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ABSTRACT 

A low-frequency magnetotelluric sounding survey was 

conducted in the Bengough area of southern Saskatchewan 

during the fall of 1981. The objectives of this 

investigation were twofold: to locate the western edge of 

the North American Central Plains conductivity anomaly in 

this region, together with its depth, and to compare the 

results given by the customary cross-spectral method of 

magnetotelluric data processing to those obtained with a 

recently proposed technique which incorporates the complex 

singular value decomposition (CSVD) of the data matrix. The 

Bengough area is of particular interest due to a history of 

unusual seismic activity. The CSVD algorithm does not 

require the assumption of a pair of independent noise-free 

signals, and the procedure readily separates the data into 

noise and signal components from which the geophysical 

transfer functions can be extracted. 

A brief history and mathematical summary of the 

magnetotelluric method are provided, and the data 

acquisition equipment and procedure are described. The data 

processing steps are outlined and some noise sources are 

discussed. The results are interpreted with the aid of 

digitized well-log data, apparent resistivity 

pseudosections, and one-dimensional modeling based upon the 
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apparent resistivity and phase curves obtained at each of 

the five recording sites. 

These results reveal a deep zone (at 10 t~ 15 km depth) 

with a resistivity in the 50-75 Om range. The resistivity 

of this conductive zone is significantly lower than the 

values (1000-1500 Om) acquired from well-log resistivity 

readings taken at the top of the Precambrian. There is a 

general trend of decreasing resistivity in this deepest zone 

from site to site, traveling west to east along the survey 

line. Measurements taken at the west end of the survey line 

reveal this zone has a greater depth (20 km) and higher 

resistivity (250 Om) there than at sites to the east. 

Without further observations to ihe west of th~ present 

survey it cannot be concluded whether these measurements 

mark the. western edge of the NACP conductor or a more 

gradual lateral change in its depth and resistivity. 

It was felt that the CSVD method did not offer any 

significant advantage over the cross-spectral computation 

method, especially in light of recently introduced 

improvements in data acquisition and processing techniques. 
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CHAPTER 1 

INTRODUCTION 

1.1 Objectives of Research 

A magnetotelluric (MT) sounding survey was conducted 

during the fall of 1981 in southern Saskatchewan. 

Variations in the earth's magnetic field (Hx,Hy,Hz) and the 

resulting induced horizontal electric field (Ex,Ey) were 

recorded digitally at five stations roughly equally spaced 

on a 69 km east-west line in the vicinity of Bengough. 

The purpose of these investigations was to establish the 

depth and western edge of the North American Central Plains 

(NACP) conductivity anomaly in this region of the province. 

The Bengough area is of geophysical interest due to its 

record of earthquake activity. A strong earthquake occured 

in 1909, somewhere in or near the Williston Basin. From 

reports of its effects its magnitude was deduced to have 

been about 5.5 (Camfield and Gough, 1977). Since 1968 there 

have been several smaller earthquakes in the area, with 

magnitudes between 2 and 4. It is of interest to determine 

the depth and lateral extent of the conductor in a region of 

seismic activity. In addition, information about the 

conductivity and topology of the basement rocks and the 

overlying sediments may be of some value in terms of 

resource exploration. 



The MT data were processed 

steps, as described in Chapter 4. 

in a standard sequence of 

At one point in the 

processing chain, a non-standard technique of computing the 

impedance tensor, called complex singular value 

decomposition (CSVD), was performed in addition to the usual 

technique. The two methods were compared with regard to 

computation time and results. The CSVD method is explained 

in subsection 1.1.2. 

1.1.1 The NACP Conductivity Anomaly 

Large magnetometer arrays in the southern half of 

Saskatchewan and over five states with borders along 

longitude 104°W have been used to record geomagnetic field 

variations. These measurements have been summarized and 

interpreted (Alabi et al, 1975), (Camfield and Gough, 1977). 

The results of these observations indicate an electrical 

conductor in the crust extending from the exposed 

Precambrian rocks of the Churchill Province in the Canadian 

Shield in northern Saskatchewan to exposed faulted 

Precambrian outcrops in southeast Wyoming at the northern 

extent of the Southern Rockies, as illustrated in Fig. 1-1. 

The estimated depth of the conductor varies. The nature of 

the exposed portions of the Precambrian indicates the 

conductor is at or near the surface. Magnetometer data give 

the maximum depth to be less than 75 km at latitude 48°N to 

less than 38 km in the Black Hills region. The conductor is 

likely to be significantly shallower than these depths since 
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the estimates are based on an assumed line-current 

conductor. A conductor with finite cross-section and at a 

shallower depth would produce the same observations. 

Magnetotelluric data recorded in the Black Hills (Rankin and 

Reddy, 1973) give some indication of a conductor at 

10 - 12 km depth. 

The mechanism by which the anomalous conductivity arises 

is open to more than one interpretation. In the Canadian 

Shield, large scale folding and faulting strikes north-east 

on a line with the mapped portion of the conductor to the 

south. The metamorphic rocks of the Wollaston Domain 

contain disseminated graphite, in some localities as much as 

10-25%. Similar graphitic concentrations are found in 

outcrops of metamorphic rocks north of the Black Hills and 

in the northern extent of the Southern Rockies in Wyoming. 

These occurrences coincide with the known extent of the NACP 

conductor. 

Recent work 

conductor in the 

(Handa and Camfield, 1984) places the 

Rottenstone-La Ronge Domain (immediately 

east of the Wollaston Domain) where graphite deposits are 

not so evident. 

In southern Saskatchewan there are salt-collapse 

structures in the sedimentary section (DeMille et al, 1964). 

Salt and other evaporites are leached out by groundwater and 

the overlying sediments fault down. The ion-rich solutions 

leached from the salt beds could migrate into the faults and 
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fractures of the underlying formations, enhancing the 

conductivity of the rocks along the fractures. Some 

salt-collapse structures are found in close proximity to the 

NACP conductor with their axes oriented parallel to it. 

From the Black Hills the NACP conductivity belt strikes 

southwest and is colinear with several faulted regions in 

exposed metamorphic rocks of the Laramie, Medicine Bo~, and 

Sierra Madre ranges comprising the northern portion of the 

Southern Rockies. Rocks to the northwest of the faults are 

dated at least 800 million years older than those to the 

southeast. It has been proposed (Hills et al, 1975) that 

the surface geology of the area represents the subduction of 

a Proterozoic coastal plain. The hydrated minerals of the 

subducted oceanic crust could provide the conductivity of 

the NACP conductor in its southern extent. 

1.1.2 The CSVD Method 

For the computation of the MT parameters by conventional 

methods (Vozoff, 1972), two components of the electric or 

magnetic field are assumed independent and noise-free. 

Customarily H and 
X 

give best results. 

chosen and empirically found to 

Each of the other measured field 

components is then expressed in the frequency domain as a 

linear combination of the two independent fields. The 

coefficients of the independent fields are also functions of 

frequency and these are the parameters or transfer functions 

that are sought, containing information about the electrical 
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properties of the earth. In the case of the electric field 

components, these parameters are called the impedance tensor 

elements or tensor impedances, and they form the impedance 

tensor Z which relates the electric and magnetic field 

vectors. Computation of the impedance tensor is performed 

using the spectral estimates of the fields, obtained by 

Fourier transformation of the recorded time sequences. A 

number of estimates of the impedance tensor can be obtained 

at a particular frequency if more than one record of data is 

available, or if several estimates are obtained from one 

record for a narrow band of several frequencies surrounding 

the frequency of interest. Each estimate can give predicted 

values for the dependent fields. One usual method of 

obtaining a final impedance tensor estimate is to minimize 

the sum of the squares of the difference between each of the 

measured field components and the predicted values of the 

corresponding component (Kaufman and Keller, 1981). There 

are some difficulties with this approach (Jupp, 1978). The 

transfer functions are assumed to be slowly varying 

functions of frequency, but in order to obtain acceptable 

estimates of the transfer functions, the necessary bandwidth 

may be wide enough to include significant variation. In 

addition, it is overly optimistic to assume that a pair of 

fields can be found which are independent and noise-free. 

Correlated noise between channels produces erroneous 

results, and high correlations between fields can result in 

solutions to the least-squares problem which are highly 
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susceptible to even low levels of noise. 

A generalized least-squares method is proposed by Jupp, 

which obviates the need to choose two independent noise-free 

channels. Noise is allowed on all channels. A data 

matrix A is constructed for one frequency from a chosen 

number, say M, of estimates of all the field values. Thus A 

consists of M rows and N columns, one column for each field 

component. Matrix A can be separated into a sum of signal 

and noise matrices, B + E. The separation is determined by 

the process of complex singular value decomposition (CSVD). 

The columns of B are N points in Euclidean M-dimensional 

space lying on a r-dimensional plane passing through the 

origin. The parameter r is the rank of the matrix and for 

MT theory r = 2 implying there are two linearly independent 

fields. The plane is oriented with respect to the 

M-dimensional points specified by the columns of A such that 

the sum of the squares of the distances to the plane from 

the points is minimized. The tensor impedances can be 

obtained from the decomposition. The method is described in 

Chapter 2. 

Brief reference has been made (Lienert et al, 1980) to 

the use of this technique in analysis of MT data although 

their work was not intended as a rigorous test of the 

method. Their survey was conducted in a region with complex 

subsurface geology, and they admit cultural noise was a 

significant contaminant of the data. It is felt that the 
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survey sites used in the present work circumvented these 

problems to an extent which allowed a useful evaluation of 

the CSVD method as applied to MT data. 

1.2 Outline of Thesis 

The theoretical discussion in Chapter 2 begins with a 

brief overview of the development of MT theory since its 

origins in the early 1950's, with bibliographical references 

to some key investigators. Next, a derivation of the basic 

relations used in magnetotellurics is given, starting from 

Maxwell's equations. Finally, a discussion of a simple 

two-dimensional model proposed for the survey area and a 

description of the use of the CSVD method are presented. 

The data acquisition is summarized in Chapter 3. The 

field-sensing, amplification, and recording stages of the 

instrumentation are described and the field procedure is 

outlined. A brief reference is made to the calibration of 

the instrumentation. 

The processing steps required to extract rotated 

impedance tensors from the raw data are discussed in 

Chapter 4. No program listings are included. The criteria 

are given which are used to distinguish acceptable data from 

those corrupted by noise. Also provided are examples of 

several likely sources of noise. 
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An interpretation of the processed results is attempted 

in Chapter 5. 

models fitted 

Using 

to 

pseudosections 

the apparent 

and one-dimensional 

resistivity curves, 

geoelectric sections are obtained which give a picture of 

the subsurface resistivity structure. The results from the 

CSVD processing technique are evaluated and compared with 

those from the conventional processing method. Finally some 

recommendations are listed for improving the experiment and 

for future investigation. 
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CHAPTER 2 

THEORETICAL DISCUSSION 

2.1 History of the Magnetotelluric Method 

It was demonstrated over thirty years ago that a relation 

existed between horizontal components of the earth's 

magnetic field and orthogonal horizontal components of 

electric fields associated with earth currents measured at 

the earth's surface. It could be shown that this relation 

depended upon the conductivity and the thickness of 

subsurface layers. 

Cagniards's paper (Cagniard, 1953) developed equations 

for the ratio of these field components with regard to the 

practical application of these equations to geophysical 

prospecting. He presented apparent resistivity and phase 

difference curves for a two-layer model. This analysis 

required the assumption of a horizontally-layered earth, 

each layer being electrically homogeneous (one-dimensional 

model), and a plane-wave source so that the electromagnetic 

field can be considered uniform over a horizontal extent 

large compared to the skin depth. 

The conditions under which the second assumption is valid 

were examined in a paper by Wait (Wait, 1954). He argued, 

using a model of two semi-infinite homogeneous media, that 

the horizontal magnetic field components must not vary 
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significantly over the boundary between the media in a 

distance on the order of a skin depth. If this stipulation 

were met, the proportionality between electric and magnetic 

components could be demonstrated. 

In his doctoral thesis Cantwell (Cantwell, 1960) proposed 

a tensor relation between electric and magnetic field 

vectors to account for the possible anisotropic resistivity 

structure of the subsurface. He wrote 

Ex ZXXHX + zxyHy 

Ey zyxHx + ZYYHY 

This expressed that in the general three-dimensional 

case, the earth's conductivity structure is such that 

currents travelling in one direction are induced by magnetic 

fields both perpendicular to the current direction and 

parallel to it. 

Cantwell and Madden published the preliminary results of 

field measurements made in Massachusetts (Cantwell and 

Madden, 1960). They treated the data on a digital computer 

and used the coherency between electric and magnetic signals 

as a criterion for acceptability of the data. They found 

that portions of the data with highly coherent signals gave 

consistent estimates of the apparent resistivity which 

varied smoothly with frequency. 

A. T. Price examined the plane-wave assumption in more 

detail (Price, 1962). A more general electromagnetic field 
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was proposed as a solution to Maxwell's equations. 

Cagniard's and Wait's solutions are included as special 

cases. It had previously been argued that since the 

physical processes giving rise to the source fields take 

place on a global scale, the assumption of uniformity of the 

source fields was sound. Price demonstrated the existence 

of cases in which the dimensions of the source could have a 

pronounced effect on the amplitude ratio and phase 

difference between horizontal orthogonal components of 

magnetic and electric fields, even when the source fields 

are of global dimensions and the depth of penetration is 

moderate, on the order of kilometres or tens of kilometres. 

The departure from Cagniard's theory due to these source 

effects is more pronounced for decreasing frequencies. 

A summary of the development of magnetotelluric theory 

was published by Wait (Wait, 1962). This summary included 

theoretical curves of modulus and argument of E/H for a 

three-layer model, to aid in interpretation of experimental 

data. 

Madden and Nelson (Madden and Nelson, 1964) provided a 

defence of Cagniard's MT theory as far as source effects are 

concerned. It was demonstrated that source effects could 

not be ignored in a horizontally uniform earth if the ratio 

of the wavelength of the source field A(wavenumber v) to the 

skin depth o is of the order of unity or less: 

A 
0 

(w~a/2)~ 12 

~ 
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For the frequencies and resistivities encountered in most MT 

surveys, this ratio is greater than unity and source effects 

can be ignored. Experimental results from subsequent 

investigations have confirmed this condition. 

A decade after Wait's summary, Vozoff presented a 

comprehensive overview of MT theory, instrumentation, field 

procedure and data analysis (Vozoff, 1972). He emphasised 

data interpretation with several models and field examples. 

The impedance tensor estimate can be biased by noise in 

the magnetic channels. This occurs because spectral 

densities of these fields appear in the denominators of 

expressions for the 

Eqns. 2.7 and 2.8). 

impedance tensor estimates (as in 

A paper introducing the remote magnetic 

reference method demonstrated the removal of this source of 

bias (Gamble et al, 1979). In this method, simultaneous 

recordings are made of magnetic and electric components at a 

base site and of just the horizontal magnetic components at 

a remote site. The noises on the remote channels are 

assumed uncorrelated with those at the base station. If the 

remote fields are used as the F and G fields in Eqn. 2.6 

then there is no resulting bias due to uncorrelated noise. 

With improvements in data processing techniques and in 

electronic components of recording equipment, the error or 

scatter in MT data was reduced to such an extent that once 

again source effects became a possible cause of discrepancy 

between predicted plane-wave results and those actually 

, 3 



observed over a known geoelectric section. Researchers have 

computed the response to a variety of dipole sources of an 

idealized sedimentary basin underlain by a resistive 

basement and a conductive mantle (Quon et al, 1979). The 

dipole was chosen as an example of extreme concentration of 

short spatial wavelength; a worst-case example. The dipole 

responses were compared to plane-wave source responses, and 

found to diverge significantly only at frequencies less than 

5 to 10 mHz. 

2.2 Derivation of the Basic MT Equations 

Maxwell's Squations for a ~edium of conductivity a are 

written in rationalized MKSA units as 

V•D Pfree 

VxH = J + aD/at 

VxE = -aB/at 

V•B 0. 

It is assumed that the medium is source-free, non-magnetic, 

and isotropic, and that the fields have time dependence 

exp(iwt). These equations can then be written in terms of 

E = D/£ and H = B/~·and Ohm's law (J = oE): 

V•E 0 

VxH = (a + iw£)E 

VxE = -iw~H 

V•H 0. 

1 4 
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Substituting the expression for H in Eqn. 2.3 into Eqn. 2.2, 

and making use of the vector identity 

Vx ( Vx A) 

and Eqn. 2.1, E can be expressed in terms of a homogeneous 

wave equation 

0 ( 2. 4) 

where the propagation constant, Y, is given by 

An equation identical to Eqn. 2.4 is derivable for H. 

A rectangular coordinate system is established, with the 

xy-plane on the earth's surface, the x-axis pointing north, 

and the positive z-axis oriented vertically down into the 

earth. 

For an electromagnetic plane wave propagating in the 

z-direction, the z-components are zero and the wave 

equations have solutions of the form 

E E 0 exp(-Yz) 

H H0 exp(-Yz). 

The term in each solution with positive exponent is dropped 

to ensure that the fields do not become infinite at infinite 

depth. These solutions can be substituted back into 
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Maxwell's equations to obtain the following relationships: 

E /H = -E /H 
X y y X iw11/Y z. 

The components of the observed wave are confined to the 

xy-plane. The ratio of a horizontal electric field 

component to an orthogonal horizontal magnetic field 

component is independent of position on the surface of a 

uniform earth and depends only upon the frequency of the 

wave, and the properties 0,11, and E of the medium. The 

ratio, Z, is called the surface or plane-wave impedance of 

the medium. 

The direction of propagation of the wave within the earth 

is vertically downward, virtually independent of the angle 

of incidence. This is because of Snell's law and the high 

conductivity of the earth relative to air. 

For the frequencies (.001 10 Hz) and resistivities 

(1 - 1000 Om) encountered in most MT prospecting, the 

displacement current term can be neglected in the expression 

for the propagation constant. Also, all media are assumed 

to be non-magnetic, SO 11 = 11o 
-7 2 41Tx10 N/A • The 

propagation constant or wavenumber is then written 

(1 + i)/o 

where the skin depth is given in MKSA units by 

o (2/w11o) 112 • 
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The skin depth in kilometres is often approximated by 

o(kilometres) = ~(plf)~ 12 

where f is frequency in Hz. The plane-wave impedance 

becomes 

Z =(iwlJ/o)~ 12 . 

From this the resistivity of the half-space is given as 

p = 0 

These results can be generalized to apply to a general 

one-dimensional model: an earth consisting of any number of 

horizontal layers, each layer being homogeneous and 

isotropic, and having conductivity o. ,thickness h. and 
l l 

propagation constant Yi~ If Zn is the impedance measured at 

the surface of a n-layered earth, a recurrence relation of 

the form 

Wll [ -1[iY Z ]] Z = -. coth -Y 1h 1 + coth . 1 n-1 
n 1Y 1 Wll 

leads to the general equation 

( 2. 5) 

This equation is useful for determining response curves for 

one-dimensional models. 
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The apparent resistivity for this n-layered model is 

obtained in a manner analogous to the way in which the 

resistivity is found for the homogeneous half-space. The 

apparent resistivity is defined to be 

This can be expressed using so-called practical units for 

E (mV/krn) and B (gammas) (1 gamma = nT) : 

where f is frequency in Hz. 

If the conductivity, in addition to depending upon z, is 

a function of x or y then the impedance is dependent upon 

the orientation of the measurement axes. If the 

conductivity depends upon 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 existence of such 

lateral conductivity variations invalidates the simple 

scalar relationship between E and H. The current in the 

x-direction is due partly to H and y partly to Hx because 

currents induced by H may be deflected into the x-direction 
X 

by the anisotropic structure. The field relationships are 

written as 
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Ex ZXXHX + zxyHy 

Ey ZyxHx + ZyyHy 

where all quantities are complex functions of frequency. 

The Zij are elements of an impedance tensor. 

resistivity is also defined in this case as 

1 I z 12 
Ulll ij i,j = x,y; i;tj 

An apparent 

In the pair of equations for the E-field components, the 

field values are measured and the impedance tensor elements 

are to be determined. The problem presented by two 

equations and four unknowns can be circumvented in a variety 

of ways·. Two more equations for E and E can be obtained 
. X . y 

from a second data record and the four equations can then be 

solved for the zij provided the magnetic fields in the two 

records used do not have the same polarizations. If more 

than two records of data are available, the Z .. can be lJ 

determined as a best fit to the available data in a least-

squares sense (Kaufman and Keller, 1981). Another technique 

is to form spectral estimates with field components F and G, 

thereby obtaining enough equations to solve for the tensor 

impedances. 

* <E F > 
X 

Thus 

(2.6) 

where F* indicates the complex conjugate of F and < > is the 
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expectation operator. These equations are solved for the 

impedance tensor elements: 

* * * * ( 2. 7) z [<ExF ><H G > - <E G ><H F >]ID 
XX y X y 

* * * * >]ID ( 2. 8) z [<ExG ><HxF > - <E F ><H G xy X X 

* * * * where D = <HxF ><H G > - <HxG ><H YF > y 

Similar equations result for the other two impedance tensor 

elements. In practice, estimates of the variance spectral 

density elements are made by averaging over a small band of 

frequencies surrounding the frequency of interest. This is 

permitted in that it is assumed the Z .. are slowly varying 
lJ 

functions of frequency. Any pair of field components can be 

chosen for F and G, but they should be independent. If they 

are strongly dependent the denominator of the expressions 

resulting for the Zij is close to zero. Some combination of 

these two methods can also be used. 

As mentioned previously, if the subsurface conductivity 

structure is two or three-dimensional the computed values of 

the impedance tensor elements are dependent upon the 

orientation of the measurement axes. The axes can be 

arithmetically rotated by an angle e, measured clockwise as 

viewed from above the earth's surface, to give rotated 

impedance tensor elements Zlj~ To simplify the equations 

the following parameters are defined: 
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z 1 = ( zxy zyx)/2 

z2 = ( 2xx + zYY)/2 

Za ( zxy + zyx)/2 

Za. = ( 2xx zYY)/2 

The rotated impedance tensor elements are then expressed 

(cf. Eggers (Eggers, 1982)): 

Z' (e) = z2 + Za.cos(29) + Z 3 sin(29) XX 

z' (e) z 1 + Z 3 cos(29) - Za.sin(2e) xy 

Z' (e) =-Z1 + Z 3 cos(29) - Za.sin(29) yx 

Z' (e) = z2 - Z~tcos(29) - Z 3 sin(29) yy 

Both Z 1 and Z2 are rotationally invariant. The Z' and xy 

Zyx are called the principal components of the impedance 

tensor. 

For a two-dimensional structure the principal di·rection 

may be determined by the behavior of the diagonal elements 

of Z under coordinate rotation about the z-axis. If the 

axes are aligned parallel and perpendicular to strike, the 

diagonal elements Z' and Z' are zero: a magnetic field 
XX yy 

component which is linearly polarized parallel to strike or 

to the symmetry axis of a two-dimensional earth cannot 

induce currents to flow parallel to itself. This angle of 

rotation, called the principal direction 9 0 , can be found by 

an iterative technique as the angle which maximizes the 

quantity IZ' + Z' I xy yx ~ 
Or alternatively, taking the 

derivative of this quantity with respect to e, the maximum 
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can be determined analytically by 

tan(4e) = ( 2. 9) 

In the case of a three-dimensional subsurface, the 

principal direction e 0 is chosen by the same criterion 

although this is open to criticism (Eggers, 1982),(Yee and 

Paulson, 1984). In rotating the impedance tensor elements 

through an angle of ~ radians the pairs Zxy'-Zyx and Zxx'ZYY 

trace out identical rotation ellipses in the complex 

Z-plane. The angle e 0 defines the principal axes of the 

ellipses. Although the diagonal elements do not vanish at 

this angle as they do in the two-dimensional case, the 

principal components are defined at this angle. 

The relative extent to which a structure rna~ be 

considered to be three-dimensional is indicated in a 

qualitative manner by the skew, defined by 

It is rotationally invariant and reflects to some degree the 

three-dimensionality of the structure, since it is zero for 

one and two-dimensional structures. Another similar 

parameter is the ellipticity, given by 

The induced vertical component of the magnetic field is 

related to the horizontal components in the same manner as 
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the electric field components (Vozoff, 1972): 

(2.10) 

The quantity 

is often referred to as the tipper, because it can be 

imagined as an operator on the horizontal magnetic 

components, tipping them into the vertical direction. The 

tipper components A and B are determined in the same way as 

the tensor impedances: 

* * * * A [<H H ><H H > - <H H ><H H >]/D 
Z X y y Z y y X 

* * * * B [<HzH ><H H > - <H H ><H H >]/D Y X X Z X X y 
* * * * where D = <H H ><H H > - <H H ><H H >. 

X X y y X y y X 

(2.11) 

(2.12) 

The tipper is also diagnostic of the dimensionality of the 

subsurface conductivity structure. It can be used to 

determine the horizontal direction a for which the 

horizontal magnetic field component and the vertical 

component have the highest coherency. For a two-dimensional 

structure A and B have the same phase. The direction a is 

given by 

and is perpendicular to strike. 
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2.3 A Simple 2-D Model - The Vertical Fault 

The behavior of apparent resistivity and tipper curves, 

measured above a vertical fault, can be deduced easily from 

a consideration of E-field boundary conditions and current 

densities (Vozoff, 1972). This model is chosen as the 

simplest representation of the edge of the NACP conductor. 

Assume a two-dimensional resistivity model striking in 

the x-direction, with two homogeneous, isotropic media 

having resistivities p 1 and p 2, P2 > p 1 , as in Fig. 2-1. 

The E and H field components are measured with axes parallel 

and perpendicular to strike at a number of sites on a line 

crossing the boundary, and apparent resistivity and tipper 

curves are obtained, as shown. These curves are explained 

in terms of quantities measured perpendicular Ey,Jy,Py and 

parallel E ,J ,p to strike. X X X _ 

Currents perpendicular to strike vary continuously across 

the boundary. On the conductive side, the current density 

is higher near the surface, while on the resistive side the 

current density is lower. So J decreases smoothly y 

approaching the boundary from the conductive side. Since 

J = E/p, E also decreases smoothly while still on the y 

conductive side. Thus the corresponding apparent 

resistivity Py also decreases but as the square of EY. Note 

that the effect of measurements taken at decreasing distance 

from the boundary and the effects of measurements taken at 

decreasing frequencies at a fixed distance from the 
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Fig. 2-1. Two-Dimensional Model- Vertical Fault 
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boundary, may be taken to be analogous. Signals at 

decreased frequency penetrate further laterally as well as 

vertically. At the discontinuity, boundary conditions 

impose an abrupt change in EY proportional to the change in 

resistivity. Thus the apparent resistivity Py shifts 

abruptly. 

Current density parallel to strike changes abruptly 

across the fault. The boundary conditions imposed on 

Ex constrain it to vary smoothly across the boundary and 

when p changes, Jx changes proportionately. The smooth 

transition in Ex explains the continuous nature of the 

change in apparent resistivity p • 
X_ 

The increase in tipper magnitude at sites closest to the 

discontinuity is explained by the change in Ex. The 

existence of a vertical magnetic component Hz implies VxE 

has a non-zero vertical component. The Hz component 

originates from the change in Jx with distance from the 

fault, since oEX/ay is non-zero. 

2.4 Note on the CSVD Method 

The CSVD method of computing impedance tensor elements, 

as described by Jupp (Jupp, 1978) is a generalized 

least-squares technique. The transfer functions are 

determined without the empirical selection of a pair of 

"noise-free", independent channels of data. 
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The time sequences of recorded data are segmented into 

manageable-sized records and these are subjected to Fourier 

transformation. A frequency for analysis is chosen. For 

each record the complex Fourier coefficients corresponding 

to that f~equency, or for all frequencies in a narrow band 

surrounding that frequency, are inserted into the M x N data 

matrix A. Each of the N columns corresponds to a data 

channel and each of the M rows to a frequency. 

Prior to any decomposition of the data, they are 

normalized so that the sum of squares of magnitudes of the 

entries in a column is unity. This removes the effect of 

different units of measurement for electric and magnetic 

fields. It also serves the purpose of equalizing the 

variance of the noise for all channels if each channel has 

the same signal-to-noise ratio. Further, the bands can be 

windowed before insertion into the matrix as is done in 

spectral analysis to increase statistical reliability. As 

many rows can be inserted into A as desired, available 

storage and reasonable computation time being the limiting 

factors. 

For any complex M x N matrix A, there exists a unique 

decomposition 

A = usv*T 

where u is M X N column orthonormal and 
v is N X N column orthonormal and 
s is N X N real diagonal, 

and composed of singular values 
s 1 ~s 2 ~ •.. ~sN~o 

and T denotes the transpose operator. 
27 

complex 
complex 



The matrix A is of rank r (i.e. A has r linearly independent 

columns) if its singular values sr+ 1 = sr+ 2 = = 0 

and matrix S is written as S • A complex M x N matrix B of r_ 

rank ~ r, B = US v*T,can be found which minimizes the 
r 

E u c 1 ide an norm II A - B II for a 11 M x N mat r i c e s of rank ~ r . 

The columns of each matrix A and B can be considered to 

specify N points in a Euclidean M-dimensional space. The 

columns of matrix Bare N points, lying in the r-dimensional 

plane passing through the origin which best fits the columns 

of A. The columns of B are the projections of the columns of 

A onto the plane. 

For the MT application the rank of B is assumed to be 2, 

in accord with the plane wave assumption and the implied two 

independent field components. B is the signal matrix from 

which the noise has been removed from all channels by the 

best fit procedure. The recorded data matrix is the sum of 

signal and noise matrices: 

A 
recorded data 

B 
signal 

+ E 
noise 

(2.13) 

For this method to provide consistent estimates of the 

signal and of the impedance tensor elements, it is required 

that each data channel in A have noise which is normally 

distributed with zero mean and equal variance. The scaling 

and windowing of the data before insertion into A is an 

attempt to partially meet these requirements. If the 

criteria are approximately met then the singular values sl 
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and S 2 are close to unity and the other singular values are 

close to the signal-to-noise ratio. 

In order to extract the impedance· tensor elements from 

the data the decomposition of the matrices is expressed in 

an alternate form. Following Jupp's convention ui and 

v. are column vectors representing the i-th columns of 
1 

matrices U and V respectively. Then A can be written 

N 
A L s.u.v~T 

i=1 1 1 1 

Matrices A and B have the same decomposition except B is of 

rank 2 so it has singular values s3 = s4 = ... = SN 0 • The 

signal and error matrices B and E in Eqn. 2. 1 3 can be 

written in similar form, except that for B the summation is 

from 1 to 2 and for E the summation is from 3 to N. The j-th 

column bj of the signal matrix B can be written in a similar 

fashion as 

Since matrix B is of rank 2, any column of B can be 

expressed as a linear combination of two of its columns, say 

columns 1 and 2. Thus 

If the first and second columns of B correspond to field 

components Hx and HY respectively, the complex transfer 
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functions qj play a role identical to the impedance 

tensor elements, relating the components Hx and HY to the 

remaining components. Using the fact that matrix U is 

column orthonormal and that singular values s 1 and s 2 are 

close to unity, the right sides of the expressions for 

b. are equated and the transfer functions can be found from 
J 

* pj [vj1v22- vj2v21]/D 

* qj [vj2v11 vj1v12]/D 

where D = v 11 v 22 - v 12v 21 • 
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3.1 Field Detection 

CHAPTER 3 

INSTRUMENTATION 

The preamplifiers and amplifier were designed and 

constructed at the University of Saskatchewan, and are 

described in detail elsewhere (Kosteniuk and Maidens, 1984). 

This section provides an outline only of the instrumentation 

involved. 

3.1.1 Electric Field 

The electric field was measured using four non-polarizing 

porous pot electrodes each consisting of a copper electrode 

immersed in a copper sulphate solution. The pots were set 

in a drilling mud paste to improve electrical contact with 

the earth and were buried 10 - 20 em to minimize the effects 

of thermally induced noise. 

The electric field preamplifier handled two channels. 

Each electrode pair was connected by a coaxial cable to the 

inputs of a differential amplifier. The shields of each 

cable were attached to the case of the preamplifier. 

The output signal from each channel was referenced to a 

fifth porous pot situated at the centre of the spread, near 

the E preamplifier. The gain of this first stage can be set 

at one of four values ranging from 30 to 210. The signals 
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were filtered with a simple highpass RC circuit with a 

cutoff of either .035 Hz or .24 Hz to reduce the amplitude 

of the stronger low frequency signals. After further 

amplification, the signals passed through an active lowpass 

filter with a choice of one of several corner frequencies. 

These filters allow the E preamplifier to be useful over a 

wide range of frequencies, eliminating or reducing the 

contribution from undesired large amplitude components when 

a particular band is. examined. The tendency of the MT 

signal to vary significantly in its frequency content from 

one recording session to the next makes this filtering 

necessary. 

The two signals ~rom the·E preamplifier were carried to 

the amplifier by an insulated cable containing two shielded 

pairs. The shields were connected to the preamplifier case. 

The electric field measuring circuitry is shown in Fig. 3-1. 

3.1.2 Magnetic Field 

At each site, two three-component induction coil 

magnetometers, with 100m separation, formed base and remote 

stations. 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. The 

six coils are described by Zambresky et al (Zambresky et al, 

1980). Each coil consists of 50,000 windings, has an inside 

diameter of 3.2 

length of 45.7 em. 

em, an outside diameter of 7.3 em and a 

The core of each coil is composed of 
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approximately 50 insulated laminated strips of high 

permeability metal with a length of 91.4 em. The coil has a 

de resistance of 1.831 kQ, a self-inductance of 930 H, and a 

capacitance of .188 ~F. The sensitivity is .0088 ~V/nT/sec. 

The core and coil are encased in a heavy gauge plastic tube. 

The tube was covered with metal foil to provide an 

electrostatic shield which was insulated with an outer layer 

of plastic film. 

Each of the coils in a set was connected with a shielded 

pair to a magnetic field preamplifier. There was a separate 

preamplifier for each magnetometer set. The signal from 

each coil was amplified and lowpass filtered in stages of 

selectable gain and corner frequency. The system is shown 

in Fig. 3-2. 

The signals from each H preamplifier were conducted by 

shielded pairs in an insulated cable to the amplifier. All 

shields were connected at the preamplifier case, and were 

connected to a steel rod driven into the earth near the 

preamplifier case. All signal grounds in the preamplifier 

were joined to this steel rod as well. 

3.2 Recording System 

All these electric and magnetic signals were fed to an 

eight-channel amplifier. Each channel incorporated an 

Analog Devices AD612CD instrumentation amplifier with a 
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switch-selectable gain of 2n, n = 0, 1, ••• , 10. 

The amplified signals were passed through anti-aliasing 

filters. Three dual channel Krohn-Hite model 3323 filters 

were used. The filter characteristics for each channel were 

set by switches on the front panel. All channels were set 

to the same configuration, using a four-pole Butterworth 

lowpass filter with 0 db gain in the passband, -3 db down at 

the corner frequency, and 24 db/octave attenuation. 

Since only six filter channels were available, two 

channels used simple RC lowpass filters for anti-aliasing. 

These had a corner frequency of 1.6 Hz and a rolloff of 

12 db/octave. The vertical magnetic field channels used 

these filters, since it was anticipated that they would not 

contain much useful information due to low signal strength 

over a one-dimensional earth. 

A 16-bit, 64KB-memory Data General Nova 4C computer, 

mounted in a portable fibreglass case for field use, was the 

last stage in the system. The computer was equipped with an 

ADAC model 500 A/D-D/A converter with programmable gain. 

The converter was capable of handling 16 channels of 12-bit 

words at a maximum sampling rate of 60 kHz and a resolution 

of .488 mV/bit. 

The eight channels of data were multiplexed and recorded 

on magnetic tape using a Pertec model 6840 nine-track tape 

transport. The two D/A channels were used to drive a 
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Tektronix model 602 X-Y display unit so that the signals 

could be seen as they were recorded. Other peripherals 

included a DGC model 6030 dual diskette drive and an IDS 460 

printer/plotter. 

All equipment was intended for field use and was 

installed in fibreglass or plywood cases for protection and 

portability. 

The recording of the data was governed by acquisition 

software developed and described by Kosteniuk and Maidens 

(Kosteniuk and Maidens, 1984). The operator chose the 

sampling rate, number of channels and number of records to 

be recorded (256 samples/channel/record) and the data were 

displayed before being written to tape. The maximum 

sampling 

data. 

rate was 

The data 

1 kHz 

could 

for eight channels of continuous 

be sampled at faster rates 

(N channels, 60/N kHz sampling rate) for which sampling is 

suspended for the time it takes to write previously 

converted data to tape. This technique was not necessary, 

since the frequencies of interest in this investigation 

required much slower sampling rates, typically 50 to 500 Hz. 

A block diagram of the entire instrumentation system is 

shown in Fig. 3-3. 
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3.3 Field Set-up and Procedure 

The five recording sites comprising the survey were 

spaced at approximately 16 km intervals along an east-west 

line, as shown in Fig. 3-4. This spacing was thought 

appropriate to the anticipated dimensions of the conductor. 

Preferred locations were flat summerfallow fields, since 

there were no crops or livestock to avoid and set-up was 

facilitated by cultivated soil. Sites were chosen as far as 

possible from wire fences, underground telephone cables, and 

power lines. 

Each site was set up similarly. From the centre of the 

electrode spread, a transit was used to locate the positions 

of the four pots, thereby fixing the x and y axes at a known 

orientation to magnetic north. The two magnetometer 

stations were then surveyed and staked out, the cylindrical 

axes of the coils being aligned with the electrode axes. 

The electrodes were buried first 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, used as a reference potential 

for shields, was buried and all cables connected to the 

E preamplifier at the centre. All preamplifiers were 

installed in styrofoam-lined wooden boxes and partially 

buried to reduce thermal and wind noise. 

For each magnetometer station the procedure was the same. 

The x and y coils were placed in 20 em deep trenches 



separated from one another by at least five coil lengths. 

They were aligned with the surveyed axes, leveled with a 

spirit level and then buried. The z coil was set in a 

vertical hole as deep as possible, positioned with the 

spirit level, an~ then held in place with earth. All cables 

to the H preamplifier were buried. A steel rod driven into 

the ground or an extra electrode was used as. a reference 

potential for shields and signal grounds for the 

H preamplifier. 

The outputs from all preamplifiers 

potentiometer to give approximatily 

amplifier gains were adjusted to 

amplitude fed to the· anti-aliasing 

were adjusted by a 

zero de offset. The 

maximize the signal 

filters, which would 

accept up to + or - 7 V without clipping. 

The preamplifiers and amplifier were powered by small 

rechargeable batteries. Power for the recording equipment 

was provided by a 2500 W gasoline-powered generator. It was 

situated as far as possible <-50 m) from the magnetometers 

and amplifier. The generator's ground served as a reference 

for all shields and signals from the amplifier to the 

computer. 

At each site at least two full 10 inch reels of magnetic 

tape were recorded: over four thousand records of 8 channel, 

256 samples/channel 16-bit integer data. Usually one tape 

used a sampling interval of 2 ms and the other an interval 

of 10 or 20 ms. 
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3.4 Calibration Parameters 

Considerable effort was required to calibrate all 

preamplifiers and coils over the wide range of frequencies 

accessible to the system. The response of each coil and 

each preamplifier channel was expressed as a complex 

transfer function of poles, zeros, and gain factors. 

The coils were calibrated by positioning them at the 

centre of a horizontal loop of known dimension. The loop 

was driven by a signal generator and the current was 

accurately measured. Both the inducing signal and the 

coil's response were digitized and recorded on magnetic 

tape. 

The calibration of the preamplifiers also involved 

comparison of a signal generator's output with the 

preamplifier's response to that signal. The calibration 

software (Kosteniuk and Maidens, 1984) accomplished the 

calibration in two principal phases; recording of responses 

and computation of the transfer function. 

One channel of one preamplifier was calibrated at a time. 

Filters and gains were set and several cycles of a sinusoid 

directly from the signal generator and from the preamp were 

generated, recorded, displayed, and assessed visually for 

noise and clipping. Amplitude, phase and frequency of each 

signal were computed (Paulson, 1976) ,(Riesen, 1980). The 

fitted sinusoids were then displayed superimposed on the 

instrument outputs to judge the performance of the fitting 
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routine. This procedure was repeated at each of several 

frequencies within a bandwidth of interest. As the response 

at each frequency was determined, it was displayed on a 

log-log plot to determine whether or not it was consistent 

with previously determined points. 

When the band had been adequately sampled, the transfer 

function could be computed from the discrete response 

values. The method consisted of approximating the discrete 

response values with a complex polynomial having real 

coefficients, and minimizing their difference in a 

least-squares sense. The roots of the polynomial were 

calculated, enabling the expression of the transfer function 

in the s-plane representation. This was then displayed with 

the discrete values and the fit was appraised. 

All information pertinent to the instrument's switch 

settings and response was inserted in a disk file. The 

discrete values of the transfer function were saved along 

with the poles and zeros of the computed response. 
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CHAPTER 4 

DATA PROCESSING 

The magnetotelluric data were subjected to a more-or-less 

standard series of data processing steps with the end result 

being rotated apparent resistivity curves for each site. 

The step involving computation of impedance tensor elements 

from the spectra of the fields was completed by two methods: 

the conventional technique described by Vozoff (Vozoff, 

1972) and modified by the introduction of a remote site 

(Gamble et al, 1979), and the CSVD method as mentioned in 

Chapter 2. In this chapter the processing steps are 

described and some discussion of sources of error is 

provided. 

4.1 Procedure 

4.1.1 Filtering, Decimating, Transforming 

The natural electromagnetic spectrum varies in amplitude 

over several orders of magnitude in the frequency range of 

interest for a typical magnetotelluric study. The recording 

equipment incorporated a number of analog filters to reduce 

the effects of known noise sources and to allow maximum 

sensitivity to the frequency band of interest, while 
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attenuating the 

outside the band. 

saturation effect of stronger signals 

Digital filtering is still required to 

remove the mean and linear trend, to prevent aliasing if the 

data are to be decimated, and to facilitate a visual 

assessment of the data in the passband. In the experiment 

described in this thesis each of the eight channels was 

passed through an identical sixth-order, recursive 

Butterworth bandpass filter. Since the tensor impedances 

and tippers depend essentially upon the ratios of two 

channels, the amplitude and phase responses of the digital 

filters do not change the values of these quantities. 

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. Signals 

which are at least approximately stationary are required for 

accurate estimates of spectral densities and coherencies to 

be computed. Recordings of magnetotelluric signals usually 

show a series of pulses, containing several periods of the 

dominant signal, separated by intervals of inactivity. The 

statistical properties of the signals are likely to change 

from one signal event to the next. Thus the data are 

decimated in an attempt to isolate events, so that the 

signals are approximately stationary in each segment of data 

analysed. 

The passbands of the digital filters were selected with 
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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 were 

processed in segments of length 256 and 1024 with a fixed 

sampling interval T. It was desired to compute the 

impedance tensors for frequencies having between 3 and 10 

cycles in a given segment of data. Thus the passband 

included frequencies between 3/(1024 x T) and 10/(256 x T). 

The bands were also selected to overlap somewhat. 

A visual assessment of the filtered, decimated data was 

then performed. Those records were discarded which showed 

obvious corruption by noise, or which were known to have 

been recorded while instrument settings were changed or 

during visits from curious farmers. 

The time sequences were cosine-tapered at each end, each 

taper being one-tenth the length of the sequence. 

The data were then transformed to the frequency domain 

using a radix two fast Fourier transform algorithm using 

integer arithmetic. 

4.1.2 Calibration, Smoothing, Coherency Computation 

The calibration routine was supplied with information 

giving recording instrument settings and electrode spacings. 

From files containing parameters for all possible settings, 

the appropriate poles, zeros and gains were retrieved and a 

unique transfer function constructed for each channel, 
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completely describing the recording system response. The 

frequencies chosen for analysis were those having from three 

to about ten periods within the duration of the transformed 

time sequence. A narrow band around each frequency was 

chosen, containing ·five frequencies. The Fourier 

coefficients of the band were divided by the appropriate 

instrument transfer function elements. For each transformed 

segment of data, the coherencies were computed between the 

electric and orthogonal horizontal magnetic field 

components. Since coherency is a measure of the degree of 

linear dependence between these components it is used to 

assess the strength of the signal and the acceptability of 

the data segment. 

auto-spectral 

fields were 

density 

actually 

In determining these coherencies, any 

estimates of horizontal magnetic 

computed as cross-spectral densities 

with the corresponding remote magnetic channel in order to 

eliminate random error bias. The calibrated data which gave 

coherencies above a threshold value, usually 0.9, were saved 

for further processing. 

4.1.3 Computation of Tensor Impedances- Two Methods 

At this point the data were subjected to two separate 

techniques for deriving tensor impedances. The method 

customarily used with magnetotelluric data is here referred 

to as the cross-spectral method. 

Jupp (Jupp, 1978) is called 

The technique proposed by 

the CSVD method. First the 

cross-spectral procedure is described. 
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A frequency available within the passband was selected 

for analysis. A group of transformed data segments was 

selected, each segment having coherencies E -H and 
X y 

Ey-Hx above a prescribed threshold value, usually 0.9 unless 

the data were of poor quality. The two independent 

noise-free channels were almost always selected to be 

Hx 2 and HY 2 , while magnetometer 1 was considered the remote 

site. 

For each transform in this group, a set of cross-spectral 

density estimates was computed between each of the 

independent channels and any channel for which a geophysical 

transfer function was desired. The computation involved the 

binomial windowing of products of the Fourier coefficients 

in a small band of frequencies 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 tippers according to 

Eqns. 2.7, 2.8,2.11 and 2.12. 

Using the computed tensor impedances and the horizontal 

magnetic fields, predicted electric fields were calculated 

for each transform in the group. The coherency between a 

predicted field and the corresponding measured field is 

called the predictability. The predictabilities of Ex and 

EY were found and used as additional criteria for accepting 

or rejecting the data. The coherency threshold for 

acceptable predictabilities was usually set at 0.9 unless 
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the signal was particularly weak and good data were not 

available. All transforms which did not give both 

predictabilities above the threshold were rejected from the 

group. New transforms were collected which had acceptable 

E -H and 
X y 

repeated with this 

and the computations were 

new group until acceptable 

predictabilities were obtained. The tensor impedances and 

tippers were saved, and signal-to-noise ratios for each 

channel computed, and averaged over all transforms in the 

group. These values were stored as an indication of the 

reliability of the results at that group frequency. 

If sufficient data existed the process was repeated and 

several estimates of tensor impedances and tippers were 

derived and saved at the frequency of analysis. Another 

frequency was chosen and the analysis proceeded until the 

entire range of sensitivity of the recording system had been 

covered. 

The same calibrated data as were processed by the 

cross-spectral method were also subjected to the CSVD 

procedure. Analysis was started by choosing a frequency, 

and the number of transforms used to derive one set of 

transfer functions was chosen on the basis of availability 

of good-quality data. The Fourier coefficients from a 

narrow band around the centre frequency were inserted into 

the data matrix. A bandwidth of five frequencies was 

chosen, so that each transform contributed five rows to the 
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matrix. A binomial window was applied to each band. 

Usually only six data channels (columns) were used, the 

vertical magnetic channels being excluded. They almost 

ratios than signal-to-noise always appeared to have lower 

the other channels and when they were included in the 

decomposition, the noise was spread to other channels and 

adversely affected the smoothness of the impedance estimate 

curves. At sites 1, 2, and 5 processing with the CSVD 

routine was done with 6 and with 8 channels, for comparison 

purposes and so that some tipper information would be 

available from the CSVD method. 

When the data matrix had been filled with data which have 

acceptable coherencies, the columns were normalized, the 

matrix decomposed, transfer function estimates were 

computed, and the signal and error matrices extracted. From 

the signal matrix, the electric field components for each 

transform were taken and the coherencies between these and 

the predicted electric field components 

predictabilities) were found in a manner identical to 

( i . e . 

that 

used with the cross-spectral method. Any transforms with 

predictabilities for either electric field component less 

than the threshold were deleted from the data matrix. New 

ones with acceptable coherencies were inserted in their 

places, the new matrix was decomposed, and if all the 

transforms gave acceptable predictabilities, the tensor 

impedances and tippers were saved. 
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The signal-to-noise ratio for a channel was found by the 

simple ratio of the average of the magnitudes of the 

channel's column in the signal matrix to the average of the 

magnitudes of the corresponding column in the error matrix. 

These ratios were saved in a separate file. 

The data matrix was then refilled and more estimates of 

the tensor impedances obtained and saved until all available 

data were processed. The procedure continues with the next 

frequency chosen for analysis. 

4.1.4 Rotation of Tensor Impedances 

The results of the preceeding tensor impedance and tipper 

computations were grouped according to frequency, passband, 

and method of computation, and final average values were 

found. The average tensor was rotated from -45° to +45° in 

1° steps and the principal direction was found at that angle 

which maximizes the quantity 

Q(S) = IZ (6) + z (6)1 xy yx 

The error bars on the apparent resistivity and phase 

plots represent the standard deviation in the ensemble used 

to compute the average value. Examples of these plots are 

given in Appendix A. If it is assumed that the individual 

estimates are normally distributed about the average value, 

one standard deviation represents a confidence limit of 

about 68%. A bound of two standard deviations represents a 

95% confi~ence limit. If the data were poor and only one 
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estimate was available at a frequency, no error bar appears 

on the plot at that frequency. For some good-quality data 

the standard deviation was too small to be visible on the 

plot. 

The analytic expression for determining principal 

directions, given in Eqn. 2.9, was not used. The expression 

was found to give angles 

45° from those obtained by 

which differed consistently by 

the iterative method. The 

analytical method in fact gave the angle at which the 

quantity Q assumed a minimum. The reason for this was not 

understood. The expression given in Eqn. 2.9 is indeed the 

condition for zero slope, but the second derivative does not 

conclusively demonstrate that a maximum occurs at that 

angle. The discrepancy in the analytical method was not due 

to the multivalued nature of the inverse tangent function, 

since the routine accounted for the sign of both numerator 

and denominator, putting the angle in the correct quadrant. 

Another apparent problem with this analytic method is 

that the signs of the numerator and denominator in Eqn. 2.9 

are dependent upon the algebraic manipulation of the first 

derivative equation. A solution which results in negative 

signs in front of both present numerator and denominator 

would be equally valid mathematically, but would result in a 

4e which differed from the present one by n radians, and a 

principal direction differing by n/4 radians. 
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4.2 Error Discussion 

4.2.1 Sources of Error 

The most significant source of error in the impedance 

tensor and tipper estimates is noise 

during recording. The MT signal 

added to 

is that 

the signal 

part of the 

measured data caused by homogeneously induced fields. Noise 

is any part of the measured data "which either is not 

induced or not homogeneously induced" (Kroger et al, 1983). 

The noise produced by an inhomogeneously induced field is 

coherent between electric and magnetic channels. This noise 

is cultural in origin and could have affected measurements 

via several routes. One electrode at site 2 was about 500 m 

from a major highway, and all sites were close to grid 

roads. Fields produced by moving vehicles may have been a 

source of some noise, although this is not expected to be 

significant at distances greater than about 300 m (Clarke et 

al, 1983). Possibly more significant sources of coherent 

noise were the elevated power lines at sites 2 and 4, and 

the buried telephone cables at sites 2 and 3. Observed 

during recording were occasional abrupt de shifts and large 

amplitude pulses which far exceeded the amplitude range of 

usual signals and which did not show the customary impulsive 

and ·dampened ringing character of valid signals. Similar 

events were also observed in filtered, decimated data at 

much lower frequency, possibly indicating changes in demand 

on the utilities. Although much of the noise from such 
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strong sources is expected to be 60 Hz or harmonics, the 

steps necessary to limit its effects can limit the 

responsiveness of the recording system to weaker valid 

signals. The generator was a more predictable coherent 

noise source, controlled with shielding and analog 

filtering, but still evident in weak signals, particularly 

the vertical magnetic field channels. 

Incoherent noise 

mechanical vibration 

is introduced 

of components 

principally through 

of the recording 

equipment. Highways and grid roads are an important source 

of this noise, and an unscheduled visitor could easily 

saturate the recording equipment with seismic-induced noise. 

Wind is another noise source. Although the magnetometer 

coils were buried, and the cables carrying signals to both 

electric and magnetic preamplifiers were pinned down with 

dirt, wind-induced motion could not be eliminated on some 

days. Eventually, the preamplifier boxes and power supply 

leads were also buried. 

The electrodes were set in a drilling mud paste to reduce 

noise originating from high contact resistance. They were 

buried in holes about 20 em deep and the remaining equipment 

was then set up before recording, to allow the electrodes to 

reach thermal equilibrium. The electrodes have a 

temperature coefficient of -160 pV/°C and a low inherent 

noise level of 3 pV at .01 Hz (Petaiu, 1980). In some cases 

this is comparable to the signal strength. 
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There are incoherent noise sources in the preamplifier 

components themselves. The curves in Fig. 4-1 and Fig. 4-2 

show typical voltage density spectra of the telluric signal 

received at the preamplifier. This is compared to the input 

voltage noise which results from all noise sources inherent 

in the first gain stage of the preamplifier. This inherent 

noise curve is calculated from specifications supplied by 

the manufacturer of the operational amplifiers used in the 

first stage of the preamplifiers, and from a consideration 

of coil resistances, electrode resistances, ambient 

temperature, and circuit configuration. Although this noise 

curve is for typical values of temperature, gain, and source 

resistance and is not rigidly fixed, it shows that the 

electric field signal is most susceptible to this inherent 

noise at frequencies above 0.1 Hz. 

Figs. 4-3 to 4-5 show typical voltage density spectra of 

the signals from the magnetometer coils which were input to 

the first stage of the magnetic field preamplifiers. The 

input voltage noise· density curves for this first stage 

indicate that magnetic field signals at frequencies below 

1. Hz were most affected by this noise. If enough data were 

collected, the effects of this incoherent noise could be 

minimized by signal averaging. This became more of a 

problem at lower frequencies where fewer data were 

available. 

The inherent noise introduced at subsequent stages of 
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amplification was insignificant compared to that at the 

first stage because of the large gain of the first stage, 

usually 50 in the case of the electric fields, and 200 for 

the magnetic channels. 

There are two primary sources where numerical noise may 

be expected to contribute to the total noise. This type of 

error is introduced as a result of computations done with 

sampled data derived from an analog signal. 

The first of these sources is the analog-to-digital (A/D) 

converter. The resolution of the A/D converter can be 

considered as a numerical noise level, since any signal 

which arrives .at the converter with an amplitude less than 

this resolution is lost, and any signal with a greater 

amplitude must be rounded off to the nearest multiple of the 

resolution. 

The AID conversion performed in the field experiment used 

a programable gain technique to extend the dynamic range. 

The result of this was that the resolution was 0.488 mV for 

signals at the converter with amplitudes less than 1 V, 

0.976 mV for those between 1 V and 2 V, 2.44 mV between 2 V 

and 5 V, and 4.88 mV between 5 V and 10V. 

Figs. 4-6 to 4-8 compare the signal amplitudes at the 

preamplifier inputs to an equivalent noise signal at the 

preamplifier inputs due to the A/D converter (digitizing 

noise). The signal curves were obtained by integrating the 
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voltage density curves of Figs. 4-1 to 4-5. Since in almost 

all cases the field signals had amplitudes such that the 

resulting voltages at the converter input were less than 

1 V, a resolution of 0.488 mV represents the digitizing 

noise level. Occasionally during recording the signal 

increased above these average values. The digitizing noise 

level would increase accordingly. Although the digital 

noise due to the converter is the same for all frequencies, 

the noise levels represented at the preamplifier inputs 

reflect the frequency response of the recording equipment 

from preamplifier input to converter input. The noise 

curves for the electric fields, Fig. 4-6, and the vertical 

magnetic field, Fig. 4-8, are discontinuous at about 1 Hz. 

This is because the data above 1 Hz were taken from tapes 

recorded with a different equipment setting and thus a 

different response curve. 

The electric field signals were susceptible to A/D 

converter noise in the band from about 0.2 to 1 Hz. Indeed, 

during recording sessions when the signal was very weak, the 

step-like nature of the displayed waveform revealed the 

shifts between adjacent converter levels. 

field signals did not usually appear to be 

digitizing noise. Even the relatively 

The magnetic 

affected by 

weak vertical 

magnetic field signals were at least a rough order of 

magnitude greater than the digitizing noise level. 

The second numerical noise source resulted when a sampled 

65 



time sequence was windowed prior to Fourier transforming. 

The resulting Fourier transform sequence is in general only 

an approximate representation of the real signal. This is 

due to the fact that the transform is necessarily computed 

using a finite number of data and that the entire time 

sequence is assumed periodic with period equal to its 

length. If the time sequence does not contain an integer 

number of cycles of its signals then the transform sequence 

does not precisely reflect the real signals. The abrupt 

shifts at the ends of the time sequence imply a false high 

frequency content in the signal. The result is a smearing 

of the amplitude spectrum due to contributions from all 

frequencies. 

The resulting Fourier transform sequence is dependent 

upon the function chosen as a window for the data because 

the sequence is in fact the convolution of the signal's true 

Fourier transform with the spectral window (the 

representation of the window in the frequency domain). The 

spectral estimate at a frequency is a weighted average of 

values of the true spectrum in a band around the frequency, 

the weights being provided by the coefficients describing 

the spectral window. 

A boxcar window in the time domain gives a spectral 

window of the form 

W(w) 
boxcar 
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where 

is the frequency resolution in radians, and T is the 

duration of the window. A Hanning window, which effectively 

cosine tapers the entire sequence, has a Fourier transform 

W(w)Hanning = w~sin(~w/wo) 

w(w 2 
- w~) 

This window 

immediately 

gives greater weight 

adjacent frequencies, 

than the boxcar to 

due to the wider main 

lobe, but less weight to more distant frequencies because 

the side lobes decrease as 1/w 3
, rather than as 1/w. If the 

true signal spectra have steep slopes and peaks, then 

contributions to the spectral estimates due to a window with 

wide main lobes or larger side lobes may bias the estimates. 

A window with a cosine taper at each end for 10% of its 

length was used. No investigation was done to determine 

whether or not this was an optimal design. It was chosen to 

avoid some of the smearing or leakage of the boxcar window 

and the wide main lobe effects of the Hanning window. From 

the auto-spectral density plots of Figs. 4-9 to 4-13 it can 

be seen that portions of the spectra, especially from about 

.07 to .5 Hz appear particularly vulnerable to bias due to 

steep slope. 
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4.2.2 Criteria for Acceptability of Data 

Throughout subsection 4.1.2 mention was made of the 

criteria used to judge whether or not the data would appear 

on the final resistivity plots. This subsection is 

concerned with evaluating some of these criteria and with 

observations on their usefulness. 

The preliminary visual editing of the data records was 

necessary because it was found that some records, obviously 

corrupted by large amplitude noise, could still pass later 

tests for coherence and predictability. 

Next, data records for which the coherencies between each 

pair of orthogonal horizontal electric and magnetic fields 

were less than a threshold value were rejected. The 

threshold was usually set at .9, but in cases where there 

were insufficient good data, such as the .1 to 1 Hz band and 

at the lowest frequencies, the threshold was lowered so that 

at least some kind of tensor impedance estimates could be 

computed. 

A test was conducted to determine if the coherency 

criterion was rejecting data from which good tensor 

impedance estimates could be made. As suggested by Iliceto 

and Santarato (Iliceto and Santarato, 1979), the electric 

and magnetic field components were rotated to the principal 

direction and the rotated coherencies were computed. It was 

found that while both coherencies improved slightly in some 

cases, in others one or both became smaller after this 
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rotation so that no overall significant improvement was 

evident. The reason for this is most likely that the 

subsurface resistivity structure is practically 

one-dimensional. Poor coherencies were due to poor signal 

strength, not the orientation of measurement axes. 

Each data record was then evaluated for the 

predictabilities of its electric fields. Generally the 

records with higher coherencies gave higher predictabilties. 

Frequently when 10 records were used to compute a tensor 

impedance estimate, the predictabilities determined from 

that estimate were lower than those which were obtained 

using tensor impedance estimates derived from only one 

record. This is due to the variance in Z estimates over 

many noisy records. Confidence in the usefulness of the 

predictability to distinguish good data from bad was 

increased when many records were used to compute z. 

Although these quantitative criteria weeded out most 

records which were corrupted by noise, there were still some 

records which gave obviously erroneous results after passing 

these tests. This could have been due to coherent noise 

sources and poor signal strength. Therefore the data were 

given a final subjective visual editing. The entire band of 

apparent resistivities derived from each off-diagonal 

impedance tensor element and from each computation method 

were plotted separately and those values which deviated 

substantially from the trend implied by the majority of 
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points were discarded. Taken into account in this selection 

process were the signal-to-noise ratios, coherencies and 

predictabilities associated with the value at each 

frequency. Estimates derived from many data records were 

assumed to be more reliable than those obtained from fewer 

records, all other factors being equal. The number of 

cycles of the signal present in each record was considered. 

Some authorities (Clarke et al, 1983) use the third harmonic 

and higher while others (Iliceto and Santarato, 1979) 

maintain that the fifth is the lowest that can be reliably 

used. The upper limit on the number of cycles was set by 

the impulsive nature of the MT signal and the stipulation 

that the signals remain stationary over the length of a 

record. 
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CHAPTER 5 

RESULTS 

Following the procedures described in the previous 

chapter, two apparent resistivity and phase plots were 

obtained at each site for each of the computation methods. 

The principal direction, skew, ellipticity, and other 

parameters from which can be inferred the relative degree of 

departure from a horizontally-layered earth were also 

plotted. In addition, tipper and signal-to-noise ratio 

plots were obtained. This information was used to construct 

a geoelectric section from one-dimensional models fitted to 

the data. The following observations were made: 

1. The apparent resistivity and phase curves were 
best defined at sites 1, 4, and 5. Sites 2 and 3 
gave less acceptable· data, and the curves were 
not as smooth. 

2. The resistivity of a layer generally decreased 
from west to east. 

3. The Pxy apparent resistivity was usually 
smaller than p but the principal direction was 
poorly defined~x 

5.1 Interpretation 

The interpretation of the processing results was aided by 

the availability of several digitized resistivity logs from 

wells in the area. Sites and 5 each had a well within a 
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few kilometres. Before each site was modeled, a realistic 

guess could be made as to a suitable model for the section 

above the Precambrian. An estimate of the resistivity of 

the top of the Precambrian was available from one well which 

penetrated the basement. 

In order to obtain block-type models from the logs, the 

large variance of the resistivity values was reduced by 

low-pass filtering. A two- or three-layer block model was 

subjectively imposed on the smoothed resistivity curve of 

each well, as shown in Fig. 5-1. These block models 

correlate reasonably well with the geologic section in 

Figs. 5-2 and 5-3, at least at the top of the Mississippian. 

The correlation is less well defined for the top of the 

layer beneath this because the resistivity has the highest 

variance near the bottom of the wells. The Winnipegosis or 

Prairie Evaporite formations at the top of the Middle 

Devonian are a possible correlation with this layer. 

5.·1.1 Pseudosections 

Pseudosections for p and p were constructed for each xy yx 

of the tensor impedance computation methods. They are shown 

in Figs. 5-4 to 5-7. On the horizontal axis the sites are 

spaced according to separation distance. The vertical axis 

is frequency on a log scale from highest at the top of the 

plot to lowest at the bottom. The logs of resistivity 

values are inserted at the appropriate site and frequency 

locations, and the values are contoured. 
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The resistivity data collected from each site had to be 

interpolated to fill gaps around the low signal 1. Hz band, 

and duplicate resistivity values from overlapping bands were 

averaged. The resistivities were smoothed with a three-

point binomial filter so that scattered values did not lead 

to unlikely contour shapes. A contour plotting routine 

(Simons, 1983) was slightly modified and used to prepare the 

pseudosections on a dot matrix printer. A logarithmic 

contour interval of log(p) = 0.2 was used. 

The pseudosections illustrate some of the general trends 

in the data. The decrease in resistivity from west to east 

shows up in the lower half where resistivity increases with 

depth while contours dip slightly to the east. Even in the 

upper half of the pseudosections where a layered structure 

is absent, the trend is from more resistive areas below 

sites 5 and 1 to more conductive ones at sites 2 and 4. The 

Pyx sections have larger areas of higher resistivity than 

the P sections. The most irregular portions of the xy 

pseudosections occur beneath sites 2 and 3 where the greater 

variance in the poorer data gives rise to more convoluted 

contour lines. The CSVD and cross-spectral sections show 

the same general features. 

At the bottom of 

easterly downward dip is 

the pyx pseudosections, 

maintained across the 

the slight 

traverse. 

The Pxy sections, particularly the CSVD one, Fig. 5-6, show 

a more abrupt decrease in resistivity, around site 2. 
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5.1.2 One-dimensional Modeling 

A one-dimensional model, based on Eqn. 2.5 for the 

impedance of a horizontally-layered medium, was fitted to 

each resistivity and phase curve. The one-dimensional 

approach was chosen for its simplicity over a two-

dimensional attempt. Since the geologic section above the 

Precambrian consists of nearly horizontal layers, this 

approach was thought to be adequate to model the sedimentary 

formations. Any deeper lateral changes in resistivity or 

layer thickness would be evident when the information from 

the one-dimensional models from all sites was combined to 

form a geoelectric cross-section. 

An automatic inversion algorithm which would fit both 

magnitude and phase of Z was tried with some of the data. 

It seemed to be too sensitive to scatter in the data and to 

the choice of a first layer resistivity, and the resulting 

models did not fit well. The primary advantage of an 

inversion algorithm is that the model is determined in a 

consistent manner from site to site. However, the 

algorithm, while minimizing the error in the fit according 

to some criterion, does not assure a meaningful result, and 

in fact did not give realistic inversions. Also, since this 

inversion or any modeling approach is based upon measured 

estimates of Z, the model which best satisfies the criteria 

for fit does not necessarily best represent the subsurface. 

Since a very good idea of the resistivity model in the 
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sedimentary layers was available from the well logs, the 

modeling began with an initial guess based on this 

information. The goodness of fit was based on the mean 

square error in apparent resistivity and phase: 

e: p ( 5 • 1 ) 

( 5. 2) 

where f. is the i-th frequency in a total of N points chosen 
1 

for modeling a curve, and the subscripts m and c refer to 

measured and computed quantities. Not all available points 

on a curve were used to evaluate a model because of storage 

limitations in the computer, and because some of the more 

scattered points would tend to bias the fit of some models. 

The initial guess was refined by successive estimates of 

the model parameters and evaluation of the error. Each 

attempt was displayed to compare it with former models and 

with the original data. When it appeared that a minimum 

total error had been achieved, the model curves and entire 

apparent resistivity and phase curves were plotted. 

A six-layer model was chosen to fit the p and ~ curves at 

most sites. This was composed of the top layer, where no 

resistivity log data were available, the three layers. which 

approximated most well logs, the fifth resistive Precambrian 

layer, and a more conductive underlying half-space. It was 
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found that the model was more sensitive to changes in some 

parameters than in others. The choice of thickness of the 

second layer h 2 , and of the resistivities p 1 , p 2 , and 

P6 seemed to have the most pronounced effect upon the model. 

The other parameters were adjusted to fine tune the fit. 

The choice of thickness and resistivity of the fifth layer 

had the least influence. Changes in h 5 by as much as 5000 m 

could change EP by as little as .0001 In fact, five-layer 

models which excluded the fifth layer representing the 

Precambrian could be fitted with about the same error as the 

six-layer 

parameters. 

models by slightly adjusting the remaining 

This demonstrated a limitation in the MT 

method: the inability to detect some combinations of 

intermediate layer resistivity and thickness. (Kumar, 

1981). Even so, the inclusion of the resistive, thick 

Precambrian layer is not inconsistent with the measured 

data. 

Since the choice of resistivity of the bottom layer was 

the lowest frequency data were very influential, 

significant. The attenuated frequency response of the 

recording equipment and the lack of many cycles of good 

signal in this band meant a fairly high variance in the 

p and $values at these low frequencies. The resulting 

models should be interpreted as illustrating relative trends 

in resistivity and thickness from one site to the next. The 

actual resistivity values of this lowest layer are less 

reliably determined. 
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5.1.3 Modeling Results and Interpretation 

The modeling was done on a site by site basis. A brief 

summary of the features of the models and some inferences 

drawn from them, progressing from west to east, follow in 

this section. Plots of apparent resistivity, phase, and the 

superimposed one-dimensional models are given in Appendix A, 

along with principal direction plots. 

Smooth p and ~ curves were obtained at site 5 over a 

fairly wide band. The pxy and Pyx curves show the greatest 

degree of isotropy of any site, although the corresponding 

~ curves are less similar. The near-surface resistivity is 

among the highest of all sites. The Pyx value for the 

bottom layer is comparable to that at other sites, but the 

Pxy value for this layer is much higher than at other sites, 

and is even untypically higher than p . The best fitting yx 

models also give a thicker layer representing the 

Precambrian above the half-space. The low degree of 

anisotropy, the poorly defined principal direction, and the 

small skew imply a one-dimensional earth below this site. 

Both CSVD and cross-spectral methods below .01 Hz show an 

average principal direction of about N20°W. Above .01 Hz 

this changes to N20°E but these are not strong trends. The 

skew increases slightly below .01 Hz, but this is likely the 

result of insufficient data for good signal averaging. 

Good low frequency data were also obtained at site 1. 

The near-surface is again fairly resistive. Below .1 Hz the 
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apparent resistivity curves show a relatively high degree of 

anisotropy. The models for pxy and Pyx are very similar, 

except for the bottom layer where p is about five times y.x 

At low frequency the Pxy curves are significantly 

lower than those at site 5. The implication is that the 

conductivity has increased in the x-direction, but 

unfortunately the principal axes are even more poorly 

defined than at site 5 • The cross-spectral method below 

• 02 Hz gives about a N20°E average with a large variance but 

the CSVD results show a principal direction changing 

generally from a north-east trend to a north-west trend in 

this frequency band. 

The site 1 models agree quite well with the nearby 

resistivity log, Fig. 5-8, except for the intermediate 

resistive layers. The top of layer 3, analogous to the 

Paleozoic top, was usually modeled about 100 or 200 m below 

the geologic top. Possible reasons for this could be the 

combined effects of weathering increasing porosity and hence 

conductivity at the top of the formation, and the difficulty 

of sensing a resistive intermediate layer with the MT 

method. 

The data acquired at site 3 were of poorer quality, and 

the few acceptable estimates below .01 Hz have considerable 

variance. The top layer is less resistive than at the sites 

to the west. At the lowest frequencies, pyx values tend to 

be slightly higher than the p values. The strongest data xy 
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between .1 and .01 Hz give an average principal direction 

striking N30°E, the CSVD and cross-spectral methods showing 

similar results. This could be caused by the regional dip 

down towards the centre of the Williston basin. The best 

fitting models show a resistivity profile similar to site 1. 

The bottom layer has a p resistivity higher than that at xy 

site but much less than at site 5. 

Site 2 gives the poorest apparent resistivity curves. 

The signal-to-noise ratios for the cross-spectral method are 

mostly at or below 5, even for usually much stronger bands. 

The CSVD method has characteristically higher ratios but no 

better apparent resistivity curves. These data allow 

considerable variation in the model parameters which will 

fit with comparable error. Also. site 2 is the furthest 

from an available resistivity log. Thus the models chosen 

at site 2 were ones which were consistent with those fitted 

to better adjacent sites. The pyx curve is more resistive 

than the Pxy curve above 1. Hz and at the lowest 

frequencies. The models reflect this with higher values of 

The principal directions for lower frequecies 

show no consistent trend, although CSVD and cross-spectral 

results behave similarly. From about 3. to 20. Hz the 

principal direction changes relatively smoothly N45°E to 

N20°W, but this is relevant only to the near-surface 

structure. 

The models fitted to the site 4 data are basically 
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isotropic in all except the last layer. The apparent 

resistivity curves are smooth and Pxy and Pyx are very 

si.milar above .02 Hz. The top layer is the most conductive 

of all sites. A more conductive p 3 was incorporated in all 

models, except the cross-spectral Pxy,- to reflect the 

behavior of the two closest well logs. The data are 

anisotropic below about .02 Hz. The models again give 

greater resistivity in the y-direction. While Ps values are 

among the lowest for all the sites, Pyx is still 

significantly greater than Pxy· The principal direction 

seems to be N20°E to N10°E for frequencies below .01 Hz but 

again the variance is too high to allow a good estimate of 

the principal axes orientation. 

The geoelectric sections of Figs. 5-9 to 5-12 are derived 

from the one-dimensional models. They suggest a transition 

in the deep resistivity structure between the end points of 

the survey, but not where the transition occurs or if it is 

an abrupt change. For the p sections, the deep half-space xy 

resistivity cha~ges significantly from 250 - 275 Om at 

site 5 to 50 - 75 Om at sites to the east. The Pyx sections 

show that the deepest resistivity remains between 

140 and 250 Om across the traverse. The Precambrian 

(1000 Om) layer gradually becomes thinner towards the east, 

implying a smooth transition. In any case, the attenuating-

effect of shallower layers could smooth the effects of an 

abrupt lateral resistivity contrast at depth. 
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Other models with different combinations of Precambrian 

layer thickness and resistivity (h 5 and p 5 ) and half-space 

layer resistivity (p 6 ) could be fitted to the apparent 

resistivity data with only marginal decrease in the goodness 

of fit. The models were found to be very sensitive to the 

estimates of Z at the lowest frequencies. For the purposes 

of modeling, only the estimates which conformed to the trend 

implied by stronger, higher frequency data were retained. 

If it is assumed that the Precambrian has a resistivity 

of the order of 1000 Om, this survey can be said to have 

detected a region of increased conductivity at a depth of 

10 to 20 km below the top of the Precambrian. Modeling 

attempted with a bottom half-space layer resistivity of the 

order of 1000 Om was unsuccessful, being far too resistive. 

Plots of tipper magnitude versus site location for 

selected frequencies, Fig. 5-13 to 5-15, suggest a behavior 

consistent with the simple two-dimensional resistivity 

structure outlined in section 2.3. Although error bars are 

large for some data (the Hz signal-to-noise ratio was rarely 

above 2), the tipper values show a peak at site 1 for the 

two lowest frequencies plotted. This is in agreement with 

the one-dimensional modeling results, where the most 

pronounced transition in deep p resistivity occurs between xy 

sites 5 and 1. The peak appears at site 3 for slightly 

higher frequency. The tipper values for frequencies a 

decade higher have larger error bars and the existence of a 
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maximum is more questionable. The magnitude of the tipper 

generally increases as frequency decreases below .1 Hz. 

The tendency of the tipper· peak ~o move from west to east 

as the frequency increases and the MT signal penetrates less 

deeply into the earth may have some connection with 

earthquake data from southern Saskatchewan (Camfield and 

Gough, 1977). The 1972 earthquake had its epicentre 20 km 

south and just 5 km east of site 1 and a focal depth of less 

than 10 km. The epicentre of the 1968 quake was 7 km 

south-east of site 2 with a focal depth also less than 

10 km. The two 1976 events are also south of the survey 

line, between sites 2 and 4 and have shallower focal depth 

limits of less than 5 km. These earthquake epicentres are 

shown in Fig. 3-4. This tentative correlation requires 

better Hz measurements and more earthquake data to be 

convincing. 

In summary, the Pxy modeling results imply a marked 

decrease in resistivity of the underlying half-space (from 

about 250 Om to 75 Om) between sites 1 and 5 at a depth of 

about 20 km. Moving eastward, the resistivity tends 

generally to continue to decrease to 45 Om at the eastern 

end of the survey line. The depth to this more conductive 

layer decreases to less than 15 km at site 4. While the 

Pyx results show a similar decrease in the depth to the 

conductive layer from west to east, the resistivity values 

remain in the 140 to 250 Gm range. The data from both 
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computation methods give similar results. 

The deepest-penetrating tipper data suggest a lateral 

conductivity change under site 1. Upon examination of the 

higher frequency data, the evidence of the conductivity 

change appears to the east at site 3 and is less pronounced. 

For frequencies above about .02 Hz there is no indication in 

the tipper information of a lateral resistivity contrast. 

These results imply a deep conductor which gradually becomes 

more shallow or more conductive towards the east between 

sites 1 and 3, with a one-dimensional earth above. 

5.2 Evaluation of the CSVD Method 

The CSVD method gave results very similar to the 

cross-spectral method. Often values in a group of several 

frequencies were scattered in the same pattern with each 

method. 

The principal disadvantage with the CSVD method was the 

significantly greater computation time, almost an order of 

magnitude greater when all eight channels were included in 

the analysis. Decomposition of a 50 x 8 complex matrix 

required about 50 seconds. The cross-spectral routines 

could process the same data in 5 seconds. If the vertical 

magnetic channels were excluded from the analysis, the CSVD 

computation took about 35 seconds. 
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The technique was not found to be any more successful at 

extracting signal from poor data records. If only one or 

two records of initially acceptable data could be found to 

be inserted in the data matrix the method could give high 

values of predictability but an obviously erroneous 

impedance tensor. The thresholds on coherency and 

predictability were less successful at eliminating noisy 

data. 

An attempt was made to reduce the influence of channels 

thought to be very noisy by introducing a weighting factor 

for those columns of the matrix, but no improvement was seen 

in the results. The selection of a factor can be somewhat 

subjective, and this experimental selection increases the 

processing time. 

The remote reference method enables the removal of a 

large portion of the random noise associated with the 

horizontal magnetic channels. These channels can be treated 

as noise-free with much greater confidence, and the 

advantages of the CSVD method are less compelling. 

5.3 Recommendations 

A number of improvements in this experiment and courses 

for further investigation suggest themselves in the areas of 

data acquisi·tion, processing, and interpretation. 
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The most improvement in the reliability of the results of 

this survey could be made if more and better low frequency 

data (around .001 Hz and lower) were available. 

Magnetometers and electronic equipment more sensitive in 

this frequency range, and longer recording times with a 

slower sampling interval are necessary. Better analog 

filtering of the vertical magnetic channels may improve the 

usefulness of the tippers. In addition, if data were 

recorded at more sites, both east and west of the present 

survey end stations the resistivity trend would be more 

clearly defined. 

The data processing chain was awkward and slow for a 

number of reasons. There was too much high and 

mid-frequency information to be processed. Each stage in 

the processing was independently developed, tested, and then 

incorporated into the chain. This was advantageous for 

purposes of closer scrutiny of the data as they were 

processed, and for program revision, but a much more 

streamlined system is desirable from the standpoint of 

efficiency. More programmed decision making and less user 

interaction would speed up the processing. 

It may have been worthwhile to program and experiment 

with some other available one-dimensional inversion schemes 

and to perhaps filter the experimental resistivity and phase 

curves prior to attempting an inversion, but a more 

interesting enhancement to the interpretation process would 
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be a two-dimensional modeling attempt. 

allowing more realistic models, a 

In addition to 

two-dimensional 

investigation using noisy synthetic data might clarify the 

reasons for the irregular behavior of the principal 

direction. 
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APPENDIX A 

APPARENT RESISTIVITY AND PHASE MODELING 

A six-layer one-dimensional model was fitted to the 

apparent resistivity and phase curves obtained at each site. 

There are twenty models in all: two off-diagonal impedance 

tensor elements for both of the computation methods at each 

site. The experimental data and the modeling curves are 

given in Figs. A-1 to A-20 inclusive. The layer thicknesses 

and corresponding resistivities for the models are given in 

descending order, from the surface layer to the deepest or 

semi-infinite half-space layer. 

The parameters ER and EP, shown on the figure headings, 

are the mean square errors in apparent resistivity and phase 

given by Eqns. 5.1 and 5.2. Parameter ET is just the sum of 

ER and EP. Because of core storage limitations, only a 

dozen or so points from each curve could be used in modeling 

and in computing these errors. Points were chosen which 

were believed to best represent the trend of all the points. 

Consequently these mean square error values are not as 

strictly quantitative as might be desired. 

Figs. A-21 to A-23 give the principal direction as a 

function of frequency for the cross-spectral and CSVD 

methods. 
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