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Abstract 

In October of 1988, magnetotelluric data in a frequency band 0.001 to 100 Hz were recorded from six 

diamond necklace array stations along a 30 km profile crossing the Kootenay River in southeastern British 

Columbia, Canada. Four stations are on the west side of the river, equally separated by 1 km; a fifth 

station is about 5 km east of the river; the sixth station is about 25 km east of the river. These data have 

been modelled by both one-dimensional inverse techniques and two-dimensional forward fitting. The results 

indicate the following: 

1. There is a low electrical resistivity basement underneath all six stations. The conductive basement 

under the four western most stations has a resistivity of about 10 · m and is located at a depth of 4:1:0.5 km. 

Just east of the river, the conductive basement. has about the same resistivity as that to the west but at a 

depth of about 8±1 km. Below the most eastern station, the resistivity of the conductive basement is about 

40 · m and. about 2 km deep. 

2. There is an electrical anomaly between the four western most stations and the station east of the 

river. This may be a consequence of the Purcell Trench Fault; in other words, this nearly-vertical fault may 

be just east of the river where a geological contact exists. 
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Grossary of geological terms 

Anticline : A fold, generally convex upward, whose core contains the stratigraphically older rocks. 

Anticlinorium : A composite anticlinal structure of regional extent composed of lesser folds. 

Cenozonic : An era of geologic time, from the beginning of the Tertiary period to the present. It is 

characterized paleontologically by the evolution and abundance of mammals, advanced mollusks, and birds; 

paleobotanically, by angiosperms. The Cenozoic is considered to have begun about 65 million years ago. 

Cretaceous : The final period of the Mesozonic era (after the Jurassic and before the Tertiary period of 

the Cenozoic era), thought to have covered the span of time between 135 and 65 million years ago; also, the 

corresponding system of rocks. 

Eocene : An epoch of the early Tertiary period, after the Paleocene and before the Oligocene; also, the 

corresponding worldwide series of rocks. 

Geosyncline : A mobile downwarping of the crust of the Earth, either elongated or basinlike, measured 

in scores of kilometers, in which sedimentary and volcanic rocks accumulate to thicknesses of thousands of 

meters. 

Jurassic : The second period of the Mesozoic era (after the Triassic and before the Cretaceous), thought 

to have covered the span of time between 190 and 135 million years ago; also, the corresponding system of 

rocks. 

Lithsosphere : The solid po~tion of the Earth, as compared with the atomosphere and the hydrosphere .

Mioge-ocline : A prograding wedge of shallow-water sediment at the continental margin or along,a geosyn

clinal seaway. 

Monocline : A local steepening in an otherwise uniform gentle dip. 

Normal fault : A fault in which the hanging wall appears to have moved downward relative to the footwall. 

The angle of the fault is usually 45°- 90°. 

Paleocene : An epoch of the early Tertiary period, after the Gulfian of the Cretaceous period and before 

the Eocene; also, the corresponsding worldwide series of rocks. 

Pluton : A body of rock formed by metasomatic replacement. 

Proterozoic : The more recent of two great divisions of the Precambrian. 

Thrust : An overriding movement of one cru~tal unit over another, as in thrust faulting. 

Trench : A long, straight, commonly U-shaped valley or depression between two mountain ranges, often 

occupied by two streams that drain in opposite directions. 
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Chapter 1 

Introduction 

1.1 Objectives of the present investigations 

As part of the southern Canada Cordilleran LITHOPROBE project, a magnetotelluric (MT) survey using a 

"diamond necklace array" was performed along an east-west transect near Creston, British Columbia, during 

the fall of 1988. The location of the survey is shown in Fig. 1.1. Variations in the earth's magnetic field 

(H::,H11 ,Hz) and the resulting induced horizontal electric field (E::,E11 ) were recorded at six stations, with 

four of them equally spaced on a 4 km east-west line on the west side of the Kootenay River and the other 

two on the east side of the river. 

The southern Canada Cordilleran LITHOPROBE is a part of the LITHOPROBE program funded by 

NSERC and EMR to support both geological and geophysical research of the lithosphere in Canada. The 

purpose is to enhance the understanding of the nature, timing and dynamics of the assembly of the Canada 

Cordillera, (i.e. for determining the position and configuration of the terrain and of the base of the continental 

crust, the internal structure of terrain, and the shapes of plutons, pockets of melt and tectonic heritage of 

the Cordillera). 

The Canada Cordillera is a relatively young mountain belt. The horizontal compression and crustal 

thickening in it are a result of collisions between the North American continent and aggregations of smaller 

crustal fragments that drifted against it and against each other, and eventually were accreted to its deformed 

western margin, where they now form part of a Cordilleran "collage" of accreted terrains. It is divided into 

five major physiographic belts from east to west (shown in Fig. 1.2), according to geological mapping: the 

Rocky Mountain thrust and fold belt (including the Purcell anticlinorium), the Omineca crystalline belt, the 

Intermontane belt, the Coast Plutonic complex, and the Insular belt. 

The dominant structural style of the Rocky Mountain thrust and fold belt is "thin-skinned", with the 

deformation largely confined to the supracrustal sedimentary wedge above the autochthonous North Ameri

can basement (Price, 1981). The Purcell anticlinorium is on the western margin of this thrust and fold belt. 

It is cored by Proterozoic strata that were deposited on or adjacent to the North American craton, and that 

were compressed and thrust eastward during the formation of the thrust belt. Structures and stratigraphy 
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Figure 1.3: Location of Purcell trench fault proposed by Archibald et al. (1984) 

on the west side of the Purcell anticlinorium dip ste~ply to the west. in a monoclinal fashion (Price, 1981) 

and are in complex juxtaposition with the easternmost accreted terrain in the Kootenay Arc. 

The Omineca crystalline belt, including the Kootenay Arc, straddles the complex tectonic boundary 

between the rear of the deformed miogeocline of the Rocky Mountain thrust and fold belt and eastern

most, Mid-Jurassic accreted terrains (Monger et al., 1982). This eastern metamorphic core zone of the 

Cordilleran orogen is characterized by widespread crustal extension which is superimposed on pre-existing 

crustal compression (Parrish et al., 1988). 

Price's reconstruction of the eastern part of the Canada Cordillera implies the existence of a major 

decollement zone beneath the Purcell Anticlinorium and Kootenay Arc, across which there has been ....... 100 

km of Late Cretaceous to Paleocene displacement. This Purcell Trench Fault is an east-dipping normal fault 

separating the Priest River Complex on the east from the Purcell anticlinorium. The Purcell Trench (shown 

in Fig. 1.3) intersects the Kootenay Arc in Kootenay Lake and extends southward into northern Idaho. 

Archibald et al. (1984) suggested that the Purcell Trench and Kootenay Lake mark the locus of the fault, 

i.e it exists within or below the Purcell Supergroup of the Corn Creek area. They suggested that the fault 

was active until the Early Eocene time. The southward exposure of deeper stratigraphic level and higher 

pressure mid-Cretaceous metamorphic assemblages on the west side of the trench and the difference in their 

K-Ar dates across the Purcell Trench from south to north imply that this Eocene fault dies out in the central 

Kootenay Lake region. 

Our magnetotelluric experiment is designed to traverse the Purcell Trench near the latitude of 49° 
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(Paulson, 1989). The purpose of this investigation was to establish information about the conductivity of 

the area which may be of value in answering questions about the Canadian Cordillera. 

1.2 Previous geophysical studies 

Lower crustal conductors have been reported beneath most of the Intermontane and Omineca belts of the 

Canadian Cordillera between 49° and 54°N. 

Hyndman and Hyndman (1968) concluded that the high conductivity layer under the North American 

Cordillera and at other locations was caused by water saturation in the lower crust of young geosynclinal 

areas. In stable shield areas, the crust has become dehydrated through metamorphic processes, through 

anatexis or partial melting and upward movement of granitic components. 

Gough et al. (1986) named several major conductive structures in western Canada: CCR, Cana

dian Cordilleran Regional conductor; NR, Northern Rockies conductor; SABC, Southern Alberta-British 

Columbia conductor; PG, Purcell Geoanticline; KA, Kootenay Arc. They suggested that mantle upflow tec

tonics dominated the conductive regions, which they believe caused the low resistivity there. They explained 

that partial melting in a large volume of the upper mantle is from the partial melting of mantle material 

and would be expected above an up current of mantle convection. 

Kurtz (1990) suggested that the fluids, mantle-derived water and silicate melts produced by partial 

melting can rise locally into the midlle and upper crust and can be trapped beneath an impermeable layer. 

Large-scale geomagnetic depth-sounding (GDS) mapping has shown that the west Cordillera, up to at 

least latitude 55° N, is underlain by a highly .. conducting .zone (Caner et al. 1967, 1971); its eastern limit 

is roughly the Rocky Mountains. Caner assumed that the most likely explanation for such a layer was the 

existence of hydrated material (Hyndman and Hyndman, 1968). 

Caner et al. found a sharp (near vertical) discontinuity in deep electrical conductivity structure, trending 

roughly east-west and located at the south end of Kootenay Lake, in their MT and GDS survey of 1970. 

They interpreted it as evidence for sinistral strike-slip which intersected the edge of the main conductivity 

layer underlying most of the western Cordillera, and they suggested that the anomaly is caused by the 

compositional nature of the low crustal conductive layer because the persistence of sharp discontinuities was 

over long periods. 

Jones et al. (1988) conducted a 27-site MT survey array on a 150 km east-west line about latitude 

49°30'N from roughly 115° W to 118° W. Their phase pseudosection on the profile indicates the existence of 

a variation in the lower crustal structure on either side of Kootenay Lake, and the existence of a conducting 

zone underlying the Purcell region at mid-crustal depth. 

In the progress report of Thomas et al. (1989), a description of their gravity survey in the Cordillera area 

was given. It indicates that across the Kootenay Arc, the gravity field maintains a level between -190 and 

-195 mGal. They concluded that the Nelson Batholith and Mid-Cretaceous granites are continuous at depth 

below a thin cover of Kootenay Arc and Proterozoic rocks. It is also indicated that in the Purcell area, there 

is an eastward rise in the underlying North American basement and there may be a causal relationship. We 

can also see in their Fig. 3 that the gradient of the contour in the area near 49° N and 116° 30' is much 
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greater compared with the regions nearby. 

Cook et al. (1988) presented an initial seismic-reflection structure for the south-east Cordillera. They 

suggested that the Purcell anticlinorium is cored by foreshortened Proterozoic supracrustal rocks that were 

carried imbricate thrust faults. Beneath the western Purcell anticlinorium and Kootenay Arc, the reflections 

associated with the Purcell mestratigraphy and its underlying crystalline basement terminate at about 20 

km depth and may be truncated against the east-dipping Eocene Slocan Lake fault zone. 

1.3 Outline of thesis 

The basic theory in Chapter 2 begins with a brief overview of the development of the MT method. Next, 

a derivation of the basic relations used in magnetotelluric& is given, followed by a description of canonical 

decomposition. A discussion of two-dimensional modelling and topography correction is presented. Finally, 

a one-dimensional inversion called minimum cross-entropy is introduced. 

The data acquisition is summarized in Chapter 3. Our "diamond necklace array" is introduced; the 

field-sensing, amplification, and recording system are described and the field procedure is outlined. 

The data processing steps required to extract impedance tensors from the raw data are described in 

Chapter 4. No program listings are included. 

An interpretation of the processed results is presented in Chapter 5. 
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Chapter 2 

Magnetotelluric Method 

2.1 Introduction 

The Magnetotelluric (MT) method is a geophysical technique for determination of electrical conductivity 

distribution underneath the surface of the earth. 

In the MT method, the source is the naturally-occurring, time-varying electromagnetic field. When this 

field interacts with the earth, electric fields are induced in the conducting subsurface. Measurements of the 

magnetic field at the surface and the electric field just within the surface contain information about the 

electrical properties of the earth. Because of the skin effect, different frequencies relate to different depths 

of penetraton into the· earth. Therefore the electric respom~es of the earth can be obtained as a function of 

depth by studying the frequency response of the fields. 

The MT method was proposed by Tikhonov (1950) and Cagniard (1953). Their analyses were based on 

the assumption that the source fields are plane-waves, normally incident to the earth. 

Wait (1954) and Price (1962) examined the validity of the plane-wave assumption. They gave a more 

general electromagnetic field as a solution to Maxwell's equations. Madden and Nelson (1964) demonstrated 

that source effects could not be ignored in a horizontally-uniform earth if the ratio of the wavelength of the 

source field ~ (wavenumber Z1) to the skin depth 6 is of the order of unity or less: 

~ = (wJ.trr/2)! < 1 6 Zl - I 

where w is the radial frequency of the wave, and the medium is specified by magnetic permeability J.1. and 

electrical conductivity rr. For the frequency range in most MT surveys; this ratio is greater than unity and 

source effects can be ignored. Experimental results have confirmed this condition. 

The impedance tensor was defined by Cantwell (1960), who proposed a tensor relation between electric 

and magnetic field vectors as 

and 
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in the general case of a three-dimensional earth, where E:, E11 , H: and H11 are the orthogonal components of 

the field intensities in the frequency domain, and Z::, Z:11 , Z11: and Z1111 are the elements of the impedance 

tensor relating the electric and magnetic field components. 

Vozoff (1972) presented a comprehensive overview of MT theory, instrumentation, field procedure and 

data analysis. 

The impedance tensor estimate can be biased by noise in the magnetic channels. Gamble (1979) intro

duced the remote magnetic reference method. In this method, the data from two sites were analysed using 

the magnetic fields at the other site as remote references. The noise on the magnetic channels to the two 

sites are assumed to be uncorrelated to each other. 

Large interpretation errors may occur in surveys close to slope variations if the MT field distortions 

are not considered. Chouteau (1988) gave a method to correct MT data for topographic effect caused by 

elongated escarpments, ridges, mountains, and valleys when those geometries can be represented by two 

dimensional features. 

A technique for MT data analysis, known as the canonical decomposition, was developed by Yee and 

Paulson (1987). The impedance tensor is decomposed into eight physically-relevant structure parameters 

which specify the characteristics of the earth system as well as the principal coordinate system for Z. 

A simple, approximate transformation was devised by Bostick (1977) to obtain an approximate one

dimensional depth-resistivity diagram which contains an indication of the data quality as well as the homo

geneity of the subsurface. 

Jiao and Paulson (1991) proposed a minimum cross entropy one-dimensional inversion method, which 

uses information previously known about the area of interest as an initial estimate and some ne.cessary 

conditions imposed on the real data as constraints. This method can give the only solution which is the 

closest one to the initial estimate which satisfies the data constraints at the same time. 

2.2 Magnetotelluric Impedance 

2.2 .1 Maxwell's equations 

Maxwell's equations for a medium of conductivity (1 are described in SI units as 

8b 
\i'xe+8t =0 

\7 X h- Bd =j 
8t 

V'·h=O 

V'·d=p, 

(2.1) 

where e is the electric field intensity in (V /m), b is the magnetic induction in (T), d is the dielectric 

displacement in (C/m), his the magnetic field intensity in a/m, j is the electric current density in A/m2, p 

is electric charge density in C/m3 , and the medium is characterised by the constant parameters JJ and e. 
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If the electric and magnetic fields are eiwt time-dependent, after a one-dimensional Fourier transformation, 

we obtain Maxwell's equations in the frequency domain: 

V x E+iJ.twH = 0 

V x H- (o- + iew)E = 0 

Y'·B=O 

Y'·D=O. 

(2.2) 

Here, the constitutive relations D = £E and B = J.tH have been used together with Ohm's Law j = o-E. The 

time-independent parameters £, J.t and 0' are tensors which describe, respectively, the dielectric permittivity, 

the magnetic permeability, and the electric conductivity as functions of position. 

It is assumed that the electric charge density may be neglected. By taking the curl of Equation (2.2), 

noting that V x (V x A)= V(V ·A)- V2 A= -V2 A, where A can beE or H, we have 

(2.3) 

and 

with k2 = w2J,£e', and e' = e- i!-. 
The solution of the first equation of (2.3) is 

E(r, t) = Eoe-•<k·r~wt) 

(2.4) 

where k = /3- ia is a complex vector whose square magnitude is 

(2.5) 

Comparing the real parts and the imaginary parts of k2 , we have 

(2.6) 

and 
1 

Q • {3 = 2WJ.t0'. 

By using the boundary conditions, we can solve for vectors a and /3 from Equations (2.6). 

For simplicity, we only consider the normal incident case. For a coordinate system with the xy-plane 

tangent to the earth's surface, the positive z-axis oriented vertically down, and the x-axis pointing north, we 

have 
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Qz = f3z = Qy = /3y = 0. (2.7) 

That is, Q and f3 are along the z direction, so equation (2.4) becomes 

E _ E -cu -i(~z-wt) 
- 0e e . (2.8) 

For conductors for which G'jew > 1, 

(2.9) 

k ~ J-iWJJ(1 

= ff(l-i) 

= f3- iQ, (2.10) 

therefore, 

(2.11) 

The waves given above show an exponential damping with distance. This means that an electromagnetic 

wave entering a conductor is damped to 1/e = 0.369 of its initial amplitude in a distance: 

(2.12) 

The distance 6 is called the skin depth. 

In Maxwell's equations, we have 

V x H- (G' + iew)E = 0, (2.13) 

where (G'E) represents conduction currents, and (iweE) represents displacement currents. The ratio between 

these two types of currents is 

we = 27rpf · 10-
9 ~ !!._. 10-1o (2.14) 

(1 367r 2T 
where p = 1/(1 is the resistivity and T is the period of the wave. The normal range of periods used in MT 

sounding is from 0.01 to thousands of seconds, and the resistivities normally encountered in the Earth are in 

the range from 1 to 1000 ohm-m. Therefore it is clear that the displacement current can be neglected when 

considering the application of the MT method. So Maxwell's equations bec.ome 

V x E+iJJwH = 0, 

v X H- (1E = 0, 

V'·B=O, 

V'·D=O. 

10 
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2.2.2 Impedance in a one-dimensional case 

The relationship of the input magnetic and the output electric field is in general 

(2.16) 

or 

E=ZH, 

where Z is defined as the magnetotelluric impedance tensor. 

For a 1-D case, if we choose the coordinate so that the z axis is pointing into the earth, the electric 

property is uniform horizontally, as is the intensity of the incident fields, so that we have 

and 

aE _ aE _ 
0 

a~- ay-

aH _ aH _ 
0 

a~ - ay - ' 
The electromagnetic field can be divided into two groups of linearly polarized waves, and the electric field is 

orthogonal to the magnetic field, with no vertical component. The impedance is a scalar which is independent 

of the directions of the measurement axes x andy. 

If the measurement axes are chosen so that the electric field is along the x axis, E = (E11, 0, 0), and the 

magnetic field is along the y axis, H = (0, H11 , 0). Then 

(2.17) 

and we have Z:c11 = E:c/ H11 and Z1111 = 0. 

The two diffusion equations (2.3) become 

(2.18) 

The solutions are 

(2.19) 

H - H+ e-ikz + H- eilu 
11- 11 11 ' 

where k is the complex wave number. E"J', H: are the amplitudes of the positive travelling electric and 

magnetic fields while E;, Hi are the amplitudes of the negative travelling electric and magnetic fields. 

For a uniform half-space, because the field strength must decrease with increasing z as a consequence of 

transformation of electromagnetic energy to heat, the expressions for the field components in this case are 

as follows 
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The impedance is 

H - H+ -ilu- 1 8Ea: -y- e ------
Y iwJJ 8z 

_ .!_E+ -ilu - a: e . 
WJJ 

- Ea:Z"y--Hy 

WJJ . ~ itr = T = V -;;-e T. 

This means that the electric field Ea: is shifted in phase by 1r /4 with respect to the magnetic field. 

(2.20) 

(2.21) 

If the measurement axes are chosen so the electric field is along the y axis, E = (0, Ey, 0), and the 

magnetic field is along the x axis, H = (Ha:, 0, 0). Then 

(2.22) 

and we have Zya: = Ey/ Ha:, Za:a: = 0. 

The diffusion equations become 

82 Ey . E 0 
8z2 - 'I.JJUW Y = (2.23) 

82Ha: . H 0 
8z2 - 'I.JJUW a: = . 

For uniform half-space, the solutions are 

(2.24) 

(2.25) 

_ k E+ -ilu --- e WJJ y • 

The impedance is 

(2.26) 

This means that the electric field is shifted in phase by S1r /4 with respect to the magnetic field. 
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We can define the impedance by a modulus and phase 

IZI = ~ = 21r /P · 10-30 · m y-;; V5T (2.27) 

We are interested in investigating the electric characteristics of the earth's interior. Because of the 

high contrast in resistivity at the surface of the earth, the fields in the earth propagate mainly vertically, 

independent of the angle of incidence of the incoming field. Thus, within a layered earth, the field behaviour 

as given previously is still valid. 

For the case of ann-layered earth, the surface impedance tensor Z looking into then-layered earth from 

the surface of the ith layer is 

z. __ Ey(i-1) 

• - H1:(i-1) 

= zi zi+l ~ z,tanh(ik,hi) 
z, + Zi+ltanh(ik,hi) 

where Zi+l = -Eyi/ H1:i is the surface impedance looking from the surface of the (i + 1)th layer. 

(2.28) 

For a uniform half-space Z = Z, i.e. the surface impedance is equal to the intrinsic impedance as shown 

in the last section. So if i = n , then Zn+l = Zn+l is the intrinsic impedance of the half space under then 

layers. 

In summary, for a one-dimensional case, the impedance tensor has the form 

z = [ 0 Zo ] 
-Zo 0 

(2.29) 

where Zo = Jwp./rr. eiTr/4. 

2.2.3 Impedance in a two-dimensional case 

Consider the complex diffusion of the electromagnetic field in an isotropic two-dimensional electrically

conductive earth, and assume that they axis is along the direction of the strike (i.e. the direction along the 

2-D structure) and the z axis is pointing downwards. For an electromagnetic wave incident normally on the 

surface of the earth, we have 

Maxwell's equations yield 

. 8E _ 8H _ 
0 8y- 8y - . 
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8Ev . H 
- 8z = ZWJJ z• 

- 8Hv = fTE1: 
8: 

8H1: _ 8H, = fTEv 
8: 8a: 

8Hv 
8a: = fTE,. 

We may divide the electromagnetic fields into two groups, E-polarization for (Ev, H1:, H.,) and H

polarization for (Hy,E1:,E,). ForE-polarization (O,Ey,O)(H1:,0,H,): 

For H-polarization (0, Hv, O)(E1:, 0, E,): 

8H1: _ 8H, = fTEv, 
8: 8a: 

8Ev . u 
-
8 

= ZjJWn1: 1 z ' 

8Ev . H 
- 8a: = ZJJW z 1 

E 
ZTE = H:. 

8H 
- 8zv = fTE1:, 

8Hv 
8a: = fTE,, 

E1: 
ZTM= H' 

v 
Since we know that for a 2-D earth structure an electromagnetic plane wave can be divided into two groups 

of linear polarization, the corresponding relations between electromagnetic fields and impedances can be 

expressed as : 

where they axis is along the strike and ZTE :F ZTM· In general, when neither of the axes of measurement, 

x and y, are along the direction of strike, the relations between electric and magnetic fields are 

By using the convent~onal rotation method or by canonical decomposition, the principal axis of the 2-D earth 

structure (i.e. the direction of strike and its corresponding elements of impedance tensor) can be obtained. 
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2.2.4 Obtaining the impedance tensor 

If the conductivity, in addition to depending on z, is a function of x or y, then the impedance is dependent 

on the orientation of the measurement axes. If the conductivity depends on just one horizontal coordinate 

. in addition to z, the subsurface is two-dimensional. If the conductivity is a function of all three spatial 

coordinates, the situation is three dimensional. The simple scalar relationship between E and H of the layered 

earth no longer exists; the current in the x-direction is due partly to H'J and partly to H11 because currents 

induced by H11 may be deflected into the x-direction by the anisotropic structure. The field relationships are 

written as 

(2.30) 

E'J = Z'J~:H~: + ZnH'J, 

where all quantities are complex functions of frequency. The Zi; are elements of an impedance tensor. 

In the above equations, the field values are measured and the impedance tensor elements are to be 

determined. Since there are four unknowns, they can be solved from two independent records of data. But 

when the fields are measured, noise is measured at the same time, so the measured data Fm is the sum of 

the real signal F, and noise Fn 

In t~e MT method, when N records of data are measured, the Zii can be determined as a best fit to 

the available data in a least-squares method, where E11i, E'Ji' H111 , and H'J; are the ith measured value of the 

fields. In terms of matrices, we have 

Let At and Bf be any of the six pairs E;; and E;;, E;i and H;;, H;; and H;i, H;; and E;i, E;i and 

H;i, and E;; and H;;, where* represents compiex conjugation. We now write 

Ai Bi Ai Bi 

[ Eo1Eo2"" "Eon ] A2 B2 [ z •• Z~:'J ] [ H.1Ho2 · .... · Hon ] A2 B2 
= 

E'J1E'J2 ·· ·· ··E'Jn z'JZ: z'J'J H'J1H'J2 · · ·· ··H'Jn 

A"' n B"' n A"' n B"' n 

we have 

[ E?:l E.;Aj 2:~=1 E~:;Bf ] [ z •• Z~:'J ] [ E~=1 H.;A~ 2:~=1 H~:;Bf ] ' = 
2:~=1 EyiAt 2:~=1 E'JiBt z'JZ: Zn Li=1 H",A, 2:~=1 H";B; 

or, 

[ < E.A' > < E11 B"' > ] [ z •• Z•u ][ < H.A' > < H11 B"' > ]· = 
< E11 A"' > < E11 B"' > z'JZ: Zn < H'JA"' > < H'JB"' > 
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Solving the equation, we obtain 

[ < E~A· > < E~B· > ] [ < H,B• > - < H~B· >] 
< E~A· > < E~B· > - < H~A· > <H::A"'> 

= 

I I 
< H::A"' > < H::B"' > 

< H~A· > < H~B· > 

Expanding the above equations 

z _ < E::A"' >< H~B· >- < E::B"' >< H~A· > 
:::: - < H::A• >< H~B· > - < H::B• >< H~A· > 

z _ < E::B"' >< H11 B"' > - < E::B"' >< H::A"' > 
::~- < H~A· >< H::B• >- < H~B· >< H::A• > 

z _ < E~A· >< H~B· >- < E~B· >< H~A· > 
~:: - < H::A• >< H11 B• > - < H11B* >< H~A· > 

z _ < E11 A* >< H11 B"' >- < E~B· >< H::A"' > 
~~ - < H11 A• >< H::B• > - < H11 B• >< H::A• >. 

(2.31) 

(2.32) 

(2.33) 

(2.34) 

TQ make the solution of the elements of the impedance tensor stable, < A*, B* > has to be one of 

< E;,E; >, < H;,H; > < E;,H; >,or< E;,H; > (Vozoff, 1972). 

2.3 Electromagnetic two-dimensional modelling by the finite el

ement method 

Geophysical interpretation relies on a knowledge of the anomalies caused by specific structures. For the 

magnetotelluric method, it is important to calculate such anomalies by approximate numerical techniques, 

since features such as topographic irregularities, overburden, and irregular conductivity variations can be 

modelled numerically. There are also limitations on analytic methods and laboratory modelling. 

2.3.1 Finite element approach 

The finite element approach may be used in conjunction with Hamilton's principle of minimization of an 

energy function. This principle refers directly to mechanics but applies more generally to other physical 

systems as well. For electromagnetic scattering problems, the energy function needed is the total electro

magnetic energy, which can be obtained by integrating the power density in fields and sources with respect 

to time··and space. 

Assuming that the time dependence of the fields is eiwt, the total energy of the electric fields without 

sources is (Coggon, 1971) 
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UTE= [ { 
2
.,\, [-iwptTE2

- (V x E)2
]} dv. 

The total energy of the magnetic fields without sources is 

UTH = [ { ~.,.[-iwptTH2 - (V x H)2
]} dv. 

Coggon applied the finite element method to the numerical minimization of an energy or power integral 

form; the process is equivalent to solution of the equation 

V [ f(A)dv =0 (2.35) 

for the unknown quantity A, where A can be a scalar or vector and f(A) is a known function of A. The 

following procedure is carried out to solve this equation. 

(A). The region of integration V is made finite in extent and divided into a set of N elemepts and the 

integration is replaced by a sum of integrations over each element V. 

N 

[ f(A)dv = ~ [. f(A)dv. 

(B). The spatial dependence of A is characterized by its unknown values A; at M finite number of points 

or nodes. For example, assume that the element is a rectangle on the yz plane, and assume A(y, z) has the 

form of 

A(y, z) =co+ ely"+ c2z + csyz. 

The four coefficients c,, i = 1, ... , 4 can be expressed by the four unknown values A;, i = 1, ... , 4 of A on the 

four vertices of the rectangle. The unknown quantities A; constitute the set of M independent variables we 0 

want to know by solving the equation (2.35). 

(C). The integration over each element is carried out by assuming a functional form for the unknown 

quantity A (e.g. the double linear form of A shown in the above equation) in each element 

where 9i is a known explicit function of the independent values Ail, A,2,· · ·, and A11, A12, · · · are the values 

of A at the nodes of the ith element. 

(D). Summation of all the element integrals gives an approximation to the total integral 

N 

[ f(A)dv :::. ~ [. /(A)dv 

N 

:::: L: g,(Aib A12, · · ·) 
i=l 



Now the required integral is expressed as a known function G of the M independent variables A1, A2, · · · , AM. 

To minimize the integral, the problem is reduced to finding the minimum of a function of se~eral variables 

For the function G, M equations result 

8G 
8AM = O. 

The required values A1, A2, · · · , AM of A at the nodes are obtained upon solving the above equations. 

On the boundaries of the model, there are boundary conditions which are constraints on the values of 

A or derivatives of A on the boundary. If the boundary constraints are the values of A, then equations for 

calculating these boundary values can be omitted and the boundary values of A are substituted into the rest 

of the equations related to these values. If the boundary constraints are the derivative values of A, then the 

integration in equation (2.35) is divided into two parts: one is over the volume and one is over the surface 

(i.e. the boundary). 

2.3.2 Topographic correction 

Ideally, the topographic effect should be removed from the data in such a way that only the subsurface 

response remains. A technique introduced by Fox et al. (1980) for 2-D models, and generalized for 3-D 

models by Holcombe and Jiracek (19S4), uses correcti~n factors for removing the topographic effect from 

resistivity surveys. Chouteau and Bouchard (1988) extended the technique to MT surveys. A more general 

formulation of the problem has recently been given by Jiracek et al. (1986) using a distorted tensor approach. 

It assumes that the topographically distorted subsurface response is equal to a distortion tensor multiplied 

by the undistorted subsurface response; i.e. 

(2.36) 

where ED and EN are the distorted and normal electric field matrices with elements E(/, r)D and E(/, r)N 

respectively; D is the distortion tensor with elements D(f, r), where f is frequency and r is the measuring 

site position. 

For a 2-D problem with H polarization, equation (2.36) becomes 

When divided by the magnetic field H11 , we obtain 

ZD(/, x) = D(f, x)ZN(f, x), 

where ZN(f,x) and ZD(f,x) are, respectively, the normal and distorted impedance measured at x. In the 

MT survey, ZD(f, x) is the observed response, while ZN(f, x) is the subsurface response of interest. The 
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complex coefficients D(/, z) are distortion coefficients which should only reflect topography effects. They are 

calculated by normalizing the impedances Z1 (/, z), obtained numerically for the topographic model above a 

homogeneous medium with the half-space impedance Zo(/); i.e., 

D(/, z) = Zt(f, z)/Zo(!) 

where 

Zo(!) = ( i27rJJ/ Po)112
• 

The correction thus consists of taking the ratio of the observed impedances ZD(f, z) to the coefficients 

D(/, z) to represent the "flat-earth" subsurface response; i.e. 

Zc(/,z) = ZD(f,z)/D(/,z) 

where Zc(/, z) is the corrected impedance. 

The corrected MT data are then given by 

and 

Pac(/, z) = !Zc(/, z)l2 /(27rp./) 

~ac = ~D- tan- 1{Im(D(/, z)]/ Re(Dcf, z)]} 

= ~D- tan- 1{Im[Z1(/, z)]/ Re[Z1(/, z)]} + 7r/4 

(2.37) 

(2.38) 

where Pac and ~ac are the terrain-corrected apparent resistivity and phase; ~D is the -phase of ZD(/, z).

2.4 Canonical decomposition 

Yee and Paulson (1987) proposed a technique called canonical decomposition. In this technique, four param

eters of polarization of the electric and magnetic fields and two principal apparent resistivities and phases 

are extracted from the impedance tensor obtained from the MT survey at each frequency of interest. 

The formulation of the canonical decomposition for the MT impedance tensor in terms of polarization 

parameters is 

[ 

cos[8E(w)] -e-•~s(w)sin[8E(w)] ] 
Z(w) = . 
' e•~s(w)sin[8E(w)] . cos[8E(w)] 

. [ cr1(w)eh1(w) 0 ] 

0 CTl(w)e'"Yl(w) 

. [ . Cos[8H(w)] -e-i~H(w)sin[8H(w)] ] t 
e'~H(w)sin[8H(w)] cos[8H(w)] 

(2.39) 

where 8E(w),8H(w),E [0,7r/2]; ¢E(w),¢E(w), E (-1r,1r]; 1'1(w),1'2(w), E (-1r,1r]; cr1(w), cr2(w) are the singular 

values ofZ(w) with 0 < cr2(w) ~ cr1(w). 
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Figure 2.1: The ellipse of polarization showing the parameters that describe the polarization states 

The formulation of the canonical decomposition for the MT impedance tensor in terms of elliptic param

eters is 

Z(w) = [ cos[?PE(w)] -sin[?PE(w)] ] . [ cos[AE(w)] i sin[AE(w)] ] 
sin[?PE(w)] cos[1PE(w)] i sin[AE(w)] cos[AE(w)] 

[ 
o-1(w)eh'l("') 0 ] (2.40) 

0 <12( w )ei'r:a("') 

[ 
cos[AH(w)] -i sin[AH(w)] ] [ cos[1PH(w)] sin[?PH(w)] ] 

-i sin[AH(w )] cos[AH(w )] -sin[1PH(w )] cos[1PH(w)] 

where 1PE(w ),tPH(w) E [0, 1r); AE(w),AE(w) E [-1r /4, 1r /4]; ;1(w )tt2(w) E ( -1r, 1r] ; <11 (w ), o-2(w) are the 

singular values of Z(w) with 0 < <12(w) ~ <11(w). The parameters are shown in Fig. 2.1. 

The relationship of the singular values o-1 and o-2 of the impedance tensor and the apparent resistivity 

Pa is 

-
1
-o-i(w) ~ Pa(w) ~ -1-o-~(w) 

WJJ.o WJJ.o 

The principal resistivities P1 and P2 are defined as 

1 2 
P1 = -0'1 

WJJ.o 

1 2 
P2 = -o-2. 

WJJ.o 
Observe from the above equation that the impedance tensor can be reduced to a diagonal form by 

pre-multiplying and post-multiplying Z by an operator S(,P, A), as 
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(2.41) 

where S(¢, ..\) has the general form 

~(¢,..\)=R(-¢)P(..\)= [cos'¢ -sin'!/;]. [cos..\ isin..\], 
sin'!/; cos¢ isin..\ cos..\ 

and where ¢ and ..\ are the elliptic parameters corresponding to some polarization state. In conventional 

analysis, R is interpreted as a rotation operator which implements a clockwise rotation of a coordinate 

system about some fixed vertical z-axis through the angle ¢. It can be more naturally interpreted as an 

operator that rotates the polarization ellipse of the state of the fields counter-clockwise about its centre, 

through the angle '¢, without altering the ellipticity angle of the state (Yee and Paulson, 1g87). In other 

words, R( -'¢) changes the orientation angle for the state without affecting the ellipticity angle. From the 

same point of view, the ellipticity operator P(..\) can be interpreted as the operator whose action on the state 

alters the ellipticity angle of the associated polarization ellipse by ..\ without affecting the orientation angle. 

The parameters emerging in the canonical decomposition of Z can be uniquely determined by using 

the singular value decomposition z = usvt. But (1) when u possesses zero. off-diagonal elements, <I>E is 

undetermined; (2) when V possesses zero off-diagonal elements, ¢>H is undetermined; (3) when 0"1 = o-2, U 

and V are only determined up to a unitary unimodular transformation so that the choice for fJE, ¢>E, (JH and 

¢>H is non-unique and the impedance tensor is invariant to rotation (Yee and Paulson. 1g87). 

For one-dimensional earth structures, the canonical decomposition is not unique since the two singular 

values of the impedance tensor are equal. 

By applying the canonical decomposition to the apparent resistivities and phases of two dimensional earth 

structures, the maximum and minimum resistivities can be found. They are either 'measured' perpendicular 

to the strike direction or parallel to the strike direction; the orientation angles tell the directions in which 

the greater resistivity is measured. In other words, when Ppar is greater then Pperp, the orientation angle '!/;~ 

is the angle of the strike from the positive x axis to the positive y axis of the measurement coordinate; when 

Ppar is smaller than Pperp, the orientation angle is goo from the strike. 

To determine the strike direction of a two-dimensional earth structure, many factors have to be considered, 

such as the geological information from previous geophysics work done in that area. The strike direction of 

a big main structure is, in general, consistent with the topographic situation. The vertical component of the 

electromagnetic fields can be used to determine the strike direction (Vozoff, 1g70). The orientation angle of 

the canonical decomposition of the impedance tensor gives us a direction, which can be either the direction 

of the strike or the direction perpendicular to the strike. Our experiments on the technique tell us that when 

the apparent resistivity measured parallel to the strike is greater than the resistivity measured perpendicular 

to the strike, the orientation angle is the direction of the strike. Applying the canonical decomposition to 

real data when we do not know which apparent resistivity is the one measured in the direction parallel to 

the strike, requires additional information to resolve the goo ambiguity. 
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2.4.1 Canonical decomposition in a one-dimensional case 

For a one-dimensional situation, Z:: = Z'l/ 11 = 0 and Z:11 = -Z11: = Zo. The impedance tensor reduces to 

the form 

[ 
0 Zo ] 

Zt-D = · 
-Zo 0 

The singular values of Z1-D are 0'1 = 0'2 = Zo. The canonical decomposition is not unique, since the two 

singular values are equal because the matrices of the singular value decomposition of the impedance tensor 

U and V are determined only up to the same unitary unimodular transformation. Accordingly, for some 

choice of the magnetic field polarization parameters (tPH E [0, 1r) and )..H E [-11"/4, 11"/4] ), the canonical 

decomposition for Z1-D can be written as 

z1_0 = usvt (2.42) 

[ 
sin[t!JH(w)] cos[¢H(w)] ] [ cos[>..H(w)] i sin[>..H(w)] ] 

-cos[¢H(w)] sin[t!JH(w)] i sin[>..H(w)] cos[>..H(w)] 

. [ IZol
0

ei -r 0 ] 

IZol ei -r 

[ ] [ . ]t . cos[>..H(w)] -i sin[>..H(w)] cos[¢H(w)] sin[¢H(w)] 
= 

. -i sin[:.\H(w)] cos[>..H(w)] . -sin[t!JH(~)] cos[~H(w)] [ -IZo~ e1 ~ 
It can be observed from the above equation that an input magnetic field polarization state described by 

(t/JH,>..H) is transformed by Z1-D- into an output electric field characterized by tPE = tPH + 11"/2 and 

)..E = )..H with the electric vector scaled by IZo I and with phase shifted by "'' along the polarizaton ellipse 

(Yee and Paulson, 1987). For a one-dimensional situation, the input magnetic field and the corresponding 

output electric field have polarization ellipses which have the same ellipticity and the same sense of rotation, 

but the major axis of the magnetic field polarization ellipse is perpendicular to the major axis of the electric 

field polarization ellipse. Notice that the output electric field state is not necessarily orthogonal to the input 

magnetic field state for one-dimensional earth; in fact, that is true only when the input magnetic field is 

linearly polarized and the mutual orthogonality exists between it and the cooresponding output electric field 

state (Yee and Paulson, 1987). 

2.4.2 Canonical decomposition in a two-dimensional case 

From the previous description, the impedance tensor of a two-dimensional structure is traceless and can be 

anti-diagonalized into the form 
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by rotating Z2-D with some real angle '¢o. 

It can be shown that the canonical decomposition for Z2-D is given by 

z2-D = [ _:;:;o :::: ] · [ ~ ~] (2.43) 

. [ IZ1~e;~, IZ2~•~• ] 

. [ ~ ~] . [ cos'¢o -sin'¢o ] 
sint/Jo cos'f/Jo 

where i1 = arg( z1) and i2 = arg(Z2) + 11' (Yee and Paulson, 1987). Comparing this result with the 

formulation in equation (2.40), we can see that the maximum and minimum principal impedances are Z1 

and Z2, respectively; the principal magnetic field and electric field polarization states are linearly polarized 

along the axes of the strike-dip coordinate system for the earth structure; the input principal magnetic 

field states are orthogonal to the corresponding output electric field states; and the canonical decomposition 

implies that Z2-D can be rotated into the usual anti-diagonal form for some real rotation angle '¢o since it 

implies (Yee and Paulson, 1987) 

R(-¢o)Z2-DR(t/>o) = [ ;
2 
~1 

] = z;_D. (2.44) 

2.5 Bostick transformation - a simple 1-D MT inversion 

Bostick transformation is a simple, approximate, one-dimensional method of MT analysis based on the 

asymptotic behaviour of the apparent resistivity curves at low frequencies. 

2.5.1 The asymptotic behaviour of the apparent resistivity at low frequencies 

The concept of apparent resistivity follows from the general traditions of electric geophysical exploration set 

up by Schlumberger(Berdichevsky and Zhdanov, 1984) in the twenties. Apparent resistivity is considered to 

be an average resistivity of a field-absorbing volume. 

The MT apparent resistivity for ann-layered earth model is calculated by the formula (see Section 2.2.2): 

where z1 is the surface impedance 

Z
.. _ Z Z2 + Z1tanh(ik1h1) 
1- 1 ,. . 

Z1 + Z2tanh(ik1h1) 

Considering the case at low frequencies, i.e., T--+ oo we have w --+ 0, k--+ 0. 

[A] The layered earth over-lying a perfectly conducting substrate. 
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For a 1-layered earth model with P2 -+ 0 

when T-+ oo, we have- ik1h1 -+ 0, tanh(ik1h1) ~ ik1h1 

for a 2-layered earth model with Pa-+ 0 

Z 
.. _ z z2 + z1(ik1h1) 
1- 1 " 

z1 + Z2(ik1h1) 

z _ z Z2(ik2h2) + Z1(ik1h1) 
1 - 1 Zt + Z2(ik2h2)(ik1h1). 

Neglecting the higher order of ki , we have 

Po = _!_IZ1I2 = WJJ(h1 + h2)2. 
WJ.' 

For ann-layered earth model with Pn+1 -+ 0, we have 

Neglecting kn · kn -1, 

n 

z1 ~ 2: ikjhjzj 
j:l 

n 

= WJ.L(Lhj) 2 = WJ,LD2 

j 

where Dis the distance from the surface of the earth to the bottom of the nth layer. 
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[B] The layered earth overlying an insulating substrate. 

For a 1-layered earth model with P2--.. oo we have 

z1 1 
~-----

iklhl - t1'lhl. 

For a 2-layered earth model with Ps --.. oo, we have 

where 

.. 1 z1 ~ . 
t1'lhl + t1'2h2 

For ann-layered earth model with Pn+l--.. oo, we have · 

.. 1 
Zn~~h 

lllln n 

.. 1 1 zl ~ n =-
L:j:l t1'jhj s 

where S = L:j = 1 t1'j hj --.. J0D u( z )dz, when the thickness of layers are very small. Therefore 

1 .. 2 1 
Pa = -IZ1I = --2 

WJJ WJJS 

where S is the conductance of the n layers. 
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Figure 2.2: Low-frequency asymptotes for layered earth with thickness D and conductance S overlying a 

half-space of resistivity p1
• 

2.5.2 Bostick transformation 

Consider two alternatives : Model A , in which a series of layers of a total thickness D lies on a perfect 

conductor with infinite thickness, and Model B, in which a series of layers with a conductance S lies on an 

insulator with infinite thickness. According to the last section, when w -+ 0 ,we have: 

For Model A, 

Z-+ iwJJD (2.48) 

For Model B, 

1 
z-+ s (2.49) 

1 
Pa-+ -S2' 

WJ.I. 

Thus the low- frequency branches of the Pa curves merge asymptotically with the straight lines for model 

A and model B , shown in Fig. 2.2. 

Eliminating WJ.I. , we have 

D 
Pa= S 
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1 1 laD O'a =- = D O'(z)dz. 
Pa 0 

This can be used to compute the forward problem. 

From S = foD q(z)dz, we have 

dS 
O's(D) = dD 

Ps(D) = dD IdS. 
dw dw 

Since Pa = WJJ.D2 and Pa = 1/wJJ.S2 , we have the inverse relations (Bostick transform): 

1-~ 
Ps(D) =Pal+~ 

ogw 

D =.; Pa(w). 
WJ.I. 

(2.50) 

(2.51) 

Equation (2.51) is called the Bl-algorithm which gives a simple inversion of the experimental data. 

From the zeroth order approximation of the Hilbert transform (John et al., 1977), we_ have the relations 

between the phase and the derivative of log Pa with respect to log w (Bostick, 1977): 

~ -11" 11" dlogp4 
't'= -+ . 

4 4 dlogw 

(2.52) 

d log Pa = ! ¢ _ 1. 
dlogw 11" 

This results in another approach to Bostick transformation: 

7r 
Ps(D) = Pa(w)( 2¢- 1) 

(2.53) 

which is called the B2-algorithm for convenience. 

Note that D is a "penetration depth" in a half-space medium of resistivity equal to the apparent resistivity 

at the particular frequency w. It implies an attenuation factor of approximately 1/2 instead of the more 

usual skin depth attenuation of 1/e . In this thesis, Pa(D) is called the Bostick resistivity at Bostick depth 

D. 
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2.6 Minimum cross entropy (MCE) one-dimensional inversion 

Assume that we are interested in M data dt, ... , dM and N parameters m1, ... , mN. The inverse problem is 

to find the N parameters by solving the equation 

d = g(m) 

where d is an M-element vector, and its ith element is the ith datum di; g is an M by N matrix of nonlinear 

functionals, and its ijth element 9ii is associated with the ith datum d; and the jth parameter mi; m is an 

N-element vector, and its jth element is the jth parameter mi. 

A regularized solution to the problem can be defined by minimizing the functional (Jiao and Paulson, 

1991) 

Fa(m,p) = -S(m,p) + ~a(X2 - X~), a> 0 

where S(m, p) is an entropy functional, pis the initial estimate of the true but unknown parameters. S(m, 

p) is defined by 

N 

S(m,p) = L: {mjlog(mi/Pi)- mi +Pi}· 
i=l 

In the formula for Fa(m, p), a is an unknown Lagrange multiplier, X 2 is the misfit between the observed 

data d and the corresponding model prediction g(m), 

where W is an M by M matrix 

W = diag(1/r1t, ... , 1/r1M) 

and r1i is the estimated error in the ith datum. X~ is the expected value of X 2• X~ ~ M can~ be expected 

if we assume the errors are independent and have Gaussian distributions with zero means and variances r1f. 

It is acceptable when X~ E (M, M + 2v'2'M"), which covers the 95% confidence interval of X 2 (Jiao and 

Paulson, 1991). 

The iterative algorithm developed by Jiao and Paulson finds the solution of the one-dimensional inverse 

problem by forcing the entropy S(m,p) to be minimum subject to the constraint X 2 = X~. The iteration 

continues until the following conditions are satisfied: 

where t1 and t2 are some small positive values, or until no improvement in the model is obtained(Jiao and 

Paulson, 1991). 
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Figure 2.3: Example one: MCE results with different misfits when estimated error is equal to the true error 

When we apply the method to real MT _data to get a picture of a one-dimensional inverse problem, the 

true error in the r·eal data must be given to the algorithm. We do not know the true error in the real data, 

but the error in real data can be estimated when there are enough measurements. When the estimated error 

is smaller than the true error, the expected misfit X~ has to be comparatively large to obtain a solution; 

when the estimated error in real data is larger than the true error, the expected misfit X~ can be set to a 

small value and a solution can still be found. 

Three examples are chosen to show how different the misfits, X 2, can be when the estimated error is 

smaller than, equal to, or greater than the true error. The three examples are generated from the same 

one-dimensional model, which has four layers plus a half space with the same true error of 5% standard 

derivation. The estimated error in the first example is 5%, 0.5% in the second and 50% in the third, which 

is 1, 0.1, and 10 times the true error. 

The results of the three examples of the minimum cross entropy method are shown in Fig.2.3, 2.4, and 

2.5. We can see that (1) To find a solution, when the estimated error is equal to its true value, the misfit 

is 86 (Fig. 2.3); when the estimated error is 0.1 times of the true error, the misfit has to be 8500, which is 

almost 100 times the misfit in the first case (Fig. 2.4); when the estimated error is 10 times greater than 

the true error, the misfit can be 1.1, which is almost 10 times smaller than the misfit in the first case (Fig. 

2.5). (2) In each of the three examples, the misfit was set to be three different values when a solution can 

be found for each misfit value. In Fig. 2.3, 2.4, and 2.5, solutions with three different misfit values (i.e 

three different values of x2) are shown by lines with different thicknesses. The model is plotted by using the 
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Figure 2.4: Example two: MCE results with different misfits when estimated error is 0.1 times the true error 
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Figure 2.5: Example three: MCE results with different misfits when estimated error is 10 times the true 

error 
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thickest line and s~all circles show the priors (The prior used in the three examples is the Bostick transform 

of the apparent resistivities and phases generated by the model). Notice that for each case, all three solutions 

with different misfit values have the same shape and they all fit the model. The best fit happens when the 

misfit chosen is the smallest one which will make the algorithm converge; in other words, the best fitting 

curve is the solution when the misfit is 86 in the first example, 8500 in the second example and 1.1 in the 

third example. The greater the misfit, the closer the solution to the prior. 

31 



Chapter 3 

Magnetotelluric Instrumentation 

The MT instrumentation, GEOCOM-MTA, used in this survey was built by Peter Kosteniuk and other 

members of the Cybernetic Laboratory. It is a 120-channel computer-controlled system which allows digital 

recording of data from two three-component induction-coil magnetometers, one three-component :ftuxgate 

magnetometer, and nine earthed electrodes in three overlapping frequency bands and at two system gains. 

The GEOCOM-MTA system includes: 

(1) electric field sensors ( 9 Pb- PbC/2 electrodes ); 

(2) magnetic field sensors ( 6 induction coils and 1 :ftuxgate magnetometer); 

(3) coaxial cables for the electrodes and magnetometers; 

( 4) a pre-amplifier for each of the induction coils; 

(5) a high-pass filter for the :ftuxgate magnetometer; 

( 6) a multi-channel amplifier-filter box; 

(7) a computer box; 

(8) 12 volt lead-acid batteries. 

3.1 Electric field sensor 

The horizontal electric field components were measured using 9 non-polarizing lead-lead chloride electrodes. 

The electrode has a lead wire placed in its container which is filled with plaster of Paris and saturated with 

a water-based solution of PbC/2 (15g/1L) and N aCI (360g/1L). It stabilises quickly (1/2h to 1h) with low 

noise level ( 0.4JJV at 1 Hz and 1.2JJV at 0.001 Hz ) and has a small temperature coefficient -40JJVfOC. 

The electrodes are planted in the ground and connected to the recording system with long coaxial cables 

with d.c. resistance 33.8f2/km, capacitance 101.07 pF /m and weight 11.9 g/m. 

The potential differences between eight earthed electrodes marked e1 , e2 , · • • , e8 and one common electrode 

marked eo are recorded with the electrodes arranged in the diamond configuration shown in Fig. 3.1. The 

electric fields are determined from these potential differences. 
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Figure 3.1: Geometrical aspect of the MT array 

3.2 Magnetic field sensor 

At each site, t~o three-component induct_ion coil magnetometers, with 100 m separation, formed base ·and 

remote stations (shown in Fig. 3.1). The components of each magnetometer were oriented in the North

South, East-West, and vertical directions to detect x, y, and z components of the magnetic field. Each coil 

consists of 130,000 turns; d.c. resistance 8.7 kO; self-inductance 3.6 - 3.7 kH; stray capacitance 200- 300 

pF; resonance frequency around 160Hz; detecting frequency range from 0.01 Hz to 500 Hz. 

Each of the coils in the two three-component induction magnetometers was connected to a magnetic field 

preamplifier with a gain of 1 or 16; power was supplied by a 9 volt alkaline battery. The preamplifier was 

installed in a waterproof box and buried in the ground together with the coil to avoid disturbance from wind 

and thermal drifts. A 100 m coaxial cable connects the preamplifier to the recording instrument. 

A three-component fiuxgate magnetometer (model F M100B -1) was used to detect the low frequencies 

ranging from 0.5 mHz to 0.1 Hz. The fiuxgate magnetometer has a sensitivity of 1V /100 nT; a resolution 

of :± 1 nT; a frequency response within 3 dB from d.c. to 0.5 Hz; a temperature coefficient smaller than 

1 nT /°C; a baseline adjustment for x and y components of the magnetic field from 0 to 20,000 nT; and a 

baseline adjustment for the z component of the magnetic field from 46,000 to 67,000 nT. 

Because the mean signal amplitude at 1 mHz is about 104 times larger than that at 0.3 Hz, the signals 

coming out of the electronic box were pre-whitened by passing them through a high-pass filter with a corner 

frequency of 25 mHz; this reduced the dynamic range required of the recording system. 

33 



3.3 The_ recording system 

The recording system includes a multi-channel amplifier-filter box and a computer box. The block diagram 

is shown in Fig. 3.2. The multi-channel amplifier-filter is for isolating the transducer from the following 

electronics, removing signals outside a certain frequency band, amplifying the signal to digital recording 

levels and preventing anti-aliasing in the sampled data sequence. 

The computer box consists of two 12-bit 15 kHz A/ D converters for digitising the signals, a single PC 

computer board running at 8 MHz, a 720 K floppy disk drive, a N EC PC 8210 A personal computer, de-de 

converters and regulators. 

If the signals of the entire frequency range are recorded in one band, too many high frequency signals 

will be acquired while waiting for adequate sampling of the low frequencies. So the signals from the 8 outer 

electrodes and the 6 induction coils passing through the amplifier-filter are divided into three overlapping 

frequency bands with each band having a low and a high gain output, while the 2 signals from the fiuxgate 

magnetometer stay in one (low) band with a low and high gain output as well. The three frequency bands 

of this digital system are: low band from 0.0012207 Hz to 1.25 Hz, with a sampling frequency of 10 Hz; 

medium band from 0.625 Hz to 10 Hz, with a sampling frequency of 80 Hz; high band from 10 Hz to 100 

Hz, with a sampling frequency of 640 Hz. The low band is recorded continuously; in the medium band 1024 

samples are recorded every 102.4s; in the high band 512 samples are recorded every 25.6s. The recording 

time depends on the length of the longest period of signals and the digitising rate on the highest frequency. 

The A/D converters digitise both high and low gain outputs of each band simultaneously at every sampling 

interval and save them in one of the gain channels. A total of 44 channels are recorded; 16 in the low band, 

14 in the medium band and 14 in the high band. Because the A/D_ converter is- not fast enough, th~ 14 

channels of the high band are recorded in three different modes. In mode 1, the four horizontal magnetic 

field components and the four electric field components corresponding to e1 , e3 , e5 and e7 electrodes are 

recorded. In mode 2, the same magnetic field components as in mode 1 and the fo!lr electric components 

corresponding to the other four electrodes are recorded. In mode 3, all eight electric field components are 

recorded. Each mode was recorded 1/3 of the total recording time. 

These electric and magnetic signals are digitised, classified into logical records and stored on 3.5-inch 

microdisks. For the channel of low band, each scan contains 16 words; for the channel of medium band, 

each scan contains 12 words; and for the channel of high band, each scan contains eight words with 12-bit 

bytes per word. The storage capacity of a record depends on the number of scans N: 32N for the low band, 

28N for the medium band and 16N for the high band. One record is N times the sampling interval, and the 

frequency resolution is the reciprocal of the length of the record (F.Kalantzis, 1990). 

3.4 The magnetotelluric array 

The six-site MT survey was performed along an east-west transect near Creston, British Columbia. The 

location of these sites is indicated on the map (Fig. 1.1). Four of the six sites, labelled as 1 W, 2W, 3W and 

4W, were situated at 1 km separations just west of the Kootenay River, and site 5.2E and 22E were placed 
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Figure 3.3: Diamond-Necklace Array 

on the east side of the river. Sites 1W, 2W, 3W, 4W and 5.2E were sitting in the Kootenay Valley, which 

has an almost fiat bottom about 10 km wide and mountains about 5500 feet high on both sides; site 22E 

was in a small valley with about 1 km wide bottom and 5500 feet mountains on both sides. 

In this experiment, electrodes were arranged in a diamond pattern, i.e. nine electrodes were used at each 

site, with eight of them forming a diamond and one sitting at the geometric centre of the diamond (Fig. 

3.1). The length of both main diagonals of the diamond D of the sites west of the Kootenay River are 1 

km; at the 5.2E site the length is 200 m and at the site 22E, 600 m, due to nearby power lines and water. 

Electrodes e1, ea, es, e7 are D/2 from the centre electrode eo, and electrodes e2, e4, ea, es are -/2D/4 from eo. 

Electrodes ea and e7 are in the direction of the MT line while e1 and e5 are in the direction perpendicular 

to the line; the other four electrodes are placed 45° from the main diagonals of the diamond. When the 

diamonds are interconnected as shown in Fig. ·3.3, a "necklace" is formed. This is why the array was called 

a diamond-necklace array (DNA). 

For each of the DNA sites, four times as much information can be obtained as in the conventional site. 

Since such a large electrode separation is used, the effect of near-surface conductivity anomalies is reduced. 

This DNA is nearly a linear array equivalent to three conventional MT arrays (shown in Fig. 3.3) and 

spatial aliasing is reduced (Paulson, 1987). It should also be noted that electric-field determinations can be 

made from the 56 possible combinations of the eight channels of potential-difference measurements. This 

can be used to design two-dimensional spatial filters to correct for near-surface irregularities in electrical 

conductivity (Paulson, 1987). 

Two three-component magnetometers with each of them consisting of three induction coils and one three

component fiuxgate magnetometer were used for measuring the magnetic fields. The three induction coils of 
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one set were placed in the ground in x, y and z directions respectively with a distance of approximately 20 

m apart from each other, and about 100m from the centre of the diamond; another set of three induction 

coils was placed in the same way on the other side of the centre, one of these two sets of the induction 

coils was used as a remote reference. The :fluxgate magnetometer was placed 20m away from the centre for 

measuring the two horizontal magnetic field components for those low frequencies when the coils were not 

sensitive enough (shown in Fig. 3.1). 

3.5 Field set-up and procedure 

The location of the six recording sites comprising the survey is shown in Fig. 1.1, each site being set up 

similarly. 

The positions of the nine electrodes were located. The electrodes were buried to allow time for them to 

approach thermal equilibrium. The electrode cables were pinned down with soil every few feet to prevent 

wind-induced noise. The centre electrode eo, used as a reference potential for the other eight electrodes, was 

buried and all cables connected to the E preamplifier near the centre. 

For each magnetometer station the procedure was the same. The x andy coils were placed in 20 em deep 

trenches separated from one another by 20m; the z coil was set in a vertical hole about 1m deep; the coil 

preamplifiers were also buried to reduce the thermal transients, and each magnetometer is about 80 m away 

from the centre electrode. Coaxial cables were used to connect the coils to the recording instrument. For 

the :fluxgate magnetometer, the sensing head was placed on the top of a concrete cylindrical base which was 

buried in the ground about 1 m. It was oriented along the N-S and· E-W .directions, and a cable was used to 

connect the head to the electronic unit of the magnetometer at the recording site, which in turn connected 

to GEOCOM-MTA. 

The recording system (GEOCOM-MTA) was set about 2m from the centre in a small tent. Power for the 

system was provided by 12 volt rechargeable batteries. All the channels could be viewed on the LED display 

of the instrument and correlation checks were performed. At each site, 16 hours of continuous recording was 

done, and the data were stored in a compressed format on 3.5-inch diskettes. 

37 



Chapter 4 

Data processing 

The MT data were recorded by using the diamond necklace array (DNA) method at six stations shown in 

Fig. 1.1, with a frequency range of 0.001 to 100 Hz. The data from the DNA are several times as plentiful 

as the data recorded by using the conventional method, since there are 9 channels of data from the DNA 

electrodes. In this investigation, 8 channels of potential-difference measurements were combined into two 

groups. Besides electrode eo, the first group includes electrodes e1, es, e5, e7, and the second group includes 

electrodes e2, e4, es, es. The standard MT data processing steps were employed to our data for each group 

of combinations. The processing steps include (a) time domain filtering; (b) good data segment selecting; 

(c) crosspowers calculation; and (d) impedance tensor computation. Peter Kosteniuk (Cybernetics Lab, 

Departm~nt of Physics, U. of S.) implemented a c language program which does the -filtering of the recorded 

signals in the time domain, an FFT of the filtered data, the calculation of crosspowers, the computation of 

the impedance tensor and the estimation of errors of the calculated impedance tensor. From the magnetic 

signals of the same two sets of magnetom~ters (one set of them is for remote reference) at each station, 

two impedance tensors were computed for the electric fields from electrodes {e1, es} and {es, e7} in the first 

group of the combination and two impedance tensors were computed for the electric fields from electrodes 

{e2, e4} and {es, es} in the second group of the combination. After the four impedance tensors of each of 

the four sets of electrodes were obtained, they were reorganized to form four impedance tensors for each of 

the four sub arrays in one diamond of a DNA station, and then the apparent resistivities and phases of the 

subarrays were calculated. 

A topographic correction was applied to the data to avoid the bias of the topographic effect of the 

mountains on both sides of the valleys where ~he data were recorded. Because of the noise recorded together 

with the data, especially during the 1s period, a little editing of the data was needed using an interactive 

graphics editor. To reveal the electric properties underneath the area more clearly, canonical decomposition 

of the impedance tensor ~as performed. Bostick transformation was applied to the result of canonical 

decomposition to obtain a rough picture of resistivity vs depth of the area. A one-dimensional inverse 

method called minimum cross entropy one dimensional inversion, developed by Jiao and Paulson (Jiao and 

Paulson, 1991), was applied using the Bostick transformations as priors. 
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Several two-dimensional models were investigated to obtain one that produced E-polarization apparent 

resistivity and phase responses that matched reasonably well to those that were observed from real data. 

The discussion of the results of our data processing are deferred to Chapter 5. 

4.1 Procedure of data processing 

4.1.1 Time domain filtering and good-data segmentation selecting 

The natural electromagnetic spectrum varies in amplitude over several orders of magnitude in the frequency 

range of interest for a typical magnetotelluric study. In order to obtain data of higher signal-to-noise ratio 

for a certain period, each of the 18 channels of data was passed through an identical fourth-order recursive 

Butterworth bandpass filter. 

After filtering, the data were usually decimated to limit the number of cycles of the highest frequency 

of interest in the passband and to reduce the number of samples per cycle at the lower frequencies to a 

reasonable number. The passbands of the digital filters were selected with regard to the sampling interval 

after decimation and to the minimum and maximum number of periods to be contained within each time 

sequence to be analysed. The time sequences of the recorded data were processed in segments of length 

with a fixed sampling interval. This was desirable to compute the impedance tensors for frequencies having 

between three to ten cycles in a given segment. 

The low band was divided into eight sub-bands with frequency range (FR: Hz) and filtered data sampling 

interval (FDSI: sec.) as 

1). FR: 0.15625- 1.25 Hz; FDSI: 0.1 sec. 

2). FR: 0.078125 - 0.15625 Hz; FDSI: 0.1 sec. 

3). FR: 0.0390625 - 0.078125 Hz; FDSI: 0.2 sec. 

4). FR: 0.01953125 - 0.039062 Hz; FDSI: 0.4 sec. 

5). FR: 0.009765625 - 0.01953125 Hz; FDSI: 0.8 sec. 

6). FR: 0.0048828125 - 0.009765625 Hz; FDSI: 1.6 sec. 

7). FR: 0.00244140625- 0.0048828125 Hz; FDSI: 3.2 sec. 

8). FR: 0.00122073125- 0.00244140625 Hz; FDSI: 6.4 sec. 

The length of a segment is from 512 samples to 2048 samples, with four to 64 harmonic numbers per 

segment. The length of the processed file is about 1600 records, with 256 samples per record. 

The medium band was divided into two sub-bands with frequency range (Hz) and filtered data sampling 

interval (sec.) as 

1). FR: 2.5 - 10 Hz; FDSI: 0.0125 sec. 

2). FR: 0.625 - 2.5 Hz; FDSI: 0.0125 sec. 

The length of a segment is from 256 to 1024 samples, with eight to 32 harmonic numbers per segment. 

The length of the processed file is about 800 records with 256 samples per record. 

The high band was divided into two subbands with frequency range (Hz) and filtered data sampling 

interval (sec.) as 
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1). FR: 70 - 100 Hz; FDSI: 0.0015625 sec. 

2). FR: 10- 50 Hz; FDSI: 0.0015625 sec. 

The length of a segment is from 256 to 512 samples, with eight to 40 harmonic numbers per segment. 

The length of the processed file is about 500 records with 256 samples per record. 

By displaying the filtered time domain signals on the screen of a computer and considering the coherence 

between two sets of electric fields which are in the same direction (E field between electrodes 0-1,3-0 or 

0-2,4-0) and two· sets of magnetic fields which are in the same direction (the corresponding components of 

H fields recorded from the two magnetometers H111 - H112 and H 111- H112), as well as the coherence between 

the corresponding electric field signals and magnetic field signals (E11 - H11 and E11 - H~:), highly coherent 

data segments were chosen. An example of good data segmentation is shown in Fig. 4.1. Usually 20 to 30 

segments were chosen from hundreds of thousands of data segments for computing the impedance tensor, 

but in the lowest frequency band, there were not enough good-data segments, so sometimes only five to 

· ten segments were selected. We did not have the computer choose the good-data segments according to the 

coherences between E11 - H11 and E11 - H11 automatically, because in that case you can pick up noisy segments 

when the noise happened to occur in both the E and H channels at the same time when the coherency is 

high, but the quality of data is poor, and we can not be aware of it. The coherency between actual data 

and predicted data was not used, since to use this method one has to assume that good data segments were 

already known for calculating the impedance tensor, from which the value of fields can be predicted. 

4.1.2 Computation of impedance tensor 

The remote reference magnetotelluric method was _used to compute the estimates of the true impedance 

tensor in terms of average crosspowers between a reference field measured at a distant site and the electric 

and magnetic fields at the sounding location (Gamble and Goubau, 1979a). In this method, a frequency 

available within the passband was selected for analysis. Fourier transformation was performed on a group 

of selected segments of data, with about 20 to 30 segments in the group. For each transform in the group, 

a set of cross-spectral density estimates was computed between each of the independent channels. One 

of the two sets of magnetometers was used as the remote reference field. The computation involves the 

binomial windowing of products of the Fourier coefficients in a small band around the chosen frequency of 

analysis. These spectral estimates were averaged over all_ transforms in the group, and the averages were 

used to determine the tensor impedances and then the apparent resistivities and phases. The error analysis 

for remote reference magnetotellurics (Gamble and Goubau, 1979b) was applied on the data to obtain the 

estimated errors for the impedance tensor estimates. 

Our data processing was based on the coordinate systems shown in Fig. 4.2(a). In these coordinate 

systems, the electric fields {Eo1, Eos} measured from electrodes e1 andes were along they axis and the electric 

fields {Eso, E1o} measured from electrodes es and e7 were along the x axis; the electric fields {Eo2, Eos} 

measured from electrodes e2 and es were along they' axis and the electric fields {E4o, Eso} measured from 

electrodes e4 and e8 were along the x' axis. Notice that the magnetic fields were always along x or y axis. 

Two impedance tensors {Zs1111 , Zs1111 , Z11111 , Z11111 } and {Z71111 , Z11111 , Zs1111 , Zs1111 } were calculated from the 
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Figure 4.2: The coordinate system of impedance tensor estimation 

electric fields {E01 , Eo3} and {E150 , E1o} and the magnetic fields {Ha:, H11 }, (where Z;u1J with j indicating 

the- number of the electrode from whose electric field measurement the element of impedance tensor was 

caculated, u indicating the axis direction that the electric field for the calculation of the element of the 

impedance tensor was along, v indicating the axis direction that the magnetic field was along); another 

two impedance tensors { Z4:':, Z4:'", Z211':, Z211 ' 11 } and { Zs:'a:, Zs:'", Zs11 ':, Zs11 ' 11 } were calculated from the 

electric fields { Eo2, E4o} and { Eso, Eso} and the magnetic fields { Ha:, H11 }. 

Each diamond can be divided into four subarrays (shown in Fig. 4.3) and four impedance tensors for 

each of the four subarrays Z~ can be calculated from the obtained ZMii and ZM'i'i (where k=1,2,3 and 4, 

indicating the number of subarray shown in Fig. 4.3. ij = x,y, indicating the coordinate system shown in 

Fig. 4.2(a). M=1,3,5,7; M'=2,4,6,8; i'=x',y' have the same meanings as before). For subarray 1 i.e. k=l, 

we have 

Vs2 = Vso - V2o 
= d(Ea:' + E11 ,) 

where Vmn is the potential deference between electrodes m and n, Eu is the electric field measured along u 

axis, E! is the electric field of subarray k along u axis, d and D at:e shown in Fig. 4.3. From equation (2.30), 

we obtain 
E; = d/ D(E:' + E11 ;) 

= d/D(Zsa:'a: + Z2 11 ':)Ha: + d/D(Zs:'" + Z211 , 11 )H11 
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so, for subarray 1: 

0 

Figure 4.3: Subarray of one station of DNA 

z;a: = Z111 a: 

z;11 = Z11111 • 

As above, we can obtain the impedance tensor for subarray 2: 

subarray 3: 

z;11 = Zsa: 11 

z:a: = 1/¥'2( -Z4a:'a: + Z211'a:) 

z:11 = 1/v'2(-Z4a:'11 + Z211 111 ), 
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and subarray 4: 

Z!#: = Zs~#: 

z:~ = Zsn, 

z:, = Z1#:11 

z:#: = 1/V'?.( -Zs#:'#: + Zs11,#:) 

Zi11 = 1/V'?.(-Zs#:'fl + Ze11,~). 

Four sets of apparent resistivities and phases vs frequency were calculated for each of the four subarrays 

of each diamond. For the DNA one can form three parallel lines of a conventional MT survey. See lines 1, 2 

and 3 in Fig. 3.3. 

Notice that in our coordinate system, the z axis points upward, which is not too convenient. The 

coordinate system shown in Fig. 4.2(b) has its z axis pointing into the earth, which is more standard for 

MT investigation. The conversion of the apparent resistivities and phases from coordinate (a) to (b) can be 

done by adding or subtracting 180° to or from phases ,P#:11 and ,P11#: (tP#:= and ¢1111 remain the same). 

Fig. 4.4 shows the apparent resistivities and phases of subarrays 2 and 4 and the average apparent 

resistivities of subarrays 1 and 3 of all 6 DNA stations, where the frequency is in logarithmic scale and the 

values of resistivities are also in loarithmic scale·. The origin of the measurement coordinate system is on 

line 2 and 1 kz:n east of the. central electrode eo of station 1 W. 

4.2 Correction of topographic effect 

Stations 1W, 2W, 3W, 4W and 5.2E were set in the Kootenay Valley, with mountains about 5000 feet high 

on two sides; station 22E was set in a small valley (which is called Meadow Valley in the thesis) about 22 km 

away from the other five stations. There may be topographic effects in the data. This effect was corrected 

by using the method of Choutean and Bouchard (1988) to reduce the field distortions caused by topography 

which can hamper the interpretation of MT data. We assumed that subarrays on line 1 and line 3 have the 

same topographic effect as subarrays on line 2, and the topographic effect was two-dimensional. 

The finite-element method was used to generate two dimensional models of the Kootenay and Meadow 

Valleys. In the 2-D modelling process, triangular elements were used since they fit the topography well. The 

finite element two dimensional modelling program used in the topographic correction was implemented by 

Peter Kosteniuk inc language. 

From the apparent resistivities and phases of the stations in the Kootenay River Valley, we found that 

there was a big difference between the data from the west side and the east side of the Kootenay River. 

The apparent resistivities on the west side were about 10 n · m, and on the east side, 1000 0 · m at some 

frequencies. This can be seen from the apparent resistivities and phases obtained from station 2W and 5.2E 

shown in Fig. 4.5. 
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From Fig. 4.5, we can see that on the west side of the River (station 2W), P:11 varies between 0.5 x 10-1 

and 120 · m and p11: varies from 1 to 12 0 · m; on the east side of the river (station 5.2E), P:11 is about 6 to 

10000 · m, and p11: is about 1 to 1000 · m. The big difference between the apparent resistivity on the west 

and the east sides of the Kootenay River presented the question of wh~t kind of resistivity should be used 

in the fiat-earth model in the method of Chouteau and Bouchard. To solve this problem, two models with 

the underground electrical structures were generated for each valley, one with a topographic effect and one 

with a fiat earth surface. The models for Kootenay Valley and Meadow Valley are shown in Fig. 4.6. · 

Information about the electrical conductivity structures underneath the earth's surface was obtained by 

applying the one-dimensional modelling method to that station and choosing a one-dimensional model which 

had the best fitting apparent resistivity and phase curves to the real data at each station. In other words, 

the 2-D models used for topographic correction were constructed by fitting the larger apparent resistivity 

(i.e. p11: on the west side and P:11 on the east side respectively) using the 1-D modelling method, and the two 

1-D models were connected to each other at the place 1.5 km from the central electrode of station 1W. The 

reason for this connection is that the geological map shows there is a geological contact at that place. For 

the Meadow Valley model, 1-D fitting was done as well. The Valley there trends about 45° north west, and 

the impedance tensors were computed in the coordinate system with x pointing to the east and y pointing 

to the south. To do the topographic correction, impedance tensors were rotated into the direction of the 

valley, and were rotated back after the correction. 

The two dimensional modelling for topographic correction was done at 41 frequencies. Because of the 

limitation of the space on the computer, each model was generated separately from frequency 0.001 to 1 Hz 

and from 1 to 100 Hz. 

After the 2-D modelling, the coefficients of topographic correction were computed by using the equations 

introduced in Chapter 2 : 

ZD(f, x) = D(f, x)ZN(f, x), 

where ZD(f, x) and ZN(f, x) are, respectively, the distorted and the normal impedances measured at x, and 

D(f,x) are distortion coefficients. 

D(J, x) = Zt(f, x)/Zo(J, x) 

where Zt(!, x) and Zo(!, x) are, respectively, the topographic model's and fiat-earth model's impedances. 

or 

Pa(J,x) = PD(f,x)po(J,x)/Pt(f,x) 

where Pc and PD are, respectively, the corrected and distorted apparent resistivities. Po(/, x) and Pt(f, x) 

are, respectively, the topographic model's and fiat-earth model's apparent resistivities. 

Jm~iH·=~ 
,P,(f, z) =!' .PD(f, z) = tan-1 ~ Re t ,: 

0 ,t: 
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(b) 

Figure 4.6: 2-D models (with and without topography) for (a) Kootenay Valley and (b) Meadow Valley 
48 



t-rj 
oq' 
~ ..., 
(!) 

~ 
-'1 

> 
'"d 
'"d e; 
(!) 

l:l 
~ ..., 
(!) 

gl. 
Cll 
~ 

3: 
c-. 
(!) 

"' 
>~'>- § 
coP.. 

'0 
::r 
~ 
(!) 
Cll 

~ 
(!) ..., 
~ 

0 
'0 
0 
~ 
.g; 
8: 
n 
n 
0 ..., ..., 
(!) 
n 
~ a· 
l:l 

RHO AND PHI AFTER TOPO-CORRECTION 

i l-l~n 11111U 11 
;-,.·~U I I Ill h , 

i 
~ 
[f 

,. 
I 

~ 

! I 1:~ 1:1 

- 0.9 

1.1 

~ 
i I 

II 

I 

1.1 

1.1 

£ 
~-0.9 i 

-0.9'"" 

~ : I· 
C I• ; . : ~ 

m ~ , , 
-:3.9 II :; ;: j; -:3.9 

·l I .. .... , I '· II i " 

-e.9 ~-4.. . - ·3 . ""-z "' -1 "" 5 II I' -e.9 

DISTANCE {KM) 

ABOVE 1.35 
1.00 - 1.95 
O.'l'O - 1.00 
0.35- 0.70 
0.10 - 0.35 
0 .01 - 0.10 

-0.05- 0.01 
-0.10 - -0.05 
-0.25 - -0.10 
-0.60 - -0.25 

BELOW -0.50 

ABOVE 82.00 
'1'4 .00 - 6:';'..00 
66.00 - 74,.00 
58.00 - 66.00 
50.00 - 58.00 
~.00- 50.00 
34.00 - 42.00 
26.00 - 3•1:.00 
18 .00 - Z6.00 
10.00 - 18.00 

BELOW 10.00 

ABOVE 1.35 
1.00 - 1.35 
O.'l'O - 1.00 
0.35 - 0.70 
0 .10 - 0.35 
0 .01 - 0.10 

-0,05 - 0.01 
-0.10 - -0.05 
-0.25 - -0.10 
-0.60 - -0.26 

BELOW -0.50 

ABOVE -1)4.00 
-112.00 - -94.00 
-120.00 - - 112.00 
- 128.00 - -1~0.00 

-136.00 - -12B.OO 
- 144.00 - -136.00 
-use.oo - -14-4.00 
-1~!0.00 - -152.00 
-1438.00- -160.00 
-l"/6.00- -166.00 

BELOW -176.00 



Apparent resistivities and phases after topographic correction are shown in Fig. 4.7 where the values 

of resistivities are in logarithmic scale. Comparing Fig. 4. 7 and Fig. 4.4, we can see that the topographic 

correction has little effect on the data. Since the positions of the stations are far away from the mountains, 

the smallest correction coefficient, which is about 0.6 ( i.e. the heaviest topographic effect) happened at 

subarray 3 of station 5.2E. 

4.3 Canonical decomposition 

After the topographic correction, canonical decomposition was performed on the data. Canonical decompo

sition was introduced by Yee and Paulson (1987). This method allows us to obtain the principal apparent 

resistivity and phase as well as the principal or intrinsic coordinate system for Z (i.e. the two principal 

orthogonal electric and magnetic field polarization states). To compute the canonical decomposition of the 

impedance tensors is to extract 0"1, 0"2, "'fE, iH, 1/JE, 1/JH, AE, AH from the second order tensor Z : 

Z(w) = [ cos['f/JE(w)] -sin['f/JE(w)] ] . [ cos[.AE(w)] 
sin['f/JE(w)] cos['f/JE(w)] i sin[.AE(w)] 

. [ 0"1(w)ei"Yl(w) 0 ] 

0 0"2(w)ei"Y2 (w) 

[ 
cos[.AH(w)] -i sin[.AH(w)] ] [ cos['f/JH(w)] 

-i sin[.AH(w)] . cos[.AH(w)] -sin['f/JH(w)] 
sin['f/JH(_w_ )] ] 
cos[¢H(w)] 

(4.1) 

where 1/JE(w),'l/;a(w),E [0, 1r); AE(w),.AE(w), E [-7r/4, 7r/4]; ;1(w),;2(w), E ( -1r, 1r]. Th-ey are the elliptic 

parameters of canonical decomposition. 0"1(w),0"2(w) are the singular values ofZ(w) with 0 < 0"2(w) :5 0"1(w). 

The parameters emerging in the canonical decomposition of Z can be uniquely determined by using the 

singular value decomposition method when the two singular values of Z are not equal. First of all, the 

singular value decomposition was applied to the impedance tensor Z, and three matrices u, s, and v were 

obtained with the real singular values 0"1, 0"2 being the diagonal elements ofs. Then 1/JE,'I/;H,AE,AH were 

calculated from u and v. i1 and ;2 were calculated from Z, u, s, and v. During the computation, the 

absolute phases were extracted. The c language program developed by Peter Kosteniuk was used in this 

analysis. 

The results of the canonical decomposition are shown in Fig. 4.8 and Fig. 4.9 where the values of 

resistivities are in logarithmic scale. 

4.4 Bostick transformation 

Bostick transformation is a simple approximate method of MT analysis. By this method, resistivity vs depth 

can be obtained by the apparent resistivity and its derivative: 
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(4.2) 

or by the apparent resistivity and phase 

11" 
Ps(D) = Pa(w)( 2<P- 1) (4.3) 

D = Jp.(w). 
WJJ 

Bostick transformation, using phase as well as resistivity, was applied on the larger principal resistivity 

Pl and phase "Yl from the canonical decomposition. Results are shown in Fig. 4.10. 

4.5 Minimum cross entropy one-dimensional inversion 

To reconstruct the earth conductivity from the observed MT data, minimum cross-entropy, a one-dimensional 

inversion method developed by Jiao and Paulson (introduced in Chapter 2) was applied to the larger principal 

resistivity and phase Pl and "Yl obtained from the canonical decomposition. The method enables the rational 

combination of prior information about the earth conductivity with additional information contained in the 

noise and incomplete MT data set (Jiao and Paulson, 1991). The prior which used in the one-dimensional 

inversion method as part of the addational imformation is the result of Bostick transformation; the estimated 

error o~ the impedance tensor is used as part of the ~dditional information supplied in the form of constraints 

imposed by the MT data. 

Since the estimated error in the impedance tensor is not necessarily the true error in the real world, and 

the noise does not necessarily satisfy Gaussian distribution, we do not know what kind of misfit should be 

chosen. An experiment with regard to this question was done (introduced in Ch.2), and its conclusion is 

simple. When applying the MCE method to real data, first choose the expected misfit to be M (the number 

of data). Generally the iterative algorithm would not converge for this misfit. If the program does not 

converge, increase the expected misfit until it converges. The expected misfit then is the value we should 

choose, because it is the smallest misfit we can obtain, and the result of the method is then reasonably good. 

The iterative algorithm applied on the data was a c language program implemented by J. Jiao. 

The results of the MCE one-dimensional method are shown in Figs. 4.11, 4.12, 4.13, 4.14, 4.15, and 4.16. 

The results of the MCE method for each subarrays are plotted by lines with different thicknesses and 

small circles and we can see that the expected misfit X 2 s of each sub arrays are quite different from each 

other. 

4.6 Two-dimensional modelling 

The Bostick transformation and MCE one-dimensional inversion are one-dimensional methods. We put more 

faith in the MCE method since it should not place structure where none exists. It is possible to use forward 
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modelling to consider the situation in two dimensions and the two-dimensional modelling program used in 

topographic corrections was employed for this purpose. 

We relied on the information provided by the one-dimensional models from the MCE inversion with 

respect to the geometry and the resistivities of the geological structure. Fig. 4.17 shows the resistivities 

and phases of the canonical decomposition, and Fig. 4.18 shows the resistivities and phases of the two

dimensional model shown in Fig. 4.19, the values of resistivities are in logarithmic scale. We can see that 

the E-polarization response from the two-dimensional model and the maximum principal resistivity from the 

canonical decomposition match reasonably well. 

We can have a very good fit between data and model using forward modelling and yet the model may be 

absolutely wrong. This is so because for 2-D and 3-D problems and even 1-D problems with noise, we are 

dealing with an ill-posed problem. 
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Chapter 5 

Results and discussion 

The MT data recorded in the frequency range of 0.001- 100 Hz from six DNA stations (shown in Fig. 1.1) 

were processed in the way described in Ch.4. Data from station 1W, 2W, 3W, 4W and 22E were good, but 

data from 5.2E were noisier than that of the rest of stations and the size of the diamond of that station was 

reduced due to power lines and only 2 subarrays were formed. There is a big difference between apparent 

resistivities and phases on the west side and on the east side of the Kootenay River shown in the data. 

After topographic correction, canonical decomposition was applied to the apparent resistivities and phases. 

The axis of the electric structure underneath the Kootenay River area is aligned at about 15° north-west on 

the west side of the river and about 10° north-east on the east side of the river. The axis of the electrical 

structure under station 22E is about 45° north-west. The results of Bostick transformation and minimum 

cross-entropy one-dimensional inversion show that the resistivity on the west side of the river is less than 

1000 · m and about 10000 · m on the east side of the river, when the depth is less than 4 km. There exists 

a conductive basement with low resistivity of less than 10 · m at the depth of 4±0.5km on the west side of 

Kootenay river, and there is a conductive basement with resistivity of less than 100 · m on the east side of 

the river at the depth of about 8±1km. The conductive basement on the east side of the river is about 4 km 

deeper than the conductive basement on the west side of the river. In other words, there is a pronounced 

electrical discontinuity between the four stations on the west side of Kootenay River and station 5.2E on the 

east side of the river. 

Our conclusion is that this discontinuity occurs just east of the Kootenay River near the town of Creston. 

The discontinuity is nearly vertical and the conductivity structure trends roughly 15° ·north-west. 

5.1 MT data and analysis 

At stations 1W, 2W,3W and 4W, signals recorded were reasonably good. The DNA stations were set 1 

km apart from each other. Four impedance tensors were calculated for each of the four sub arrays in each 

of the four stations. Typical apparent resistivities and phases from the four stations before the coordinate 

conversion shown in Fig. 4.2(a) to that shown in Fig. 4.2(b) are shown in Figs. 5.1., 5.2, 5.3 and 5.4. The 

estimated errors of apparent resistivities and phases range from about 3% in frequency bands 0.005-0.1 Hz 
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and 5-100 Hz, to about 20% or larger in frequency bands 0.001-0.005 Hz and 0.1-5 Hz. Notice that at all 

the four stations, in our coordinate system of data processing (x pointing to the east andy pointing to the 

north), Pz~ is smaller than Pyz when the frequency is lower and they are about the same in the highest 

frequency band. Pzz is about the same as Pzy at a frequency about 0.5Hz or lower, but much smaller than 

Pzy at higher frequencies. Py 11 is much smaller than p11z. 

At station 5.2E, because of the power lines and highways nearby, the diamond was changed into a 'cross' 

station shown in Fig. 1.1, where there is a separation of 100 m between electrodes e1 and es, es and eo, 

es and e2, e2 and eo, e5 and e4, e4 and eo, e7 a~d e6, e6 and eo. The data measured from the reduced 

distance electrodes e1, es, e15 and e7 were still too noisy to use, because there was too much 60 Hz signal in 

them. The impedance tensors of station 5.2E were calculated from data recorded from electrodes e2, e4, e6 

and es and only two subarrays at that station were formed. The data were noisier than that at the other 

stations. Typical apparent resistivities and phases before the coordinate conversion are shown in Fig. 5.5. 

The estimated errors were much larger compared to the errors from the rest of the stations. Notice that at 

this station, unlike the situation at stations 1W, 2W, 3W and 4W, Pzy is greater than Pyz at all frequencies. 

Pzz is smaller than Pzy and Pyy is _smaller than Pyz. The estimated errors for Pzz and Pn are larger than 

those in Pzy and Pyz. 

At station 22E, because of a nearby swamp, the diagonal of the diamond was reduced to 600 m. Signals 

there were good. Typical apparent resistivities and phases before the coordinate conversion are shown in 

Fig. 5.6. The estimated errors were small. Notice that Pzy is greater than Pyz at frequencies about 1Hz and 

higher; they are about the same at lower frequencies. Pzz is smaller than Pzy at all frequencies; Pyy is about 

the same as-Pyz at all frequencies. 

The apparent resistivities and phases are almost the same on the west side of the Kootenay River, but 

the apparent resistivities on the east side of the river are larger at all frequencies. The survey data are not 

affected by static shifts, since the apparent resistivities and phases are very much similar to each other at 

stations lW 2W 3W and 4W. In Fig. 5.7, we can see that all the apparent resistivities and phases from 

the antidiagonal elements of the impedance tensors have almost the same values; they do not show any 

significant separation. Static shifts become apparent when the ¢z11 and f/Jyz phase curves are similar and 

the apparent resistivity curves have the same shape but are at different levels (Jones. 1988), and thus we 

conclude that our data west of the Kootenay River are relatively free of static shift effects. 

The coordinate system was converted from the coordinate system shown in Fig. 4.2( a) to the coordinate 

system shown in Fig. 4.2(b). Topographic correction was applied to each of the subarrays. After that, 

canonical decomposition was applied (see Fig. 4.8, 4.9). At stations lW, 2W, 3W and 4W, the principal 

resistivities are very much similar. Values of the two principal resistivities at high frequencies are about the 

same (- 250 · m), which may be because the structure becomes one dimensional when it is near the surface. 

These values generally get smaller when the frequency is lower and the difference between them gets bigger, 

which indicates that the structure is not one-dimensional when it is deeper. At the lowest frequencies, the 

two principal resistivities become - 10 · m and - 0.10 · m respectively. The principal resistivities at 

station 4 W are smaller than those of stations 1 W, 2W and 3W; they are similar at stations 2W and 3W; and 

they are slightly larger at station 1 W, which may be the effect of the high resistive material on the other 
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Figure 5.3: Typical apparent resistivities and phases from 3W 
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Figure S.7: The apparent resistivities and phases of stations lW, 2W, 3W, and 4W west of the Kootenay 

River 

side of the ·river. At station S.2E, the principal resistivities are much ~arger than those at stations west of 

the river, which are - soon . m and - 400{2 . m when the frequency is high; the values are smaller when 

the frequency is lower. At low frequencies, the principal resistivities become - lOQ · m and - lf2 · m 

respectively. At station 22E, the principal resistivities are - son· m and - 10f2 · m when the frequency 

is high and about 4f2 · m and 0.2n · m when the frequency is low. 

Note that at stations 1W, 2W, 3W and 4W, the principal resistivities are about the same. The orien

tation angles 1/;E and 1/;H of canonical decomposition of our data are very well defined except at some high 

frequencies. The principal electric and magnetic field vectors are almost in linear states since AE and AH 

are between S0 
- -S0

, and the direction of the major axis of the principal magnetic field polarization ellipse 

is perpendicular to the direction of the major axis of the corresponding principal electric field polarization 

ellipse, since 1/;H -1/;E - 90° at all the frequencies. These tell us that our situation is nearly two dimensional 

under the four stations west of the Kootenay River. The orientation angles can give us the information of 

the direction of the electric structure underneath the area in two-dimensional cases . . 
From Fig. 4.9 we can see that at stations 2W, 3W and 4W, 1/JE is between 70° to S0° from positive x axis 

to positive y axis (x axis pointing to the east, y axis pointing to the south) of the measurement coordinate 

system; in other words, the direction of the structure orientation is either in the direction of about 10° to 

20° north-west or its perpendicular direction. From the geological map of that area (after Price, 19SO and 

Archibald, 19S4, shown in Fig. S.S), we can see that the structures there lie in the direction about 10° 
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north-west which is almost the same direction indicated by 1/JE· We know that 1/JE is the direction of the 

larger principal resistivity (i.e. if Ppar 1 the resistivity measured along the strike direction is larger than Pperp 1 

the resistivity measured perpendicular to the strike direction, then 1/JE is the direction of the strike). The 

direction of they axis in our coordinate system of measurement, shown in Fig. 4.2(a), is close to the direction 

indicated by 1/JE because they are only about 15° apart from each other. Suppose that there is a simple 

vertical contact structure underneath the ground, with stations 1W, 2W, 3W and 4W on the conductive 

side and 5.2E on the resistive side. In our measurement coordinate system, we should have smaller P::11 

and greater p11z:. From Figs. 5.1., 5.2, 5.3, and 5.4 we can see that the apparent resistivity P::11 is smaller 

than p11 ::. Thus we conclude that the direction of the structure of the area where our survey was done is 

about 15° north-west, which is in the same direction as the Kootenay River of that area. From station 5.2E, 

the orientation angle is about 80° north west, which can be the direction of the structure or the direction 

perpendicular to the structure's direction. In our measurement coordinate system, the x axis is close to this 

direction. For the simple vertical contact structure assumed earlier, we should get greater Pperp and smaller 

Ppar because the station is on the resistive side. At this station, P::11 is greater than p11:;, and it is much more 

resistive than the four stations on the other side of the Kootenay River. We know that when the resistivity 

measured parallel to the strike is smaller than that measured perpendicular to the strike, the strike direction 

should be the one which is perpendicular to the direction indicated by the orientation angle tPE· We conclude 

that the strike direction here is about 10° north-east, which is the direction perpendicular to that indicated 

by tPE· At station 22E, the orientation angle is about 45° north-west; we conclude that the strike direction 

(if there is any) there is the direction indicated by the orientation angle tPE· The orientation directions of 

stations are shown in Fig. 5.8. 

It is important to emphasise that the principal apparent resistivities p1 and P2 depend only on IIZII = 

tr(ztz)112 and det(Z) = Z::::Z:: 11 - Z11::Z1111 (Yee and Paulson, 1987), two quantities _which remain invariant 

under any similarity transformation of Z and, in particular, under both rotation and ellipticity transfor

mations. Consequently, the maximum and minimum principal apparent resistivities, which are the two 

quantities most amenable to physical insight and interpretation, are polarization-invariant and, hence, are 

more apt to refiect the properties of the earth's geoelectric medium since they are independent of the coor

dinate system selected to measure Z (Yee and Paulson, 1987). Thus our one-dimensional i~version methods 

were applied to the maximum principal resistivity Pl and phase "Yl· 

5.2 One-dimensional models 

It has been noted earlier that the principal resistivity and phase curves from any station can be qualitative 

indicators of the electrical structure beneath them. One-dimensional inversions of the principal resistivity Pl 

and phase "Yl from the canonical decomposition were carried out for individual stations using two inversion 

schemes: (1) the Bostick transformation (Bostick, 1977) and (2) the minimum cross entropy one-dimensional 

inversion method (Jiao and Paulson, 1991). These two schemes were applied to Pl and "Yl of each subarray. 

The results of the Bostick transformation were used as priors in the minimum cross-entropy method. Fig. 

5.9 shows the results of Bostick transformation for stations 1 W, 2W, 3W, 4W and 5.2E in pseudosection 
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form. Fig . 4.10 shows the result for all the stations . 

The results of minimum cross-entropy one-dimensional inversion are shown in Fig. 4.11 to 4.16 . Fig . 5.10 

shows the average of the MCE results of the four subarrays in each st at ion wit h layer approximations. The 

layer approximations here were made based on human justifications, but it should be emphasized that there 

are many methods for blocking petrophysical sections , such as the Markov-Gauss algorithm int roduced by 

Chouinard and Paulson (Chouinard and Paulson , 1988). 

Notice that when the depth is greater than about 10 km, resistivit ies do not change under stations 1W, 

2W, 3W, 4W and 22E. This is because we did not have enough dat a of lower frequencies to extract the 

information at greater depth . From Figs. 4.11 to 4.16 and 5.10 we can see that resistivities did not vary 

much between neighbouring stations of 1W, 2W, 3W, and 4W. At station 5.2E, resistivities are higher than 

those under stations west of the Kootenay River. At station 22E, the resistivities are higher than those 

under stations 1W, 2W, 3W, 4W and lower than those under station 5.2E. 

Stations 1W, 2W, 3W, and 4W lie in a low resistive area near the Kootenay River , where there are 

Quaternary glacial deposits. Station 5.2E lies in the high resistive region which is closer to the high mountain 

east of the river. The geological time of that area is much older , about 1000 million years (Proterozoic). 

Station 22E also lies in a low resistivity area. 

At station 1W, resistivities increase from,...., 500 · m to,...., 2000 · m to a depth of about 600 m . From 

this depth the resistivities reduce to ,...., 200 · m until a depth of about 5 km. At stations 2W and 3W, the 

low resistivity material extends to a depth of about 400 m. Below this the resistivity gradually increases by 

Bostick transformation 

1.5 
Dis t e.n ce (km) 

Figure 5.9: Bostick transformation of sites 1 W , 2W, 3W, 4W, and 5.2E 
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Figure 5.10: MCE 1-D inversion -average over four subarrays with approximate layers 
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less than an order of magnitude until the depth of about 1500 m underneath the stations. From a depth 

of 1500 m to about 4 km, resistivity again becomes smaller. At station 4W, the low resistivity material 

extends to a depth of about 4 km. At a depth of 4±0.5 km, the material below stations 1W, 2W, 3W and 

4W appears to be of particularly low resistivity; all four stations show distinctly the presence of a zone of 

very low resistivity (- 10 · m) at this depth. The results of the MCE inversion at station 5.2E indicate 

that there are several distinct layers underneath the station, the first layer with a resistivity of - 6000 · m 

and thickness of about 600 m. The next layer is more resistive (over 10000 · m) and extends to a depth of 

about 2 km. The resistivities generally become smaller from 2 km to a depth of about 8 km and a resistivity 

of about 20 · m. At greater depth under site 5.2E there is a conductive zone of 10 · m, which has about 

the same resistivity as the conductive zone under the four stations west of the Kootenay River but about 

5 km deeper. At station 22E, resistivity just under the surface is - 500 · m and it generally increases to 

- 1500 · m until a depth of 1.5 km. The resistivity is - 40 · m at greater depth. The electrical properties 

of depth greater than 15 km are unknown because the low resistive rocks degrade depth penetration and 

there was not enough information extracted from our data about them. 

Fig. 5.11 illustrates the two-dimensional composites of MCE one-dimensional models from the deter

minant impedances (Jiao and Paulson, 1991) of stations 1 W, 2W, 3W, 4W and 5.2E. In this figure, blue 

represents conductive regions and yellow resistive ones. The figure clearly demonstrates that there exists an 

electrical anomaly between the four stations west of the Kootenay River and one station east of the river, 

that is, there is a conductive zone under all five stations, but it is about 4 km deeper under station 5.2E. 

In other words, there exists a vertical fault along a direction of about 15° north-west in the Kootenay River 

area, which is at the position suggested by Archibald et al. (1984) and referred as the Purcell Tre:Jlch Fault. 

Fig 5.9, the pseudosection form of Bostick transformation, illustrates the same situation. 

Although the quantitative results may be suspect,_ as we have undertaken a one-dimensional inversion of 

nearly two dimensional data, the conclusion regarding the existence of an electrical discontinuity between 

the four stations west of the Kootenay River and stations east of the river is not amenable to any other 

interpretation. 

5.3 Two-dimensional models 

On the basis of the information obtained from canonical decomposition of the impedance tensor of stations 

1W, 2W, 3W, 4W, and 5.2E, we conclude that the structure underneath the earth's surface in this area 

is nearly two dimensional. In the modelling process, we preferentially fitted the E-polarization responses 

because the E-polarization data are more stable than the H-polarization ones in the presence of small three

dimensional structures. 

The initial model was constructed from the one-dimensional models obtained from MCE inversion. The 

final model was derived by initially matching the low frequency MT responses from the model with the 

observations at the west and the east side of the Kootenay River. The block below 4.5 km under stations 

west of the Kootenay River and the block below 8 km under station 5.2E of the model were assumed to have 

resistivities of 10 · m. Several resistive blocks were added to the model to fit the curves of E-polarization 
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at higher frequencies. The boundary of the eastern resistive zone and the west conductive zone is 1.5 km 

east of the central electrode of station 1W. The reason for placing this boundary is that there is a geological 

contact at the area (shown in Fig. 5.8). We assumed that the depth of the H1 · m conductor basement 

between station 1W west of the river and station 5.2E increases gradually from station 1W to station 5.2E. 

It might increase suddenly somewhere between the two stations, but we do not know exactly where. 

The final model is shown in Fig. 4.19, and the intersection AB of the model is shown in Fig. 5.8. Fig. 

4.17 and 4.18 show the contour plots of apparent resistivities and phases from the canonical decomposition 

of the observed data and the two-dimensional model. We can see that the E-polarization responses were 

reasonably well matched. To achieve better agreement between the two pseudosections, further modelling 

work would have to be done. 

5.4 Discussion and conclusion 

A study of magnetotelluric data from six DNA sites. located in the region of the Kootenay River near Creston 

has been carried out. One-dimensional models of the survey area were obtained from one-dimensional 

inversion. An initial two-dimensional model of the survey area was created, based on the information from 

the one-dimensional inversion pseudosections and from the geological knowledge of the area. We found that 

there is a conductive layer with unknown thickness under all six stations and that a nearly vertical fault may 

Figure 5.11: Two-dimension composites of Minimum cross entropy 1-D models of stations lW, 2W, 3W, 4W 

and 5.2E 

Composites of MCE models 
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exist between stations 4W and 5.2E : 

1. On the west side of the Kootenay River, there is a conductive zone with resistivity of about Hl· m under 

stations 1W, 2W, 3W and 4W, at a depth of about 4±0.5 km. The material beneath station 4W is more 

conductive, and that under station 1W is more resistive. 

2. On the east side of the Kootenay River, it is mucli more resistive than that under stations on the west 

side of the river. The more resistive earth extends to a depth of about 8 km, the conductive zone was found 

at a depth of about 8±1 km. 

3. Below station 22E, which is about 20 km away from site 5.2E, the materials are more resistive than those 

under stations 1W, 2W, 3W and 4W, but more conductive than those under station 5.2E. At the depth of 

about 1.5 km, there is a conductive layer with resistivity of about 40 · m. 

There are several interpretations for the existence of several conductors in the lower crust of North 

America. Hyndman and Hyndman (1968) considered the presence of hydrated rocks in the lower crust to 

be a possible cause of the low resistivity there. In 1981, Olhoeft showed that "hydrate" minerals are not 

intrinsically conducting; it is the fluids released by dehydration reactions that cause the reduced electrical 

resistivity. In 1984 and 1986, Gough suggested man tal upflow to explain the low resistivity of the Cordilleran 

conductors. This may also be the cause of the low resistivity of the basement underneath our survey area. 

According to Gough, high temperatures and partial melting exist in the uppermost mantle beneath most of 

the Intermontane and Omineica belts of the Canadian Cordillera between 49° and 54°N, and also under parts 

of the western United States, and there is an up current of mantle circulation in these regions. In 1990, Kurtz 

proposed that the mantle-derived water and silicate melts produced by partial melting rise locally into the 

middle and upper parts of the crust, and they were trapped beneath an imperl!leable layer. The presence of · 

highly saline hot water in the interconnected pore spaces of the rocks causes the ionic condition that Gough 

considers to be responsible for the low resistivity of the Canadian Cordilleran Regional conductor (Jones, 

1990). If partial melt fluids are present beneath our survey area, then our recognition of the conducting 

basement can support the mantle upflow hypothesis of Gough (1986). 

Work done by Archibald et al. (1984) showed that, in Eocene and later time the eastern Cordillera 

became a regime of extensional tectonics; an apparent reverse fault along the Purcell Trench was active at 

that time. Movement on this proposed fault has exposed deeper levels in the south than the north and 

different levels of the Bayonne batholith at the present level of erosion across Kootenay Lake. Our MT 

stations 1W, 2W, 3W, 4W, and 5.2E were in the Purcell Trench area: An electrical anomaly was found 

between stations 1W, 2W, 3W, 4W and stations 5.2E, which may be the edge of the Purcell Trench Fault. 
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