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ABSTRACT

Magnetotelluric studies involve a determination of the electrical
subsurface structure of the earth from measurements of the naturally
occuring electromagnetic variations at the surface of the earth. In the
present work magnetotelluric measurements made at Victoria, B.C. are
analyzed. The results are indicative of an anisotropy in the surface
impedance with the electric field in approximately the NS direction
enhanced by a factor of four or more. The enhancement is possibly due: to
the effects of discontinuities in the surface layer conductivity at a
geological fault, thec Leech River Fault, and a scawater channel, the Straits

of Juan de Fuca and Georgia, at Victoria.

As is usually the case in anisotropic situations, calculations
using the two different orthogonal sets of electric and magnetic field
measurements yielded two different results. Often in magnetotelluric work
a model of the electrical substructure is proposed on the basis of one set
of measurements. In the present work, an interpretative technique employing
both sets of measurements is used. The resulfing model proposes a highly
resistive surface layer followed by a highly conducting layer over a highly
resistive earth. The resistivities proposed for the three layers are
approximately 4000, 9, and 1000 ohm-m respectively where the first two

layers are each 10 km thick.
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The validity of the rotational transformation, normally applied
to magnetotelluric data in anisotropic situations, is examined experimen-
tally for telluric measurements. A comparison of polarization plots and
of power spectra for telluric data transformed into a new coordinate system
and for actual measurements in that system only partially verify the form
of the transformation. The observed discrepancies may be due to a rather
poor quality of signals at certain periods or the possibility that a'scalar

representation for the conductivity is inadequate.
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CHAPTER 1

INTRODUCTION

1.1 Historical review

The effect of a conductor in the presence of a time varying
magnetic field can be described in terms of the electric currents induced
within the medium according to the principle of electromagnetic induction.
The induced electric field is completely determined by the inducing
magnetic field and the electrical structure of the conducting medium.
Alternatively, it should be possible to deduce information about the
electrical structure of the medium from observations of the fields within
the medium. The purpose of magnetotelluric studies is to determine the
electrical subsurface structure of the earth from surface measurements of

the naturally occuring electromdagnetic variations.

The relationship commonly used in magnetotelluric studies involving
the electric (E) and magnetic (H) fields at the surface of the medium is
derived by solving Maxwell's equations for the appropriate boundary
conditions. Since in practice the source intensity is unknown, the
solution is conveniently expressed in terms of the ratio of the amplitudes
of the orthogonal components of E and H and the phase difference between

these components.

Tikhonov (1950), in some of the early studies on the subject of

magnetotellurics, realized that the variations in the tangential components



of the electric and magnetic fields at the surface of the earth must be

related and demonstrated the relationship for low frequencies. From existing

electric and magnetic data for two different geographic locations he
calculated the electrical subsurface structure. His calculations were
based on the assumption of horizontally uniform fields. Tikhonov and
Lipskaya (1952) attempted a more general solution allowing the horizontal
gradients of the fields to be finite and recalculated estimates for the
structures previously determined by Tikhonov (1950). Lipskaya (1953)
presented the electromagnetic equations in a form which clearly described
the relationships between the electric and magnetic field components.
Later in the same year, Cagniard (1953) presented a definitive analysié
of the magnetotelluric method. He outlined a solution for E and H for

a layered earth (N layers) and gave 2 complete solution for the two-layer
case. He also introduced the apparent resistivity as a convenient form
containing IE_/ EJ and outlined a method of interpretation based on the
principles of electric and geometric similitude. The method involves the
matching of theoretically calculated "master curves" of apparent resis-
tivity (p,) and phase (¢) as a function of period or frequency to those

calculated from measured values of E and H.

Cagniard's (1953) results were based on the assumptions of uniform
source fields and a horizontally uniform earth. These assumptions were
challenged by Wait (1954) and Price (1962). Wait (1954) showed that
Cagniards (1953) results are valid only if the fields are uniform over a

horizontal distance of at least one '"skin depth" of the conducting medium.



Price (1962) rederived the field equations for the more general case where
the fields need not be uniform and obtained solutions containing a source
function with a parameter defined by the source dimensions. He showed

that his expressions reduce to those of Cagniard for the appropriate limits
of the source terms. Srivastava (1965) used the field equations developed
by Price (1962) to derive the apparent resistivity and phase relations

for an N-layered medium. In subsequent work Srivastava (1967) applied

this solution to two and three-layer models to construct master curves
which could be used in the curve matching method proposed by Cagniard

(1953).

Magnetotelluric (MT) data have been interpreted with resulté
fairly consistent with other data. Niblett and Sayn-Wittgenstein (1960)
used the theory of Cagniard in a modified form to extract information
from continuous records of earth potentials at Meanook, Alberta. Cantwell
and Madden (1960) applied Cagniérd's (1953) theory and interpretation

techniques directly to magnetotelluric data at Littleton, Massachusetts.



1.2 Anisotropy

Unfortunately the earth is perhaps better characterized as non-
uniform rather than uniform and hence the interpretation of magnetotelluric
data is not a simple matter. If each layer of the earth's crust were
laterally homogeneous with isotropic electrical conductivity, the ratio
of the electric field to the orthogonal magnetic field at some given
frequency should be independent of direction. In magnetotelluric studies
it is frequently the case that the electric field is enhanced in some
particular direction indicating either anisotropic conductivity or a

lateral inhomogeneity.

Cases involving anisotropy have been treated by several authors.
Srivastava and White (1971), using MT measurements for the east coast of
Canada, observed polarization of the electric field which was likely due
to the effect of the coastline. Crane and Mainstone (1972) constructed
and used a magnetotelluric analogue model to simulate micropulsation field
observations near Queensland, Australia and showed that an increase in
the amplitude of the electric field was due to the tip of a wedge shaped
basaltic structure. Praus et al. (1971) recorded MT measurements and
observed telluric polarization at several stations in the Canadian Arctic.
A wide distribﬁtion in the apparent resistivities at these stations was
observed and was attributed to the influence of a highly conducting
material at some.depth below the surface. Swift (1967) conducted‘large
scale MT observations in the southwestern United States. The data were

indicative of anisotropy and were analyzed for tensor apparent resistivities



(the apparent resistivity being dependent on direction). The resulting
interpretation showed a highly conducting zone in the upper mantle of the
neighbouring region. Reddy and Rankin (1972) attributed the tensor
apparent resistivities and telluric polarization in the plains of Alberta
to the inhomogeneous structure of the underlying region. Vozoff (1972)
used "tensor impedances" as well as a ''pseudo-section'" technique to inter-
pret MT measurements influenced by conductivity contrasts in southefn
Texas and the Anadarko basin. (Tensor impedances are related to the

E / H dependence on direction. Psuedo-sections are plots of frequency

as a function of horizontal distance for constant apparent resistivities.)

Electromagnetic analogue model studies (Dosso, 1966) demonétrate
the effect of a conductivity discontinuity such as a coastline. The
model results indicate that for H-polarization of the source field (H
parallel to the coastline) the electric field is much enhanced as the
coast is approached from the landward or highly resistive side reaching
a maximum just at the coast while the magnetic field component is little
affected. For E-polarization of the source field (E parallel to the
coastline), this component of the eiectric field is attenuated, the
horizontal magnetic field slightly enhanced, and the vertical component
of the magnetic field much enhanced at sufficiently short periods. A
deeper lying conductivity contrast than the ocean, such as that of an up-
welling in the upper mantle under the sea, produces similar effects at
longer periods. Hibbs and Jones (1972) calculated apparent resistivities

_ for two-dimensional models (ones in which the conductivity is a function




of depth and one lateral coordinate) of different lateral conductivity
anomalies within the surface of a semi-infinite conducting half-plane.
Calculations for various dike widths and the two-layer case where the
upper layer has the same conductivity as the dike, showed that for E-
polarization the apparent resistivity varies continuously over the dikes
while for H-polarization a discontinuity in the apparent resistivity is
exhibited at the conductivity discontinuity. It was also noted that for
H-polarization and the case where the conductivity of the dike is greater
than that of the medium, the apparent resistivity calculated for points
over the dike was lower than either of the resistivities. A low
apparent resistivity was also obtained for points near a dike of conduc-
tivity lower than that of the surrounding medium. The dike also had a
significant eiffect on the H-polarization apparent resistivity curves

(pg vs. T). At shorter periods the curves approached those of the two-
layer case. However at longer periods the curves approached limiting
values in the opposite sense to what woula be expected. Consequently,

a highly resistive dike over a low resistive medium could be falsely

interpreted as a low resistive over a highly resistive layer or vice versa.

Wright (1970) calculated the fields and apparent resistivities
for the cases of both E- and H-polarization near a highly conducting
graben in the surface layer. The resulting H-polarization apparent
resistivity curve had the same shape as the '"Cagniard" master curve for
the same structure without the graben for all periods but spanned a higher

apparent resistivity range. At some distance from the graben the enhance-




ment of the H-polarization curve was less. The E-polarization curve was
coincident with the Cagniard curve at longer periods with a notable
digression ét shorter periods (T < 500 sec.). One would expect that at
longer periods the effect of the surface and surface anomalies would be
less, that E / H and the apparent resistivity would become less dependent
on direction, and, consequently, that the E- and H-polarization curves
would approach the same values. However, for all examples shown by
Wright (1970), there was no convergence of the E- and H-polarization
curves at long periods even though there was no inhomogeneity at depth
for his particular models. Thus it seems that a near surface anomaly can
cause an apparent resistivity anisotropy which appears over the entire

frequency range.

According to Davey and Rosser (1971) the electric fields of geo-
magnetic micropulsations (Pi 2) can be enhanced by a factor of 4 or more
perpendicular to the coastline of a shallow channel of conducting seawater.
Caner and Auld (1968) observed a '"preferred'" direction for the electric
field with the electric field in this direction several times greater than
in the orthogonal direction for the entire frequency range studied. They,
however, reasoned that the electric field measurements of larger amplitudes
were realistic while those in the orthogonal direction were distorted by
some unknown surface effect. Caner et al. (1969) operated three closely
spaced magnetotelluric stations over a known horizontally layered region
and found one of the stations to yield anisotropic apparent resistivities.

For this station, only the apparent resistivity curve for the lower values




of E was in agreement with those of the other two stations and it was
deduced that the electric field in the preferred direction was
enhanced by some surface distortion of currents. (The region was
known to be horizontally stratified from previous Geomagnetic Depth
Sounding, a method based on the comparison of variations in the

three components of the geomagnetic field recorded at different
locations.)

Reddy and Rankin (1970) and Srivastava (1963) proposed
methods of interpreting data where the actual resistivity is
anisotropic in a given layer. In their methods, information on
the ratios of the conductivities in the preferred and orthogonal
directions can be obtained from measurements of events with

different polarizations of the source field.



1.3 Summary of work in this thesis

In previous magnetotelluric measurements at Victoria (Caner and
Auld, 1968), telluric signals were found to be strongly polarized in
approximately the NS direction over the entire frequency range. Several
arguments were presented to support an interpretation based on data
associated with the electric field in the "principal" direction or direction
of polarization. More recent results (Caner et al, 1969, Wright, 1970,
etc.) tend to favour an interpretation of data for the orthogonal direc-
tion. Such an interpretation is employed in this thesis to determine.the
electrical substructure at Victoria. Results are compared with values
previously determined by Geomagnetic Depth Sounding (éaner, 1971). The
strong electric polarization at Victoria and its possible causes are also

discussed.

When, in magnetotelluric work the data indicaﬁe anisotropy, it

is necessary before interpretation, to determine the principal direction
of telluric polarization and to transform all measurements into a coordi-
nate system with an axis aligned with this direction. The transformation
used is also employed in the treatment of tensor apparent resistivities.
The form of the transformation, a simple rotation, is known to be wvalid
for magnetic field measurements. In the present work the form is tested
for telluric measurements. A selected set of measurements is transformed
into a new coordinate system and spectral results in this new system are

compared with results of actual measurements in this coordinate system.
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CHAPTER 2

MATHEMATICAL ANALYSIS

2.1 Apparent resistivity and phase relations

Much of the vital information about the electrical conductivity
distribution in a conducting half-space can be inferred from the ratio
of the electric (E) and magnetic (H) fields at the surface. The
theoretical expression for this ratio was developed by Srivastava (1965,
1967) for an isotropic multi-layered medium using Price's (1962) solution
to the wave equation for E and H. Although the theoretical developments
by each author are well known, the complete theory will be .outlined to
provide a unified picture of its development. The theory, as presented
here, is the basis of the magnetotelluric interpretation techniques

used in this thesis.

Consider a cartesian coordinate system with the origin at the
surface of an N-layered half-space (fig. 1). The half-space occupies
the region z > 0. For a homogeneous, isotropic medium Maxwell's equations

(in emu) are:

- oH
) VxE = -4,
(2) VxH = 4nJ ,

3 v-H = 0,
where J = 0E is the current density and o represents the conductivity

of the medium. The displacement current is negligible for frequencies
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encountered in magnetotelluric applications . Thus the problem
involves the diffusion of the electromagnetic field rather than wave
propagation (Price 1962). Taking the curl of equation (1) and assuming
the time variation of the fields to be of the form ei“t, where w is the
angular frequency of variation, leads to

2g = -4miwoE.

(4) V(V'E) -V
The divergence of equation (2) reveals that
do

(5) V-3 = o(V-E) +E; 5> = O.

Price (1950) shows that in a semi-infinite conductor with a plane boundary
current flow normal to the surface cannot be affected or produced by
electromagnetic induction from outside the conductor. Hence J; = 0,
Ez = 0 and consequently from (5) V'E = 0 inside the conductor. Equation
(4) now reduces to
(6) V2E = 4miwcE.

Price (1962) solves this equation for the electric field.

oP oP

(7) E = it rz) & -

3y, 9X, 0) ’

where P and F are functions satisfying

(8) 32p + 3%p + v = o,
%2 oy’
and
(9) 3%F = (v2 + 4miwo) F,
022

where v is a constant, with 27 representing the horizontal scale of the
3 :
source field. Upon substituting (7) into (1) the magnetic field has the

form

W dF 9P dF 3P VPP
dz

(10) H = 1 e
’ ox, dz 9y,

iw ).
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Srivastava (1965) uses E and H as given in (7) and (10) to
determine the ratio of the electric to magnetic fields in arbitrary
layer m of a multilayered medium. In the following analysis the subscript
m is used in labelling properties of the mth layer, h, and op are the
thickness and conductivity of this layer. Layers are numbered consecu-

tively from the surface. In the mth layer the solution to equation (9) is

(11) F = Ameemz - Beemz,

where 0p2 = v2 + 4miogw,

since oy is constant within each layer. Using (11) in (7) and (10) and
taking the ratio of two orthogonal components Srivastava (1965) obtains

-iw Ameemz o Bme-emz

U -f
em Ame mz - Bre -mz

(12) Ex

)
Hy m

1
= -iw coth(9pz + log (;_xm)"“)

Om Bm

This ratio is commonly referred to as the impedance Z(z) at depth z
within the mth layer. The same result can also be obtained by using Ey

and Hx (rather than Ey and Hx) and forming the ratio (7§¥)
Hx'm

The solution for one layer is found by considering m = 1. The subscript
is dropped for convenience. Since the constant A must be equal to zero to

prevent the fields from becoming infinite as z»>~, the impedance at the

surface of the medium where z 0 is given by

(13) z(0) = Ex(0) iw = iw i
Hy (0) [} (V2 + 47mio)™*




= Tk =

Squaring equation (13) and letting uv>0 to simulate an infinite source

field, yields

(14) 202 = -w2 = =1 e
ibdrmow 2To -

where T = 2mw is the period of the variation. The resistivity p = o

of the medium is therefore given by
2
(15) o = 21 [z(0)|",

and the phase difference between Ex and Hy is m. For geophysical measure-
ments the phase is often different from m indicating a heterogeneous
4

earth composed of several layers. Let us return to the solution for n

layers.

For depths za and z.

p in the first layer the impedances from

equation (12) are

(16) Z(za) = - iw cotﬁ(elza + 1°ggﬁl)% | B
B1

01

(17) Z(zp) = - iw coth(elzb + 1ogcél)% ) "
B1

01
respectively, where zg3< zp. The ratio (él) can be obtained from (17) and
Bl

substituted into (16) to yield

(18) Z(zy) = - iw coth(el (za - zp) - coth -1 (Z (zb) gl))
01 iw

Substituting z5 = 0 and 2z} = h, yields the surface impedance in terms of

the impedance at the lower boundary of layer 1,

(19) 2(0) = - iw coth (-81hy - coth =1 (Z(h1) 61)) .
01 iw
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In the same manner, in each layer, the impedance at the upper boundary

can be expressed in terms of the impedance at the lower boundary. Since
the horizontal fields and the impedances are continuous across the boundary
between layers the impedance at the bottom of the m-1th layer is equal

to the impedance at the top of the mth layer and we can write

(20) Zp-1 = = iw coth (—emnm + coth™l Zp 6m ),
o R e
Om iw

where Z denotes the impedance at the lower boundary of the mth layer.
Consecutive values of Zi for n layers are substituted into equation (19)

with the result

(21) 2(0) = iw coth(61hy + coth ™ {81 coth{8hy
01 62

+ coth™! 52 coth (63h3 + coth™! &n-1)
5 =51

For a three-layer medium the surface impedance is

(22) Z(0) = iw coth (elhl + coth~1 61 coth (62h2 + coth™1 62) )
o1 (8, 03 )

Srivastava (1967) expresses (22) as

(23) 2(0) = iw M+ iN
871 Q + iR ,

where M and Q, the real parts, and N and R, the imaginary parts of (22)

are given by

=
]

au(cr+p) - bu(dr+q) + s(r+cp-qd) - t(pd+cq),

2
"

au(dr+q) + bu(cr+p) + s(pd+cq) + t(r+cp-qd),
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(24)
Q = ru-+ u(cp-qd) + (as-bt) (cr+p) - (bs+at) (dr+q),
R = u(cqtpd) + (as-bt) (dr+q) + (bs-at) (cr+p),
a = (aja2 + B182) / (a2 + 822),
b = (a281 - 182) / (a22 + 822),
¢ = (a2a3 + B2B83) / (a32 + B32),
d = (o382 - 283) / (a3 + 832),
p = tanh 028y (1 + tan2 Boh),
q = tan Bohy (1 - tanh? a2h2),
r = 1+ (tanZ aghy) (tan2 B2ho),
s = tanh ajh; (1 + tan2 B1h1),

t = tan 21h; (1 - tan2 aihi),

u = 1+ (tanh? gjhj) (tan? B1h1),
om = 2% ((knb + v8)% + v2) 7,

B = 2% ((km4 + U4)% - UZ) L

km2 = 4mwop .

From (23) the amplitude and phase of the impedance are given by

(25) |z@0)|2 =p1 1 M2 + N2
2T (1+uv4)s Q2 + R2 ,
k4

(26) tan ¢= g1 (MQ + NR) - g1 (MR + NQ)
a1 (MR + NQ) + 87 (MQ + NR) ,

1 T
where pm = X and T = 2" /w.
It is obvious that the phase ¢ is the phase difference between E and H.

The "apparent resistivity", p,, defined as
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€27) pa = 2T |z(0)] 2

is the resistivity of a homogeneous (single layer) formation which would
give the same value for the modulus of the ratio of the fields as that
observed for the multilayered structure (Cagniard 1953). Using (25),

equation (27) becomes

(28) pa =p3 1 M2 + N2
(1+v4) Q% + R2
k&

Equations (26) and (28) give the apparent resistivity and phase
as a function of the period in terms of the pérameters defining the
electrical structure of the medium. If tﬁe values of the fields are known
the impedance can be calculated directly and the apparent resistivity can

be obtained [rom equation {(27).

The reason for defining the apparent resistivity as pg = 2T ]g§|2
is obvious when one observes its behaviour as a function of the period.
It has already been shown that for a homogeneous (1 layer) infinite medium,
pa remains constant since it indicates the actual resistivity of the medium.
For a layered medium, in which resistivity varies with depth, p, will
vary with the period. Since currents with greater periods penetrate to
greater depths, the variation of pg with period must be indicative of the
aétual resistivity profile. Such electrical information of the structure
is inferred by using equations (26), (27), and (28) in a '"master curve"

technique to be discussed in the next section.
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2.2 Interpretative techniques

In a typical magnetotelluric problem the parameters in equations
(26) and (28) (or similar equations for the appropriate number of layers)
are not known. The apparent resistivity curve (pgq as a function of period)
which reflects the subsurface structure of the earth is calculated from
equation (27) using experimentally measured values of the electric and
magnetic fields. The phase curve (¢ as a function of period) is plotted
directly from measured values. The entire magnetotelluric sounding is
represented by these two curves. The data in this form are "inverted"
to yield the structure parameters by matching to curves of the form oé

(26) and (28) for 2, 3, or 4 layers.

(WA

A method of interpreting a two-layer structure was suggested by
Cagniard (1953). A limited number of master curves are constructed

using different values for the parameters in the apparent resistivity

and phase relations. Both the master curves and the experimental curves
are plotted on logarithmic graph paper and the experimental curves are
matched to master curves of the same shape. Cagniard uses the laws of
electric similitude to show that some parameters can be deduced from the
vertical and horizontal shifts between the experimental and master curves
while others can be inferred from the ratios of certain parameters of

both curves. An expansion of this method which would yield approximate

solutions for three or more layers was also proposed by Cagniard (1953).

Srivastava (1967) provided a set of master curves based on

equations (26) and (28) and suggested utilizing them in a manner similar
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to that'of Cagniard with only a slight modification to accomodate the

source parameter OU.

The technique most conveniently suited to the work in this
thesis involved the use of Srivastava's (1967) equations in computer
program form to recalculate master curves.for varying parameters and

select the best fitting model.

In cases where the surface impedance Lg /.El is not independent
of direction the interpretation becomes more pomplex. Several techniques
have been used. For the case of two-dimensional models involving a
vertical fault, Weaver (1963) showed that the entire theoretical problem
can be represented by two independent cases; E-polarization where the
electric vector is parallel to the fault, and H-polarizaticn where the
magnetic vector is parallel to the fault. Since it i; well known that
the electric field perpendicular to the fault is much enhanced it is only
necessary to determine the major and mindr axes of the electric polari-
zation ellipse and transform all measurements into a coordinate system
with axes - aligned in these directions. The apparent resistivity and
phase curves calculated from orthogonal sets of E and H from these data
are then those of the E- and H-polarization cases. The interpretation is

carried out on these sets of curves.

An alternative method involves the calculation of the elements
of the impedance tensor satisfying E = T H (Swift 1967, Vozoff 1972). A

rotational transformation is applied to the complete impedance tensor to
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minimize the diagonal elements. The resulting off-diagonal elements
furnish information similar to that of the E- and H-polarization apparent

resistivities of the former method.
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CHAPTER 3

EXPERIMENT

3.1 Methods and instrumentation

Two telluric systems were set up on a remote area of the grounds
of the University of Victoria. The two coordinate systems used, the
magnetic NS-EW system, referred to as the '"primary system'", and the
"offset" system, at an angle of 25° clockwise with respect to the
primary system, are shown in figure 2.

Electrodes for the telluric measurements consisted of lead
plates 0.0032 m thick and 0.61 m square (1/8 in. x 2 ft. x 2 ft.)
buried at a depth of 1.83 m (6 ft.). The separation between electrode
pairs for both systems was 91.4 m (300 ft.) with the resistance
between electrodes of the order of 150 ohms.

In the primary system both horizontal components of the
electric and magnetic fields were recorded simultaneously. Electric field
measurements in the offset system provided data for testing the rotational
transformation. In order to record variations over a very wide frequency
band and still retain reasonable accuracy the recording was done in two
sections; short-period (20-500 seconds) and long-period (400 seconds —
d.c.). The recording equipment and frequency response curves are shown
in figure 3. During the several month period when simultaneous recording

of both telluric systems took place, the Neff amplifiers, since only two
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were available, were replaced by four Medistor amplifiers (type A-61RB
modified). The four Medistor amplifiers kept the four channels closely

matched, eliminating the need for frequency response corrections.

For the telluric measurements the same electrodes and amplifiers
were used for recording in both period ranges with only a change in the
filtering network. However, for the magnetic field measurements two
different monitoring systems were used. The short-period magnetic varia-
tions were recorded using a saturable core fluxgate magnetometer (Trigg
et al., 1971) located at the telluric station site. Signals were passed
through the same type of filtering network and into the same strip'chart
recorder as the telluric signals. The long-period magﬁetic variations
were recorded at the Victoria Geophysical Observatory (15 km distance
from the telluric station site) using a Ruska photographic variometer.
Long-period magnetograms are produced daily as part of the function of
the observatory. - These magnetograms were assumed to be representative
of the long-period variations at the university site since geomagnetic
variations at these periods are consistent over such relatively short
distances as 15 km if there are no large conductivity contrasts between

the two stations.

Calibration of the telluric recording system was achieved by
injecting signals of known amplitudé in series with the electrode cables
(see figure 3). .A Sprengnether TS 100 model 438B chronometer with a
relay in parallel with the calibration switch on the amplifier was used

to initiate the calibration time marks on the telluric traces. The
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magnetic recording system was calibrated with the aid of a known magnetic

field provided by a Helmholtz coil.
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3.2 Data processing and interpretation

Short-period data

Sections of telluric and magnetic record tracings approximately
44 minutes long were digitized at an interval of 1/3 mm. corresponding to
one second (N = 2667 points). Longer sections would perhaps produce better
spectral results at the long periods but chart lengths were limited by.the
size of the digitizing drum. An example of one section of short-period
data is shown in figure 4. Power spectral analysis was carried out with
200 lags on the data (Blackman and Tukey, 1958). A listing of the computer
program appears in appendix A. Apparent resistivity, phase, and coherence
between telluric and magnetic variations as a function of period were
calculated using auto and cross-correlation techniques. Resulting values
of apparent resistivity and phase were aceepted only if the coherence value
exceeded 0.75. Values of apparent'resistivity and phase for cases where
the coherence was 0.95 or greater were weighfed by a factor of three when

used in the construction of apparent resistivity and phase curves.

Long-period data

Selected sections of telluric and magnetic record varying in
length from 24 to 29 hours were digitized at an interval of % mm. corres-
ponding to 80 samples per hour. A representative long-period section
appears in figure 5. Chart lengths were limited by the. short duration of

significant magnetic activity. Again power spectral analysis was carried



Ens & ; | 20 mv/km

Figure 4. Section of short-period magnetotelluric record taken
at the University of Victoria (May 30, 1971, 1500 U.T.)
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Figure 5. Section of long-period magnetotelluric record taken
at the University of Victoria (Feb. 10, 1969, 2100 U.T.)
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out with 200 lags on the data and apparent resistivities and phase
calculated with the same criterion for acceptable values as was used for

the short-period analysis.

Apparent resistivity and phase values were calculated only for
periods up to three hours in length. On the basis of work by Caner and
Auld (1968) it was assumed that there was no tidal contribution to the
telluric data at the periods considered in the present work. Their results
indicated that there is no significant tidal energy present for periods

less than 8 hours.

Apparent resistivity and phase were calculated for both sets of
orthogonal components ENS/HEW and Egy/Hyg. In cases where thg apparent
resistivities for these two sets are not the same the most meaningful
results are those related to the principal directions of the apparent resis-
tivity anisotropy (directions of maximum and minimum apparent resistivity
which are also related to the H- and E-polarization cases of the two-
dimensional fault problem). Therefore it is necessary to transform, before
power spectral analysis, the field measurements into a coordinate system
whose axes represent the principal directions. The principal directions
are found by determining the major and minor axes of a polarization ellipse
of the electric field. Only events for which the magnetic field is
circularly polarized (see figure 6) are chosen so that the ellipsi indicate
only the "inherent'" polarization or polarization due to the geological
structure. It will be seen in the next section that the principal directions

of telluric polarization were rather closely aligned with the NS-EW
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coordinate system in which the field measurements were made. A transforma-
tion of the data was not required since it would have involved only a

rotation of approximately three degrees.
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CHAPTER 4

DISCUSSION OF RESULTS

4.1 Polarization

The telluric signals at Victoria were found to be strongly
polarized, the NS component being several times larger than the EW component,
over the entire frequency range. This effect can be observed from the
actual traces in figures 4 and 5 since the amplitudes of both magnetic

components are approximately the same.

The direction of polarization; orAthe direction in which E exper-
iences ﬁhe maximum enhancement, can be determined by plotting the electric
field vectors over a period of time when the magnetic variation is circularly
polarized. Examples of such polarization plots (hodographs) for both
period ranges are shown in figure 6. The major axis of fhe electric
polarization ellipse defines the direction of polarization. At Victoria
the direction of the telluric polarization averaged for two long period
(60-80 min.) and two short period (115-150 sec.) events was approximately

3 degrees east of magnetic north.

There are several possible causes of this direction of polariza-
tion. Three, in particular, are associated with a two;dimensional model.
Strikes of highly conducting bodies such as the coastline and a fault at
Victoria are shown in figure 7. Firstly, the coast effect is an aspect to

be examined. The shortest distance to the continental slope from Victoria
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is approximately 150 km while the distance to the deep ocean is of the
order of 220 km. According to Dosso (1966) the coast effect is unimportant
at these distances as far as the electric field is concerned. Further,
Wescott (1967) showed that while the enhancement of the electric field
component perpendicular to the coast was readily observed for stations
within 15 km of the Alaskan coast, it had disappeared for a station 45 km
inland. Also, assuming that the 100 fathom line indicates the directian
of the shelf near Victoria, there is a discrepancy of 20 to 25 degrees
between the vector normal to the general contour of the continental shelf
‘and the direction of polarization. These factors would indicate that the
enhancement at Victoria is probably not related to the proximity of the
Pacific continental shelf or deep ocean. An upwelling in the upper mantle
structure under the ocean as modelied by Dosso (1966) may cause telluric
polarization at Victoria providing the upwelling begins at a considerable
distance to the landward side of tﬁe continental slope (i.e. closer to
Victoria). However such a structure would be expected to produce a Geo-
magnetic Depth Sounding anomaly of which there is no evidence at Victoria.
Secondly, even though the polarization may not be directly related to the
deep ocean, it must be remembered that the channel at Victoria is attached
to the large ocean forming a closed branch loop of that ocean. Hence
currents induced in the deep ocean could have branch currents flowing in
the channel. Such an effect was proposed by Edwards et al. (1971) in
analyzing a Parkinson survey of the British Isles. The. vectors for very

long periods pointed to the deep ocean, while those for more intermediate
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periods pointed to the shallow seas even though currents induced in the
shallow seas alone were insufficient to produce them. Transfer function
arrows at Victoria (Cochrane and Hyndman, 1970) display approximately the
same behavior. If the branch currents do exist in the channel at Victoria
they would have some effect on the magnetic transfer function and the
electric polarization direction. The effect is difficult to assess since
the direction of the coastline at Victoria and the direction to the seé—
water channel is ill defined. Victoria is situated at the tip of Vancouver

Island with a very irregular coastline and many nearby small islands.

The possibility that the Strait of Juan de Fuca and/or the
Strait of Georgia, without considering the deep ocean, are possible causes
of the observed polarization needs to be examined. Polarization at the
short periods could readily be affected by a shallow channel. Davey et al.
(1971) found the English Channel to enhance the horizontal electric field
(4-5 times) for periods up to 100 seconds. The effect of shallow conductiﬁg
‘bodies need not be limited to the short periods. Caner et al. (1969)
observed an electric enhancement at an inland station for the entire period
range studied (1—104 sec.). The effecﬁ was attributed to a near surface
distortion of telluric currents since the measurements were made in a region
where the substructure was known to be horizontally stratified. Calcula-
tions of apparent resistivity near a shallow conducting graben by Wright
(1970) produced apparent resistivity curves which were enhanced over the
entire MT period range (1-10% sec.) for H-polarization of the source

field. On the basis of these results, polarization of the electric field
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due to the shallow channel at Victoria can be considered possible. As in
the case of branch currents, the effect is difficult to assess due to the

irregular nature of the coastline.

A geological feature known as the Leech River Fault may also
affect the telluric polarization. The fault separates the southern tip
of Vancouver Island into two regions of different crustal compositions;
Eocene (Metchosin volcanics) to the south of the fault and Paleozoic and
Lower Mesozoic intrusives to the north (Geological map, Muller, 1971).
The known extent and strike of this fault are shown in figure 7. The
fault may well extend across the strait as the crustal composition of the
mainland to the south of Vancouver Island is also predominantly Eocene
volcanics. Since the Mesozoic intrusions are more resistive than Eocene
volcanics by a factor of two or more (2-15) (Samson, 1959) a conductive
interface exists along the fault plane with the station at Victoria on
the more resistive side. If the fault extends across the Strait of
Georgia it could have an important effect on the polarization. This effect
may be more important than the coast effect since the observed direction
of polarization is perpendicular to a straight line extension of the fault

across the strait.
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4.2 Apparent Resistivity Curves

The experimental values of apparent resistivity and phase as
a function of period from power spectral analysis results when plotted
showed considerable scatter. The results of averaging these apparent
resistivity values over equally divided bandwidths and the standard deviation
for each band are shown in figure 8. The phase data are omitted from the |

discussion as the scatter was too great to delineate any useful curves.

In figure 8 values of apparent resistivity for both sets of
orthogonal components are shown. The almost uniform separation of the
two curves is a direct result of the polérizétion. The parallel nature,
much like that of Wright's (1970) curves, strongly suggests the existence
of a near surface anomaly producing a fairly high conductivity contrast.
The solid heavy lines in figure 9 show the statistical limits defined by
the standard deviations in apparent resistivity. The dashed sections

indicate regions where the standard deviations vary widely from point to

point.

Model curves for different conductivity structures using the
techniques developed by Srivastava (1965, 1967) were fitted to the statis-
tical limits. The thin solid and dashed lines represent curves for an
infiﬁite source field or "Cagniard curyes" while the dotted lines show
the effect of a source field of finite dimensions. The ENS/HEW and the
Egy/HNg curves are often referred to as the major and minor axis curves

respectively since they correspond to measurements of the electric field
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in the directions of the major and minor axes of the telluric
polarization ellipse. These curves are also the E- and H-polarization

]
curves. Models a; and a1 fit the ENS/HEW.data well. However the

structure represented by these curves ascribes an unrealistically

high value to the upper mantle resistivity. Models a, and a,' provide

2 2

a more realistic fit. Models b1 and bl' provide the best '"Cagniard"

and finite source fits respectively to the EEW/HNS data. Model curves

b2 and b2' have been constructed parallel to a, in the short period

1

range.
Recently there has been some controversy over which set of
data, major or minor axis data, yields the most realistic interpretation.

Model a, is in close agreement with previous results determined by Caner

and Auld (1968) for the Victoria area. An argument in favour of
modelling from the upper, or major axis curve, (Caner and Auld 1968) was

based on a strong correlation between E__. and HEW with considerably poorer

NS

correlation between EEW and HNS' Furthermore the power spectrum of EEw

merely followed that of E For the present measurements, however, the

NS®

correlation between EEw and HNS is reasonably high with EEw having a

power spectrum significantly independent of E__.. Moreover, if the electric

NS
field is enhanced in the NS direction it is no longer reasonable to base
a model on this component of the electric field. The enhanced nature of
the H-polarization curve with respect to the Cagniard curve for the one-
dimensional structure has been demonstrated by Wright (1970) and Hibbs

and Jones (1971).

The minor axis curves (b1 and bl') yield a more realistic model
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of the conductivity structure than the major axis curves. The electric
field associated with the minor axis data (E parallel to the strike

of a highly conducting body) is affected only'at very short periods and
at very short distances from the edge of the highly conducting body
(Dosso, 1966). Wright (1970) showed that the E-polarization apparent
resistivity curve should approximate the Cagniard curve for sufficiently
long periods. Experimentally, Caner et al. (1969), in working with the
three station cluster over a horizontally stratified region, found that
only the lower or minor axis curve of the anisotropic station yielded a

-model which agreed with that of the other two stations.

A possible refinement to choosing the minor axis apparent
resistivity curve alone for modelling was implicitly suggested by Wright
(1970). Apparent resistivities calculated for stations near the highly
conducting surface graben showed that the E-polarization curve at longer
periods was coincident with the Cagniard curve. However at shorter periods
this was no longer the case. On the other hand the H-polarization curve
was not coincident with the Cagniard curve but roughly parallel to it for
the entire period range. Therefore, using the suggestion of Wright (1970)
that both the E- and H-polarization curves be combined into one inter-
pretation, model curves by and by' of figure 9 were constructed using the
EW data in the long period range and a segment parallel to the NS data,
or model curve aj, in the short period range. The end result of this
technique was a model derived from an apparent resistiﬁity curve approxi-

mately parallel to the major axis apparent resistivity curve but in the
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resistivity range of the minor axis curve.

The technique of using the major as well as the minor axis
measurements has the advantage of an improved signal to noise ratio
due to an enhanced signal. The value of the major axis data is
well illustrated by the data of the present work since the
coherences between magnetic and telluric signals is generally higher

for the ENS data than the E W data.

E

The results in figure 9 indicate a considerable difference

between model b2 (obtained using both major and minor axis apparent

resistivity curves) and model b, (obtained using the minor axis apparent

2 |

resistivity curve only). Model bl yiélds>an extremely low rather than

high value of the resistivity of the first layer. Also, if there is to
be even a slight inflection in curve bl at approximately 40 seconds as
the data would indicate, then a large value for the thickness of the
first layer is required as well as a very small value for the second
layer thickness. It should be noted that for the short-period section
the values for curve bl are essentially established once a value for
p1 has been chosen.

On the basis of previous geological data and the model proposed
by Caner (1971) for the "low Z" region of British Columbia (extending

from the Rocky Mountain Trench to the Pacific coast) figure 9 indicates

that model b, is much preferred over b

2 The surface resistivity,

1
although not given for the model of Caner (1971), is known to be very

high (v2000Qm) (Muller 1971, Samson 1969), a value much closer to that

of b2 thap that of b1 .
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The dotted lines in figure 9, labeled with primed symbols,
illustrate the effect of finite source parameters on the model curves.
Model curves with values of v; in the range 0-.004km™1 (»=> wavelength
> 1570km) can be fitted to the data. According to Price (1962) values
of vy, from 1.57x10% to 1.57x1072 km™1 (40,000 km >)\> 400km) are reason-
able. (40,000 km = circumference of the earth and 400 km = 4 x the height

of ionospheric currents).

The deviation of the apparent resistivity for finite sources
from the Cagniard curves is most pronounced at very long periods. It is
also noted that for the EEW/HNS curve the statistical limits diverge at
these same long periods allowing apparent resistivity curves for several
values of vy, to be fitted to the data. The upper and lower sgatistical
limits of these data have the forms of curves for which v, = 0 and vy, =
.004 km-1 respectively. This effect could be interpreted as a change or
many changes in the source dimensions while measurements of the electric

and magnetic fields were being made.

The dotted lines in figure 9 are fitted to a possible inflection
in the data at long periods. If this inflection is real it need not only
be attributed to a source effect but may also be an indication of another

conducting layer.

It is concluded that model b)y depicts the most realistic sub-
surface conductivity structure at Victoria. This model proposes a
highly conducting layer 10 km thick embedded in a highly resistive earth
10 km from the surface. Model curve by indicates that during the course

of measurement typical source dimensions may have been as small as 1570 km.
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4.3 Rotation of telluric axes

In the treatment of polarized telluric data it is necessary to
transform data from the magnetic NS-EW coordinate system into a coordinate
system with axes in the principal directions associated with the polariza-
tion. Either the original data are transformed directly or the impedance
tensor in the NS-EW system is operated upon by a transformation matrix .
(Swift, 1967). Both transformations involve.a simple vector rotation. It
was therefore proposed to attempt an experimental check of the validity
of this form of transformation for telluric measurements. An obvious
method is to derive the principal directions of the polarization from the
magnetic NS-EW orientation data, install new electrode pairs along the
derivad major and minor axes and record in both ceoordinate systems,

Rather fortuitously, the magnetic NS axis very nearly coincided with the
major axis (NBO) for the present measurements. Therefdre the NS-EW

coordinate system was designated as the principal axis coordinate system
and an offset was created with axes rotated 25° clockwise with respect to

the principal axes.

In both the long and short-period bands, data in the two coordi-
nate systems were obtained simultaneously. Sample tracings are shown in
figures 10 and 11. After digitizing, the data from the offset system were
computationally rotated into the principal coordinate system using a

transformation of the form
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Figure 10. Section of short-period magnetotelluric
record for the two telluric systems at
Victoria (Apr. 19, 1972, 1141 U.T.).
Transformed (rotated) measurements are

also shown.
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Figure 11. Section of long-period magnetotelluric
record for the two telluric systems at
Victoria (Jan. 16, 1972, 0900 U.T.)
Transformed (rotated) measuréments are

also shown.
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ENS - ENS COS'J) + EEW sinw,

Epw = EEw cosy - Eyg siny,
where y is the angle through which the axes are to be rotated.

Figure 12 shows polarization plots (short and long-period)
for measurements in both coordinate systems. . The angles between the major
axes of each pair of ellipsi are shown. From these angles it would appear
that the two coordinate systems are separated by a rotation of approximately
27°. Hence a rotation of 25° applied to the offset system measurements
yielded results similar to those of the principal axes system. Comparing
the lengths of the major and minor axes of each pair of plots shows that
differences between the amplitudes of Eyg and ENg-25© and-EEw and Epp 050

are approvimately 10 and 19 percent respectively,

)

Power spectra both for measurements in the principal coordinate
system and for measurements in the offset system rotated>to the principal
system for short periods are shown in figure 13. The power spectra for
long-period telluric and magnetic data are given in figure 14. It can be
seen that as far as the general forms of the curves are concerned, the
rotated offset system results agree well with the principal system results
for the Eyg component for both period ranges. For the Egy component, the-
agreement is fairly good for the short-period data while for the long-period
data it deteriorates with decreasing périod. Also closer inspection of the
telluric traces in figures 10 and 11 reveals that both for long and short-
period cases the variations with periods at the beginning of each period

band are present in both traces while the variations at shorter periods
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Figure 13. Power spectra for a short-period
event (Apr. 19, 1972)
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have a tendency to appear in the computationally rotated traces only. The
low correlation at the shorter periods is probably due to the low resolu-
tion on the telluric strip chart traces since variations at shorter

periods in both period bands occupy less chart space. An examination of
the amplitude differences in E determined from the polarization plots for
the principal and computationally rotated traces supports such a conclusion.
For periods of two hours (near the beginning of the long-period Band) and 2
minutes (near the beginning of the short-period band) the relative
differences in |Eyg|2 and |Egy|? determined from the polariéation plots

in figure 12 are.of approximately the same order. Similar values were
obtained from the power spectra. However, for an intermediate, 11 minute
period variation, the polarization plot in figure 11 (ponsﬁructed from
short-period band data) showed only a difference of 297 in IEEWIZ while the
long-period power spectrum revealed a discrepancy of 75%. Such an obser-
vation is expeéted if a variation with an 11 minute period can be observed
with greater resolution in the short-period ﬁand than the long-period band.
The fact that the effect is more prominent for the Ew_caée, where the level
of signals is rather low, than the NS case, suggests that a low signal-

to-noise ratio may also contribute to the poor correlation.

Another important observation concerning the power spectra is
that for Eyg the computationally rotated spectrum is consistently lower
than the spectrum of the principal system measurements while for Egy the
computationally rotated spectrum is consistently higﬁer. A separation of the

signal amplitudes into signal and noise parts in the rotation equations
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shows that for the Eyg component noise is decreased by rotation while for
the Epy component it is increased. Thus, if noise were included as a
possible explanation of the discrepancy between each pair of curves, it
would explain the general trend of the separation. A signal-to-noise ratio

of approximately 6:1 would explain the magnitude of the separation.

It is also possible that the measured fields are distorted by
some small scale anomaly in the area of measurement. The telluric polari-
zation and the differences in the E- and H-polarization apparent resistivity
curves have demonstrated the existence of some anisotropy, either a
continuous lateral inhomogeneity or a conductive interface. If the dimen-
sions of the feature are largé compared with the dimensions of the electrode
array the rotation equations should be applicable. On the other hand, if
the surface conductivity varies appreciably over a distance comparable to
the electrode separation the fields may be distorted in such a way that

they no longer transform as simple vectors.
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CHAPTER 5

CONCLUSTIONS

Magnetotelluric measurements at Victoria indicate polarization
of the electric field measurements with the electric field in approximately
the magnetic NS direction enhanced by a factor of 4 or more. The effect
may be due to a high conducting surface feature with a conductive inter-
face aligned approximately with the EW direction. Surface features of
this nature near Victoria include a seawater channel and the Leech River
fault. The conductivity contrast provided by the seawater channel is
sufficiently high (%104) to produce a strong effect butthe irregular nature
of the coastline makes a determination of the cffective direction of the
interface difficult. The conductivity contrast at the Leech River fault
is considerably less (v10) than at the coast but the direction of the
fault, if it extends across the Strait of Juan de Fuca, is approximately
in the EW direction, perpendicular to the direction of the observed

electric enhancement.

The data at Victoria have been interpreted in terms of a one
dimensional model of the subsurface structure. The model proposes a
highly resistive surface layer (v4000 ©@m) approximately 10 km thick over a
highly conducting 10 km thick layer of approximately 9 Om resistivity.
Below this, another highly resistive layer (Vv10000m) extends into the earth's
upper mantle. The results are in agreement with previous results for the

"low Z" region of British Columbia determined by Caner (1971).
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Both apparent resistivity curves (major and minor axes curves)
can be combined into one interpretation to obtain realistic values for
the conductivity structure. The present work demonstrates such a method
and its advantages. The technique of constructing the minor axis apparent
resistivity curve parallel to the major axis curve in the very short
period range greatly improves the values for~the resistivity and thickness
of the first layer. The technique also takes advantage of the better

quality of the major axis data.

Telluric measurements at Victoria only partially verify the
form of the rotational transformation equations used in analyzing magne-
totelluric data in anisotropié situations. A high, althoﬁgh perhaps not
unreasonable, amount of noise could explain the observed discrepancies
in the power spectral results. The discrepancies may also be due to a

variation in surface conductivity in the region of measurement.

It may be useful to perform a more detailed investigation of
the transformation for telluric measurements. If the conductivity is a
tensor rather than a scalar quantity it should be possible to determine the
components of this tensor (Reddy et al., 1972). The equations may be re-
written to accommodate the conductivity tensor and tested experimentally

in a manner similar to the test of the simple rotation in the present work.

Mathematical support for the technique of improving the inter-
pretation of magnetotelluric data using both E- and H-polarization apparent
resistivity curves is also desirable. The technique was born from obser-

vations of theoretically calculated curves. A rigorous mathematical proof
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that the electric field or at least the apparent resistivity for H-polari-
zation measurements near the strike of a highly conducting body is uniformly
enhanced in the short-period range would provide more confidence in the

method.

A study of the effect of branch currents in the channel at
Victoria using an analogue electromagnetic model similar to that of Dosso
(1966) is of interest. Such an experiment could verify the existence
of these branch currents as well as indicate the direction of telluric

polarization produced by them at Victoria.
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APPENDIX A

COMPUTER PROGRAM LISTINGS

A.1 SPECT3

SPECT3 (obtained from E.M.R., Earth Physics Branch) carries
out power spectral analysis on an orthogonal set of electric and magnetic
field data simultaneously using statistical techniques (Blackman and
Tukey, 1958). The program accepts a maximum of 2500 evenly spaced
points of an E or H data series. An important feature of this program
is the determination of auto and cross-correlations of the data and
estimation of the coherence between magnetic and telluric signals. Auto-
covariance oi each series and the coheieuce oi both series are given in
the output along with power spectral estimates, apparent resistivities,

and phase differences between the two series.
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SPECT3 - Bes CANER SH3 VUl
SPECT 3. THIS PROGRAM IS AN UPDATE (MAY 1970) OF SPECT2, TO

ELIMINATE THE FACTOR 3414 IN POWER SPECTRAL OUTPUT. MODIFIED
* CARDS ARE IDENTIFIED 3Y THE OIGIT 3 (INSTEAD OF 2) IN COLUMN 76.

FUORTRAN [Ve NOTC = THIS SOURCE DECK IS PUNCHED IN EGBCDIC. SP2 002
POWER SPECTRA WITH PREWHITENINGs ADAPTED FOR MAGNETO-TELLURICS SP2 003
TESTED AT UVIC ON IBM SYSTEX/360 MODEL 44, MARCH 1970 SP2 004
CPU TIME WITH OBJSCT DECK IS €5 SECS FOR 2 SERIES wWITH 2000 DATA SP2 00S
FOINTS EACH AND 100 ESTIMATES., SP2 006
CPU TIME [S ROUGHLY FPFROPORTIONAL TO NCATA*NEST SP2 007
XS FIRST TIME SERIES (E—SSERIES IN MAGNETO-TELLURICS) sSP2 008
YS SECOND TIME SERIES (H-SERIES IN MAGNETO-TELLURICS) sSP2 009
NDATA NUMBER NF DATA PCINTS IN EACH SERIES sSP2 010
NEST NUM3ER 0OF ESTIMATES OFESIRED sP2 o011
NFLAG = 0, ONE SERIES CALY sP2 012
NFLAG = 1, TWO SERIES SP2 013
JFLLAG = 0, PAR SPECTRA AND RATIO SP2 014
JFLAG = 1y PWR SPECTRA AND MAGNETO-TELLURIC DATA (RHO) SP2 015
DELT DIGITIZING INTERVAL IN SEC SP2 016
MULT1 AND MULT2 ARE NULTIPLYING FACTORS FOR SERIES 1 AND 2. LEAVE sP2 017
BLANK [F. NJOT REQUIRED. SP2 018

‘PREW1 AND PREW2 ARE PREJWHITENING FACTORS FOR SERIES 1 AND 2. LEAVE SP2 019
GLANK IF NOT REQUIRED. RECCLOURING IS PERFORMED ON OUTPUT DATA. SP2 020
NOTE THAT PREWHITENING MUST BE APPLIED TO 30TH SERIES. ALTHOUGH SP2 021
THE PREWH. FACTIR NEED NOT BE THE SAYS FOR BOTH SINCE RECOLOURED SP2 022

" ESTIMATES ARE USED TO CCMNPUTE RQHO OR, RATIOS . SP2 023
IDEN1 AND IDEN2 SERIES IDENTIFICATICN NUMBERS SP2 024

. SP2 025

THIS PRCGRAM {5 LIMITCS TGO 3CC C3TIMATESe 2300 PGINTS CACH S5ERIES. 582 026
CDIMENSION AATS0L 10« ¥{3017+sAx (3000 Ki3Uilevi3Viie SP2 027
LYMX(301),4XS{2501)s YS(2501)y A(301)48(301).C(301),0(301)XLAB(12)s SP2 028
2Z(301144W(301)4PHI(301)+XLI301)+YL(301),R(301)+0PC(301),T(301), sP2 029
3A0PC(301).8B80PC(321),COPCI(301),D0PC(301)+RHO(301)+0ME{301) SP2 030
EQUIVALENCE (AsXX) g (EBaYY ) s {CoXM)o(DeYM)y (Wy YMX ) (Zys XMY) SP2 031
REAL MULTI1,MULT2 sP2 032

DO 1000 KK=14+6 i
SP2 034

"READ(Ss1) NDATASJNEST+NFLAGs JFLAGDELT+MULTI s MULT2,.,PREW] +PREW2, SP2 03S

1 IDENI, IDEN2 - SP2 036

1 FORMAT (41S+3F10e3+2F5.2410X4215) sSP2 037
XNEST=FLOAT(NEST) sP2 038
XNYP = DELT*2.0 sP2 039
XNYF = 140/XNYP SP2 040

DF = XNYF/XNEST : SP2 041
NESTI=NEST+1 SP2 042
T(1) = 0.0 SP2 043

D0 180 1=2+NESTI1 . SP2 044

180 T(I) = 1.0/(DF*%FLOAT(I-1)) SP2 045
WRITE (€41C0) X SP2 046
WRITE (6,600) : SP2 047
WRITE (64700) IDENL+ICEN2+DELT+NDATA,PREWLPREA24DF sP2 048

100 FORMAT (1H1) SP2 049
600 FGRMAT(S3H T UK EY S PECTRUM ESTIMATTIOAON (3)727) 3 050
700 FORMAY (SX3HSCRIES J5e2H Z+41546XSHOFLT=F94344H SEC.6X«8HNDATA = SP2 031
1IS+7F POINTS6Xe8H PREAH=FS a2« IH/FS.2¢6X4,06HDELF= Ell444,4H CPS///) SP2 052
READ (542) (XS(I)el=14NDATA) sP2 053

2 FORMAT (10FS.1430X)
IF(MULT1.EQ.0.0) GO TO 850 SP2 055
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DU 840 [=1.NDATA SP2 056

840 XS(T) = XS(I)&MULTL sSP2 057

850 SUMX = 0.0 sP2 058

DO 7 I=1,NDATA sP2 059

7 SUMX = SUMX + XS(I) SP2 060

AVEX = SUMX/SLOAT(NDATA) sP2 061

DO 8 I = 1.NDATA sP2 062

8 XS(I) = XS(I)-AVEX SP2 063

IF(PRFW1.FQ.0.0) GO TO 44 SP2 064

NCATAl = NCATA - 1 SP2 065

DO 4 I = 1,NDATAL SP2 0656

XS(I) = XS(I+1) — PREWLI*XS{I) SP2 067

4 CGNTINUE SP2 068

44 CONT INUE SP2 069

IF(NFLAG.EQ.1) GO TO S sP2 070

IF(PREWL .NF.0.0).GC TQ 14 sp2 071

DO 3 I = 1,NDATA sp2 072

3 vs(1) = xs(1) sP2 073

GO TO 13 sSP2 074

14 DO 15 1 = 1.NDATAL sP2 075

15 YS(I) = xsS(I) sP2 076

NDATA = NDATAL sP2 077

GO TO 13 sP2 078

5 READ {S+6) (YS(I)y I[=14NCATA) sP2 079
6 FORMAT (10FSe1430X) . .

IF(MULT2.EQ.0.0) GO TO 870 sp2 081

DO 860 T=1.NDATA sP2 032

8560 YS(I) = YS(I)*MULT2 ' sP2 083

870 SUMY = 0.0 ) ’ SP2 0834

DO 9 I =1,NDATA sP2 035

9 SUMY = SUMY  ¥SII) SP2 086

AVEY = SUMY/SLSATINCATA) SP2 087

DO 11 [=1,NDATA sp2 088

11 YS(I) = YS(I)—AVEY sSP2 089

IF(PREW1 .EQ.0.2) GO TO 13 SP2 090

DO 16 I = 1,NDATAL # SP2.091

16 YS(I)= YS(I+1) — PREW2*YS(I) sP2 092

NDATA = NCATA1 SP2 093

FROM HERE ON NDATA IS ORIGINAL ADATA — 1 [F PREW. IS APPLIED SP2 094

13 CONTINUE ) sSP2 095

IF (NFLAG.€Q.0) GU TC 20 SP2 096

DO 10 L=1,NESTI SP2 097

YY(L)=C.0 . sP2 098

XMY(L)=0.0 s SP2 099

YMX(L)=0.0 sP2 100

DO 10 I=L.+NDATA sP2 101

LI=I-L+1 sP2 102

YY(L)=YY(LY+YSILI)*YS(I) sP2 103

XMY{L)=XMY (L) #XS(LI)*Y3( 1) sP2 194

10 YMX(L)=Y4X(L)+XS(I)*YS(LI) sP2 105

AUTOCORRELATION SPECTRUM [S COMPUTED STARTING HEREeesssecsscsscscess SP2 106

20 DO 30 L=1.NESTI SP2 107

XX(L)=04.0 . sP2 108

DO 30 I=L.NDATA SP2 109

LI=[-L+1 SP2 110

30 XX(L)=xX(L)+XS(I)*XS(LI) sP2 111

DN 40 L=1,NESTI sP2 112

XD=FLOAT(NCATA-L+1) sP2 113



40

S1

50

52

$S

60

129
130
131

150

155
160

= B3 -

A(LY=XX{L)/XD

DO S1 L=2,NEST

M = L-1

XM = FLOAT(M)

XM = 3,1815G62€65/XNEST&XM

OPC(L) = 1.0 + COS(XM)
AQPC{L)=NPC(LI*A(L)

IF (NFLAG.FQ.Q) GO TO 150

DO SO L=1,NESTI
XD=FLOAT(NDATA-L+1)

A(LI=YY(LIZXD

C(L)=XMY(L)/XD

DILI=YMX(L) 2 XD

D0 S2 L=2.NEST

BOPC(L)I=0PC(L)*B(L)
COPC(L)I=0PCILI*{DILI-C(L))
DOPCIL)=0PCILI*(D(LI+C(L))

DO 50 K=1,NEST1

Y(K)=O-O

Z(K)=0.0

W(K)=0.0

DO S5 L=2,NEST
CS=3.14159265/XNESTAFLOAT((K=1)%(L=1))
CS1=C0S(CS)

Y(K)=Y(K)+CS1%89°2C (L)
ZIKI=Z(K)+0.5%CS1 «DOPC(L)
WIK)=W(K) 4+0.5%«SIN(CS) *CCPC(L)
Y(K)=(Y(K)+B(1)) ®(DELT*3.14156265)
ZIKI=(Z(K)I+C(1)) *(DELT*3.14159265)
W(K)=W(K)*({DELT*3,14159265)
Y{1)=0e5%Y(1)*DELT

Z(1)=045%2(1 »¥%DELT
ZINESTi 1=0 522 INESTL ) ¥0ELT
WE1)=CaS%W(1)
W(NEST1)=0.5%W(NEST1)

IF(PREW] 4NE.0.0) GO TC 131

I[F PREWHITENING IS APPLIED, LOG' IS NCT COMPUTED
DO 130 L=1,NESTI1
IF(Y(L)«LT..0C001) GC TO 129
YL(L)=ALDGIO(Y(L))+10,.

GO TC 130

YL(L)=0.0

CONT INUE

CCNTINUE

DO 160 K=1.NEST1

X(K)=0.0

DO 155 L=2.NEST

CD = 3.14159265/XNESTHFLOAT({K=1)*(L—1))
CD1 = COS(CD)

X{K) = X(K)+CD1*A0PC(L)
X{KI=(X(K)+A( 1)) *(DELT*3.14159265)
X{1)=0.5%X(1)*DELT
X(NEST1)=C.S*X(NEST1)*DELT
IF(PREA1 +NE.0.0) GC TG 171

IF PREWHITENING IS APPLIED. LOG IS NOT COMPUTED
DO 170 L=1.NESTI

IF (X(L)+LT..C0001) GU TO 169

Sre
sP2
sp2
S$p2
sSP2
SP2
spP2
sSP2
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1406
147
148
149
150
151
152
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XL (L)I=ALOG10(X(L))+1C.
GO TO 170
169 XL{L)I=0.0
170 CONTINUE
171 CGNTINUE
IF(NFLAG.EQ.0) GJ TC 500
DO 200 L=1,NESTI
R(L) = (Z(LI%#2+W(L)I#32)/7(X(L)I*Y (L))
R(L) =SQRITLARS(R(L)))
200 PHI(L) = —1.0%ATAN2 (W(L)+Z(L))%*57.,2557786
IF(PREW] 4EQ.D.0) GC TC 201
FROM HERE TO 114 APPLIES CNLY IF PREWHITENED
DO 231 L=1,NEST1
OME(L) = (3.1%159%FLCAT(L-1))/XNEST
OME(L) = COS(GME(L))
XLAL) = (X(L))/Z(1 «O+PREW]I*PREWI=-2,0%PREW I *0OME (L))
YLEL) = (Y(LI)/(1+04PREW2*PREWN2=-2,0%PREW2*OME(L))
231 CONTINUE
IF(JFLAG.EQ.0) GO TO 301
DO 232 L=14NESTIL
RHO(L) = XL{L)/YL(L)
232 RHO(L) = 0.2*%HO(L)I*T(L)
ARITE (64213)
WRITE (6+,223) v .
213 FORMAT (3X1HK4XGHA(K) 47X4HE(K) 4 10XARE(K) s9X4HS(K) s IXAHH(K ) o
18X4HH(K) s OX4HR (K) s 6X6HPHI (K) ¢ SX7THT(K) SEC s SX6HRHO(K) )
223 FORMAT (19X +8HPREWHITE,3X10HRECOLOURED s 1 7X8HPREWHITE s
14X 10HRECILOURED/ /)
GO TO 401
301 DO 351 L=1,NESTI
351 RHO(L) = XL(L)ZYL(L)
WRITE (6+4113)
WRITE (64+123)
113 FORMAT (3XIHK 4X4HA(K) ¢ 7XA4HX(K) s 10X4HX(K) s9X4HB(K) ¢ 9X4HY(K) »
18XAHY (K) s GX4HR(K) s OXEHPHI(K ) s SXTHTIK)ISEC s SXOHX(K)I/ZY(K)) -
123 FORMAT (19X+48HPREWHI TE 4 3X10HRECOLOURED 1 7X8HPREWHITE «
14X 10HRECILOURED/ /)
401 DO 251 I=14NFSTI1
L = I-1
251 WRITE (64114) LaACT) XTI oXLUT)eB(I)eYCI)oYLCII4R(I)PHICI)&T(I)s
1RHN( 1)
114 FORMAT (1HO 3184 4E11e3¢2E12e342X+E11e3+2E1243+2Xe2(F9e342X)s2E1243)
GO TD 999
201 IF(JFLAG.EC.0) GG TG 300
DN 230 L=1,NESTI
BHC(L) = X(L)/Y (L)
230 RHO(L) = Cs2%RHO(LI*T(L)
WRITE (64+203)
203 FORMAT (3X1HKsA4X4HA(K) 4OXGHE(K) ¢B8X7HLOGE #+10,4 7X4HBIK) 4 IX4HH(K ),
16X7HLOGH+ 104 SX4HR(K) ¢ 65XOHPHI (K) ¢ SX7THT(K) SEC+SX6HRHO(K)/Z /)
GO TO 400 '
300 DO 350 L=1.NESTI
350 RHO(L) = x{L)/sY(L)
WRITE (64103) .
103 FORMAT (IXIHK4XA4HA(K) ¢ IXAHX(K) +BX7THLOGX 410 +7X4HB(K) 9IXEHY (K ),
16X7HLOGY #1044 SX4HR(K) ¢ 6XEHPHI (K) ¢ SXTHT(K)SEC +SXGHXI(K)/ZY(K)/Z /)
400 DO 250 1=1.NESTI1
L=I-1
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sp2
sp2
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sp2
sP2
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sP2
sp2
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spP2
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sp2
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sP2
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sP2
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SP2
sP2
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250 WRITE (64104) LsACID) o XCI)oXL(I)eBII)aY(I)eYLII)WROIDIPHICI)TLI), sP2 230

1 RHO(I) sp2 231
104 FCRMAT (1HO 3[4 42FE13e¢44F94342X2E1344+3(F943,2X)42E12,3) sSP2 232
GO TO 999 sP2 233

S00 IF(PREwl.EN.0.0) GC TO 501 SP2 234
FRCM HERE TO 116 APPLIES CNLY IF PREWHITENED sp2 23S
WRITE (64115) SP2 236
WRITE (6,125) sP2 237

115 FORMAT (9XI1HK ¢SX4HA(K) 411 X4HX(K) el 1X4EX(K)+7XTHT(K)SEC) sSP2 238
125 FORMAT(23IX+8BHPREWHITE s 84X, 10HRECOLOURED/Z /) SpP2 239
DO S11 I=14NESTI1 sSP2 240
OME(I) = (3.14159%FLOAT(I-1))/(XNEST*DELT) sSp2 241
CME(I) = COS(CME(I1)) SP2 242
XL(I) = (X(I))/(1 0+PREW] *PREWI=2.,0*PREWI*OME(I)) SP2 243

L = 1I-1 SP2 244

S11 WRITE (65116) LeA(I)oaXCI)eXL(I)eT(I) SP2 24S
116 FORMAT (1HO+110,53E13444C12.3) SP2 246
GO 7O 999 SP2 247

501 WRITE (6+,105) SP2 248
105 FORMAT (9XIHK SX4HA(K) 3 11 X4HX(K) 4 10X7HLOGX+10+7X7HT(K)SEC//) SP2 249
106 FORMAT (1HOT1042E15.6+F10e34E1243) spP2 250
DO 510 I=1,NESTI1 §SP2 251
L=1-1 sP2 252

S10 WRITE (6+10€) L AlTI) o X(IIWXL(I),T(I) ‘sp2 253
QUTPUT PARAMETERS = SP2 254
A(K) AND B(K) AUTOCOVARIANCE CF X (CR £) AND Y (OR H) SERIES Sp2 258
E(K) AND H(K) ARE POWER SPECTRAL ESTIMATES. 4 3 256
PWReSP.FST. = ((A*22)/2)/0ELF ) (A=FOURIER AMPL,) SP2 257
LGGH AND LCCf ARE LOGIO OF PAaReSP«ESTIMATES PLUS 10.0 SP2 258

iFf PREWNIIENING I5> ArPLICEDs LUGS ARE NI COMPUTED SP2 259
R(K) CORERENCE OF SERIES 1 ANC 2 SP2 260

PHI IS PHASE DIFFERENCEs SERIES 1 LEADING OVER SERIES 2 SP2 261
T(K) PERICD IN SECS sSP2 262
RHO(K) APFARENT RESISTIVITY IN OHM-METERS i SP2 263

SP2 264

999 CCNTINUE SP2 265
1000 CONTINUE SP2 266
STOP SP2 267

ENO ’ sSP2 268
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A.2 MT3LAY

MT3LAY (obtained from E.M.R., Earth Physics Branch) calculates
the values of apparent resistivity at the surface of a three-layered
medium at any given periods. For input data, the program accepts any
number of values for the source parameter and thicknesses of the first
two layers provided that the number of values in each case is specified
on the first data card. On the other hand, only three values are permitted
for the resistivity of each of the three layers. The models are those
resulting from a one-to-one correspondence between the groups of values
rather than all possible permutations. The program in its present form
is capable of calculating apparent resistivities at 16 points in the period
domain which are entered as input data. However, the number and spacing
of these can easily be changed by changing the appropriate read statement

and the two DO statements involving the integer K.
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MT3LAY - 8. CANER

THREE-LAYER CONDUCTIVITY STRUCTURE MODELS FOR MAGNETO-TELLURICS
TESTED ON UVIC SYSTEM 360 /MODEL 44, AUGUST 1967

TIME 4.5 MIN FOR NH1®#NH2%NV=45, INCLUDING 0.7 MIN FOR COMPILE
DIMENSION P(32)4W(S),H2(S5)sR(3+43)1+E(3+3)48B(3,3)+sC(3:3)sRA(3),
LTHETA(3)+sHI(5)«T(32).R0O(3)

READ (5¢6) NHI1 sNH24NV

READ (S+7) (HIIN)sN=1,NH1)

READ (5,7) (H2(M)N¥M=1,NH2)

READ (548) (V(L) sL=1.NV)"

READ (54+49) ((R{I+J)eJ=1:3)s1=1,3)

READ (5,10) (P(K)+K=1,16)

FORMAT (315%)

FORMAT (5F10.2)

FORMAT (5F10.4)

FORMAT (9F8.1)

FORMAT (8F10.1)

NH1 s NH2 ¢ NV ARE NUMBERS OF CASES TO BE RUNs UP TO S FOR EACH.
H1 IS THICKNESS OF TCP LAYER IN KM

H2 [S THICKNESS OF MIDDLE LAYER IN KM

V IS SPATIAL WAVE-NUMBER oIN KM-1

R ARE RESISTIVITIES IN CHM-METERS,ENTERED IN FOLLOW ING DORDER-
TOP LAYER CASE 1, TOP CASE 2, TOP CASE 3, MID LAYER CASE 1.
MID CASE 2, MID CASE 3, BOTTOM CASE 1, BOT. CASE 2,80T.CASE3.
P(K) ARE PERIODSs [N SECONDS

W2 = 0.70710678

RADEG = $7.295783 )
FOLLOWING GROUP IS OVERALL PRCBLEM HEADING (INPUT PARAMETERS)
WRITE {(56,100)

WRITE (6.26)

FORMAT (3€H MAGNETO-TELLURIC THREE-LAYER MODELS//)

WRITE (6,102)

WRITE (6,27)

FORMAT (18H INPUT PARAMETERS=//)

DO 13 N=14+NHI

WRITE (6423) HL1({N)

WRITE (64+,102)

D0 14 M=1,NH2

WRITE (6+4248) H2(M)

WRITE (6+,102)

DO 1S L=1.NV

WRITE (6.25) v(L)

FORMAT (10Xs9H HI1(KM) 1Fl1242)

FORMAT (10X+9H H2(KM) =,F12.2)

FORMAT (10X+9H VI(KM=1)=,E11.3)

i

DO 30 K=1,416

T(K) = P(K)%*10.0

D0 60 N=1sNH1

DO 60  M=1,AH2

d4RITE (6,100)

WRITE (6+416) NJH1(N)

WRITE (64,17) NH2(M)

WRITE (6+418) R(1+41)sR(1+42)sR(143)
WRITE (6+19) R(2+1)sR(2,2)sR(2,3)
WRITE (6¢20) R(341)+4R(342)+R(3:3)
DO 60 L= 1+NV

WRITE (6,102)
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WRITE (6+21) L.VI(L)

vL=viL)

VL2 = VL=*VL

VLA = VL2#VL? _
DO 60 K= 1,16

D0 40 I= 1.3

DO 40 J= 1.3

RIJ = R(I,J)
TK = T(K)
Al = 78.956835 /(RIJ*TK)

E(1.J) = AlXAlL
A2 = SQRT(E(14J)+VLA)
B8(14J) = (SORT(A2+VL2))+W2

C(I+J) = (SQAT(ABS(A2=-VL2)))*w2
DO 50 J=1,3
81J = B(1,J)
82J = B(2,J)
B83J = B(3,J)
€1d = Clls:d)
C2J4 = C(2,J)

C3J = C(3,J)
A3 = B2J%¥B2J+C2J%C2y

A4 = B3JxB3J+C3J%C3J

AA = (B1J*%32J+C1J*C2J)/7A3 .
B8 = (B2J%Cl1J-B1J%C2J)/A3
CC = (B2J%B3J+C2U%C3J) /A4
DD = (33J#%C2J-82J*C3J)/A4
XH1 = 31J%H1 (N)

YH1 = Cl1J*H1(N)

XH2 5 B2J2*H2(M)

YH2 = C2J%H2(N)

F1 = SIN(YH1)/COS(YH1)
EX1 = EXP(+XH1)

EX2 = EXP(=XH1)

F2 = (EXI-EX2)/(EX1+EX2)
F3 = SIN(YH2)/C0OS(YK2)

EX1 = EXP(+XH2)

EX2 EXP(-XH2)

F4a = (EXI-EX2)/(EX1+EX2)
SS = F2%(1.0+F1%*F1)

TT = F1*(1.,0-F2%F2)

UU = 1.0+F1%F | *F2%F2

PP = F4¥(1.0+F3%F3)

QQ = F3*(1.0-F4axFa)

RR = 1.0+F4*¥F4%xF3%F3

FS = SQRT(1.0+VL4/Z{1+J))

XX = AA*UUX(CC*RR+PP)-B88*UU*{(DD*RR+QQ )+SS*RR+SS*(CC*PP-QQ&DD )~
ITT*(PP%DD+CC*0Q)

YY = AA*UUX(DD*RR+CQI+EB*UU*(CC*RR+PPI+SS*(PP*DD+CC*QQ) +TT*RR+ _
1TT*(CC*¥PP=-0Q*DD)

WW = LUHRREUUR(CC*PP-QN*DD)+(AA*SS—GEXTT)*(CC*RR+PP)I-(BB*SS+AAXTT)
1*%(DD*RR+0Q0Q) :

ZZ = UUX(PP¥DD+CC#CO)+( AAXSS—EB*TT) *(CO%*RR+QQ)I+(3BXSS+AATT) *

1 (CC*RR+PP)

F6 = (WWaAW+2ZZ327)4FS5

E1S5 = YY*(WW&ClU+]J*ZZ)=XXX(2Z%ClI-Wa%xB1J)

E16 = XX%(wA*ClI+31U3Z2)+YYX(ZZ*C1J-wWxB1J)

RA(J) = (XXEXX+YY XYY )/F6



AODOO

a1
a2
43
a4
45
46
47
a8
49
50
60
16
17
18
19
20
21
22

RO (V)

- 69 -

RA(JI*R(14J)

PH = ATAN(ABS(EIS/E156))
IF(E16)42,41.,41
IF(E15)45443443
IF(E15)47446,49
THETA(J) = PH%RADEG

GO 70O 50

THETA({J) = (€.28318-PH)*RADEG

GO TO SO

THETA(J) = (3.14159+FH) *RADEG

GO 70 SO

THETA(J) = (3.14159-PH)*RADEG

CONTINUE

ARITE (6422) K P(K)yRO(1)+THETA(1)+RO(2)+THETA{2)sRO(3),,THETA(3)

FCRMAT
FCRMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT

(SH h1(I143H) =F12«3+3H KM)

(SH H2(I1,43H) =F12.34+3H KM)
(29X7HR({141)=E1444+1SX7THR(1+42)=E14+4+15X7HR(1+3)=E11.4)
(29X7THR(241)=F14 4,4, 15X7HR(2+2)=E1444515X7THR( 2, 3)=E1144)
(2SX7THR(341)=E1444415X7THR(3+2)=E14.4415X7HR(343)=E11 +4)
(4HO V(Ils3H) =E114445H KM-1)

(3F PlI2+2H)=E10e43+SX4HRO1=E10e3+9H THETA1=F7.2,5X4HR02=

1E10e3+9H THETA2=F742y5X4HR03=E1043+9H THETA3=F7.2)

100 FORMAT (1K1)
102 FORMAT (1HO)

999

RETURN

OQUTPUT PARAMETERS =

P{K) PERICDS IN SEC

RO APPARENT RESISTIVITIES IN CHM-METERS

THETA PHASE LEAD TELLURIC OVER MAGNETIC SERIES, IN DEGREES

END
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