magnitudes of the difference arrows in .'ig. 7.4 are of the order to be expected
based on the information of responses of the idealized model faults studied in
Chapter 4.

Both the in-phase and quadrature difference arrows clearly indicate the
responszs at EYR to be those of the faults in the region to the north. The tech-
nique used here to remove the coast effects can be seen to simplify the interpre-
tation of geomagnetic field measurements, and in the present work leads to an
obvious re-interpretation of the measurements of Kellett et al. (1988). Expanding
on their interpretation that current channelling could account for the observed
geomagnetic fields, the present work shows that in addition to the effect of cur-
rent channelling, induction in the cunductive faulted region to the north provides

an important component.

7.3  The Bromley (1979) Field Sites

Bromley (1979) carried out geomagnetic depth sounding measurements and
obtained induction arrows for short periods (up to 10 min) at 26 sites in the South-
ern Alps region of South Island. As described in the previous section the coast
effect components in his measurements are in the present work removed by sub-
tracting the analogue model induction arrows from the field site induction arrows
at each of the 26 sites. The resulting in-phase and quadrature difference arrows
at 10 min are shown in Figs. 7.5 and 7.6 respectively. Also shown in these figures
are the known faults (solid lines), the older fault (dotted lines), and the sedimenta-

ry basins (dashed lines) in the Southern Alps region as provided in Bromley (1979).
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7.3.1 In-phase Difference Arrows

The in-phase difference arrows at 10 min in Fig. 7.5 clearly show considerable
correlation with the expected responses of the known conductive geological fea-
tures. Excellent examples are those of the in-phase induction arrows at either
side of the White Creek Fault (at sites REE and INA) pointing in roughly opposite
directions and towards the fault between the two sites. This is supported by the
cbserved responses in the analogue model study of a conductive fault in Chapter 4
(Figs. 4.4 and 4.5), which showed the induction arrow response to reverse sign
directly over the fault, with the arrows on either side pointing towards each other
and towards the conductive vertical interface. In the following discussion, an
attempt is made to interpret the difference arrows at each site in terms of the
responses of the numerous faults and many sedimentary basins throughout the sur-
vey region.

The site WHI (located roughly cn the White Creek Fault in the upper left
region of Fig. 7.5) appears to be located directly over the fault, and thus the
arrow could be expected to show the observed small response. At site BUL (near
the west coast) the in-phase arrow points southward towards the bulk of the near-
by sedimentary valley S (dashed contour), with a small component towards the
short fault to the right nearby. The arrow at the nearby HEA clearly points
towards the sedimentary basin S; and to a possible extension of the Glasgow
Fault. The arrows at ROT and NEW, situated directly over the upper and lower
ends of the basin S) respectively, are very small in magnitude as would be expect-
ed for ri- yonses at sites directly over good conductors. This is also seen to be the

case for the arrows at GOE (upper right) over the sedimentary basin S3, and at
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SPR and DUN, both over basin Sg at the lower right. At CAP, a site between tae
roughly parallel Lyell and White Creek Faults (upper left rogion), the arrow points
towards the White Creek Fault at this 10 min period. Analogue model induction
arrow responser for & pair of major-minor faults discussed in Chapter 4 would sup-
port the interpretation that the White Creek Fault is a major fault compared with
the Lyell Fault which is shown as coinciding with the S) sedimentary basin edge
and terminating near CAP. The arrow at WIR (upper right region) is perpendicular
to the Alpine Fault, and clearly shows the response expected for a site roughly on
the edge of a major fault. At MID and MAR, both just to the east of the Awatere
Fault (upper right), the arrow directions also clearly show the major components
of the responses to be those of the fault. The somewhat smaller response at MAR
than that at MID might be accounted for by differing distances from the fault, and
by differing responses of the lccal faults to the left and to the right of the two
sites. At HAE, the site betw een the Hope and Clarence Faults, it is seen that the
arrow points towards the Bope Fault (major fault), as well as towards a nearby
minor fault. Here too, the small magnitude of the response could be accounted
for by the resultant of the responses of the old fault and the Clarence Fault to the
left, and the oppositely directed responses of the local minor fault and the Hope
Fault to the right of the site. At GLY, a site that would be over complex frac-
tured structure where the Hope Fault and a short branch fault intersect, the arrow
points roughly perpendicular to the strike of the branching fault, and the old fault
line and the sedimentary basin S4 to the south-east. The arrow at BAM, a site just
outside the boundary of the basin S4, points towards the bulk of the conducting

basin as would be expected. The arrow at OMI (very near the east coast), seen to
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be pointing seaward, could be interpreted as the response of the edge of the sub-
ducting Pacific Plate near the east coast (see Fig. 5.6).

Sites in the southwestern (lower left in Fig. 7.5) part of the survey region, too,
are expected to show rather complex resultant responses due to the close proximi-
ty of numerous faults, young and old, minor and major. The in-phase arrow at
BRU, a site that has the major Alpine and Hope Faults to the east, and the large
sedimentary basin S}, as well as several faults to the west, points towards the sed-
imentary basin. This can be accounted for as the combined responses of the con-
ductive sediments and the faults to the west of BRU, being significantly greater
than the combined responses of the Alpine and Hope Faults to the east at this
short 10 min period. At AIK, a site nearer to the Alpine than to the Hope Fault,
the arrow is of smail magnitude and points towards the Alpine Fault (and away
from the Hope Fault). The analogue model study of a pair of parallel major-minor
faults (Chapter 4) with separation distance S=50 km (see Fig. 4.18, Y=40 or 45
km), suggests that at a site near a minor fault, the in-phase arrow could very well
point towards the major fault at 10 min, while at the same period the quadrature
arrow might be oppositely directed (pointing away from the major fault). It will
be seen in the next figure (Fig. 7.6, for the quadrature arrows) that the quadrature
arrow at AIK does in fact have a direction opposite to that of the in-phase arrow,
pointing away from the Alpine Fault. These oppositely directed responses would
support the premise of the Alpine Fault having the greater depth extent of the
two faults. In this region, however, the resultant responses of the sedimentary
basin S1 to the left and the faulted region to the right and to the left, would be

expected to be more complex than that of a pair of faults alone. At nearby KEL,




1806
the large in-phase arrow is very different from that at AIK, now pointing to the
right and showing a large response, probably primarily that of the Hope Fault.
The very small response at the nearby site PUN could be accounted for by the
combined responses of the surrounding multiple faults roughly adding to zero. The
large response at KLO could indicate the importance of the old fault situated just
to the left. Further, the added effects of the Hope and Alpine Faults would also
contribute so as to enhance the arrow response. The response at BEA, too, might
suggest that the old fault near KL.O is a major contributor to the local response in
this complex region. The very long arrow at AND is puzzling, but if valid, might
suggest a nearby major local conductor to the right, as well as indicate the impor-
tance of the two nearby old faults and the somewhat more distant large sedimen-
tary basin Sg to the right. The long in-phase arrow at CRA, seen to be roughly
parallel to the strikes of the local faults and the sedimentary basin boundary, can
only be accounted for as due to some unknown localised conductors to the aorth in

this geologically complex survey region.

7.3.2 Quadrature Difference Arrows

The quadrature difference induction arrows at the same sites as those of Fig.
7.5 are shown in Fig. 7.6. Field site quadrature arrows were noi available at CAP,
MID, HAE and HEA, and thus the quadrature difference arrows are not known at
these sites. In general, the behaviour of the quadrature arrows at most sites sup-
ports the interpretations presented for the in-phase arrows. As is typically the
case at short periods, the quadrature responses at many sites are smaller than the
in-phase rosponses. As was the case for the in-phase arrows, the quadrature

arrows at REE and INA, on opposite sides of the White Creek Fault, also point in
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opposite directions, each pointing directly towards the fault. The response at INA
is smaller than (hat at REE, since INA is very rear the termination of the fault.
The quadrature arrow at WHI (roughly on the White Creek Fault) is also negligible,
as was the case for the in-phase arrow (Fig. 7.5), again as expected for the
response at a site directly cver a conductive fault. The arrow at BUL (near the
west coast) points towards the nearby fault to the right, similar to that observed
for the in-phase arrow. Differing from the in-phase arrows, the quadrature arrows
at ROT and NEW, both over the sedimentary basin Sy near the west coast, are not
negligible at this 10 min period. The arrow at ROT, pointing to the west, could
indicate a possible extension of the Glasgow Fault along the S4 basin boundary.
At long periods, the arrow might very well rotate counter-clockwise to a direction
normal to the tasin boundary. At NEW (lower left), the arrow points away from
the nearby fault and the bulk of the sedimentary basin Sy, and points towards the
major Alpine and Hope Faults to the right of the site. This is another example of
the response between pairs of faults as studied in Chapter 4. At this site (NEW),
the in-phase response in Fig. 7.5 was seen to be essentially zero, while the quad-
rature component is significant and points away from the nearby fault. If induc-
tion arrows were available for longer periods, the quadrature arrow would prob-
ably be seen to rotate with increasing period so as to point directly towards the
local fault to the left at long periods. Further, the sedimentary basin too would
affect the response, particularly at this short period. Similar to that observed at
NEW, the quadrature arrow at GOE (upper right) directly over the sedimentary
basin $3, has significant length, showing the responses of a minor fault along the

basin boundary and the Alpine Fault to the right. These zero in-phase and non-
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zero quadrature responses at short periods for sites over sedimentary basins (Sy
and S3) may indicate that the sedimentary basins are relatively shallow. On the
other hand, the negligible responses for both the in-phase and quadrature arrows
at sites SPR and DUN over the large sedimentary basin Sg (at the lower right in
Fig. 7.6), would suggest that the basin is relatively deep. As has bee.i noted for
the responses at a number of sites, the small quadrature arrow at WIR (upper
right) also is oppositely directed to that of the in-phase arrow (Fig. 7.5) at this
short 10 min period. With increasing period the arrow would be expected to
reverse its direction so as to point in the same direction as the in-phase arrow. At
MAR, the quadrature arrow which would typically be expected to rotate counter-
clockwise with increasing period, from pointing away frcm a local conductor at
short periods, to finting towards the conductor at long periods, shows an angle
oblique to the strike of the Awatere Fault, as compared with the perpendicular
direction for the in-phase arrow. At long periods the quadrature arrow would be
expected to also point directly towards the fault. At GLY (junction of the Hope
Fault and a branch fault), the quadrature arrow aiso shows a small angle relative
to that of the in-phase arrows at this short 10 min period. The very small quadra-
ture arrow at BAM, near the edge of the sedimentary basin S4, supports the inter-
pretation of tke competing responses of the basin to the right and the old fault to
the left. The quadrature arrow at OMI right at iie east coast, though of small
magnitude, does have the same direction as observed for the in-phase arrow in
Fig. 7.5. As stated for the in-phase arrow (Fig. 7.5) at this site, the quadrature
arrow too could be attributed to the response of the subducting Pacific Plate that

is believed to terminate just offshore (see Fig. 7.12 to be discussed later).
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At BRU, in the southwestern part of the survey region, the quadrature arrow
again (Fig. 7.6) is seen to be opposiiely directed to that observed for the in-phase
arrow {Fig. 7.5). The fact that the in-phase arrow points away from the nearby
major fzult {Alpine) while the quadrature arrow points in the oppesite direction
and towards the major fault, might be attributed to the effect of the fault at
depth dipping towards the east coast. Further examination of responses for mod-
els of dipping conductors, together with field site data for a wide range of periods,
would be needed to more fully interpret the observed responses. At AIK, a site
very near BRU, the quadrature arrow points towards the nearest minor fault (Hope
Fault), while the in-phase arrow was seen to point in the opposite direction, and
towards the major Alpine Fault. The quadrature arrows at KEL, PUN, KLO, BEA
and CRA, appearing to have somewhat random directions relative to those of the
corresponding in-phase arrows, and being situated within a compiex array of near-
by local faults, as well as being relatively near (10-40 km) the major faults to the
left, and the sedimentary basin Sg to the right, are impossible to interpret without
additional field data at both shcrter and longer periods. As was discussed fc. the
long in-phase ar~ow at AND, the similarly long same direction arrow for the quad-
rature comgponent could be best attributed to a nearby major local conductor in
addition to the responses of the two old faults and the large sedimentary basin Sg
to the right of the site.
Although the 10 min period results discussed in this section do clearly show
the expected responses at many sites, a much more detailed period coverage
would be required to permit a fuller interpretation in terms of the geological

structure in this complex Southern Alps region.




185

74  The New Zealand Array (Chamalaun and McKnight, 1993) Field Sites

Figure 7.7 shows the locations of the 34 field sites on the North and South
Islands where Chamalaun and McKnight (1993) carried out geomagnetic measure-
ments. At each site, they showed field site induction arrows, as well as difference
arrows (field site arrows minus thin sheet numerical m- iel coast effect arrows) in
an attempt to determine any induction effects that might be attributed to subduc-
tion zones. In their thin sheet numerical model they used 50 by 50 cells eachk 38
km square to represent New Zealand a~ . the surrounding oceans. The New Zea-
land analogue model (simulating an area of 2800km x 2800 km)} included the bathy-
metry of the surrounding expansive ocean, as well as the complex coastline con-
tours, in much greater detail than was possible in the thin sheet model. Thus
considerable discrepancies hetween the analogue model and the thin sheet model
responses would be expected.

Figure 7.8 shows the analogue model and the thin sheet numerical model
(Chamalaun and McKnight, 1993) in-phase induciicn arrow amplitudes as a func-
tion of period at six coastal sites (WES, PUP. EYR, WHK, GIS, INV) and one inland
site (TEK) on New Zealand. At the inland site TEK, small essentially constant
amplitude responses would be expected due to the result of opposite sign responses
of the east and west coast oceans. Both the analogue model and the thin sheet
numerical model responses show this expected behaviour. At coastal sites, how-
ever, the in-phase arrow responses are known (Parkinson and Jones, 1979) to show
considerably variation with period, and to generally show amplitude maxima in the
15-30 min period range. Tlie analogue model responses (Fig. 7.8) at the coastal

sites, except for WES located in a bay coastal region of Karamea Bight (west
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coast), do show these expected response maxima, whereas the thin sheet model
responses do not. Thus difference arrows as determined using the analogue model
coast effects would be expected to differ considerably from those using the thin
sheet model coast effects (Chamalaun and McKnight, 1993).

Chamalaun and McKnight (1993) attributed their resultant difference arrows
as mainly resulting from the inadequacy of the numerical model in representing
the ocean, and thus were unable to demonstrate any evidence of arrow responses
attributable to the subduction zone under North Island, or for that matter attribu-
table to any other conductive structure. They have suggested that a numerical
model with considerably smaller grid size and much more accurate bathymetric
data including offshore sedimentary basins is needed to more accurately obtain
the ocean effect responses. The coast effect induction arrow responses obtained
using the New Zealand analogue model in the present work have proven to be a
realistic representation of the coast effect components expected at sites in New
Zealand. Thus, by subtracting these realistic analogue model ocean effects from
the field site observations, the difference arrows (to be discussed in the present
section) should successfully show the responses of conductive geological and tec-
tonic structures.

Figure 7.9 provides an example of the field site, the analogue model, ard the
difference (field site responses minus analogue model responses) induction arrow
x- and y-component responses at a given site (EYR) where the coast effects would
be expected to be significant. Clearly, considerable differences in the field site
(F) and analogue model (M) induction arrow (x- and y-component) response curves

are secen to exist at EYR. With the coast effects removed, the resultant differ-
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ence (D) response curves in the lower section of Fig. 7.9 are taken to be indicative
of the responses of actual conductive structures that were not included in the ana-
logue model simulation. The field site, analogue model, as well as the difference
induction arrow response curves, provided in Appendixes F, G, and H respectively
for the 34 site locations, can readily be used to calculate the induction arrows and
the difference arrows at any period at each site.

Figure 7.10 shows the analogue model and field site induction arrows at the 34
sites at 10 min period. An immediate appreciation of the main features of the
induction arrow responses can be gained by examining the arrow responses even at
one short period. The analogue model arrows show the coast effects alone, since
only the oceans, and no anomalous conductors, are included in the simulation.
Thus, if the field site arrow and the model arrow are in close agreement at a given
site, then the ocean provides the main response at that field site. But if there are
considerable differences in the amplitudes and/or the directions in the field site
and analogue modeil arrows, then a responding anomalous conductor in the neigh-
borhood of the site is indicated. An example of a site where almost identical
arrows are observed is that of INV (southern tip of South Island), while examples
of sites (among many) where considerable differences exist are EYR and WHK
(Bay of Plenty coast). In general, at this short 10 min period both the in-phase
analcgue model and the field site induction arrows show strong coast effects at all
coastal sites, and also show considerable variation from site to site due to the
irregular coastlines that lead to cape, bay, and channelling effects. The opposite-
ly directed responses of the coast effects from the east and west coasts lead to

cancelled coast effects at some inland sites.
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The quadrature arrows in Fig. 7.10 are significantly smaller than the in-phase
arrows, but their patterns do show several consistent features. For example, with
a few exceptions, both the model and field site quadrature arrows on North Island
consistently point to the west, away from the deep ocean off the east coast as
expected at sufficiently short periods. The model and field site induction arrows
at each of the 34 sites for T=5, 15, 20, 25, 50, and 80 min period are provided in
Appendix L.

Since the difference induction arrow responses at a given site are taken to
be indicative of anomalous conductors in the region, any valid interpretation of
these responses should permit a rationalization of the effects of many of the
known conductive geological and tectonic structures. In some cases, an interpre-
tation might be possible only if the response of some unknown conductor is postu-
lated. Thus, such studies could lead to advances in the knowledge of regional geo-
logical structures.

Figure 7.11 and 7.12 are provided to show in considerable detail the currently
known (in some cases not fully proven) geological features of the North and South
Islands. These two figures will be used for reference in discussing and interpreiing
the difference induction arrows at each of the 34 sites (locations indicated by
black dots) of Chamalaun and McKnight (1993). The solid lines in these figures are
the locations of the major and minor faults (Suggate, 1978; Campbell, 1992;
Thornton, 1993; Beanland, 1994; Cowan, 1994). The majority of the faults show
strikes roughly parallel to the east and west coastlines. It has generally been
accepted that a number of the major faults are continuous across Cook Strait

(e.g., Suggate, 1978). For example, the Wellington and the Wairarapa Faults on




T T T T T T L4 Y T B g T Af Y T A4 YT AL AR S T TrTTTY
- Sedimentary .o
- Basin Boundry : . . | Axis of
. . . Negalive ]
-/, L Gravity
. /-I"‘?" Anomaly 1
J
]
GIS g
. <<
—~ 2 ~ 4]
= Subducted * T g
- i Plate .t 1
o F . d . S E\JAP . 'g B 4 P
2 i . [} Wellington q‘}- q4
N . . Fault E g 7
>< b NEW ‘-. . . ' v
I ) / Wairarapa ¢ |
L . - . . OHA F&u‘t '7 .J
0+ . s Vv .
L . [y * . g v
- . £ e
L~ . ‘ x ¢ )
l\\ . I
I S~ Al v 1
-1} . v 4
o ’ ) v
14
pUP . . 'y 1
: . ™~ gy Tears in 1
! — N WOO * ¥  Subducted {
-2+ . MOU v \;,/-ﬁ!—y Plate .
i Ly ¥, -
[ BIR 7 ]
: MUR® s 1
S S T S S Y A DU N Y U U SR VN S AU SR W S
~3 ~2 -1 0 { 2 3
Y (100 km)
Figure 7.11: Geological and tectonic features on the North Island of

New Zealand. The geomagnetic field sites arc indicated as black dots (9).

193




194
North Island (Fig. 7.11) are usually shown to be linked across to the Awatere and
Clarence Faults (Fig. 7.12) respectively on South Island (e.g., Katz, 1979). How-
ever, the continuity of the faults across Cook Strait is still under some debate
(e.g., Carter et al., 1988). As discussed in Chapter 5 (Fig. 5.6), the dashed straight
lines show the postulated segmentation (or tears) of the subducted Pacific Plate
{Robinson, 1986; Reyners, 1983). On the North Island map in Fig. 7.11, the trian-
gular region outlined by dashed lines is the Central Volcanic Region (CVR), the
region where extensive heat flow and active volcanoes (solid triangles A) are
observed. The dashed curve on North Island extending from East Cape to the
South Taranaki Bight is an axis of negative gravity anomaly, which has been inter-
preted as associated with the subduction of the Pacific Plate, as discussed in
Chapter 5 (Fig. 5.5). The dotted areas bounded by closely spaced dots show the
sedimentary basins (Czochanska et al., 1987) which are expected to be more con-
ductive than the continental rock and, thus to lead to anomalous induction arrow
responses at some sites.

On the South Island map shown in Fig. 7.12, the Alpine Fault diagonally across
the central region of the 1sland is believed (as described in Chapter 5) to extend to
moho depths (20-50 km) and in some regions to slope eastward at depth at an angle
of up to 45° relative to the vertical. The axial tectonic belt (Walcott, 1978) on
South Island (region between the dashed straight line and the Alpine Fault) is an
area of active crustal earthquakes (Fig. 5.4), due to crustal deformation along the
boundary between the Pacific and the Indian Plates. Simplified geological struc-
tures (KOS, 1993) are also shown on the South Island map. These are: the black

area, consisting of Dun Mountain rock; the horizontal lined area, consisting of the
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relatively young (170 Ma) Torlesse rock: and the blank areas (at the northern and
southern ends of the island), consisting of the relatively old (>345 Ma) Foreland
Province rock. The schist rock (indicated by crosses (x) in a small area at the
northern tip and linked by a narrow strip to a large region at the south end) is
believed to be lower crust rock that has been pushed up from depth, and thus more
conductive than the adjacent upper crust materials (see Chapter 5, Fig. 5.2).
These geological and tectonic structures, together with the complex North and
South Island coastlines, would be expected to lead to a wide range of anomalous

geomagnetic field responses.

7.4.1 Difference Induction Arrows on North Island

In discussing the difference induction arrow responses shown in Figs.
7.23-7.16 at 10 and 50 min periods, frequent reference to features shown in the
North Island map of Fig. 7.11 will be required. In addition, some reference to the
figures in Appendix J showing responses at other periods will also prove helpful.
Figures 7.13 and 7.14 show respectively the in-phase and quadrature difference
arrows at 10 sites on North Island for a period of 10 min. It is normally expected
that, for an embedded conductive anomaly the quadrature responses would be sig-
nificantly smaller than the in-phase responses at short periods. This is ceriainly
seen to be the case for all sites on North Island, with the quadrature arrows at all
but a few sites being of negligible length., Further, as discussed earlier, the quad-
rature arrow responses for a conductive anomaly increase with period, and if the
arrows are directed oppositely to the in-phase arrows at short periods, they tend
to rotate counter-clockwise to become aligned with the in-phase arrows. How-

ever, at sites in the neighborhood of multiple conductors with various strike direc-
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tions, the resultant in-phase and quadrature arrow frequency responses may very
well show a more complex behaviour. Further, as was shown in Chapter 3, the dif-
ference arrows, for sites right at the coast, and also to a lesser extent for sites on
the edge of a fault, will show the effects of mutual coupling and thus be somewhat
in error. Fortunately, in most coastal regions of New Zealand, the coastal oceans
are sha'low and thus the mutual coupling of a fau!t and the ocean would be less
pronounced at the coast than it would be for the deep coastal ocean of the depths
employed in the idealized model studies of Chapters 3 and 4.

In Figs. 7.13 and 7.14 both the in-phase and quadrature arrows at WHG (upper
left near North Cape) point towards a pair of nearby short faults to the right of
the site, then at 50 min in Figs. 7.15 and 7.16 both arrows have rotated counter-
clockwise through an angle of about 45° so as to point in part towards a third
nearby fault that has a strike roughly perpendicular to the first mentioned pair of
parallel faults. The site WHP, somzwhat to the south of WHG, is located over a
sedimentary basin which could in part account for the negligible responses at 10
min for both the in-phase ard quadrature components. At 50 min (Figs. 7.15 and
7.16) both components show some response, but an interpretation is probably not
meaningful, since the analogue model could not adequately simulate the ocean
effect in this complex Bay of Islands northern coastal region.

The in-phase arrow at HAM, just to the right of a 100 km long fault and a
numb-:. of short parallel faults, points away from the faults, but towards the Cen-
tral Volcanic Region (CVR). With increasing period (see Figs. J.1-J.5 in Appendix
J), the arrow rotates clockwise (in this case) very gradually so that at 80 min it

points roughly north-east towards a postulated tear in the subducting plate (see
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Figure 7.14: The quadrature difference arrows on North Island at 10 min

period.
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Figure 7.16: The quadrature difference arrows on North Island at 50 min

period.
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Fig. 7.11). The quadrature arrow, also pointing roughly towards the CVR at 10
min (Fig. 7.14), however rotates counter-clockwise with increasing period so that
at 50 min (Fig. 7.16) it is pointing obliquely towards the fault to the left of the
site, and in a direction almost directly opposite to that of the in-phase arrow.
This unusual behaviour of the arrows pointing in opposite directions at long periods
can be accounted for by the resultant of responses of multiple conductors with
differing depth extent.

At WHK (near the Bay of Plenty coast line) the in-phase arrow at 10 min (Fig.
7.13) has a direction roughly normal to the strike of a number of fault lines that
may very well continue into the Bay of Plenty. With increasing period the arrow
rotates counter-clockwise so that at 80 min (see Figs. J.1-J.5) the arrow points
roughly towards the off-shore Volcano (Fig. 7.11) in the Bay of Plenty. The quad-
rature arrow, however rotates little with increasing period, but at 50 min (Fig.
7.16) does attain a direction roughly normal to the parallel faults to the left of the
site, and also towards the postulated tear in the subducting plate (Fig. 7.11). At
this site, as was the case at HAM, in-phase and quadrature arrows again have
roughly opposite directions at long periods.

Both the in-phase and quadrature arrows at GIS (east coast) at 10 min (Figs.
7.13 and 7.14) point inland towards the axis of negative gravity anomaly shown in
Fig. 7.11 (believed associated with the subducting plate), and towards the some-
what more distant parallel faults. The quadrature arrow, maintaining this direc-
tion, is much enhanced at 50 min (Fig. 7.15), whereas the in-phase arrow at this
longer period is much attenuated and has rotated counter-clockwise to point

towards the volcanic region in the Bay of Plenty.
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At the site TAU (in the lower CVR), the in-phase and quadrature arrows at all
periods remain small, with the quadrature arrows pointing almost directly towards
the group of volcanoes (Fig. 7.11), while the in-phase arrows now at all periods
tend to point in a direction roughly opposite to that of the quadrature arrow, and
towards the more central regions of the CVR.

The behaviour of the arrows at NAP (coast bay region on the east coast) is
very similar to that observed at GIS, with the in-phase arrow large and the quad-
rature arrow very small at 10 min (Figs. 7.13 and 7.14), and the in-phase arrow
very small and the quadrature arrow large at 50 min (Figs. 7.15 and 7.16). Fur-
ther, as was the case at GIS, the in-phase arrow at 10 min and the quadrature
arrow at 50 min at site NAP, also both point inland towards the axis of negative
gravity anomaly (Fig. 7.11), and towards the inland faults (including the Wellington
Fault). The large quadrature responses at long periods would be accounted for by
induction at great depths, perhaps both in the conductive structure beneath the
subducting plate (region beneath the axis of negative gravity anomaly) and in the
deeper part of the Wellington Fault to the left of the site.

The difference arrows at site NEW (Cape Egmont) might be expected to
include unwanted mutual coupling effects of the nearby fault and the major local
ocean current concentrations due to the cape effect. The difference arrows would
then not be those of the anomalous conductors alone, and the arrow magnitudes
and directions would be in error. However, the quadrature arrow does at 10 min
(Fig. 7.14) and at 50 min (Fig. 7.16) generally point inland towards the fault to the
right of the site. Having rotated from pointing seaward at 5 min (Figs. J.1-1.5) to

pointing inland at 10 min, its magnitude increases gradually with increasing peri-
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od. The in-phase arrow at all periods is rotated somewhat clockwise relative to
the quadrature arrow, as though responding to the same fault, but perhaps more to
an off shore component. However, mutual coupling -ffects are expected to be
problematic at this particular site.

At sites OHA and MAS (lower North Island) the quadrature responses are
essentially zero at 10 min, then at 50 min (Fig. 7.16) and at intermediate periods
(Figs. J.1-J.5), generally have directions roughly normal to both the axis of neg-
ative gravity anomaly (Fig. 7.11) and the multiple parallel faults in the region.
The in-phase arrow at OHA at these periods maintains a direction nearly parallel
to the local faults, as though pointing more towards the Central Volcanic Region.
At MAS the in-phase arrows at short periods alsc have directions roughly paraliel
to the local major faults, then at 50 and 80 min have rotated somewhat clockwise.
The guadrature arrow at long periods have lengths about a factor of two greater
than those of the corresponding in-phase arrow..

Clearly, the interpretations of the inducti n arrow responses for this structur-
ally complex North Island must be somewhat tcatative. However, it does appear
that in addition to the expected anomalies di# to the numerous faults, the CVR,
and tho tears in the subducting plate (postulated), as well as the structures at
depth (indicated by the negative gravity regions), do play a role in the observed

geomagnetic responses.
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7.4.2 Difference Induction Arrows oa South Island

In the discussion of the induction arrow responses shown in Figs. 7.17 to 7.20,
frequent reference will be made to the South Island map of Fig. 7.12. The induc-
tion arrow responses at sites on South Island are expected to show the effects of
the major Alpine Fault traversing the island and joining the zones of subduction at
the two ends, as well as the effects of the numerous more minor faults throughout
the entire island. Further, the effects of the electrical conductivity contrasts
between adjoining diverse rock types too should prove important in the observed
responses.

Due to major current (induced) channelling through Cook Strait, it might be
expected that at sites near Cook Strait mutual coupling between this current con-
centration and the conductive faults would pose a serious problem in the determi-
nation of valid difference arrows. However, conductive faults that have strikes
roughly perpendicular to the direction of current channelled through Cook Strait,
will be much less coupled than if the fault lines were parallel to the current flow
direction. In the cases of significant coupling, as explained earlier for some sites
on North Island, the difference arrows will show a consider "hle departure from the
responses that would result for an anomalous conductive structure alone. This
fact would lead to less reliable interpretations of the responses in terms of the
local conductive structures. An example of a site where the difference arrows
will have very limited validity is that of PUP at the tip of Cape Farewell, where
current concentration due to the cape effect will result in mutual coupling of the
ocean and any onland conductive fault. The quadrature arrow directions at 10 min

(Fig. 7.18) and at longer periods up to 50 min (Fig. 7.20), might still be interpreted
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as the responses of the onland fault at PUP continuing out to sea in the South
Taranaki Bight as shown in some geological maps. The inconsistent behaviour of
the in-phase and quadrature arrows (Figs. 7.17, 7.19, and J.1-J.5) as function of
period, doss not, however, support such an interpretation, but might suggest a
conductive anomaly offshore to the north.

At site MOU (near PUP), also right on the coast where the current channelling
through Cook Strait is of importance, the quadrature arrows at all periods (Figs.
7.18, 7.20, and J.1-J.5) would indicate the responses to be those of the nearby (and
more distant) faults to the east, and perhaps conductive structures associated with
the narrow strip of Don Mountain rock (Fig. 7.12). The in-phase arrow at periods
up to 15 min would support this interpretation, but at 20 min and longer periods,
the arrow rotates clockwise to eventually point in a direction perpendicular to
postulated tear in the subducting plate (dashed line in Fig. 7.12) just off shore near
MOU.

The three sites BIR, WOO, and CLA (also very near Cook Strait) are situated
in an extremely complex array of conductive structures in the form of a number
of parallel faults (and thus a highly disturbed area), a series of parallel tears in the
subducting plate, and a variety of rock types with possible conductive interfaces
(Fig. 7.12). The sites BIR and WOO, to the left and to the right of the Wairau
Fault respectively, tend to show the response of this fault to be the dominant
component at some periods for both the in-phase and quadrature responses, and at
other periods attest to the additional competing responses of the structures asso-
ciated with the tears in the subducting plate and the local geology (various nearby

rock types). The changing responses with period result in complete cancellation of
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the responses at some periods, e.g. at 15, 20, 25 min for the in-phase component
at BIR. At site CLA, the competing responses appear to be those of the array of
parallel faults to the left and the nearby off shore conductive structures to the
east associated with the Hikui'angi Trench and the Pacific Plate subduction (postu-
lated sediment wedge between the east coast and the trench). The in-phase
arrows at 5 min point towards the trench, then with increasing period rotate
clockwise somewhat, then reverse rotation to again point directly towards the
trench at 80 min (Figs. 7.17, 7.19 and J.1-J.5). The quadrature arrow, on the other
hand points inland to the array of parallel faults at periods up to 50 min, then at
80 min has rotated counter-clockwise by 90°. With a further increase in period
the arrow would be expected to also point directly towards the trench.

At MUR, the site between a pair of faults that converge to a fork nearby, ana
about 40 km to the left of the major Alpine Fault, the quadrature arrows at 10 and
50 min (Figs. 7.18 and 7.20) consistently point towards the Alpine Fault, as might
be expected. The in-phase arrow also has this direction (Figs. 7.17 and 7.19) up to
25 min period, but then begins to rotate clockwise to point northward at long peri-
ods, perhaps also responding to a segmented subducted Pacific Plate at depth.

The difference arrow responses at WES (near the cape on the west coast), may
have limited validity due to considerable mutual coupling of the enhanced current
of the cape effect and the conductive inland fault. However, the quadrature
arrows at periods greater than 10 min do consistently point inland (Figs. 7.18,
7.20, and J.1-J.5) towards the array of faults roughly parallel to the coast as
might be expected, whereas the in-phase components tend to point parallel to the

coast then rotate to point seaward at long periods.
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At HOK (near the bay coastline) the mutual coupling should be less of a prob-
lem than at WES. The main structures somewhat inland are the major Alpine
Fault and a parrow strip of Haast Schist between the sedimentary basin and the
large Torlesse rock area (Fig. 7.12). At periods of 15 to 50 min, the quadrature
arrow (Figs. 7.20 and J.2-J.4) points towards the Alpine Fault and the rock bound-
aries, whereas the in-phase arrow (as was the case for site WES) again has a com-
ponent parallel to the coast.

At INC (about 40 km inland), a site just to the left of the Alpine Fault, the
quadrature arrow for periods less than 50 min (Figs. 7.18, J1-J4) points directly
towards the Alpine and Hope Faults as expected, while the in-phase arrow for
periods of 50 min (and greater) has rotated counter-clockwise to point seaward, as
was the case at sites WES and HOK near the coast. This behaviour of the differ-
ence arrow at INC, a site far enough inland so as not be seriously aifected by
mutual coupling, might in fact indicate a conductive anomaly off shore. Since
INC is situated right at the boundary of the large sedimentary basin (Fig. 7.12)
that extends seaward, the off shore conductor could very well be this sedimentary
oasin.

The behaviour of the arrows at site OXF (about 50 km from EYR, the site dis-
cussed in detail in section 7.2.2) is almost identical to that of the arrows at EYR.
That is, both the in-phase and quadrature arrows at all periods point northward to
tie Alpine and Hope Faults and the nearby minor faults paralle! to the latter.
Since the behaviour of the arrows at EYR, based on the Chamalaun and McKnight
{1993) data set discussed here, is completely consistent with the hehaviour of
those of Kellett et al. (1988) presented in section 7.2.2, the responses at both OXF

and EYR will not be Jiscussed further here.
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The sites COO, TEK, FAI, and TIM lie along a prcfile across the island approx-
imately at the narrow mid-island section. At the three inland sites (first three
named), the in-phase and quadrature arrows at 5 min (Fig. J.1) all point to the
right directly towards nearby minor faults. The arrows at COO are showing the
competing response of the Alpine Fault and the sedimentary basin to the left and
perhaps the structure associated with the edge of the axial tectonic belt to the
right (Fig. 7.12). At long periods the in-phase arrow has rotated to point to the
left (Figs. 7.19 and J.5), opposite to that at short periods, while the quadrature
arrow continues to point to the right at periods up to 50 min (Fig. 7.20), but at 80
min (Fig. J.5) has rotated counter-clockwise by about 90°. At still longer periods
it should align its direction with that of the in-phase arrow. The behaviour of the
arrows at each of TEK and FAI is very similar to that at COO, with the main dif-
ference that the arrow magnitudes are generally somewhat smaller at TEK and
FAl, and perhaps rotate to point towards the Alpine Fault and the sedimentary
basin at somewhat longer periods than was the case at COO, since the sedimenta-
ry basin to the right (boundary between FAI and TIM) too would be contributing to
the responses. The responses at TIM (over the sedimentary basin, but near its bor-
der), though small, are still rather puzzling in that the in-phase arrows tend to
point roughly parallel to the coast, while the quadrature arrows tend to point
inland to the left at most periods.
The sites MIL, GLE, CAR, RAN and OAM in the southern region lie along a
profile across roughly the widest section of the island. The arrows at MIL (near
the west coast) may have limited validity due to mutual coupling effects associat-

ed with the very nearby ocean, sedimentary basin, Alpine Fault, and the complex
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rock structure. The in-phase arrows at MIL for the entire period range T=5-80
min (Figs. 7.17, 7.19, and J.1-J.5), point in the south-west direction, as though the
components to the left and right have cancelled, and the resultant response is that
associated with the subduction zone at the southwestern tip of the island, where
the Indian Plate is believed to be subducting beneath the Pacific Plate. The quad-
rature arrows at MIL, however, reverse direction from pointing towards the ocean
at the short periods of 5 and 10 min (Figs. J.1 and 7.18) to pointing inland at 15
min and longer periods (Figs. J.2-J.5). It is puzzling that the directions of the
quadrature arrows at MIL at long periods are roughly opposite to those of the in-
phase arrows. But if valid, the arrows at long period may indicate that the induc-
tion in the eastward sloping Alpine Fault beneath the site, and a conductive inter-
face between the schist and the Don Mountain rocks to the east, have greater
importance than that of the offshore sedimentary basin to the west.

At GLE, CAR, RAN and OAM, the small in-phzase and quadrature arrows at 10
min (Figs., 7.17 and 7.18) can b accounted for in part by the competing responses
of the nearby array of minor faults and the sedimentary basin near the east coast,
and at GLE, CAR and RAN in part by the underlying conductive Haast Schist rock,
and at OAM in part by the conductive sedimentary basin (Fig. 7.12). With increas-
ing period, the in-phase arrows at GLE and CAR increase in length, and at the
long periods of T=50 and 80 min (Figs. 7.19 and J.5), point westward towards the
boundary between the schist and the Dun Mountaia rocks, while the quadrature
arrows point eastward towards the nearby faults. At RAN and OAM (near the east
coast), both the in-phase and quadrature arrows are essentially zero at 10 min

(Figs. 7.17 and 7.18), as though the responses of the nearby multiple faults and the
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sedimentary basin roughly cancel at these two sites. This seems to be also the
case at the long period of 50 min (Figs. 7.19 and 7.20), except for the in-phase
response at OAM, possibly due to the effect of unwanted mutual coupling at this
coastal site.

At MAN, RIV and BAL (in the southern region of the island), both the in-phase
and quadrature arrows at periods up to 25 min (Figs. 7.17, 7.18 and J.1-J.4) are
seen to point towards the interface between the more conductive schist and the
less conductive Dun Mountain rocks (Fig. 7.12). At the long period of 50 min
(Figs. 7.19 and 7.20), the quadrature arrows at MAN, RIV and BAL are seen to
point towards the boundary and the bulk of the conductive schist region. The in-
phase arrows at MAN and BAL, however, at 50 min point seaward. These two
sites are relatively near the cape coast line, and thus as explained earlier, the dif-
ference arrows here wouid show the effects of mutual coupling.

At INV (the southern tip of South Island) both the in-phase and quadrature
arrow responses at the short periods of 5-10 min are small (Figs. 7.17, 7.18, and
J.1). The site INV is located directly over a sedimentary basin (Southern Basins
Province in Fig. 5.8) which could in part account for the observed small responses
at short periods. With increasing period both the in-phase and quadrature arrows
increase in length, reaching maximum responses at 50 min, as though pointing
inland towards the conductive interface between the Haast Schist and Don M .an-
tain rocks (Fig. 7.12). The significant arrow responses at long periods (while the
responses at short periods are negligilz) may indicate that the sedimentary basin
onland at the southern tip of the island is not very deep, sc that at long periods

the induction at the boundary becomes more important.
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Although the interpretation of the difference arrow responses at some coastal
sites must remain tenuous due to the effects of mutual coupling, the arrows at
many sites do clearly show the responses of the conductive structures such as
major and minor faults, sedimentary basins, and conductive regions associated

with adjacent rock types, tears in the subducting plate, and the plate boundaries.

7.5 Chapter Summary

Analogue model induction arrow response curves along 16 traverses over the
New Zealand laboratory analogue model were used to obtain the in-phase and
quadrature induction arrows at 96 field sites. Since the New Zealand islands are
relatively narrow, the coast effect is seen to be important at all sites. Further, at
various sites near the complex coastline, the arrow responses clearly show the
cape effects (East Cape, Cape Egmont, Banks Peninsula), the bay effects (Bay of
Plenty, Hawke Bay, North and South Taranaki Bights), and the current channelling
effects (Cook Strait). The difference arrows (field arrows minus analogue model
arrows) at most sites in the survey region generally show the responses of the con-
ductive geological and tectonic structures not included in the analogue model sim-

ulation.

The Midha (1979) and Ingham (1985a, 1985b, 1987, 1988b) Field Sites

The comparison of the analogue model and the field site (Midha and Ingha:a
measurements) induction arrows at 35 sites on North Island for a range of periods
T=5-80 min demonstrates the large role the ocean has in the observed field

responses. The discrepancies between the model and field site (Midha, 1979)
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induction arrows in the northern region of North Island support the hypothesis put
forward by Midha (1979) of a NW-SE trending conductive structure both onland
and offshore the north coast beneath the Bay of Plenty. The differences in the
behaviour of the model and field arrows (Ingham, 1985a, b, 1987) in the Cape
Egmont region could in part be attributed to the conductive structure postulated
by Ingham (1987) to lie at about 40 km depth beneath the north-western part of
North Island, and in part to the deep Wanganui sedimentary basin in this region.
The model arrows in the southern tip region of North Island generally show larger
responses than the field site arrows (Ingham, 1988b), and the model arrows rotate
from pointing towards Cook Strait to pointing more directly towards the deep
ocean off the east coast at a shorter period than is the case for the field site
arrows. Such discrepancies may in part be attributed to tears in the subducting
Pacific Plate (Robinson, 1986) beneath the southern end of North Island, as well as

to the many major and minor faults in this region.

The Kellett et al. (1988) Eyrewell Field Site

The in-phase and quadrature model, field site and the difference induction
arrows (field site arrows minus analogue model arrows) are discussed for periods
T=5-80 min at the Eyrewell Observatory (EYR) near Christchurch on South Island.
The model arrows clearly show the ocean coast effect. The in-phase model arrow
shows a maximum length at about 15 min pointing towards the peninsular cape,
while the quadrature arrow rotates from pointing away from the ocean at short
periods to pointing towards the ocean at longer periods. The in-phase and quadra-
ture difference arrows at EYR, consistently pointing northward towards the local

minor faults and the more distant Alpine and Marlborough Faults for a wide period
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range, are consistent with that predicted by the analogue model study of the
responses of conductive faults as presented in Chapter 4. Expanding on the earlier
interpretation of Kellett et al. (1988) that current channelling to Cook Strait
could account for the observed geomagretic fields, the present work shows that in
addition to the effects of current channelling, induction in the conductive faulted

region to the north provides an important component.

The Bromley (1979) Field Sites

The in-phase and quadrature difference arrow responses at 10 min period for
26 sites (Bromley, 1979) in the Southern Alps region on South Island are discussed.
The difference arrows at many sites clearly show the responses of the nearby
major and minor faults, as well as the responses of sedimentary basins in the sur-
vey region. The in-phase, as well as the quadrature difference arrows at two sites
in particular (REE and INA) situated near the White Creek Fault, but on either
side of the fault do point towards each other, and thus point towards the conduc-
tive fault. This is supported by the observation in the analogue model study of a
conductive fault in Chapter 4, showing the arrows on either side pointing towards
the fault, with the direction reversing directly over the fault. At another particu-
lar site (AIK), between the roughly parallel Alpine and Hope Faults, the in-phase
difference arrow at 10 min points towards the Alpine Fault, while the quadrature
arrow at this same period points away from the Alpine Fault. This induction
arrow behaviour is predicted by the model study of a pair of parallel major-minor
faults in Chapter 4, in that the in-phase and quadrature arrows at a given location
between a pair of faults reverse directions at different periods. At sites (GOE,
DUN, SPR) over the sedimentary basins, the difference arrows are seen to be very

small as would be expected for induction arrows over a good conductor.
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The Chamalaun and McKnight (1993) Field Sites
On the North Island of New Zealand, the difference arrows at sites HAM,
WHK, GIS and TAU show the responses of the Central Volcanic Region, in addition
to the responses of major (Wellington Fault) and minor faults nearby. The arrows
at WHK, OHA and MAS also show the responses of the postulated (Robinson, 1986,
Reyners, 1983) tears in the subducting Pacific Plate, as well as the response of the
postulated (Midha, 1979) NW-SE trending conductor beneath the Bay of Plenty,
particularly at long periods. The arrows at GIS and NAP near the east coast point
towards the axis of the negative gravity anomaly, which has been interpreted as
being associated with the subduction of the Pacific Plate. On South Island, the
difference arrows at many sites, including OXF and EYR, show the responses of
the major (Alpine and Marlborough Fault system) and minor faults, in addition to
the many sedimentary basins. The arrow responses at GLE, MAN, RIV and BAL
appear to show that the electrical conductivity contrasts between the conductive
Haast Schist and adjoining resistive rocks do play a role in the observed geomag-
netic responses.
In summary, although the interpretation of the difference arrows at some of
the coastal sites in New Zealand must remain tenuous due to the effects of mutual
coupling, the arrows at many of the 96 sites sites in this complex region have been

successfully interpreted in terms of the geological and tectonic structures.




Chapter VIII
SUMMARY AND CONCLUSIONS

Since a fairly detailed summary is provided at the end of each chapter in the
body of this dissertation, only a very brief summary, followed by suggestions for
further work, will be given here.

Laboratory analogue models simulating finite length single and pairs of paral-
lel conductive faults near an ocean coastline were studied to determine the induc-
tion arrow responses for a range of periods. Model measurements were also car-
ried out for models of the ocean and the faults separately in order to examine the
validity of removing the ocean responses through a vector subtraction. Empirical
curves of the induction arrow responses for a range of parameters (e.g. fault
depths, fault separation distances, inducing field periods, etc) applicable to the
interpretation of geomagnetic field measurements are provided.

A laboratory analogue model of New Zealand was constructed and magnetic
field measurements were carried out for a detailed grid of traverses for a wide
range of periods. In-phase and quadrature induction arrow components were used
to examine the coast effect responses for selected traverses over the model. The
analogue model induction arrow responses were used to remove the coast effect
components present in geomagnetic field site measurements through a simple vec-
tor subtraction of the model arrows from the field site arrows. The resulting dif-

ference arrows at 96 sites (both coastal and inland New Zealand) were interpreted
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in terms of the responses of a range of conductive structures (conductive faults,
sedimentary basins, geology, and subducting plate structure) in the field site sur-
vey region.

Recommended further work might include additional analogue model studies
of fault models other than those included in the present work. In particular, the
response of a non-vertical fault, such as the Alpine Fault that is believed to slope
towards the east coast at an angle of up to 45° relative to the vertical, should be
studied. It would be of interest in this case to examine the responses for a range
of angles for both long and short faults. Further, since some sites in New Zealand
were found to be situated near an array of parallel short and long faults, model
studies similar to those carried out in the present work, but for models of three or
more faults would be of interest. As well, responses of models that simulate a
segmented subducting plate too would have application. The results of further
studies of this nature would permit a more definitive interpretation at some sites
in New Zealand, as well as have application to geomagnetic field studies in other

geologically complex coastal regions.
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APPENDIX A
MODEL INDUCTION ARROW RESPONSES FOR FAULTS
PARALLEL TO AN OCEAN COASTLINE
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Figure A.1: The in—phase and quadrature induction arrow responses
as a function of period for selected locations at distances Y=35-95
km from the coastline for S=100 km for the fault depth Z;,=5 km.
The closed and open circles indicate the zero response periods T, for

the in—phase and quadrature components respectively.
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Figure A.2: The in—phase and quadrature induclion arrow responses
as a function of period for selected locations at distances Y=35-95
km from the coastline for S=100 km for the fault depth Z,=25 km.
The closed and open circles indicate the zero response periods T, for
the in—phase and quadrature components respectively.
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Figure A.3: The in~phase and quadrature induction arrow responses
as a function of period for selected locations at distances Y=35-95
km from the coastline for S=100 km for the fault depth Z,;=50 km.
The closed and open circles indicate the zero response periods T, for
the in—phase and quadrature components respectively.
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Figure A.4: The in—phase and quadrature induction arrow responses
as a function of period for selected locations at distances Y=60-180
km from the coastline for S=200 km for the fault depth Zp=5 km.
The closed and open circles indicate the zero response periods Tqy for
the in—phase and quadrature components respectively.
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Figure A.6: The in—phase and quadrature induction arrow responses
as a function of period for selected locations at distances Y=60-180
km from the coastline for S=200 km for the fault depth 7Z;,=50 km.
The closed and open circles indicate the zero response periods Tq for
the in—~phase and quadrature components respectively.
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Figure B.1: The in-phzse and quadrature induction arrow responses V
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Figure B.2: The in—phase and quadrature induction arrow responses V
along a traverse perpendicular to the fault for periods of 1--90 min

for a 75 km depth conductive fault underlain by a conductive substratum.
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Figure C.!: The in-phase and quadrature induction arrow responses
as a function of period for selected locations at distances Y=30-90
km from the major fault (Z, =75 km) for S=100 km for Z} =5 km.
The closed and open circles indicate the zero response periods T, for

the in—phase and quadrature components respectively.
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as a function of period for selected locations al distances Y=30-90
km from the major fault (Zg5 =75 km) for 5=100 km for Zy =25 km.
The closed and open circles indicate the zero response periods T, for
the in—phase and quadrature components respectively.
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Figure C.3: The in—phase and quadrature induction arrow responses
as a function of period for selected locations at distances Y=30-90
km from the major fault (Z5 =75 km) for S=100 km for Z}p =50 km.
The closed and open circles indicate the zero response periods T for
the in—phase and quadrature components respectively.
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Figure C.4: The in—phase and quadrature induction arrow responses
as a function of period for selected locations at distances Y=60-180
km from the major fault (Z4 =75 km) for S=200 km for Z ;=5 km.

The closed and open circles indicate the zero response periods T,

for the in—phase and quadrature components respectively.
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Figure C.5: The in-phase and quadrature induction arrow responses
as a function of period for selected locations at distances Y=60-180
km from the major fault (Z,4 =75 km) for S=200 km for Zy, =25 km.
The closed and open circles indicate the zero response periods T,
for the in—phase and quadra‘ure components respectively.




T T v v vt T T T T 1t 1 T T

4 L S=200 km Y=60 km

o
e
>
o
N

o
I
1o
)
i =
{3

T1

1

N

ljjﬁ
®
o
=
3

T
)

PR BN U

]
o~
i

T

o
S
~
3

1

T I T ’ ' T
?
.
.
.
.
.
|
.
.
.
|
.
|
.
.
.
.
.
.
.
.
.
.
.
,
‘
.
|
.
,
.
.
.
|
.
.
.
|
.
.
‘
.
O
.
.
.
|
.
i
|

i 1 [ S S| T _———— b A A4

_1 | IR ETUN DU T RS GO

R AR I

Figuie C.6: The in—~phase and quadralure induction arrow responses
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for the in—-phase and quadrature components respectively.
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Figure D.1: The in—phase and quadrature B, along traverses over

the model at 25 min for X—polarization.
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Figure D.3: The in—-phase and quadrature B, along traverses over

the model at 80 min for X-polarization.
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Figure D.4: The in—phase and quadrature By along traverses over

the model at 10 min for X—polarization.
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Figure D.6: The in—-phase and quadrature By along traverses over

the model at 50 min for X—polarization.
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Figure D.7: The in-phase and quadrature By along traverses over

the model at 80 min for X—polarization.
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Figure D.8: The in—phase and quadrature B, along traverses over

the model at 10 min for X-polarization.
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Figure D.9: The in-phase and quadrature B, along traverses over

the model at 25 min for X—polarization.
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Figure D.10: The in—phase and quadrature By along traverses over

the model at 50 min for X—polarization.
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Figure D.11: The in-phase and quadrature By along traverses over

the model at 8 0 min for X-polarization.
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Figure D.12: The in-phase and quadrature B, along traverses over

the model at 10 min for Y-polarization.
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Figure D.13: The in—phase and quadrature B, along traverses over

the model at 25 min for Y—-polarization.
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the model at 50 min for Y-polarization.
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the model at 80 min for Y-polarization.
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the model at 10 min for Y-polarization.
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the model at 25 min for Y—polarization.
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induction arrow V) response curves at 20 min for traverses over the
model.
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induction arrow V) response curves at 20 min for traverses over the
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Figure F.5: The x— and y—-componentsof the field site induction
arrows as a function of period at INV, MAN and MAS.
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Figure F.9: The x- and y—components of the field site induction

arrows as a function of period at RAN, RIV and TAU.
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Figure F.10: The x- and y—components of the field site induction
arrows as a function of period at TEK, TIM and WES.
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Figure F.11: The x— and y—components of the field site induction
g y P

arrows as a function of period at WHG, WHK, WHP and WQO.
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ANALOGUE MODEL INDUCTION ARROW COMPONENTS AS A

FUNCTION OF PERIOD AT 34 SITES.
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Figure G.1: The x— and y—components of the analogue model
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Figure G.2: The x— and y—components of the analogue model
induction arrows as a function of period at sites CLA, CJ0 and EYR.
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Figure G.3: The x— and y—components of the analogue model
induction arrows as a function of period at sites FAI, GIS and GLE.
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Figure G.6: The x— and y—-componenrts of the analogue model
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Figure G.7: The x- and y—components of the analogue model

induction arrows as a function of period at sites NAP, NEW and OAM.
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Figure G.8: The x— and y—components of the analogue model

induction arrows as a function of period at sites OHA, OXF and PUP.
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Figure G.9: The x— and y-components of the analogue model
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Figure G.10: The x— and y—components of the analogue model
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Figure G.11: The x— and y-components of the analogue model
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APPENDIX H
DIFFERENCE INDUCTION ARROW COMPONENTS (DX AND
DY) AS A FUNCTION OF PERIOD AT THE 34 SITES OF

CHAMALAUN AND MCKNIGHT, 1993
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Figure H.1:

The x— and y—components of the difference

induction arrows as a function of period at sites BAL, BIR and CAR.
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Figure H.2: The x— and y—components of the difference
induction arrows as a function of period at sites CLA, COO, EYR.




328
TTTTT I I R TR 0 0 B T B e B T T T TTT
B IN-PHASE FAI QUAD i
4 - _
Dy D),(:—-A 4
2g D | o 1
L Qmgza A /o"_
. <o
.L’-.A"‘ \o\ }o_.,,A A-éf/
O \2\ \o oz D
L Dx ‘ y _
NEEN NS R L1t
AT
B s GIS 7
2 ‘ 7]
0
- arrart / \
. o _
---- -4 __.6~"‘A-~ DX
-2 ?_ AT \ . ?
L‘ D ﬁ o a 8
q y \ . 4
_\. o / J
-4 /
L \0/0 _
L AN N EEE iy
GLE Dy h
.2 — o —
___0—0—0"C" N, b
— Dx ﬂ) i " \-—ép
0 JD\ A el ) S . et A
0 —0: a. NS
- o 0\o . DX -
5 \ a
& 0\0_
Lo Lot b Lo drar
10 100 10 100
T (min)
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Figure H4 The x—- and y—-components of the difference
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Figure H.5: The x— and y—components of the difference induction

arrows as a function of period at sites INV, MAN and MAS.
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Figure H.6: The x— and y—-components of the difference induction
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Figure H.7: The x— and y—components of the difference induction

arrows as a function of period at sites NAP, NEW and OAM.
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Figure H.8: The x— and y—components of the difference induction
arrows as a function of period at sites OHA, OXF and PUP.




334

ERE T T T T T TIT T T TTITT™ T T T T T TT]
- IN—-PHASE RAN QUAD |
4L _
2 - .‘4&
-~ A
<£ . N Dy ¢ Dk .- 0
T —— "_A -~ T [o] . o— "
0 [0 \0\ \ o
7 a_ ] .- '\6"" L. WA
L ’ D~~ - A .‘b.- \()‘0/8/ ]
P X D
—2 & y ]
Lty [ [ B I I B A N [ B
L RIV D a2 Ta. <4
5L X ]
D :'l 0/0\0
= e Qe (y— y .
—0 0’2\0 40/ Dy
O 7 N o f\r_.é
a A No a8
- s S \ﬁs ..... T
-2 Y A Dx a -
— ) —
Ll SN ISR ISR B B S O B A 1 R
- TAU |
2 I DX A" 1
pe e
/-O/> D B
0 O\V //0 \G\z
o o
~
- o_.0 Dy Aceeno... AT A}Q\s ______________ ﬁ/$
-2 L Dx o—" _
}_— —
Lyl | RN R NN IR S N B B B A
10 100 10 100
T (min)
Figure H.9: The x-~ and y-components of the difference induction

arrows as a function of period at sites RAN, RIV and TAU.
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of period at sites TEK, TIM and WES.
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Figure H..11: The x— and y—-components of the difference induction
arrows as a function of period at sites WHG, WHK, WHP and WOO.
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ANALOGUE MODEL AND FIELD SITE (CHAMALAUN AND
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Figure 1.1: The in—phase and quadrature model and field site
(Chamalaun and McKnight, 1993) induction arrows at 5 min.
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Figure 1.2: The in—phase and quadrature model and field site

(Chamalaun and McKnight, 1993) induction arrows at 15 min.
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Figure 1.4: The in—phase and quadrature model and field site
(Chamalaun and McKnight, 1993) induction arrows at 25 min.
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(Chamalaun and McKnight, 1993) induction arrows at 80 min.
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DIFFERENCE INDUCTION ARROWS AT THE 34 SITES OF
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Figure J.1: The in-phase and quadrature difference induction
arrows at 34 sites at 5 min period.
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Figure J.73:
arrows at 34 sites at 20 min period.
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