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Magnetotelluric(MT) measurements in the frequency
range approximately 0.01-130Hzx were made at thirteen
sites in west-central Alberta between 53.1°N-53.6°N and
116.6°%-117.8°W in the Hinton-Edson-Robb area. The
objective was to investigate the electrical structure of
the area, particularly with reference to a geothermal

gradient anomaly that occurs there.

MT data collected from the area, in the form of time
series, wvere processed to obtain plots of apparent
resistivities and phases against frequency. These
processed data have been used to construct pseudosections
(contour plots of apparent resistivities and phases
against frequency) along five profiles across the area.
The processed data, from each site, were inverted using
one-dimensional Fischer inversion to obtain the layer
parameters (resistivities and depths). The results from
the inversions were used to construct depth section plots
along the five profiles. Plan view plots were constructed
at various depths. PFinally, sowe preliminary two-
dimensional modelling was carried out.

The results of the survey show that the region has
relatively low resistivities ranging from s{lm to 320{Im.
Although these values are g¢generally expected for



sediments, there 1is indicat:on +rat ne basement
resistivities are low comparee¢ :-. pars of central
Alberta. Low resistivities in == ‘ntary part of the
section may be caused by highiy c. ! tive saline fluids.
Their presence is consistent -:th the presence of the
geothermal anomaly and the presence f gas pools. It is
possible that migration of war- saline fluids upward
along faults and fractures f:. pth in the southwest
transports heat to the upper sediments and so produces
the thermal anomaly and the high electrical

(the Lambert and Banshee gas pools) support this
suggestion. The low basement resistivities are
unaffected, but are consistent with the presence of a

magnetovariational anomaly at depth that may be

for five sites. The objective was to investigate the

correlation between the ¢two resistivities but the
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CHAPTER 1

INTRODUCTION



1.1 OBJECTIVE AND PREVIOUS WORK

Magnetotelluric measurements in the frequency range
of approximately 0.01-1J0Hz were made at 13 sites in
wvest~-central Alberta between 53.1°N-53.6°N and 116.6°%-
117.8°9 in the Hinton-Edson-Robb area (Fig.1.1). The
purpose of the work was to investigate the electrical
structure, particularly with reference to a geothermal
gradient anomaly that occurs there (Lam et al, 1982), and
its relationship to a deep electrical conductivity
anomaly previously discovered from geomagnetic depth
sounding studies using a magnetometer array (Ingham et

al, 1983).

The geothermal gradient anomaly vas discovered from
analysis of bottom hole temperatures from 3360 petroleum
exploration wells in the area S53°-54°N and 116°9-118%
(Lam et al, 1982). A contour plot of the average
gradients through the sedimentary section is given in
Fig.1.2. The average geothermal gradients range from
approximately 249C/km to 36°C/km. The original
interpretation of these data was that ground vater motion

northeastvard from depth along faults and fractures to
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Fig.1.2: Geothermal gradient (in *C/km) contour plot in
the Hinton-Edson area (after Lam et al, 1962).




s

Following the above work, Ingham et al(1983) carried
out a magnetometer study of the area vwith 2
magnetometers. They discovered an electrical conductivity
anomaly coincident with the thermal anomaly. They
concluded that their results indicated the presence of a
highly conducting volume of rock below the geothermal
anomaly with its top at greater than Skm deptn and which
extends to lover crustal depths. They suggested that this
may be caused by partial melt of tectonic origin and is
the source of both the electrical anomaly and the

geothermal anomaly.

Subsequent work by Majorowicz et al (1984) showed
that the pattern of heat flow changes with depth, a
pattern that is inconsistent with heat from a volume of
rock below, or if the heat does come from a volume of
rock at depth, the heat flow pattern is disturbed by
vater motion. It is now acknovliedged that both a
geother:i 11 gradient anomaly and a magnetovariational
anomaly exist in the study area but their causes and
interrelationship are still uncertain.

1.2 ELECTRICAL PROPERTIES OF ROCKS

they attempt to measure, directly or indirectly, some



physical property or parameter of the earth. In the

also possible to determine resistivities in the
laboratory from rock samples but this method is not
preferred over in situ uqmtétcllurie measuresents
primarily because laboratory conditions (such as
temperature, porosity, pressure, sample siszes etc.)
differ from in situ conditions. It is well known from
laboratory measurements that the resistivity (or
conductivity which is the reciprocal of resistivity) of a
geological formation depends on temperature, porosity,
fluid content, chemical composition, phase of the pore
fluid, pressure etc. (Keller and Frischknecht, 1966;
Shankland and Waff, 1974). Of the several factors,
temperature, fluid content, chemical composition and

conductivities of geoclogical formations.
The dependence of @electrical conductivity on
temperature(T) is given Dby the relation (Parkinson,

1983):

c-c.cm*ﬂicm‘/kn (1.1)
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vhere o©Og and oOj are extrinsic and intrinsic
conductivities respectively, Eq and E;y are the
corresponding activation energies and k is the Boltsmann
constant. The first term on the right hand side of
equation (1.1), representing extrinsic conductivity, is
associated with crystal defects and impurities while the
second term, dominant at high temperatures, is associated
with thermal wmotion. In principle it is possible to
deduce the temperature distribution in the subsurface
from a distribution of conductivity using the above

relation.

It is well known that conductivity of a geological
formation depends significantly on the water content in
that formation. The porosity of a formation depends on
the type of rock and the individual formation (e.g.
sedimentary rocks are usually more porous than igneous or
metamorphic rocks unless the latter are highly
fractured). Most of the crustal rocks that are porous are
saturated with ground water, which is usually saline
(Parkinson, 1983). The conductivity is found to obey
Archie's law (Archie, 1942) given by:

OSII'S-P. (10’)

vhere Og is the conductivity of the solution in the pore
spaces, 8 and P are respectively the saturation and



porosity and a, m and n are empirical constants. It is
evident from the above relation and from experience that

conductivity increases with increasing water content.

Electrical conductivities also depend on the
chemical compositions of rocks. Rocks with dehydrated
minerals will have lower conductivities than those with
hydrated minerals such as serpentine, sulfide, magnetite
and graphite.

Change of phase is also an important criterion in
determination of the conductivity of a geological
formation. It has been found that minerals in melt or
partial melt phase result in a higher bulk conductivity
of a rock than for solid phase. Berdichevsky et al (1972)
have interpreted certain observed anomalies in terms of
partial melts. Detailed accounts of electrical properties
of rocks can be found in Collet and Katsube (1973),
Olhoeft (1980), Parkhomenko (1982) and Keller (1987).

1.3 GEOLOGY OF THE AREA

The Edson-Hinton-Robb area is the deepest portion of
the western Canadian sedimentary basin that lies between
the Canadian shield and the cordilleran foreland thrust
belt (Lam and Jones, 1985). The major features and



jacent areas

198S5) .

diagran of Ninton and ad

(modified after Lam et al,

Pig.1.3: Pence



Pig.1.4: Pence diagram of Bdeon and adjacent areas
1o (modified after Lam et a}, :gijl).



structures such as rock types, faults etc. are shown in
Figs. 1.3 and 1.4. The insets in the two figures show the
locations of the wells from which lithological data were
used to construct the three dimensional geological fence

diagrams.

The major rock types in the region are of
Cretaceous, Jurassic, Triassic, Mississippian and
Devonian ages. The entire sedimentary sequence consists
of two stratigraphic units. These are the upper Mesosoic
and lower Paleozoic units respectively. The upper
Mesozoic clastic unit consists of Cretaceous sandstone
and shale below which lie Jurassic cherts and sandstone.
The lower Paleosoic wunit is made wup mainly of
Mississippian and Devonian carbonate sequences. The
Nississippian sequence within the lower unit is composed
of several layers with the top layer of dolomites
folloved by limestone, sandstone, siltstones, anhydrites,
more limestones and marlstones. The Devonian segquence is
mainly comprised of layers of dolomites, limestones,
shales and marlstones. The middle Devonian sequence is
believed to be silty and sandy. A detailed description of
the subsurface geology of the area can be found in Lam
and Jones (198S).



CHAPTER 2

THE MAGNETOTELLURIC
METHOD
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2.1 INTRODUCTION

The magnetotelluric method is one Jf the most used
exploration tools in geophysics that employs the
naturally ocourring electromagnetic field as the energy
source. The theory underlying the method was developed by
Tikhonov(1950) in the Soviet Union and Cagniard(1953) in
France. The method has been used since the early fifties
Tikhonov first recognized the potential of using Rarth's
natural electromagnetic field in geophysical exploration
and Cagniard developed the necessary one dimensional
mathematics for obtaining the distribution of
conductivity in the subsurface.

The magnetotelluric method is a single site method
in which the amplitudes and phases of the mutually
perpendicular components of the total (inducing and
induced) electromagnetic field at the surface of the
earth are measured. It i{s assumed that the inducing field
can be represented by a plane wave and the earth consists
of plane horiszontal layers. In practice neither of these
assumptions is true. Nevertheless, they are approximately
satisfied in most situations. Wait(1934) was particularly
skeptical about the plane wvave assumption. Ne argued that
the finite ionospheric sources do not generate plane
vaves that are incident at right angles to the surface of
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up to a thousand seconds.

The mathematics and theory of the NT method were
further developed by Neves(1957) and Price(1962) and more
recently by Kaufman and Keller(1981), Vosoff(1986¢),
Nabighian(1987) and others.

2.2 THE SOURCE FIELD

method come from interaction between the charged
particles from the solar vind and the Earth's magnetic
field and worldwide lightning storm activity. Both these
activities cause fluctuations in the natural
electromagnetic field near the surface of the earth.
These fluctuations occur at all times over the earth
(though they may be stronger or weaker at times) and
their frequencies include the range most ocommonly used
for exploration purposes, 0.0001-10000 HNz. In the
amplitude versus freguency plot of magnetic variations
(Patra and MNallick, 1980), a minimum occurs at a
fregquency of 1Nz and this divides the spectrum into two
parts. At frequencies below 1Nz, the interaction of the



solar vind vith the ionosphere results in
micropulsations of the natural electromagnetic field and
gives rise to energy that penetrates the earth. The
intensity of micropulsations and hence the energy depends
mainly on solar activity and 4is highest during high

The major source of energy above 1Mz is wvorldwide
thunderstora activity and lightning associated with i{t.
Lightning stroke signals are called ‘'sferics'. The three
major world thunderstora centers are located in Brazil,
Central Africa and Malaysia. Each of these storm centers
has an average of 100 storm days per year (Kaufman and
Keller, 1981). The locations of the storm centers are
such that at any given time there is a storm at one
oenter or another. Over the entire globe the fregquency of
lightning flashes is expected to be between 100-1000
flashes per second (Vosofft, 1991). The
magnetotelluric(MT) signal depends mainly on the strength
and frequency of the lightning flashes and the distance
betveen the point of lightning discharge and the
ocbserving location. This implies that NT signals are
strongest in tropical regions in summer afternocons.

The sferics travel around the world within
earth-ioncsphere cavity which acts as a waveguide.
vaveguide dimension changes with time depending on

2R



height of the ionospheric D-layer (height of D-layer
being approximately 90km at night and 60km during day
time). A range of frequencies is present in the sferics.
When the waveguide dimensions change, some frequencies
are enhanced while others are suppressed. The enhanced
frequencies are the result of resonance effects in the
cavity. The resonance peaks occur at 8, 14, 20 and 25Hs

and are called Schumann resonance peaks (Schumann, 1957).

The source field may also include unwanted signals
due to power line interference or other cultural noise or
caused by detector coil movement from ground motion due
to wind or other causes. The power line interference can

coil vibrations can be identified because of lack of
correlation between its electric and magnetic field

signals and so can be removed froam the records.

As mentioned earlier, signals below 1Hz are caused
by micropulsations. There are three main types of
micropulsations which together result in a wvide rangs of
signal amplitudes from a fraction of a nanotesla to a few

ere ocalled Pg(Pulsation oontinuous), Py(Pulsation
irregular) and Pp(Pulsation pearls). A more detailed
account of these can be found in Patra and Mallick(1980),



17
Jacobs (1964), Keller and Prischknecht(1966) and Xaufman

2.3 THE MAGNETOTELLURIC THEORY

Micropulsations and thunderstorm activity generate
which in turn generate a plane wave that penetrates into
the earth. The plane wave interacts with the subsurface
geclogical structure giving rise to an induced electric

field. The interaction can also result in a vertical

of the geoclogical structure. Thus on the surface of the
earth, three components of magnetic field, H,, Hy, Hg,
and two components of electric field, Ey and Ey, can be
measured.

The fundamental equations governing the propagation
of electromagnetic waves in a medium are called Maxwell's

eguations. They are:

msi%! (Paraday's lav) (2.2)



7:H-J+% (Ampere's law) (2.3)

VD=p (Coulomb's law) (2.4)

vhere B (=uE) is the magnetic induction (Tesla), B is
electric field (V/m), B is magnetic field intensity
(A/m), J (=oB) is current density (A/m2), D (=sB) is
surface charge density (C/m2) and p' is volume charge
density (C/m3). The quantities §u, ¢ and ¢ are
respectively magnetic permeability (henry/meter),
electrical conductivity (mho/m) and electrical
permittivity (farad/meter). Taking curl of (2.2) and
manipulating, we get,

Vx(VxE)= Vx(*%) - —qu% (2.8)

Differentiating (2.3) with respect to t and simplifying,

ve have,

Vx%=.§+ ;% (2.6)

Combining (2.9) and (2.6) and remsmbering the
constitutive relation J=oB, we get,



Vx(VxE) = —pﬂ—s n : B:I

However,
Vx(VxE)= V(V.E)- V2K

oE
v:!iﬂﬂ?*ﬂiif

S8imilarly, it can be shown that

oH >R
v!“-[ﬂ-af—l‘ﬂi a:

(2.7)

(2.8)

(2.10)

Equations (2.9) and (2.10) are called the vave equations.

Applying the Llaplacian operator

components of B, we get

on the rectangular

aﬁz.,aﬂsi,a‘s's.ii %, JE
' éy’ flﬂa [ x
EE »E, B’Er , Ev a's. _ ..
o *a,* a ;ﬂ &’ (2.11)
a's. EE, &E. ,&i*,‘a’ss
o,: o WO theESs
‘ﬂhhﬂii*ﬂ_*,,, ity (Orant and Wast, 1963), charge

dunalty will seach seady state velue in & shont time implying that charge does net Socumulets
apposcishily during the flow of current. Theselars V.J =0. Hence V.E=O.



For a one dimensional problem, in the s-x plane, Ey=0=E;
and % =0=)% . Thus ve are left with only

i‘;‘-wa:'mcgf‘ (2.12)

let By be of the form Ey = Egelot (harmonic).
Substituting this in equation (2.12) and manipulating, we

get,

%’T!:"-siwu(oﬂw €)E. = k’Ex (2.13)

where k!=iou(c+io €). The solution of equation (2.13) is

of the form

E.=(Ae" +Be™) (2.14)

For a homogenesocus earth E, becomes negligibly small at
great depths (i.e. as 3z—x®). Therefore, A in the first
ternm of (2.14) must be zero. Hence,

E.=Be* (2.18)

Similarly, assuming harmonic nature for ll(-lo.m), it
can be shown that,

Vak = -ioul (2.16)
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For the one dimensional case under consideration,

[ , -
2 = “louH, (2.17)

Differentiating (2.15) with respect to = and equating
with (2.17) and rearranging, we get,
H, = % Be™ (2.18)
,,y N iﬁ“ = L 3
Dividing (2.15) by (2.18), we get an expression for
impedance called the Cagniard impedance. The expression

is:

m

:

Z=

T (2.19)

y
At low frequencies, less than 1000Mz(Keller and
Prischknecht; 1966), the displacement current
contribution is negligible. Hence,

k2=iupo (2.20)

Therefore,

;‘ﬁ;ﬁ (2.21)



The resistivity is defined as

j i2
1 |E,
gﬂ:ﬂﬂ H, . (2.22)

It can similarly be shown that

1 [E, [ o
P =—k . (2.23)

Equations (2.22) and (2.23) are the expressions for the

perpendicular components of the electromagnetic field’. As
ve shall see later, the expressions are of great

significance in data processing.

Another 1look at equation (2.20) reveals that
k(=Jiopo ) is complex. Thus k can be rewritten as k=a+ip,
wvhere a=B=Jouc/2. Substituting this in (2.15), the

expression for E,, we get,

E, =Be“c™ (2.24)

+whare K, and Ky oo in VA, B,

=l B, ae in nens tmiss (aT) and T is the puvied (aor) of the amsilistion.
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vhere the presence of ¢~®% indicates the attenuation of
Ex vith depth and ¢~iB% indicates a sinusoidal variation
with depth. The quantity e¢~C2 in (2.24) can be used to
define a quantity called the skin depth- the depth at
vhich the value of Ey reduces to (1/e) times its value at
the surface. It can be shown that the skin depth, 8, is

given by:

, 2 s,
8= [— 2.2%
LT ( Y

In most cases skin depth is regarded as the depth of
penetration. It is obvious from (2.25) that the depth of
penetration devends on the frequency of the source signal
and the resistivity of the medium. Thus for a higher
resistivity and/or a 1lower frequency, the depth of

penetration is greater.

The formulation developed so far is applicable to
one dimensional situations. Expressions (2.22) and (2.23)
give the resistivities of a homogeneous, isotropic
mediun. In the case of an n-layered earth, assuming one
dimensional variation of resistivity, the expressions
(2.22) and (2.23) can be written together as:
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vhere apparent resistivity, p,, 1is an equivalent
resistivity. It is as if the entire n layered earth has
been replaced by an equivalent homogeneous and isotropic
half space of resistivity p,, As we shall see later, p,
is of great significance in NT data processing and is
normally the first quantity to be obtained from the raw
field data.

In the early days of magnetotellurics, it vas quite
common to use one dimensional analyses. However, over the
years, geophysicists realized the inadegquacy of 1-D
analyses and started developing the theory appropriate
for two dimensional analyses. In a two dimensional earth,
the variation of resistivity is considered along the
vertical direction as well as along one of the horizontal
directions(normally perpendicular to the strike). The
expressions describing the relationship between the
induced and inducing fields, in this case, may be written

as:
B=SE (2.27)

which vhen expanded becomes,

(2.28)

Bxpression (2.28) can also be written in matrix form as:



B

The quantity 8 in (2.27) is a tensor and is known as the
impedance tensor. 2y, Zxy: Zyx: %yy are the impedance
tensor elements. For a two dimensional case, Sxx==Syy*0

and Zyy#Zyy»0.

Using the impedance tensor elements, it is possible
to define three invariant quantities (Rokityanski, 1982).

They are:

I12%Zyxttyy (2.30b)
T3=Zyy=Byx (2.30¢)

Thus, if I is zero at a site, it can be concluded that
the subsurface has a two dimensional geoelectrical

nature.

A tvo dimensional problem can be simplified by

breaking it into two separate modes - the TE mode and the
™ mode. In TE mode, also called E-parallel(E,), the

electric field component is parallel to the strike and



the magnetic field component is perpendicular to it. In
the T™ wmode, also ocalled E-perpendicular(k)), the

electric field is perpendicular to strike while the
magnetic field is parallel to it’. Rewriting equations
(2.2) and (2.3) and neglecting displacement currents, we

get,

VxE = -jopH (2.31)
ViH =oE (2.32)

For a two dimensional problem, the equations (2.31) and
(2.32) reduce to (Jones and Price, 1970),

%_;‘;}_.cg_ (2.33)
%.,,,5, (2.34)
%l---oﬁ, (2.35)
%;_‘_:':.._m_ (2.36)

® Thume medes ere samutinss cofied S-potarintion (TE madv) end 0 for Bpgutuiantion (T madv)



n

oE .
-5-:'-‘.“", (:i:’)

%, wiouH, (2.38)

dy

Equations (2.33), (2.37) and (2.38) correspond to E-
polarization(TE wode) while (2.34), (2.3%5) and (2.36)
correspond to H-polarization(T™ mode). Eliminating Hy and
Hg from (2.33), (2.37) and (2.38) and By and E; from
(2.34), (2.35) and (2.36), we get,

%E‘z.u%x.msg (2.39)
PH, ¥H . \
_&l.;—o;;lsmﬂi (2.40)

It 4is possible to solve the two egquations above
analytically for some special cases. Nowever, numerical
technigques are generally used. There are a number of
numerical technigues in use. Four of these are: (i) the
ginite difference method(Jones and Price, 1970), (ii) the
finite element method(Coggon, 1971; Reddy and Rankin,
1973), (4i1) the transaission 1line analogy(Madden and

Thompeon, 1963; Swift, 1967,1971) and (iv) the integral



equation method (Hohmann, 1971; Patra and Mallick, 1980).
These technigques, however, will not be discussed here.

2.4 ESTIMATION OF TENSOR ELEMENTS

In order to solve the magnetotelluric problem or
estimate the apparent resistivities, it is necessary to
obtain an estimate of the tensor elements. This can be
done using the expressions (2.28). Note that each of the
equations in (2.28) contzins two unknowns. Therefore, we
sust have at least two independent measurements of each

obtain a unique solution for the impedance tensors. In
practice, however, a large number of independent
measurenents are made and the folloving system of
equations is set up (Voszoff, 1986, 1991 ):

(2.41)

E: = Z-H: *Z'H:



E; = Z,_H'i *ZHH;
E; = Z!HE +ZﬁH:

The system of equations above can be solved by the least
squares technique to obtain a solution for the unknowns
Zxx: Zxy:, Zyx and Zyy. The least squares solution can be

obtained by minimizing the gquantity ¥, given by,

V=3 (E. -Z_H, -Z H,XE, - ZLH, -Z, H.) (2.43)

¥ with respect to the real and imaginary parts of I,
Sxy and equating the differentials to szero, we get,

iE-H; = z.i H_H, +Z.i HH.
o " (2.44)

Similarly,



SEH, =2, T HH, +2Z, 3 H H,
. N N (2.45)

S B H, =2, 3 HH, +2, 3 H H,

[L]] inl

The above set of equations can be solved for the unknowns
Sxx: Ixy, EZyx and 3yy. Operations under the summations
represent auto and cross power spectra. In piinciple, it
is possible to set up a number of equations similar to
(2.44) and (2.45) using different combinations of E, By,
Hy and Hy for auto and cross spectra in terms of the
tensor elements. It has, however, been found that the
above set of equations gives the best results. An

excellent discussion on reasons for using (2.44) and

Sims et al (1971). This is discussed further in section

2.5 PRELIMINARY ESTIMATES

It is customary in geophysics to make preliminary
estimates of certain parameters that help in owing
down a problea under investigation. With the tensor
elements known, it is nov possible to make semi-
Quantitative predictions about an NT site. The known




n
values of the tensor elements may be substituted in
equation (2.28) to obtain the so called predicted values
of the electric field components. These predicted values
are designated by By, and Eyp. A comparison between the
predicted and observed components is a measure of the
goodness of the impedance tensor elements. The quantity
that measures the goodness is called the coherency and is
nmathematically given by(Swift,1967):

(2.46)

The value of coherency varies between 0 and 1. A value of
0 represents totally uncorrelated data while a value of 1
is an indicator that the estimated tensor elements are

perfect.

There are a number of other parameters such as the
skev, the ellipticity and the tipper that aid in
geological interpretation of magnetotelluric data. The
quantity skew is the ratio of the absolute values of the
invariants I3 and I3 given by:

. (2.47)




n

Ideally in one and two dimensional cases, skev should be
sero. But in most practical cases 8§ is never sero because
there is alvays some noise present in the data. PFor a
three dimensional case skevw is very high but there is no
single value of skev that differentiates a 2-D structure
from a 3-D one. However, Reddy et al (1977), suggested a
value of 0.4 vhile Ting and Hohmann(1981) and Park et
al. (1983) suggested the values 0.12 and 0.5 respectively.

Ellipticity is yet another parameter that may be

structure. Mathematically, it is given by:

2..0)-2,,(0) o
p(0) = lZJéﬁZ,JBﬂ (2.48)

wvhere 2(0) is the impedance tensor element when rotated
through an angle 0. For noise free data B(0) is szero for

one and two dimensional cases.

As mentioned earlier the vertical ponen .
the magnetic field is induced depending upon the
dimensionality of the geocelectrical structure. The
vertical component is induced when the subsurface has 3-D
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fields, we can write a mathematical equation describing
the interaction between Hy, Hy and Hg. The relation is:

Hg=TyxHy+Tylly (2.49)

vhere Ty and Ty are complex and are functions of
frequency. Once again we can set up a number of
equations, from n independent measurements of the
components, in two unknowns. The resulting eguations can
be solved using the least squares technique. Using the
known values of Ty and Ty, it is possible to calculate a
quantity called tipper, given by the expression:

Ts‘ﬁ,f+‘l',' (2.50)

For a one dimensional case, the tipper is always sero.
For a two dimensional case, Ty is szsero for the T™ wmode.
Thus in a 2-D situation, Ty is szsero along the strike
direction. Tipper can also be used for detection of the
high conductivity side of a contact(Vosoff, 1991; Orange,
1989). A more detailed discussion on the dimensionality
paramsters can be found in Beamish(1986).



CHAPTER 3

DATA ACQUISITION AND
PROCESSING
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3.1 SENSORS

The instrumental set up for NT data acquisition can
be divided into two parts - the sensing system and the
recording system. The sensing system is comprised of a
number of sensors vhich detect the time varying electric
and magnetic fields. The recording unit is responsible
for recording and storing the data. The recording unit
may include computer capability for initial in-field

analysis and evaluation of the data.

A typical sensing system consists of three magnetic
field sensors and two pairs of electric field sensors. A

three dimensional field arrangement of sensors is shown

used for recording the potential differences between the
two pairs of points. When divided by the distances

the electrodes so the results give the average values at
the point of reference (normally the ocenter of the
spread) . The horiszontal x component, Ex, of the electric
field is obtained along the line joining the electrodes
in the x direction. Similarly, Ey is obtained along the
1ine joining the electrodes in the y direction. The
choice of electrode specing is important. If the spacing



Fig.3.1: A three dimensional field layout of detectors.
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is too large, the magnetotelluric signal between the
electrodes may be overshadowed by noise. On the other
hand, if the spacing is too small, noise generated by the
electrodes may overpower the signals. Therefore, an
optimumn spacing must be used so that the noise effects
are minimal. Normally a spacing of 350-300m is considered
to be appropriate in most practical situations (Dobrin
and Savit, 1988). To minimize motion induced noise, such
as that due to sensor and wire movements due to wind and
ground vibrations, the wires and electrodes must be
firmly fixed on the ground. Also at high frequencies, the
vires joining the electrodes must not contain loops or
additional voltages will be induced in the wire by time
variations in Hg(swift, 1967).

The electric field measuring electrodes are made
from a highly conducting material such as copper,
cadmium, silver or lead and make contact with the ground
through copper sulfate, cadmium chloride, silver chloride
or lead chloride solutions so as to be non-polarizing and
lov noise. Generally cadmium electrodes are not
because of their toxic nature. Petiau and
Dupis(1980) describe a Pb-PDCl; system in Plaster of
Paris or clay which is stable if properly made and the
electrodes used in this study are of this type. An
electrode, when planted in the earth, can be considered
@8 an electrochemical cell that gives rise to a voltage




at the interface betwveen the electrode and the earth.

and is considered as noise. It depends on the chemical
interaction between the materials in contact and the
ambient temperature. Often it is advisable to install the
electrodes a day before the measurements are to be made,
to enable the system to attain equilibrium. It is also
advisable to select measurement sites that are as far
avay from power lines as possible since earth currents
caused by these can saturate the input amplifiers and so
the magnetotelluric signal becomes buried in the power
line noise. Nearby lightning also affects the
magnetotelluric signal and can appear as spurious peaks
unless the preamplifiers have high common wmode noise

The magnetic field is measured using magnetic
sensors along three mutually perpendicular directions.
Sensors buried just below the surface of the earth (to
prevent disturbance by wind) in the x-y plane mneasure
Hy and Hy components. The vertical oomponent, Ng, is
measured by a third sensor which is buried vertically.
The magnetic sensors and electrodes are connected to a
preamplifier and the signals are then sent to the
recording unit through a co-axial cable.



The three components of the magnetic field are
measured using either a 8QUID(Super Conducting gQuantum
Interference Device) or a set of induction coils. The
induction coil system consists of three coils, one feor
recording each of the three, Hy, Hy and Hg, components of
the magnetic field. Each induction coil has thousands of
turns of copper wire wound around a metallic core. Rach
coil produces a voltage that is proportional to the
product of its cross sectional area and the time
derivative of magnetic induction, B, through its area.
For a sinusoidal variation in magnetic induction, the
output voltage increases with increasing frequency. In
most practical situations, the magnitudes of the fields
to be measured are small. Therefore, it is advisable to
attempt to increase the voltages before the signals are
fed into the preamplifiers. The area of the ooil can be
increased substantially if it is to be laid out flat on
the surface to sense the vertical component(Vosoff,
1991). It is also known that the output is proportional
to the number of turns in the ooil. Therefore, the
greater the number of turns, the higher the output. This,
howvever, should be vithin practical 1limits. PFor sensing
the horizontal components of the magnetic field, wire is
wound (fewer turns as ocompared to that for the vertical

component sensor) around a ocore of high magnetic
permeability material such as mumetal, molly-permslloy or




ceramics such as MN-60 (Ceramics Magnetics Inc.: Vosoff,

1991) are used for higher freguency signals.

The high performance induction coils also have many
built in ecircuits including distributed resistance,
inductance and capacitance as well as ocore losses. The
voltage output from the circuit decreases vwith increasing
frequency above the resonant frequency of the cirocuit.
Also wvhen designing a coil it is important to have proper
impedance matching between the coils and the amplifiers.
Detailed accounts of coil design can be found {n
Clerc(1971), Karmann(197S, 1977) and Stanley and

The second type of magnetometer, called SQUID, also
known as a cryogenic magnetometer, is a sensitive device
capable of detecting even the slightest variation (of the
order of 10-% y) of the magnetic field. It is based on
the principle of the Josephson ijunction effect in
superconductors. A SQUID has a high dynamic range and low
inherent noise. The systea is compact and lightweight and
all the ocomponents are packed in a single unit. The
instrument requires, for its operation, a ocontinucus
supply of liquid helium to keep the eystem
superconducting. A detailed discussion on SQUIDS, in
geophysics, is available in Weinstock and Overton(1981).
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In the field, all the ocoils and electrodes are
connected to preamplifiers where the signals are given an
initial stage of amplification. The preamplifiers are in
turn connected to a recording unit (normally in a
recording truck) via a coaxial cable. Various stages in a
typical data acquisition system are shown in Prig.3.2. The
preamplifier outputs are fed into input amplifiers where
the signals are further amplified before removing the
of notch filters. The signals are next passed through
various gain controls and finally fed into an analog to

digital converter (A/D). The digitiszed signals are then

a magnetic medium. There may be a number of peripheral
devices connected to the computer such as a printer and a
monitor. These peripheral devices are used for monitoring
and controlling the entire recording system.

3.2 THE SPAM SYSTEM

The SPAN (Short Period Automatic MNagnetotelluric)
data aoquisition system at the University of Alberta has
y range of 0.01-128Ms. The entire freguency
range of SPAN is divided into four bands with different
sampling intervals and within wvhich different mmbers of
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Fig.3.2 : A typical data aoquisition systea.



43

frequencies are chosen for analysis. The four frequency
bands are numbered 0 through 3 with nominal frequency
ranges and sampling intervals as shown in Table 3.1. Data
are recorded in each band for a number of time periods
called windows. A typical number of windows recorded in
each band is 48. In each window, the system records 256
samples of each of the (five components of the
electromagnetic field as indicated in Table 3.1. Typical

Band Ne. )
Fregueacy range (Ns) 16-128 2-=16 «2%=2 .0125-.239%
1 )

¥o. of wvindows 48 48 48 48
Ne. of cempeneats S S S S
samples/ecnpoasnt 256 asé 256 256

Table 3.1: Default SPAN system settings.

When at a site, the SPAN data are recorded on
nagnetic ocartridges. BNormally, two ocartridges are
required per site, vwith each cartridge ocontaining twe
bands of data. The data recording format is as follows

(SPAN reference manual):



Cartridge strueture

S$12 blocks (numbered 0-511) of 3512 bytes each
logically 4 tracks (2 physically) of 128 blocks each
each SPAM band occupies one or more consecutive
logical tracks

each track consists of a header(2 blocks), time
series data(up to 120 blocks) and results of
preliminary analysis(6é blocks) in order.

Header structure

& header block is vwritten to the first block of each

track which is repeated for safety on the second

block

all the information is in 2 byte integer or

character

assume first 128 bytes of block read into an array

INTEGER®*2 HEAD(64)

(1) t A2 ‘#¢' for valid header block

( 2) ¢t site number (1-999) as entered

( 3) : band number (0-3) as entered

( &) t logical track number (1-4)

(9) : cartridge mode (1-3; J=time series
stored)

( ¢) t number of samples (128/2356); normally
ase

(7 : maxisum number of tracks allowed(1-4)
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* (8) $ digitizing rate in
Hz(16384,08192,...,4,2,1)

* (9) $ gain shift normalization number
* (10) $ wait before digitise cycle
* (11) ¢ number of channels used(3-7)

* (12-20) t 912 physical channel numbers in use for
each logical channel name

* (21-38) : 9A4 logical channel name seqguence

* (39-48) t 712 vhere logical channel is telluric,
the telluric line lengths in cwm

. (46) ! spare

* (47) : number of coil set in use (1-2)

* (48) t SPAM analysis program version number
. (49) : spare

* (350-55) $ 6A2 SPAM identification name
* (56-64) t spare

The above structure is repeated for all subseguent
logical tracks on a cartridge.

The SPAN system also vrites the results of some
preliminary analysis at the end of each track. The SPAMN
ocomputer is ocapable of doing preliminary processing and
inversion of data at the end of a site. It takes
approximately 12 hours to complete & site on a day vhen
the signal is good. The recorded data, in the form of
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time series, is brought to The University for detailed
processing and interpretation.

3.3 DETAILS OF DATA ACQUISITION AND ANALYSIS

In west central Alberta, the area under
investigation, magnetotelluric data were acquired using
the sensor layout shown in Fig. 3.1. On the plane of the
earth the center of the layout wvas taken as the origin,
the north being the positive x-axis and the east being
the positive y-axis. Before starting the SPAM system, it
is ocustomary to measure the resistances and self
potentials across the two pairs of electrodes. It is also
necessary to measure the spacing between the electrodes.
The electrode spacing for all the sites in west central

Alberta was about 50-100m.

The process of data acquisition and recording is
initiated by activating a program called SPAN that
prepares the systea for receiving and recording the data.
Input to the program is the site number, the recording
mode of the ocartridge, the recording format, some
hardvare information, electrode spacings in kilometers
and the acceptance oriteria. The electrode specings are
required to calculate the electric fields from the
msasured potential differences across the electrodes.
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They are recorded in the units of milli-volts/km. Data
are accepted for recording only if required standards, as
defined by certain acceptance criteria, are met. In most
cases the acceptance criteria of 8 frequencies, 0.1 power

and 0.8 coherency vere used.

The coherency criterion is the minimum coherency for
a frequency to be accepted. A low coherency (e.g. 0.7)
will accept data of poor quality while a high
coherency(e.g. 0.9) will accept only good quality data.
It may not alvays be possible to obtain highly coherent
data.

The power criterion is the ainimum power, in milli-
gammas, of both Hy and Hy for the frequency to be
accepted. The ninimum power setting depends on the

noise ratio. The value used will vary from band to band
due to the natural power versus frequency distribution. A

power. A suitable value can be found after a few trials.

The fregquency criterion is the least number of
frequencies to be accepted, satisfying both the ocherency
and power criteria in a window. All the analysis sets in
use must satisfy their own minimum freguency criteria.



accepted freguencies are stacked. A high value (e.g. 9
frequencies) will accept wide band data vhereas a low
value(e.g. 4 frequencies) will accept a few good
frequencies. If the value is set to zsero then the signal
gquality for that analysis set does not affect the

acceptance of other sets.

The data from the field, acquired using the SPAM
system, are then brought to The University for processing
on the University of Alberta mainframe computer system
called the Michigan Terminal System (NTS). The data are
first transferred to IBM formatted diskettes from the
SPAM cartridges and then transferred to NTS using a file

transfer program.

The magnetotelluric data processing package on NTS
consists of a number of modules, each module doing a
specific job. The first module, which consists of a
number of sub modules, reads the data and converts thea
to appropriate format after performing some preliminary
checks on the data. The formatted data are stored in four
files, each file corresponding to a band. Data from these
four files are then fed into the second module vhere Wiy
Aare processed to create the spectra files. Onoe again,
there are four spectra files each one corresponding to a
band. In the third module, data are pro sd further to
yield the tensor eclements for all the freguencies. The
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fourth and last module is responsible for calculation of
apparent resistivities and phases along with other
quantities (to be explained later). The fourth module
also creates a plot file that is compatible with the
pPlotting 1library on NMTS called plotlib. The processed
results are finally stored in files beginning with names
ANAVTLS followed by a site number. Finally the results
from the AMAVTLS files are plotted graphically on a
Calcomp colour plotter. For several practical reasons,
however, all the plots in this compilation are shown in
black and white. One such plot is shown on the next five
pages for site 163. A typical data processing flow chart
is shown in Pig.3.4. Plots for all the other sites are
appended to the thesis in Appendix A. All the basic
processing is performed using the equations developed in
Chapter 2.

The first plot of site 163, numbered as PFig.3.3a, is
comprised of graphs of apparent resistivities, phases,
ocherency, skewv and number of estimates, all plotted
against frequency. There are two apparent resistivity and
phase plots. The first twvo graphs, titled RHOXY, show the
apparent resistivity and phase, Pxy ond 0,,, along the
north-south direction (in the field, x is normally taken
as magnetic north and y as megnetic east) wvith two values
at each freguency. One value corresponds to the so called
upward biased estimate of the tensor eclements while the



other ocorresponds to the downvard biased estimate.
Similarly the two graphs under the title RHOYX show the
apparent resistivity and phase, Pyx and ny- along the
east-wvest direction at each frequency, both with upward
and downvard biased estimates.

It wvas stated in section 2.4 that many equations
could be set up using different combinations of the
components of the time varying electromagnetic field for
estimation of a particular tensor element. In fact, it is
possible to set up six independent equations for
estimation of esach one of the four tensor elements. The
six equations for one such tensor element Zxy (Sims et

al., 1971), are as follows:

(3.1)

(3.2)

(3.3)
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Pig.3.4 : A typical data proocessing flow chart.
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(3.9)

-

(3.6)

vhere i denotes a measured estimate of Zyy, and products
of the type (A,B,) represent auto and cross pover spectra.
It has been observed that the expressions (3.3) and (3.4)
become unstable for one dimensional cases, particularly
wvhen the incident fields are unpolarized (Sims et al.,
1971). Por that case (E,E,XE.H.YEH)) anda (HH)) tend
towvard sero so that equations (3.3) and (3.4) become
indeterminate. The other four equations are stable and
correctly predict Sxy provided the incident fields are
not highly polarized. The same is true for the other

three tensor elements.

Bgquation (3.6) correspond to that wused for
estimation of 3Zyy by Swift(1967). He showed that the
estimates of 344 wvere biased down by random noise on the
H signal but were not affected by randoa noise on the k-




signal. It was similarly argued that of the other stable
estimates, two are biased down by random noise on N and
are not biased by random noise on E (e.g. equations (3.85)
and (3.6)) while the other two (e.g. (3.1) and (3.2)) are
biased up by rand;n noise on B and are not biased by
randor noise on H. This is what is meant by upward and

downwaru biased estimates.

Coherency in FPig.3.3a is plotted against frequency
and, as mentioned earlier, is a measure of the goodness
of the estimates. This is plotted for both upward and
downwvard biased estimates. Similarly skew, plotted
against frequency, is calculated using the expression
(2.47) for upward and downward biased estimates. Skev, as
explained in Chapter 2, is a dimensionality parameter.

The number of estimates is the maximum number of

vindows that were used at a particular frequency for
wvhich the power and coherency criteria were satisfied.
The greater the number of estimates, the better the

results.

The second plot of site 163 is named as Fig.3.3b and
is an average of upward and doviward estimates of
Fig.3.3a. Such average estimates are of immense
importance in cases where it is not possible to use each



»
of the individual biased estimates for further analyses
and interpretation.

Fig.3.3c shows the third part of the plot for site
163. The (figure contains graphs of major and minor
apparent resistivities and phases, coherency, number of
estimates, skev, azimuth and invariant apparent
resistivity and phase, all plotted against frequency for
both upward and downward biased estimates. The plots of
apparent resistivity and phase against frequency,
headlined as MAJOR corresponds to E-polarization while
the plot headlined as NINOR corresponds to N-
polarization. These plots are obtained after rotation of
tensor elements in such a wvay that the off diagonal
elements are ninimized. The angle through wvhich the
tensor elements are rotated to obtain wminisum off
diagonal elements is called the aszimuth and defines the
strike direction at a particular frequency.

Ideally the off diagonal elements should be sero
along the strike direction. This, however, is not true in
real earth situations because the data are always
oontaninated with noise. To understand the proocedure of
rotation, oonsider the field measurement oco-ordinate
system defined by the right hand Cartesian oco-ordinate
system X, Y and 5. lLet the geological strike direction be
defined by the co-ordinate system X', Y' and £°'. If the



angle, 6, between the X direction and strike direction is
known then the rotated tensor elements are given by the

relation (Swift, 1967):

z.][c cs cs sYz.
’ 1 _q z
z,(.|-cs c’ i cslz, (3.7)
z.| |-cs -s¢ ¢ cs]z,.

s -cs -cs clz,

N
]

vhere C=cos 0 and 8=gin 0.

In almost all practical situations, angle 0 is not
known at the beginning. Therefore, it is necessary to

determine a criterion to rotate the impedance tensor
through an angle 6p that will make Z_ and Z smsinima.

This wvas suggested by Svwift(1967) and later described by
Vosof£(1972). The aim is to maximize the value of
|2'.(0f +|z;_(0)|’ for a particular angle 09. This can be
achieved by differentiating Z,(6) and Z (6) given by
equation (3.7) and finding the value of 6p, measured in
clockwise direction. The angle 0g is given by:

0, = tun Fn =Ty W2y ¢ 2, ) +(Zy -2,) (2, +2,) (3.8)

‘ lz-'zwr'hw *l-r




vhere * indicates complex conjugate. Eguation (3.8) has
four solutions at 900 intervals implying two mutually
perpendicular strike directions. To choose between them,
it 4is necessary to have some other independent
information such as the relationship between the
magnitudes of measured vertical and horisontal components
of the magnetic field or some kind of geoclogical

information.

Fig. 3.3c also shows the plot of azimuth against
frequency for upwvard and downward biased estimates. This
plot gives an 1idea of the strike direction. It is
interesting to note the variation of strike with

freguency.

frequency, titled INVARIANT, for upward and downward
biased estimates is also shown in PFig.3.3c. The
determinant invariant resistivity (piny) and phase (éiny)

are given by:

P -il!.l‘ (3.9a)



(3.9p)

vhere %4t is given by the following (Berdichevsky and
Dimitriev, 1976):

(3.10)

The fourth plot of site 163, rig.3.3d shows
the average of upward and downward biased estimates of
all the quantities displayed in PFig.3.3c. The quantities
in Pig.3.3d are wused for further analyses and

interpretation.
The fifth plot of site 163, Fig.l.lde, gives the
1962, 1983). The figure shows the magnitudes and asimuths

of REAL and INAGINARY parts of the induction arrows along
vith the number of estimates.



CHAPTER 4

ANALYSIS OF THE
RESULTS



4.1 ANALYSIS OF PROCESSED DATA

The process oOf interpretation of magnetotelluric
data can be divided into two types - semi-guantitative
and quantitative. The semi-quantitative interpretation is
done using a set of plots called pseudosections while
quantitative interpretation is done by inversion of the
data and production of depth sections.

It is customary in magnetotellurics to construct
pseudosections. These plots give the distributions of
apparent resistivities and phases against frequency along

between the mutually perpendicular electric and magnetic
field components. Typical peeudosections are shown in
Figs.4.1a and b. These are the apparent resistivity and
phase peseudosections for profile number 1 of Pig.l.1.
Fig. 4.1a gives the apparent resistivity against
(indicating an increase in depth due to the skin depth
effect). The site numbers and distances are marked along
the horisontal direction. The plotted contours and their
values are logarithms to the base 10 of the apparent
resistivities. The plot shows a general increase in
resistivity with decreasing freguency except beneat !
sites 208, 163 and 203 wvhere the apparent resistivities
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rig.4.1: Pseudosections for profile 1. (a) Apparent
resistivity (contour values in fi.»s on log scale); (b)
Phase (contour values in degrees).



are lower as compared to the surroundings. MNoreover, the
nature of the contour lines at lov frequencies suggests
horisontal layering at depth except toward the left
boundary where the contour lines tend towvard the

vertical.

The pseudoss~tion for phase, shown in Pig.4.1b {
similar in nature but different gquantitatively. It is
evident that the phase decreases with decrease in
frequency. The nature of the phase contours at low
frequencies again suggests layering, particularly beneath
sites 207, 206, 208, 163 and 209. In general, low phase

values correspond to high resistivity.

The pseudosections for profile 2 (see Fig.1.1) in
rig.4.2a and b show fairly 1low apparent resistivity
(hence high conductivity) of 6.3 im in the frequency
range of 100 to 10Hz. The apparent resistivity increases
with decreasing fregquency. The nature of the contour
lines at low frequencies indicates layering.

Profile 3 is approximately perpendicular to profile
1 (see Pig.1.1). The pseudosections of this profile shown
in Pigs. 4.3a and b reflect this by the nature of the
almost vertical ocontour lines beneath sites 163 and 209.
A region of low resistivity (2.51 fim) in the freguency
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mi:tlvity (contour values in fI.m on log scale); (b)
Phase (contour values in degrees).
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range 0.01-1Hz is indicated between sites 209 and 202 and
a further lov resistivity sone in the range 10-100M:z
between sites 209 and 20).

Profiles 4 and % in Pigs. 4.4a, b and 4.5, b again
indicate layering at depth with a general increase in
apparent resistivity with decreasing frequency, as well

as some smaller features.

One of the most important steps in interpretation of
magnetotelluric data is to convert the distribution of
apparent resistivity against frequency into a
distribution of true resistivity against depth. Such a
transformation yields the layer parameters (layer
resistivities and thicknesses) and can be performed by
the process of inversion. In this work, the invariants
from the processed data from each of the thirteen sites
were inverted using the Fischer (Frischer and Le Quang,
1982; Weaver and Pischer, 1990) inversion technique to
obtain the layer paramsters.

An output from a one dimensional Fischer inversion,
tor site 163, is shown in Pigs. 4.6a and b. Inputs to the
inversion program are the apparent resistivities, phases,
freguencies and errors in apparent resistivities amd
phases at each freguency. Data with large errors were not
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included. In Fig.d.6a, the uninverted data are
represented by triangles. The eolid ocurves are the
responses calculated from the layer parameters obtained
through inversion. Fig.4.6b shows the distribution of
resistivity with depth. The layer parameters are listed
on the right hand sides of the plots. The outputs froa
Pischer inversions for the 12 other sites are attached in
Appendix B. A careful look at all the plots shows a
fairly good degree of match between the field curves and
the curves obtained through inversion.

The Fischer inversion program used in this work is a
combination of techniques developed by Bostick(1977),
Fischer and LeQuang(1982) and Weaver and Pischer(1990).
The inversion procedure developed by Bostick directly
provides the layer parameters (resistivities and depths)
from which an appropriate and smooth resistivity curve
can be drawn. The Fischer-lLeQuang procedure, on the other
hand, calculates a best (fitting forvard model under
oertain physical constraints. The program used in this
work oombines the Bostick inversion procedure with the
Fischer-leQuang forvard modelling technigque, so that a
best fitting model with appropriate mmber of layers {s
found automatically. The technigue, though
computationally intensive, yields good results. The
detailed algorithm ocan be found in Weaver and
Pischer(1990).



7

In the processing and interpretation of
magnetotelluric data, it is essential to obtain a
distribution of layer resistivities with depths along
profiles - thus describing the subsurface resistivity
distribution in a vertical plane. A plot showing such a
distribution is called a depth section. In this work,
depth sections were constructed along the five profiles
(Frig.1.1). These depth sections are shown in Pigs. 4.7
through 4.11. Depth (vertical), increasing downwards,
and distance (horisontal), increasing to the right, are
shown on a linear scale. The values on the contour lines

are logarithms (base 10) of the resistivities.

The depth section for profile 1, Fig.4.7, shows a
general increase in resistivity with increasing depth
along the entire profile. The layers tewd to be
relatively horisontal at shallow depths but inclined in
deeper regions. The lowest resistivity on the section is
between the sites 209 and 203 at a depth of 1km and has a
value of 7.9flm. There is also a lov of 20{lm under site
206 at a depth of approximately 4km and a relatively high
resistivity sone at 8Ska depth bensath site 208 compared
vith the rest of the section at that depth.

Sections in Pigs.4.8 and 4.9 for profiles 2 and )3
respectively shov a gensral increase in resistivity with
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increasing depth. There do not appear to be any localised
regions of high or low resistivity in these sections. The
ocontour lines in the two figures indicate the presence of
layering. Two interesting structures are evident under
site 203 (rig.4.8) corresponding to resistivity contours
of 15.80m and 251.2(Im (contour values 1.2 and 2.4). The
girst structure is approximately at a depth of 4ka while
the second is at 7-8km ana below. The nature of the two
contour lines suggests faulting. The deeper regions of
profile 3 (rig.4.9) show vertical layering with high
resistivity in the left half (i.e to the south). The
right half (sites 163,209 and 203) appears to be of
higher conductivity and may reflect the deep conductive
structure found by Ingham et al(1983) which they
suggested has its top at approximately 5-10km and extends

to great depth.

The dcpth section for profile 4 (Pig.4.10) is of
particular interest. It shows the general trend of
increasing resistivity with increasing depth. The
variation in slopes of contour lines is gentle at shallow
depths. Once again the nature of the oontour lines
suggests layering. The most interesting feature in this
depth section is the presence of a high resistivity
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structure under site 205 - the same one that appears in

profile 2 (rig.s4.8).

The fifth depth section, Fig.4.11, is similar to the
others in most ways. There is a general increase in
resistivity with increasing depth. There are no isoclated
zones of high or low resistivities. The general trend of
contour lines indicates stratification. As in the case of
profile 3, the right half (in this case the eastern part)
is of higher conductivity than the left (to the west).

Another way to show the resistivity distribution in
an area is to construct plan maps of the distributions
for different depths. Since the planer coordinates
(latitude and longitude) of all the sites are known,
contour maps of resistivities at different depths (from
the Pischer inversions) can be prepared for the entire
area. One such plan viev is shown in rig.4.12 for a depth
of 1km. The vertical scale represents the latitude while
the horisontal scale represents the longitude. The
contour values are the logarithas(base 10) of the true
resistivities. Asterisks mark the site locations. Similar
maps of the resistivity distributions for 7 additional
depths between 2 and 18km are given in Pigs. 4.13-4.19.

The plan maps (Pigs.4.12 through 4.19) show that
there is a general increase in resistivity with depth.



X ]

Howvever, 3zones of lower resistivities occur at all
depths. One such interesting sone 1lies in the region
approximately 53.25-53.4°N and 117.4-117.5°. This sone
appears prominently at 2km and is present to a depth of
skm with resistivity values over that depth interval
ranging from about 9{lm to about 23(Im. Below 3km, the

6km), though the low resistivity szone persists to great
depths in the southwest of the zone (near 53.27°N and

117.539W at 9km on Fig.4.18).
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4.2 TWO-DIMENSIONAL MODELLING

Modelling and inversior : - amportant aspects of
geophysical interpretation, ar? this is particularly true
in magnetotellurics. Depemding on tha type of problenm,
modelling and inversion mey bve -ne dimensional (1D), two
dimensional (2D) or theees 4imensional (3D). One
dimensional modelling and inversion have already been
discussed. Detailed accounts of 1D-modelling and
inversion can be found in Rokitiyanski (1982),
Vozoff (1991), Oldenburg(1978) and Wu(1968). There are
several well developed schemes for 2D and 3ID forward
modelling but schemes for 2D and 3D inversions are yet to
be perfected. Most of the 2D inversion schemes so far
use the results of one dimensional inversion. Noreover,
true two dimensional inversion procedures are found to
work well only on synthetic data. The same is true for
three dimensional procedures. Because of the complexity,
non-uniqueness and uncertainties of the models and their
responses, 2D inversion and 3D modelling and inversion
wvere not applied in this work. Hence, these vill not be
discussed. A two dimensional forwvard modelling scheme
wvas, however, applied h%ere. A brief description follows.

Two dimensional forward modelling involves the
solution of the set of equations (2.33 through 2.38)



developed in Chapter 2. The differential equations
governing two dimensional modelling were solved using the
finite difference approach developed by Jones and
Price(1970), Jones (1971, 1972) and Jones and
Pascoe(1971), though some modifications have been made by
a number of subsegquent users. The most recent versions
vere modified to run on NEXT workstations and IBM
microcomputers. \l1 the programs are in FORTRAN 77,

Construction of any two dimensional model is a
difficult task partly because of non-uniqueness and
partly because of the inherent uncertainties associated
with the field data. A forward model can be expected to
give perfect results only vhen its response is compared
to the corresponding synthetic data. Two dimensional
models were constructed in this work using the results
from the one dimensional Pischer inversions. Along a
profile, each station wvas assigned the layer parameters,
in the subsurface, based on the one dimensional results.

at the nmid point between the two stations. At the
extremes, the boundaries were set at infinity (at very
large distances compared to the station spacings).

The resulting resistivity oonfigurations for the
five profiles used for the forward modelling are shown in
Fige.4.20a through e. The units of length and resistivity



in the figures are in kilometers and ohm-m respectively.
Both E-polarization and H-polarization cases  re
considered in the modelling. The responses of the models
for the range of frequencies 0.05-100Hz were calculated
and pseudosections constructed. The model responses, as
contour plots of resistivities and phases (wodel
pseudosections), for each of the five profiles and for

both E and H polarizations are given in PFigs.4.21-4.30.

The responses of the two-dimensional models can be
compared with the results from the field data. Such
comparison provides a measure of the adequacy of
constructing the 2D sections from the 1D inversions and
as such provide the starting point for more detailed
modelling if desired.

A careful inspection of the model pseudosections,
constructed from model responses (Figs.4.21 through
4.30), and field pseudosections (Figs.4.1 through 4.5)
reveals the degree of similarity between the two. The
nature of the contour line labeled 1.2, at the top right
corner of the plots, is similar for profile 1 in the
model pseudosections and the (field peeudosection.
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Likewise, the appearance of the contours beneath sites
207 and 205 are somevhat similar. There is a distinct
similarity in contours, which tend to be horisontal at
lov frequencies, indicating horisontal stratification in
deeper regions.

For profile 2, the contour line labeled 1.0 and
originating at the surface is similar in the model
pseudosections and the field pseudosection. The line in
the model pseudosections, howvever, appears to penetrate
deeper. As in profile 1, horizontal layering is evident

at lower frequencies.

The degree of similarity for profile 3 is not as
great as those for profiles 1 and 2. However, the natures
of the contour lines labeled 1.4 and originating near the
surface around sites 163 and 209, are similar in model
and field pseudosections. Once again, as in profiles 2
and 3, layers tend to be horiszontal at lower freguencies.

The results for profile 4 are disappointing. This
may be due to the inadeguacy of the model in describing
the osubsurface and demonstrates the fact that
oonstruction of 2D models is uncertain wvhen dealing with
an finherently 3D earth. Usually, a number of
modifications to the models are reguired to obtain

acosptable solutions through modelling.
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The similarity between model and fiela
pseudosections, for profile S, is better than that for
protile 4. The contours in the left portion of the
pseudosections indicate that the layers in that region
tend to be inclined while the contours in the bottom
right corner of the plots suggest horisontal
stratification at lower frequencies and in deeper

regions.

Overall, the 2D modelling based on results from the
1D Fischer inversions produce pseudosections that are
similar to the pseudosections from the field data. This
means that to a first approximation, the electrical
structure of the region is described by the 2D models.
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Pig.4.21: Nodel peeudosections for profile 1 for B-
arisation. (a) Apperent resistivity (comtour values in
0.8 on log scale)s (b) Phase (contour values in degrees).
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Prig.4.22: Nodel pesudosections for profile 1 for N-
polarisation. (a) Apparent resistivity (comtour values in
Q.8 on log scale)s (b) Phase (contour values in degrees).
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Pig.4.23: Nodel peeudosections for profile 2 for B-
polarisation. (a) Apparent resistivity (contour values in
Q.m on log scale); (b) Phase (contour values in degrees).
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Fig.4.24: Nodel pesudosections for profile 2 for N-
polarization. (a) Apparent resistivity (contour values in
Q.2 on log scale):; (b) Phase (contour values in degrees).
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Fig.4.235: Model peeudosections for profile 3 for B~
polarisation. (a) Apparent resistivity (contour values in
N.m on log scale); (b) Phase (contour values in degrees).
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Pig.4.26: Nodel pesudosections for profile 3 for N-

polarisation. (a) Apparent resistivity (contour values in
0.m on log scale): (b) Phase (contour values in degrees).
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Pig.4.27: Nodel pseudosections for profile 4 for E-
polarisation. (a) Apparent resistivity (contour values in
R.m on log scale): (b) Phase (contour values in degrees).



10' lﬂt

LOG FREQ (Hz2)
10 1

10

10*

-

20 30 4o 50 60
DISTANCE (km)

-]
-
»
~
‘“ L ‘
Q

10"

LOG FREQ (Hz)
10°

10™

10

0 10 20 30 40 50 80
. DISTANCE (km)

Fig.4.28: Nodel pesudosections for profile 4 for N-
polarization. (a) Apparent resistivity (contour values in
0. on log scale); (b) Phase (contour values in degrees).
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Prig.4.30: Nodel pseudosections for profile 3 for BN~
polarisation. (a) Apparent resistivity (contour values in
Q.m on 1og scale); (b) PMhase (contour values in degrees).
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4.3 DISCUSSION AND CONCLUSION

Several general trends such as layering, resistivity
contrasts etc. have been identified so far in earlier
sections. In this section , the emphasis will be on
pinpointing the various features which are visible from
the plots (in particular, from the depth section and plan
view plots) and suggesting the possible causes for some

In the depth section for profile 1, there are at

resistivity contour(1.3) of resistivity 2000w
(approximately) beneath sites 207 and 206, (ii) the low
resistivity contour(0.9) of resistivity 8{lm at a depth of
about 1.5km, originating beneath site 209 and (iii) a
relatively higher resistivity pocket, indicated by the
contour line labeled as 1.9, of resistivity soflm. A
simultanecus inspection of the plan viev plots (Figs.4.12

208, 163, 209 and 203 reveals that there is a vhole range
of resistivities present in the region, from the surface
all the way down to the depth of 18kan. The lowvest
resistivity of about 100lm ooccurs along profile 1 at a
depth of 2km surrounding sites 207 and 206. The highest
resistivity of 316{la ooccurs along the profile at a depth
of 18km. At all depths, for profile 1, there are mno



abrupt changes in resistivities. It is interesting to
note that most of the sites along profile 1 exhibit a
resistivity of about 16{lm at 3km depth.

As in the case of profile 1, several observations
can be made from profile 2. As mentioned earlier, there
is a general increase in resistivity with depth. The
highest and the lowest resistivities along the profile
are 3160dm and 9{m which occur at depths of 18km and 2Zkm
respectively. The most interesting feature in the depth
section plot for profile 2 (Pig.4.8) is the contour(2.d)
of resistivity 2510Qm. The contour line originates at a
depth of 15km beneath site 201 and terminates below site
152 at a depth of 12km. The middle portion of this
resistivity contour shows a depression beneath site 204
and a hump beneath 205. It is difficult to confirm at
this stage what the hump signifies. It, however, appears
to be a structural feature, poesibly a fault that appears
as a rounded hump on the magnetotelluric depth section. A
seismic line north of site 2035, shot by Pan Canadian,
shows a subtle hump on the migrated seismic section. It
is, however, difficult to relate the two directly,
primarily because the hump on the seisaic section occurs
at a depth of roughly 3.5km while the top of the rounded
hump on the magnetotelluric section is at a depth
a.proximately Skm. Moreover, site 208 is at a distance of
approximately ¢ékm from the seismic line. Pan Canadian
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have interpreted the seisaic sections as indicating a
triangle sone in wvhich a thrust fault and a conjugate
fault form two opposite faces of a triangle. This
triangle sone produces the subtle feature on the seismic
section at a depth of about 3Ikm. The formation of the
triangle sons may have been associated with a deeper

in the magnetotelluric data and produce the high
resistivity zone at greater depth. Data from closely
to better define the triangle zone and the deeper
structure beneath it.

Profile 3, as in the other depth sections, shows a
general increase in resistivity with depth. There are
three important features wvhich can be noted from the
depth section (Fig.4.9). A region of low resistivity(12.s
fim) is present bensath sites 163 and 209. This low
resistivity region extends from Jkm to a depth of ékm and
has a lateral extent of about 10ka. This {s clearly
reflected in the plan viev sections, particularly for
depths of 1-3km (Figs.4.12 through 4.14). The same is
aleo reflected in the deeper plan viev plots at 4km, Ska
and 6km (Pigs.4.15 and 4.17) with somevhat higher
irs(1.3) of resistivity 200m in

resistivities. The
the upper part of the depth section(PFig.4.9) extend from
close to the surface to a depth of about 7km enclosing a



fairly large high oonductivity region. The third
interesting feature is the lov resistivity layer (about
320m) at a depth of 10km that roughly separates the high
and low resistivity regions. The resistivity ocontours
below this low resistivity layer are inclined.

The 1low resistivity layer mentioned above also
appears on the depth section plot for profile 4
(Pig.4.10). This is because sites 164 and 202 are common
to both profiles 3 and 4. The region above this layer has
lower resistivities. In the region belov the Ilow
resistivity layer, there is an increase in resistivity
with depth. The same hump as that of profile 2 ooours
beneath site 203 with its top at a depth of approximately
skm and displays a resistivity of about 20000m. A
resistivity of this value is generally considered to be
moderate, but with respect to the surroundings here it is
relatively high.

The depth section for profile 8 (Fig.4.11) shows two
important features. The first is the presence of a low
resistivity pocket of resistivity 20(dm bensath site 202.
This low resistivity pocket lies between 2ka and Ska
dopth and has a lateral extent of about 10km. The
resistivity in the vicinity of site 202 on the plan view
plots (Pigs.4.13 throwgh 4.16) varies from abowt 130m to
63lm over 2-Ska depth. The second noticeable feature in
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Fig.4.11 is the tendency of the layers to be inclined in
deeper regions.

There are several possible causes of high
conductivities in the earth's crust. High conductivity
taken alone in the earth's crust may be associated with
anelastic deformation processes in the lower orust or
tectonic processes involving the whole crust which may
form interconnected accumulations of carbon or minerals
such as magnetite (Stesky and Brace, 1973 de Beer, van
Syl and Gough, 1982; sShankland and Waff, 1977). High
containing metallic sulfides or graphite (Camfield et al,
1971; Camfield and Gough, 1977), or it may be associated
with hydrated rocks (Hyndman and Hyndman, 1968; Cochrane
and Hyndman, 1974), serpentinized rocks in buried oceanic
crust (de Beer et al., 1982), or fracture sones
containing interconnected saline water or with partial
melting.

Nyndman and Ryndman(1968) suggested that rocks
saturated vith wvater in the lower crust may account for
high oconductivity at shallower depths. Greenhouse and
Bailey(1981) suggested that it may be due to electrolytic
oconduction through pores and fractures, formation of
hydrous compounds vith silicates and lowering of melting
points of crystalline rocks resulting in partial melting.



Dvorak (1973) on the other hand has shown that free wvater
in interconnected pores is unlikely to provide high
conductivity at depths greater than 10km, where pressure
reduces the porosity of ocrustal rocks. This reasoning
seems to hold good in the area under investigation
because of the general trend of increasing resistivity
with depth. It may still be noted, however, that the
numerically high resistivities on the depth section plots
are considered to be moderate and higher only in relative

terms.

Stesky and Brace(1973) showed through experiments on
serpentinised rocks from the Indian ocean that these were
3-4 orders of  magnitude wmore oonductive than
unserpentinized oceanic rocks of similar compositions.
The process of formation and the conductive mechanisms of
serpentinised marine rocks were discussed by de Beer et
al(1982). They showed that such rocks in the lower crust
oould account for high conductivity.

In the present work, several high conductivity sones
have been cbeerved in the area under investigation. There
are several lov resistivity (high oconductivity) layers,
visible on the depth sections, with resistivities ranging
from about 32(a to asbout ¢3» and with depth extent
beoing 8-12 kn. The high conductivity region characterised

by several layers may oorrespond to the oonductive
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anomaly discovered by Ingham et al (1983) who placed the
depth to the top of the anomaly at about 10km but could
not ascribe a resistivity value to the anomaly. The
geothersal anomaly found by Lam et al (1982) was
interpreted by them to be the result of migration of
heated vater from the Miette region along ascending fault
planes in the lower Devonian and Cambrian sediments which
underlie the area at a depth of 3I-4km. This effect may
explain the presence of the two isolated pockets with
high electrical conductivities which are visible on the
depth section plots of profiles 3 and 5 and so may be
associated with saline water. Another possible
explanation, suggested by Ingham et al(1983) is that the
source of the geothermal and magnetovariational anomalies
is a body of partially molten rock at a much greater
depth in the earth. Such a possibility is indicated from
the magnetotelluric results in Fig.4.9, but more data are
needed to the north and west of the area to explain this
further.

It is difficult at this stage to ascertain the cause
of the hump (discussed earlier) that appears beneath
site 205. This hump can be seen on the depth section
plots of profiles 2 and 4. It is not a mathematiocal
resistivity ocontours because the isoline labeled 1.§
appears at approximately the same depths in Frigs. 4.9 and



4.10. It appears that this hump is associated with the
triangle sone as discovered in the seismic data with
faults that act as a physical medium for upward migration
of saline water (and hence also heat transport) which
results in a lov electrical resistivity szone as portrayed
by the presence of isolines just above the hump and the
conductivity anomaly as described by Ingham et al(19813).

It is well known that west-central Alberta is rich
in hydrocarbons. Figure 4.31 shows the locations of two
gas pools, Lambert and Banshee, which are in the vicinity
of sites 163, 209, 202 and 205. The two gas pools are
labeled as L and B in the figure. Information about the
tvo gas pools was obtained from the Geological Survey of
Canada (map 1338A, Gas Pools of Western Canada, June 130,
1981) and the ERCB (Alberta's Reserves of Crude 0Oil,
Gas, MNatural Gas Ligquids and Sulphur; at December 31,
1982). The mean depths to the formations of Lambert and
Banshee pools are 4430.8m and 4580.6m respectively. Both
pools produce saline water with the gas. This is
consistent vith the results from the Fischer inversions
for sites 163 and 209 vhich display low resistivities of
about 430m at depths of approximately 4.8ka.
Interestingly, the mean depth below the surface of the
Upper Devonian Pormation to the west of the fifth
meridian is approximately 4km as can be seen from the
geoclogical section in Pig.4.32. This figure also shows
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Pig.4.31: lLambert (L) and Banshee (B) gas pools along
with 13 sites and S profiles.
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several reefs with hydrocarbons to the east of the fifth
meridian. Since the area under study is known to have
concentrations of hydrocarbons, it is possible that the
lov resistivities in the region are associated with
hydrocarbon traps in the Upper Devonian. The lithological
logs near sites 163 and 203 also shov the Upper Devonian
at a mean depth of approximately 4km. These concordant
facts clearly suggest that the area under investigation
is indeed highly conducting and the high conductivity may
be associated with hydrocarbons as well as the presence
and movement of saline wvater (Lam et al, 1982). The work
of Lam et al (1985) shows that the highest geothermal
gradient of 369C/km (Fig. 1.2) is in the vicinity of
sites 163 and 209. They also showv that a high value,
158400 mg/L, of total dissolved solids (TDS) ocours in
the Upper Devonian. These data were acgquired from a well
located near sites 163 and 209. These results suggest

that the NT method may be capable of detecting high

and possibly hydrocarbons. However, to better pinpoint
hydrocarbon traps, a spatially high resolution NT survey

The resistivity values obtained for site 202,
through Pischer inversion, indicate a resistivity at
4.5xn is 280dn which is considered to be low. This depth
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Pig.4.32: The geoclogical section. The fifth meridian corre
to longitude 114°w.
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which is 4580.6m. The Fischer inversion for site 208,
which is also near Banshee, shows a somevhat higher
resistivity of more than 100{dm at 4.5km. It is below this
site that the high resistivity hump occurs on the depth
section plots. It is possible that the hump represents a
dome shaped dolomitic 1limestone trap that lacks
hydrocarbons but seems to deflect saline water and gas
upvard to form the Banshee pool. The hump is seen in
magnetotelluric data from only one site (205) and so it
is important that more data be obtained in that area to

confirm its existence and to better delineate its nature.

The presence of lowv resistivity szones is also
reflected in the Pischer inversion composite plots along
the five profiles as shown in Prigs.4.33a through e. The
solid 1lines 3joining the sites on the five profiles
indicate what is believed to be the electrical basement
with depth varying between about 3km to almost 10km. The
electrical basement depth may differ from that of the
geclogical basement. The depth of the geoclogical basement
in this area is greater than Ska as can be seen from the
geoclogical section of PFig.4.32 with apparent difference
between its depth and the oelectrical basement.
Lithological 1logs from wells near sites 163 and 209
indicate that the top of the Precambrian lies at about
Ska wvhile the NT data indicate a greater depth. It is
possible that the several thin lowv resistivity sones in
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the PFischer inversion ocomposites, above the basement,
correspond to hydrocarbon traps, in particular for site
163. It is difficult, at this stage, to ascertain the
cause of the discrepancy in depth between the electrical
and geological basement but a possible cause could be the
presence of static shift in the data.

static shift in a set of apparent resistivity curves
appears as a displacesent of one or a number of ocurves
vith respect to the others in the set, and is caused by
the presence of charges on near surface lateral
inhomogeneities (Jones, 1988). This results in erronecus
measurement of the horisontal component of the electric
field which in turn results in the displacement of the
apparent resistivity curves. The static shift effect is
essentially a near surface effect but in the measuresment
of apparent resistivities, the whole apparent resistivity
ocurve is displaced.

It has been shown (Jones, 1988), through wmodel
studies, that static shift does not affect the phases of
the NT impedance tensor. This independence of phases is
due to the finite electrode dipole separation. Pigs.ds.3éa
and b shov the apparent resistivity and phase plets for
all 1) sites. It is seen that the apparent resistivity
vhile the phase curves lie cleose together. In particular,
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Fig.4.34a: Apparent resistivity against frequency plot for 13

sites showing static shift in the data.
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the apparent resistivity curve for site 201 is shifted
relative to the other sites, the apparent resistivities
of wvhich generally lie close together (within one decade)
at high fregquencies. Site 201 is to the west of Minten
wvhere the geology is structurally complex. The
displacement of the apparent resistivity curve may,
therefore, reflect geology rather than a static shift
effect. For this reason, and since 1little shift {s
apparent amongst the other sites, no static shife
correction was considered. Whaler and Zengeni (1993) note
that static shifts are more common in areas where the
surface is highly resistive wvhich is not the situation

encountered in west-central Alberta.

Reddy and Rankin(1971) made magnetotelluric
measurements in the period range 1-1000 seconds at
sixteen sites across central Alberta. They presented
detailed results for thirteen of these sites. No detailed
results were presented by them from the two sites (Gregg
Lake and Foothills) that lie close to our survey area,
in the rocky mountains (and foothills) probably stem from
the oomplexity of the g¢geology. This is reflected in
anocmalously large skev values at intersediate periods
shown for two of our sites (206 and 207) that are to the
wvest (toward the mountains) in our survey area. Analysis
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of the data in terms of three dimensional structures must
be conducted in future.

Reddy and Rankin(1971) found the resistivities of
the sedimentary column to be of the order of a fev ohm
seters, and this is consistent with wvhat we have found.

few hundred to several thousand ohm meters. Their
evidence from southeast of our study area (their site
Alder Flats) suggests a Precambrian basement resistivity
of 70000lm at 4.5km. None of our data suggest a
resistivity this high. All the resistivities from our
data lie below 10000lm in our study area even at depths
greater than 10ka. This suggests that our area is
anomalous at depth with relatively lov resistivities
throughout. It is possible that the deep conductivity
anomaly observed by Ingham et al(1983) is a local
enhancement of a more videspread low resistivity zone in

the upper crust.

It is evident that two effects oocur in our study

and are probably associated with saline fluids. Theese
fluids have probably nmigrated upward along faults and
produce the thermal ancmaly in the upper part of the
section as described by lam et al(1962). These uprising




fluids have probably also carried the hydrocarbons from
source to the south and west to produce the gas pools
that occur in the area. The work of Lam and Jones (1985)
has shown fluid salinities as high as 180,000 mg/L TDS in
some formations (Miesissippian and Upper Devonian).
Secondly, it is evident that & relatively low
resistivity szone (compared with the rest of central
Alberta) ocours and appears to extend to some depth. This
may be related to the Inghamn et al (198)3)
of a highly conductive volume of rock that extends
through much of the crust and may contain partial melt of
tectonic origin. It is unlikely, though, that this
relatively widespread «conductive sone contributes
substantially to the 1local geothermal anomaly in the
upper sediments, though it may contribute to the slightly
higher than normal heat flow in the area as a whole.

Attempts were made to compare the magnetotelluric
results vith seismic sections and available resistivity

to shallowv depths because the seisaic sections
(proprietary information) supplied by Pan Canadian
extended to only about 4-Skm depth. The seismic sections
revealed the presence of a triangle sone, which is a
structural feature and may be related ¢to the
sagnetotelluric results. The results of oocmparisons



between magnatotelluric data and resistivity logs are
presented in Chapter 5.

4.4 SUGGESTIONS FOR FURTHER WORK

There is always a need for additional data, and in
particular, it will be beneficial to extend the
measurements northwvard and westward to further explore
the low resistivity szone detected there and which may be
associated with the Ingham et al(1983) anomaly. In
addition, more data from the present area, vwith more
closely spaced stations and at longer period are needed
in order to better understand the lateral extent of the
observed features and to explore the resistivity
structure at greater depth. Although there is no
consensus yet on the optimum spacing between the NT
stations, Jodicke et al.(1983) and Sule and Mutton(1986)
suggested a spacing of the order of a fev kilometers or

less.

The magnetotelluric measuresents provide much data.
interpretation from the invariant data, but all the
processed output such as upward and dovmward biased
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component may also be used for further analysis through
inversion and modelling. Keeping in viev the fact that
most subsurface <electrical structures are three
dimensional, detailed two dimensional modelling and
inversion and three dimensional modelling can be carried
out. Construction of profiles, at all the sites, froa

may throw additional light on the question of adequacy of
twvo dimensional models. It will be interesting to compare
the results in this thesis with the ones obtained using
the nev package called GEOTOOLS which is an interactive
magnetotelluric data processing system. It has been
difficult in this work to relate the geophysical results
vith geology because of the unavailability of adequate
published geological information. Extraction of
additional geological information from well logs as well
as further seismic data will provide a Dbetter
understanding of the geophysical nature of the area.

There wvere several computational constraints
involved during the ocourse of this work because the

programeé and packages used wvere spread across several

all the programs rumning on a single operating platfors
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It is common practice, in geophysics, to compare the
data obtained using different geophysical methods. This
type of comparison often gives a better insight into the
results primarily because of the inherent uncertainties
involved in geophysical processing and interpretation.
One of the secondary aims of this work was to compare the
results from magnetotelluric data with the available well
logs. Of the thirteen magnetotelluric sites in wvest-
central Alberta five were situated at well sites. They
are listed below with site numbers and the corresponding

site Number Well Ideatifier
152 08-32-351-19-WS (Nova et al Fickle)
163 10-34-51-22-W5 (Gulf et al Medlod)
201 06-28-49-26-W3S (Shell-Home Brule)
204 11-34-50-23-W5 (Esso Banshee)
208 10-04=51-21-WS (Citadel et al Lambert)

Several comparisons between the results from the
sagnetotelluric measu ts and the well log data can be
nade. These are Bostick-log, FPischer-log, NT-log models

be inverted using Bostick or Pischer inversions to cbtain
the layer parameters and these are then compared with the
distributions of resistivities vith depth from well logs.



These two methods were not used here primarily because of
the inherent non-unigqueness of the inversion schemes. The
statistical correlation method wvas not used for similar

reasons.

The NT-log mnodels method used in this work |is

believed to be the least ambiguous. The procedure
involves oonstruction of several one dimensional models
from well logs and calculating their forwvard model
responses and then comparing those with the
magnetotelluric data. In the present work for the five
sites, 1 to 5 models were constructed and their forward

responses calculated, the output being apparent
resistivities and phases for the given set of
freguencies. To construct the nodels, average
resistivities for different depth intervals were
determined from well logs. The interval lengths were 350m,
100m, 200m, 400m and 800m respectively for models 1 to 8.
The model responses along vwith the magnetotslluric
apparent resistivities and phases are shown in Pigs. 5.1
) S.5. The horisontal axes show the fregquencies, in
herts, wvhile the vertical axes showv  apparent
resistivities and phases in Oha-n and degrees
respectively.

A ocareful look at Pigs.5.1 a and b reveals that the



1%
magnetotelluric apparent resistivity curves are similar.
The measured curve is displaced from the model curves at
higher frequencies. This may be a result of a "static
shift” effect in the magnetotelluric results (Jones,
1988; Jiracek, 1990). At lower frequencies, the measured
values lie closer to the model 1 results than to the
other model results. This may reflect the fact that the
model resistivity values at depth are assumed values
based on the deespest known log values and may not well
represent the true resistivities. The comparison of the
phase responses for this well and the models in Pig.5.1b
shows that the phase is better represented by models 2
and 3 particularly at lower frequencies. This implies
that the values chosen for the models for below the log

The results for site 163 (rig.s.2) are
disappointing. The magnetotelluric data from this site
are very good and it is not known

vhy the comparison in

In Pigs.5.3a and b, the natures of the ocurves are
similar with the difference that in PFigs.la, the

resistivity model response curves are shifted dowvew

This shift may be related to a static shift in the
magnetotelluric data. There is a fairly good degres of
match in Pigs.5.4a and b betwveen the magnetotelluric data
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and model response ocurves at lov as well as high
frequencies. The match is not good in the medium
frequency range. In Fig.5.3a, as in Pig.5.3a, there is a
shift in the apparent resistivity model response ourve.
The phase response shovs some degree of match at higher
frequencies as seen in Pig.5.5b. The cause of the shift
is not known.

It has not been possible to quantify the degree of

field data primarily because of a number of severe
limitations. As mentioned, the well data extended over
only part of the section and, therefore, the deep
resistivities could not be determined and were taken
constant and equal to the value of the resistivity in the
deespest interval of the well. Similarly, some of the near
Another limitation was the format of the well data. The
data vere available only in analog form on charts and not

as digitized data. This imposed severe restrictions on
data manipulation. Moreover, the well logs were available

only for the five sites considered above. To be able to
Quantify this type of comparison, it necessary to have
digitised desp well logs for a large mmber of sites.
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PFig.85.2b: Phase and model responaes for site 163.
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APPENDIX A



All the figures in Appendix A appear in the same order as
Figs.3.3a through 3.3e wvith each figure shovwing the site
number at the top.
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APPENDIX B



All the figures in Appendix B appear in the same order as
Figs.4.6a and 4.6b. The site numbers are ocontained in the
first line of the figures as in '1D-INVERSE AT 16)
(poltinvariant)’, the number 163 indicating the site
number .
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