ELECTRICAL CONDUCTIVITY INHOMOGENEITIES
- IN THE EARTH'S UPPER MANTLE

by

. ROY DAVID HYNDMAN
B4sA:Sc., University of British Columbia, 1962

A THESIS SUBMITTED IN PARTIAL FULFIIMENT OF
THE REQUIREMENTS FOR THE DEGREE OF
MASTER OF APPLIED SCIENCE

in the Department
| of_
PHYSICS

We accept thils thesis as conforming to the

required standard

THE UNIVERSITY OF BRITISH COLUMBIA
' ‘November, 1963



In presenting this thesis in partial fulfilment of
the requirements for an advanced degree at the Uni&ersity of
British Columbia, I agree that the Library shall make it freely
available for reference and study. I further agree that per-
mission for extensive copying of this thesis for scholarly
purposes may be granted by the Head of my Department or by
his représentativeso .It is understood that copying or publi-
cation of this thesis for financial gain éhall not be allowed

without my written permission. -

‘Department of % PHYsICS

The University of British Columbia,
Vancouver 8, Canada.

Date MRRCH A /94




ABSTRACT

This study was underteken in order to investigate the
possible occurrence of horizontal variations in the electrical
conductivit; of the Earth's upper mantle in southwestern Canada,
using a series of simultaneous magnetic variograph recordings.
Until recently no variation in the conduetivity in a horizontal
direction had been anticipated norﬁobserved. During the past
five years Parkinsonkin_Australia, Rikitake in Japan, Schmncker
in Germany and others.have observed marked differences in the
magnetograms at closely'spaced stations. Secondary nagnetic ,
fields produced(by induction in high conductivity regions in the
Earth's upper mantle have been suggested as the cause of these
differences..

The profile described in this thesis indicates
conductivity inhomogeneities in southwestern British Columbia
and southwestern Alberta. ‘The vertical magnetic fields
produced by induction in these inhomogeneities for magnetic
variations with periods from 10 to 120 minutes have magnitudes
of about 30 to 60 percent of the normal horizontal component.
The normal vertical component is about 20 percent of the
horizontal’° These'regions appear to be essentially two
dimensional with anomalous induction resulting only from that
component of the incident magnetic variations Wnichwis perpendi—

cular to their strike. Thls strike and the intensity of the
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induced field have been estimated at each station. A =
 pronounced difference has also been found between the vertical
component of the diurnal geomagnetic variations at a station
in the Rocky Mountains and those at the reStEof‘the stations
alohg‘the profile.
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I. INTRODUCTION

~As a part of thé Canadian Upper Mentle Project a serles
of-gédmagnetic variograph statiohs was set up along a profile
extending across southern British Columbia and Alberta in order
to investigate the occurrence of any horizontal variations in
the electrical conducti#;ty of the Earth's upper mantle.

Detailed analyses by Niblett et al(lz), Cantwell(z),

Garland and Webster(v)and others using the magnetotelluric
method and‘by Chapman(s) and. Rikltake using a spherical
harmonic anal&sis.of world wide magnetic vériatioqs have
_outlined the vertical_distribution of condudtiyity assuming a
horizontally layered Earth. In particular they have found a
;shafp discontinuity at a depth of the order of 100 kilometers.
Recent studies using closely spaced‘variogrgphmstgtiogguﬁavg_
shown, that in addition to this vérticgl variation, there are
marked conductivity variations in the horizontal‘directipn at
some locatlons. The cause of these variat;ons"is’ap_qun_f
queétion, but since electrical conductivity may be related to
(25b, Al At Sl b G h S

temperature (Tozer irregularities in the temperature and

‘heat flow distribution in the upper mantle havé beenA B |
(19? has postulated
(21)

 frequently suggested. In particular Rikitake
the existence of high,temperature magma pockets. Schmucker '
hasvalso suggested that there may be irregularities or local
deformations of themloo‘kiiometef discontinuity noted aboﬁe.
This explanation in turn has been given as evidence for the

existence of convection cells 1n the mantle,



Numerops'strong localized zones of high electrical
conductivity have been found throughout the world. The main
evidence for the exlistence of these regions is a large spatial
chahge in the vertical magnetic component, which for a
horizontally stratified Earth should be small at all locations.

(16) (17) (19) has described the very large changes in

Rikitake
the geomagnetic field variations that occur across Japan and
has suggested as an explanation, a rather complicated
conduotivity configuration. This involves a highly condﬁcting'
loop rising from depth on either sidé and extending across
the island, and, in order to obtain sufficient induced current
‘intensity, underlain by a low conductivity wedge. |
In north Germany, Schmucker(ZI) has found a ngprown?egion
of apparent high conductivity. He has shown that the observed
anomaly in magnetic variations cannot be explained 1n”term$ of .
inhomdgeneities in the sedimentary layer or deéper inhomo-
genelties reflected by gravity surveys, and suggests thap they
are caused by an irregular temperature distribution in the
Earth's upper mantle. More recently he has investigated a
similar but mofé complex anomaly in»the souphwesterh Uniped
Stdtes‘za). Part of the anomaly lles at the Pacific coast, and
- may be caused by the influence of the land-sea contact. The
iarge vertical components of magnetic disturbances which appear
in Australia have been attributed to such a contact by
(13)

Parkinson

Another interesting example presented by Whitham and



(32)

Anderson , Involves a high conductivity zone lying between
E;lesmere Island in northern Canada and Greenland. They have
evaluated the parameter5~for a cylinder model and, altpough
the data are limited, have obtained satisfactory ;esultg.h”m

33
Wiese‘s )

has used a least squares determination of the
correlatidn between the horizontal and vertical magnetic
field variations at a number of statlions to determine the strike .
~of ddnductivity anisotropies ﬁhat exist in a large area in
East Germany.

- The magnetotelluric method (Cagniard(l?, Price (14) and
Wait(za) ) in which the ratio of orthogonal horizontal
componénté'of the electric and magnetic fields are calculated
and phaée relations determined, has been successfully used for
. outlining a conductivity structure consisting of horizontal
layéring. Although theoretical work haslbeen done on such
discontinuities as a vertical fault (d'Erceville and Kunetz( 6),

W’eaver(5 ))and a vertical dike (Rankin(l )

it has not been
successfully applied.

With a single variograph station, the subsurface
conductivity is partially indeterminate, but when a series of
gimultaneous observations is made at a number of stations so
that the horizontal distribution of a magnetic variation is
known, both a layered structure and horizontal variatidns may
be determined.

~ The laysred structure may be found from a fiqld relation

(Price( )) which gives the ratio of orthogonal horizontal
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electric and magnetic field components from the three orthogonal
magnetic components.' Standard magnetotelluric curves are
then used. This prodedure has not been found as satisfactory
as the normal magnetotelluric technique in which the electric
fieid component is measured by earth electrodes.
In order to investigate the horizontal changes in

conductivity i1t is necessary to determiﬁe the induced
secondary magnetic fleld produced by induced currents in the
structure. If the hérizontal change in oonductivity is
indicated by anomalous observed field variations of l;m;ﬁed
spatial extent, the simplest ﬁethod of separating that part of
the field resulting from the conductivity variatioﬁ_from ?he
"normal field, (given by the.vexternal field plus that due to
induction in a uniform layered structure), is to subtract the
normal field found at a nearby”statiqn from the total measured
field. Interpoiation between stations on either side of the
anomalous region may also be used. This method, of course,
‘assumes relatively‘uniform external fields over the region
. considered.

| A technique for separating any observed magnetic vapiation
into external and internal parts, using the potential method of
Gauss, has been applied by Schmuqker(zl), and others, A'
necessary condition in this method is that,.atrthe surface of
the Earfh, the magnetic varlations may be derived from a
potentiél function, This implies that there ﬁustvbe no

:appreciable current flow between the ionosphere and the Earth.



If one considers the potentials to be expressed as a Fourier
series of harmonic components, each decaying equnentially
with depth, the potential due to external currents may be

expressed in the form

© _nz ' ’
\/e (X,Z) =‘Z e (ﬂa Sinnx —_fb_rl cumc) 1Cor ZZo
n=| n N )

whereﬂ xvvis measured—in the horizontal direction of the field
va‘riatiohv and 2z vertically downward. The potential due to

‘internal induced currents may be similarly expressed in the
( .

form

»® n2 ,
Vi (x,2) = £ e &n sin nx +bp Cosnx> for 2 %0
n=\ n .hh .

The total field components at the surface are then
: - P .- x ‘
horizontal F(z) = 'Z_ (b,,+ _B,,)Smnz + (-an+ Qn)c::s nx

‘ o0
vertical Zx) = ’Z (‘Qn‘F}h)SM nx +(—bn+Bn) Cosnx

- From a Fourier analysis of the spatial distribution of the

-loeal magnetic variations, the coefficients may be found for



each Fourier component from the relatigns'

Fx) = An-an - Zk)

-bn, nxz=o

F(x) = Bn + b Z(G) ==Rn-a,, nx=74
Another procedure for separation, which perﬁits total

internal and ‘external components of a field variation to be
determined requires an estimation of the world wide
distribution of magnetic potential during a magnetio dlsturbance.
Chapman and Bartels(z) have determined a world wide average of
the ratio of internal to external parts,‘making a spherical
" harmonic analysis of the potential distribution and discussing
the relation between the various coefficlents of the external
and internal parté. Rikitake(lg) has determined the ratio at
each magnetic station by approximating thevpotential by that
obtained from twd pairs of radially opposed dipoles, one
outside ﬁhe Earth for the potential assoclated with external
currents.and one inside the Earth for the potential éésociated
~with the internal induced currents.

| Once that_pgrt of the observed field variations which is
produced by the conduétivity inhomogeneity has bee@ dete?m;nea,
it may‘be oomparéd with the field to be expeotedvfrom various |
idealized geometrical structures. The induced fleld has been
given for. a sphere (Wait(27), a oylinder (Whitham and
(32)

and Wiese(sz) and a vertical fawlt and a vertical

dike (d’Erceville and Kunetz(6); Rankin(ls), Weaver(so), and

Anderson

Coode(5) )e
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II. LOCATION AND INSTALLATION OF INSTRUMENTS

| Geomagnetic Variographs were set up at 12 stations
approximately 80 kilometers apart along an east-west profilé
from Vancouver,British_Columbia to Lethbridge, Alberta'(Figure
1), The direction and location of the profile were-chqsen to
be épproxiﬁately magnetic east-west and to be perpendiqulai to
the Canadian_Cordilleraf The east~west direction maintains a
cpnstant distance from the auroral ZOne and thus_shpuldH
minimize any‘differences in external field variations at
different stations, The profile was established écross the
strike of the geological.structure in an attempt_to_bg perpenQ
dicular to, and to intersect any anomalous conductivity zones.
The southern Trans-Canada Highway parallels. the profile and
provided easy accesé to the stations,
Variograph locations were chosen with the féllowing
requiremehts:' ” |
‘l. Freedom from local magnetic disturbances. An attempt
was made to keep the detector units at léast 100
meters from any large‘quantity of stationary_magnepic
' material and several hundred meters from any moving
magnetic material such as automobiles_or trains.
2. Reliable 110 volt, 60 cycle line power supply.
S Easj access by road for the transport of heavy
_ instruments. .
4. Satisfactory shelter. This was particularly important
for the fluxgate electronic units.

5. Avallable personnel to make periodic checks and to
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provide maintenance.

.At 7 of the 12 sites; cooperation was recelved from the
Department of Transport weather station, aeradio station and
airport personnel; Other loéations were attended by local
residents and employees of business enterprises. The
instruments wefe set up by a two man party which also visited
each locétion at least once a week, | |

Initialiy the instruments were set up frOm.Westham Islahd
(Vanﬁouver) to Kooténay Léke.‘ Thése were operated from June 15
:to Tﬁly.ll, 1963. By.Iuly 16 the western four stations were
moved onito complete the profile to Lethbridge. Thé iptervening
stations wefe‘opératéd throughouﬁ both phaSes of‘the.program.
Removal df ali the instrumeﬁts was commenced on August 5, 1963.
The location ofveach station and its périod of operation are

given in Appendix I.
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IIT. DESCRIPTION AND OPERATION OF THE INSTRUMENTS

1. Askania variographs

ig_;gsz four Askania variographs were purchased'by»the
National Research‘Couhcilvof Canada from the Askania Wérke
Division of Continental Elektroindustrie of Berlin,_Gerﬁany
for uSéfin-upper mantle studies. They were loaned éléné:with
four éerSQﬁ type fluxgate units to the University of Bfitish
Columbia. The Askania instruments required a ﬁinimum of _
shelterﬁand maintenance and gave excellent records th:oughout
the prégr&m. vFigure‘Z shows the variograph and switchﬁox |
units.

Although battery operation is possible with these instru-
ments, lipe power 1s needed for any extended operatibn of the
thermostat and heater which are used to maintain a coﬁstant
instrument temperature. Line power of 60 cycles, 110 to 120
.volts was used at all staﬁionso The D (magnetic east-west)
and H (magnetic north-south) magnet systems are factory temper-
ature.compensated but the Z (vertical) system reqdires
ad justment for different values of the vertical field., The
Z magnet system is suspended by two horizontal fibers with
differént thermal properties. By adjusting their relapive
stresses, temperature induced deflections may bé effectively
-elimihéted.i Seven days were spent at the Victoria Magnetie
Obsefvatory making this adjustmént° The compensatidn wés then

found to be sufficient to eliminate any deflection on the
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magnetic trace that might be caused by the small temperature
variations permitted by the thermostat. Several subsequent
power failures indicated that more precise adjustmenpnwouid”“
bé reqﬁifed if the instruments were to be operated effectively
without the heater and thermostat.

Since the drive motor supplied‘With the instruments
requifed 50 cycle power, a gravity drive mechaniém was used
to tfansport the recording photographic paper. This provided
the additional advantage that during a power failure, although
 n6 tféces,would be produced, the film motion would continue,
thus preserving thé time scale. The drive could operate
unattended for one week at a chart speed of 2 cm/hr.

The three magnetic components H, D and Z , the,instru;
ment temperature and a baseline were recorded on igqlmil}i—
meter wide photographic paper, "Oscillbx" from Technophot
Dr. Rudolf Fischef Kg., Berlin - Neukolln., A iO meter roll
filled each magaéine, and this was sufficient for 20 days of
operation., Two magézinés were used.with sach instrument, S0
" that one could be operated while thé other was being processed.
Developing was done with Kodak "Dektol" developer, an acetic
acid stop bath and Kodak general purpose fixer. The paper was
washed with a Kodak hypo clearing agent.

Calibration of the variograph components was provided by
built-in Helmholtz coilé around each magnet system, g'small o
1.5 volt battery and an ammeter rheostat system in the switch

box.
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Hourly time marks were produced on the photographic
paper by an auxiliary lamp actuated by German Unghans J

chronometers.

1.1 Accuracy and detalls of variograph records N
- The light beam for each magnetic component is split into

three by reflection and transmission with half silvered _’
mirrdrs so that the width of the photographicrpapér méy-be
covered three times. The effective range is theraforév ‘
approgimately 1000 gammas_(‘K) at a scale value_of’§7(hpnv.
Some difficulty 1s encountered in measuring features(eitending
o béyond the range of one light spot since the positionvof one
spot when themne;t appears is not'preciselyrkngwn. |

The ﬁelmholtszOil factors are given by the manufacturer
to be within % 0.7 ¥ /mm., the ammetver could be read to
within ¥ 0,005 ma. at i or 2 ma., and the deflectiqh distance
on the trace could be measured to within about ¥ 0.3 mm. at
| 25 or 50 mm. The overall calibration accuracy is then about
t 0.04 Y /mm, for all_cgmponents. Diffe:ences as'large as
0.04 K‘/mm. were observed between calibrations at the top and
bottom of the range of a single light trace while for different
light traces of the same component the difference in
calibratign valueslwas as large“as 0.15 .X/mm.

The time marks were found to have less than 0.5 minutes
para;lax With the component traces. The chronometers were
maintained by W.W.V. or C.H,U. short wave time signals to less

than 1.5'ﬁin. error. Records were also kept of the gain or



13

loss by each chronometer so that times may be determined on

the traces to within * 0.8 min.

1.2 Poor or lostvrecords

On_several occasions wind noise was superimposed on the
traces of instruments which were covered only by plywood
shelters (Figure 2). This was pgrticularly evideﬁt at
Lethbridge where an exposed location Wés subject to winds up
to 75 km/hr. _

Time marks were lost for a week at one stationnbecause
of a break in the chronometer Qonnecting cable and fof é week
at another because the chronometgr gtopped.

Record was lést for a number of periods at_theAKoofenay
Lake Stationvbecause of an unreliable_liné power supply. A
period of sevefal hours was required after power restoration:
before a constant temperature could be maintained by the
heater., N ) ) |

At severai stations the air temperaﬁure occasionally rose
above the thermostat setting and fluctuations in instrument
temperature resulted. The @hefmostatically controlled '
temperature was also found to change occasionally because of
unexpiained effects within'the thermostat system,

Bach variograph was set up either on an existing concrete
floor or on concrete pads laid before the installation so
that drifts in level and in orientation were preseﬁt only

during the first few days of operation.



1L

Figure 2. Askania Variograph and Switchbox.
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- 2. Fluxgate recofding magnetometers

The four fluxgate type recording magnetometers were of

(23) for the Dominion Observatory

the type designed by Serson
and built by Canadian Applied Research Limited during the
International Geophysical Year (Figure 3). The instruments
consist 6f a three component detector head which may be set up
outside away from local magnétic disturbances and an

electronic assembly and recorder which are conﬁected tb it by

a & conductor cable. The output of the magnetdmeter is'5_d.c.

- voltages which are proportionai to the three magnetic field |
components at 10 v./lOOO%‘. The constant portion of the

field is balanced by adjustable and'calibrated blas voltages.

A Sorensen a.c. voltage regulator was used to prevent any 4rift
~.of the traces caused by poor stability in the line power supply.
| Leéds and Northrup 6 channel Speedomax type G; model'S,

_6000 series recorders with a full scale deflection of 10 nmv,
were used. Channels 1 and 4, 2 and 5 and'é and 6 ﬁere |
connected in parallel except at one station (Penticton) where
earth currents were also measured, so that a point was printed
every 9 seconds on the trace for each component. Thevchart

 speed was set at 1 in./hr.

2.1 Accuracy and details of fluxgate records

An attenuation potentiometer circuit was used to reduce "the
input to the recorder by a factor of 500 giving a sensitivity
of 50 ¥/in. or 500§ full seale. With the accuracy of the
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(>

Figure 3.
; Fluxgate Recorder, Electronics and Detector Head
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output of the magnetometer given by Serson as within t 1%
and 1% resistors in the potentiometer,}this'calibration.Should
be accurate to within * 4%. Approximate timing was provided
" by the one inch grid on the chart and more preéisely by
Unghans J chronometers actuating a marking pen on the: side of
’the chart paper. Times on the traces could be determined to -

within % 3 minutes.

2.2 Poor or lost records

The ma jor problem encountered with the fluxgate units
was long period drift. This was particularly evideqt at the
Penticton station where the-D component exhibited Egily
variations exceeding 500 Y . Several other units showed -
daily drifts of up to 100 ¥ , partioularlyhin the 2} component.
The diurnal magnetic variation for the period of the study
should be about 30 ¥ . These drifts appear to be the'résulﬁ '
of é temperature induced effect in the detector elements._ A.
thermostaticall& controlled case or shelter isisuggested'for
any future use of these instruments. |

The detector heads were mounted on 1-3/8 in. aluminum
tubing set in concrete. This permitted negligible drifts in
level or orientation but disalignments did result from jarring-‘
by people and animals. | | 4

Record was also lost because of trouble with the recorder.
On two units a small stop behind the potentiometér split drive
gear loosened and jammed the pen carriage. On énother there

was slipping of the actuating wheels for the printing pen.
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It should be noted that in a comparison between the
Askania and fluxgate.ﬁnits, the Askaniasg gave good resuits.for
magnetic variations with periods from 5 min. to 24 hr..with
narrow uniform traces; and almost no record lost, while the
fluxgates with Leeds and Northrup recorderé gave fair results
for periods from 15 min. to 2 hr., with wide ifregular traces
and an average of 5 days of record lost on éaéh_instrument
operating over a period of 6 weeks. | |

4

- S Proton precession magnetometer

‘A small battery operated proton precession magnetometer
‘was received on loan from the Dominion Observatory magnetic
station, Victoria, B.C. This was a mbdel G.M.-102 made by |
Barringer Research‘of Toronto Ontario, with a direct reading
of total field to 10 & . Readingé were geﬁerally reproducible
to within * 20 or 30 Yo, At each Askania or fluxgaté station,
nine readings were taken on a square 100 ft. grid with the
set up at the center, to ensure that there were no large
magnetic bodies'near the site and to determine the total field

intensity at the station.

4, Earth currents

An attempt was made tO'record the time variation in the
potential difference between two 500 ft spaced buried copper
electrodes at the Penticton and Crescent Valley stations.

Together With_the-magnetic records these could be used in
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- magnetotelluric studies. The Crescent Valley measurements
were unsuccessful because of local poteseials induced in the
ground by a nearby bu;ied teletype cabie:"$he potential
induced by this cable was much greater than that induced by
external magnetic variations for a distance of at least 500
,fﬁ,hfrom the cable. At Penticton the potential difference was
recerded for magnetlc east-west and magnetic north-seuth
electrode pairs for a three week period. Two»chanhels on the
Leeds and Northrup recorders were used. ,yery scattered traces
were ebtained, and no analysis has been undertaken of these

results.
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V. INDUCTION ANALYSIS

1. Induced currents in a uniform Earth

The magnetic variations which are observed at the surface
of the Earth have been found to arise partly from currents in
theuionosphefe and partly ffbm currents induced in the Earth
_byifhese external sdurces° For an Earth of infinite
cdnductivity, the ihduced or inner field opposes and completely
éanéels'the ver£icéi componént of the extefnal_fiald at the
Earﬁh's surface but aids and doubles the hérizontélucompoﬁént.
A simple appliéation of images gives the required result.
| Conéidering an external line current source, the boundary
conditions are satisfied by an image sourcs within the Earth

with opposite direction of current flow.

Magnetic ‘field lines

Field vector L
from sourcev/

A line current
7 current into paper
/ —
F P .
‘é Resultant <> 77777777
image source
current out
of . paper
Field vector
from image

Figure 4. Image“Source Representation of'Induétion in a
Uniform Earth of Infinite Conductivity.
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If the conductivity is finite, the same image represen—
tation holds except that the image current is not as strong as
the external source, The herizontal component is still increased
and the vertical decreased, although the vertical component is
not completely cancelled.

Snell's Law may.be applied to the Earth-air boundary to
determine quantitatively the extent to which the incident:
external field is increased in the horizontal and decreased in

the vertical direction.

Incident  wave of | ky= @,+i[3,=complexe wave
form H=Hgel(wt-kyng ) number in ‘medjum @
o nz'
777

k,=@,+if3, =complex wave
number in medium

(:).

ED

. Figure 5. Application of Snell's Iaw to the Earth-Air Boundary.
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By Snell's Law

Ky sin6, = K, sin Bz,

For a nonconductor such as air

X = WM €, By=0 (M.K.S Unils)

4

-

and for a conductor such as the Earth
%W-f?'pkvé= /Cg aji

The angle of the refracted wave is then given by

: = ; ’ 2 W, 60 !
Sing = 5in 6 [- J M6 [+1 J

As the conductivity of the Eérth, 8, , lncreases, sin 6 — O

and the field measured at the surface of the Earth is equiva-

lent to a vertically incident field.
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The amplitud»es» of the reflected and transmitted fields
at the surface may then be determined by applying Fresnel's

equations. In terms of the incident wave they are found to

be
2
Reflected R = ! k?. Cos B0 — Ky Ky ¢os 6
" /u.w Ky, cos 8, +Kk, cos G
(,‘[/"l =/;>
Transmitted T = j 2 K, cos 6o

e w K, cos B, + K, cos 6,

The magnetic disturbance vector is assumed to be in the plane

of the above diagram.

2. Induction in conductivitz inhomogeneities

The analysis of the conductivity an‘d geometry of zones
causing anomalous magnetic field variations involves correlating
the induced secondary field produced by the conductivity
inhomogeneity wiﬁh the incident field. »The”intensity and nature

of the incident field will depend on the external ionospheric
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eurfene sources and on the currents produced by these external

- fields in}the Earth external to the zone. Provided some
_estimate can be made of the depth to the inhomogeneous zone

and of the ehanges in . conductivity with depth in the su;rounding
region, good estimates ﬁay be made of the field incident on
_the 1hhomogeneity. A more common assumption is that the
iﬁcident field is the same as that measured at the surface away
.f&om'the influence of the inhomogeneity. This requires that

- the depth to the anomalous zone is much less then the skin

| ~depﬁh of the surrounding'Earth'fer'the periods of the magﬁetic
variations ueed. | | ‘ |

| 7 Under this assumption, and provided that the induced'
field cempenents are independent of each ether, 18 correlation ‘
ceeffioients are required to complete}y gspecify the correlation
' between the inducing and induced fields. Tﬁis includes the

| possibility of iﬁ'phase and out of phase components in ehe
ihduced field. A knowledge of these coefficients for all
periods of field variation completely specifies the information
availeble from a single variograph station. To outline such
three dimensional bodies as a sphere is thus quite difficult
unless simplifying assumptions are made.

If the region of inhomogeneous conductivity is two
';dimensional, only those components of field variations perpen-
dicular to the strike of the region should be effective in
producing induced currents. Once this strike is known, 8

correlation coefficients are left to be determined. Assuming
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a linear relation between the indﬁced currents and the normal
field components (ohmic resistance) and a horizontal two -
dimensional zone,‘the defining relations for a harmonically

varying fleld

normal horizontal

Fr = Fa,sinwt + F; | oul
-h. Fn, sm‘:ut # Fny cos wt (perpendicular to the

strike of the zone)

Fa = Fa, sinwt + Fa, coswt anomalous horizontal
' | (perpendicular to the

| at#ikequ’the7zgne)-'
Zn = Zn sinwt + Zn, coswt "'ndi"n.‘alb vertical
Za - Za, sinwt + Za, coswt anomalous vertical
aié» A .
Za, = A Fa + BZn, + A Fn, + By Zny
Za, = A, Frn + B, Zn, +A,Fny + B 2n, |
FA—, = C| Fn' + D‘ Zn‘ o+ CZ F-Hz + DZ- th

Fa, = (2 Fny + Dy Z"‘a, #( Fny + D 20,

where Ay, By, cl, D) refer to the components of the 1nduced
field in phase with the inducing field and Az, B, Cg5, Dp refer

to the out of phase components., ;
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To utilize geomagnetic variation data, the time varying
fields must be transformed into harmonic terms, either by
estimating the dominant harmonic component of each of a number |
of magnefic variation'features or by expressing the magnetic

changes as frequency_funetions by Fourier transforms.

“‘i..e. Z (f). = J_?-I? Ii[apﬁlw)Coswt dwi[“B(w) sinwt dw

The frequencyifunctiens A(W) end Bﬁﬁ)-repreeent'speotral
densities of”harmonio funotiohs and may be used in the same
manner as true harmonio time functions. |

Once the oorrelation coefficlents have been determined as
na function of period, a comparison may.be made with those to
be expected for any idealized geometry and conductivity
configuration. | |

‘3. Condition for in phase izduction

| The above computations are greatly simplified if the
indﬁced field is in phase with the incident indqueoing field,

i.6. Ay, By, Cy and Dy are all small. The condition for in
phase induced fields may be expressed in tenqs of simple circuit

elements.
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L
o Y Y
inducing v ¢
‘potential '
R

Figure 6. Induction in Terms of Simple Circuit Elements.

For a harmonically varying source"V%{v@jcgsé)t , the

curreﬁt induced in the circuit is given by

I = Vo [Rcoswtiw‘- (wL.'Z)LC-)SM'wt]
- R? + (w/.‘—_L..)Z
wC

The inducing potential is proportional to the time rate of
change of the external magnetic field B, so that if

Be = Be, S)V\a)t) - V= (Consfant) Be° cos wt
the induced fleld is then-

v . L
B; = (constant) Be, Recoswt + (wL ~5C) sinwt
R* +(wl - 47)*

wC
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since the induced field is in phase with the induced current.

The_conditions for in phase induced secondary fields are then
(1) o s

: a)h;—<uc R

(11) _l '

A wl > o or w*lLC >|

4. Conditions under which the electric field_of'a souroe may

be neglected.,

Any source of a magnetic field vafiapion must produce an
associated time wvarying electric field. :Since most sources of
,magnetid variaﬁions may be represented as'magnetic dipolesor
are olosed current systems which may be Tepresented by the |
supérpositionfof a number of magnétic:diﬁoles, the electric
field near thé source falls off with ﬁhe distande'squared while
the magnetic field falls off with the;distance oubed. Thus
within oneé wavelength of the source (near f;eld region) the
mégnetic fileld is found to be-dominanﬁ. Foé field variatiéns
~ with periods of a few minutes the wavelength is of the order
of 1011 meters so that all observation;points should satisfy

this condition,

5, Modelﬂoalculations.

Since it is difficult to calculate the structure and
conductivity contrast resulting in anomalous magnetic vari-

ations directly from the induction coefficient#, it is
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~expedient to determine théese parameters for various theoretical
models and th.en‘make comparisons with the observed results.
'This method pfovides no guarantee of the unigueness of the
solution but certain configurations are more physically ‘

plausible than others.

(1) Cylinder

_ Hy

//(/////// P

A r
B,
Az /. | conductivity 6
| -
o P
A, AF | conductivity 0
yz

Figure 7. Representation of a Cylinder in a Slowly Varying
Magnetic Field.

A magnetic vector potential 5 may be chosen such that the

magnetic field inside and outside the cylinder is given by

T = curl a

It is found that ¢ must satisfy



30

(a) V2@ = iw 474 inside the cylinder
(b) Vi = o outside the cylinder

A satisfactory solution in cylindrical coordinates outside the

cylinder is given by

o = (Y“%)(@sinx + B.coSo()

where A and B are the horizontal and vertical components of the
potential résulting from the external field, and I 1is the
coe'fficien’c of induoction in the cylinder. I 1s dependent on
thé diemeter and conductivity of the cylinder and on the period
of the magnetic variations. The radial and azimuthal fields

are given by

Hy =_11__53_;£ —_-_— (I—%.)(Hcosx -Bsina()A
, Ho(";;é = "'(/+%—_2)(F)52no( +BCOS°(>,

The components in the horizontal and vertical directions are

thus

F = A —-1IA8 cosed + IB sin2x
,{-7. sr?.
Z B + ITF" sin 2K+ Ir?- Cos 2 &
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These expressions may be solved for o the dip angle to

the center of the cylinder using the observed values,of

F=FntFa, Z=2Zn+2a, A=Fn, B=Zn
The induction coefficlent I may be found by applying the
boundary conditions at the surface of the cylinder to the
above.solution and to the soiution of (a). Only the first mode
of oscillation (dipole) need be considered since the wavelength
associated with the field variation may be taken to be much
greater than the dimensions of the region of measurement{ The

(9)

solution is found to be

I = L (VT kp)
S Jo (T kp)

where Kk2=474iw and J, and J, are Bessel funétions of order
zero and two‘respectively.- This solution may be separated

| ;into in phase and out of phase parts.

I=€ (M+LN)

The dependence of these terms on the conductivity and radius
of the oylinder and on the frequency of the magnetiec variations
is given in Figure 10. | ' | |

- If the cylinder is approximated by a perfect conductor
k=00 and I ez . The conditions under which’ this is a |
satisfactory assumption are given by examination of Figure 10.

The induced fleld components then become
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Ha. = ﬁ: -Rcos 2 + B sin'Zx}

. ‘ - 2 ™ _
Za .§'_2 Lﬂ gin 2 + Bcos ?_ac]

Either of these equations may be used to find the ratio "@
The form of the spatial variation of the anomalous induced
fields over a highlyvconducting buried cylinder, assuming a
horizontally incident magnetic field var_iation is given'in
Figure 8. |

Horizontal Fa /\
e

Anomalous Induced Fields

Vertical Za

/7SS

—

_F o
incident field
variation

Figure 8. Form of the Anomalous Induced Fields Over a Cylinder
for a Horizontal Incident Magnetic Fleld Variation.
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(11) Sphere

conductivity o

%z - permeability |
7P
I
| Iz
o - P |
External Fields < _/9 A
R SN 4

Figure 9. Representation of a Sphere in a Slowly Varying
Magnetic Field.
The ‘solution of laplace's equation for the . vector
potential, V?' ¢=O outside the sphere gives secondary
magnetic field components resolved along the axes:

B
_{Hn = (l - 3¢0s %6 Cos"cx) A + | (3::05 8 cosx Sin d)B:l

-

A

Hra =

Y

<3s‘m B cosb coszd) A+ (3 sin 9(:05:0( Sin oc) B]

Z, (down) = L, | (3css 6205 sin<)A + (I3 sina) B
¥3 LY

These equations may be solved for o¢ end 6.

!
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Applying the boundary conditions at the surface of the
sphere to the above equations and those applicable to the inside
of the spheré gives

I =23 3 o+ L ~ cosh ¥ where Y"'=o’zw
B 'A? e [’Xa 3 XSHW\X]

This may be-sepa:ated into in phase and out of ph&se

‘cdmponents

If the sphere is assumed to have infinite conductivity

this becomes

T-g
and may be inserted into the expressions for the induced

field components to give a value of-ﬁ% .

(1i1) Horizontally discontinuous structure

No exact solution for the secondary fieldstroduceq_py'g
magnetié field variation incident on a horizontélly diécqntin-
uous strﬁgture has been obtained but the'following discussion
oﬁtlines the nature of the anomalous field variatlions and .

their ordérs'of_magnitude(zg).



Figure 10

In Phase and Oiut of Phase Induction Coefflclents for a
Conductlng Cyllnder and Sphere :

1%
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: | -
| { S

Hx
® o @° @ o o
incident field

| Figﬁre:ll; Representation of a Horizontally Disoontinuous
- Structure.

At places sufficiently far from the interface x=o0 ,
i.e. x< X, s OT X >X, , the electric and magnetic fields
shouid be approximately equal to that for a uniform conductor
(provided 4, and 4, are both sufficiently large that most of
the incident filelds are reflected in both cases). The
attenuation of the magnetic field with 1ncreasing depth in a
conductor such as the Earth may be determined from the

diffusion equation

' -QZH,‘ = 47048 Hz (in gaussian units)
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-p2 | )
P where PZ = 72 4dmr siw

2H, e
and 2 H, 1is the field at

i

thus b) = H,,
Ithe surface =z =0.

Since &, >4, the field is stronger in Q)'_thar.l @ because
here is less reflection of the incident field in @ than in .

The electric field in the Earth will be governed by the

diffusion equation -

e) VS E =414 dEy where ¢* =D , i.e. the diffusion
‘ c”- ot 4r8 . '
_ . 0 v constant,.

The E, field thus diffuses from @ to @ . From Maxwell's second

_ eéuaﬁioﬂ
dx €2t

it féliows that a vertical magnetic field should be assoclated

with this diffusion.
An order of magnitude estimate of Hz at the surface Z=0

may be obtained by replacing 2Ey by AEy in (a).

" Take .
. AEy = Ey(x) = Ey (x)

but from x H =4Tr-g‘- E ,

Maxwell's first equation,

Ak

Q2

C.

Ey = 4

o’
E;vand from (b) _3_/;_/x = —2H, p e
.. ' ‘22

-P2
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At the surface then

AE, = Hozé'[i__nL

RN
The width of'the.transitibn zZone ,szzhé L. may be apﬁroximated
by qﬁf?é (where T 1is the pericd of the field'variation), which
is the chafacteristic distance over which the difference in
field intensity shquld be eliminated in one period. The

. diffusion constant may be taken as D =D ince the rate of

1’ ®
. diffusion is faster in (@ than @ . Thus

L= ¢ /_l:__' - _C
ans, i 2w 28]

The anomalous Hz at the surface may then be found from (d)

_to be

AR P 2_/ . :

where 2 H, is the aﬁproximate horizontal field intensity
distant from the discontinuity.
The horfzontal field measured at the surface away from the |

discontinuity is

“w
= C

He = 2H, (1 -kJT ) ok |
“ ¥ Y =N4mrdw
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thus - 4 inX,-which requires that W be small and & large, H,
is independent of 4 and there is no horizontal variation across
the discontinuity. If this condition 1s not satisfied, the

magnitude of the anomalous Hy has not been satisfactorily

determined,
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V. RESULTS AND ANALYSIS

Lo General results

(1) Pulsations (0.5 to 5 min, period)

Geomagnetic variations with periods from 0.5 to 5 min, )
could be observed only on the Askania records. No‘oonduotivity
inhomogeneity indicated by agomalously:largé vertical
componeptsvwas obéerved at the four western Askanig’stations,
.Abbotsford to Kootenay Lake. The ratio of the amplitude of
features in the horizontal direction tg{ﬁhose in the vertical
direction is S to 1 or_greatér. Tﬁe Viﬁtoria Magnetic Obser-
vatory and the two eastern stations, Crowsneét and Lethbridge,
. show much larger vertical amplitudes. The horizontal to
vertical amplitude fatio-is around 2 to 1. There is also some
:correldtion between the horizontal and‘vertical magnetio
’ trades. *Thisfsuggests a conductivity anisotropy in the near
surface layers. Such an anisotropy'has,been demonstrated by
Srivastaja et al(24),in southwestern Alberta through magneto-
telluric and telluric measurements. The results at Vietoria
oould bé'déuéadvby.phe‘nearby land-sea contact. Chfistoffel et
al(4)‘have found similar results in micropu;sation studies
extending from Victoria, inlend. Because of the very small
amplitudes of the features of these periods on the magnetograms,

no detailed analysis has been attempted.
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(11)  Bays and Storm Features (5 tc 120 min,)

For geomagnetic disturbances with periods between 5 and

120 mino, the records from the western 7 stations Victoria %o
Grend Forks, were normal., The ratic of horizontal to vertical
‘amplitudes 13 generally around 5 to l, For the eastern 6 |
‘stations,'Cresoent Valley to Iethbridge; the ver§1cal
anplitudes are much larger,.with the ratio being about 2 to 1.
In general the horizontal oomponents are similar,aoross the
profile,/with-the vertiocal components at these last 6 statlons

| differing widely.
| _ At these eastern 8 stations a correlation is also
.apparent between the horizontal and vertical magnetic traoes..
}This suggests that the large vertical amplitudes are caused by
currents induoed,largely by the horizontal disturbance,;in
-donddctivity inhomogeneities . With increasing{period-the
induéed‘vertical component shows decreasing amplitgde, At;60v
min. it is about half that at 10 min.-

| In addition to these effects that part of the vertiocal .
: component whioh is present at all stations appears to increase
“ with increasing period. Thié suggests that either the |
| ionospheric current systems responsible for the longer period .
‘features prbduoe a greater vertical magnetic compohentJthan
those r65ponsible for‘the shérter.periodAones or that the
. conductivity is 1owbr at the greater deﬁths penetrated by the
long period'variations, The latter possibility does not agfee

(24)

‘with the results of Srivastava , Niblett (12) ang Cantwell(z)
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who found by magnetotelluric methods an increasing conductivity

below a depth of about 80 km.

(1ii) Diurnal Geomagnetic Variatiohs

The diurnal variations in the geomagnetic fleld (periods
frbm 6’to 24 hrs.) were examined”dnly atwASkania*étatiOnS"_
since the daily temperature drift of the Fluxgate magnetometers
was very pronounced. Two consecutive appliCations}of running
means of adjacent values were used to determine the diurnal
variations during a quiet day in each pefiod of operation
(Figures 12, 13 and 14).

‘The plots are all similar in the H and D components, but
the Z components at different stations show some prohounoed
differences. At Crowsnest in the centrai Robky Mountains, there
ié a strong¥mcrning rise (peak at 0800 L.M.T.) of 25 ¥ which is
not présent at the other stations. Since the ad jacent Askanla
stations 150 km. to the east and west show no such bshaviour,
and since the D and H plots show no differences, it may be
reasonably assumed that thé external current source is uniform
across the profile and that the anomaly is caused by induction
effects in the Earth. A mean of four quiet days has also shown
that this result is not particular to one day. The anomalous
variation is of great interest since a similar effect has been
noted by Schmucker(zz) in soﬁthwestern New Mexico, U;SoAb This
is about 2000km, south of Crowsnest and similarly situated about
600 km. from the coast.

An anomaly not present at adjacent stations and appearing ‘
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only in the vertical component suggests a sharp vertical
discontinuitm (ses model for a horizonﬁélly discontinuous
structure). Ehe skin depth for diurnal variations should be
of the order of 400 km.

Some mop smaller differences in the Z ocomponent are

also indicated at the Abbotsford and Vieteria stations,

2, Determination of the strike of conductivity

inhomogeneities by extreme values

An attempt has been made to determine the direction,
logation and intqnsity of the nonhémogeneous induction that
has produced the anomalous bay and magnetic storm features
observed on the magnetograms for the 6 e#sfern sﬁations° A
. oomparison has been made between the extreme values of the
:%f3normal field variations found at the Grand Porks station aﬁd
vthosé found at»the anomaldus_stations. In seotion IV on
induction analféis it was noted that for a two dimensional
"Vgtructuré; onl}.the incident field compqﬁents“péfbénd@éﬁiaf tg
the strike of the structure are effective in producing induced

currents. The anomalous induced vertical,field is then given by

AZo = C aFn cos (L-et)
where A Fn 18 the normal total horizontal field component
o< is the angle the perpendicular to the strike of the
o ‘condustivity 1nhdmogeneityAmakes with magnetic north
.oCo = tan™ D/H , the angle'the norin'al_ horizontal
field variation makes with magnetic north.
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' The following aésumptions are necessary for the validity

this equation.

The anomalous zone is two dimensional, It should be noted

that if the anomalous zone is roughly spherical of defines

ﬁhe direction from the station to the center of the zone.

- The indﬁoed field is approximately in phase with the

induoing field. This appears to be true for the periods
used in this study. | o

- ‘The normal vertical field makes a negligible contribution

to the induced ourrents. The amplitude of the normal

 vert1ca1 field is less than 20% of the normal horizontal
80 that the error introduced in the value of C by this
. assumption should be about 20%. 1In any case this assumption

: should-intrddﬁce no error in the strike of the anomaly that

is found.

- The anomalous part of a disturbance may be approximately
- determined by subtracting the normal part as found at a

‘"normal® station in the vicinity. Whitham(zl) has made

 estimates of the differences to be expected between normal

stations. From his results it appears that foria 200 km.
east-west profile parallel to the auroral zone and during

a-period of only moderate magnetio'aotivity the differences

.should'be less then about 10% particularly when averaged
over a number of-features. To obtain another estimate of
the possible error introduced here, an approximate strike

' of the inhomogeneous zone was found at the station (Lethbridge)
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farthest away from the reference station (Grand Eerks),v*
~an& the difference in the horizontal components for the
'two=stations, parallel to this strikeldeternined.l The'
component parallel to the strike should'exhibit no ‘
'anomalous induc tion effeots. The difference averaged over
10 features was found to be 7.5% which is given as 4
the limit of error for all stations. ' This teohnique N
_might be used to scale the normal component values with
"~ respect to the referenee'station, but was not used here.’
Extreme values of amplitude for a number of magnetogram
_ features of different dominant harmonic periods and different
‘azimuthS‘of the magnetic.vector were used to evaluate o¢ and C
‘usingfa‘least squares method, The amnlitudes and periods were
measured as shown in Figure 15.f The choice of the points ef
vmeasurement is somewhat arbitrary but is of less impertance
then the requirement that the same points be teken on each
- ‘record. A statistical averaging should reduce any randemverrors.
This method of measurement, in an approximate menner, eliminates

both the longer period harmonics end instrumental drift.

-PERIOD—‘—A

Figure 15. Measurement of the Extreme Value of a Feature on a
Magnetegram.
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In order to facilitate a least squares computation of
« and C, 1t is convenient to utilize the data in the three

(53) ,

oomponent form given on the records The above’equation

is equivalent to

AZO"= ARADA+ BAHA . where K, = tan™! Q/B

and cC = V&;?;féjf

Dividing by AD, or A H, 8lves

é__Z_Q; = A+ BQ_HQ or . fo. = B + Héé'Dn

These forms have been used'in a least squares cbmputation of
‘A and B.. They are preferable to the equation obtained by
'dividing by A Za which tends to be smaller than ADs or A Hn
and thus contains a iarger percentage error. o N |
As 1t 1s difficult to assign a specific period to any
magnetogram feature C and <( were determined for three ranges
of periods, 7 to 20 min., 25 to 45 min., and 60 to 110 min.
‘The computed values are given in Table 1.‘ The strikes of the
¢onduotivity inhomogenéities are east-west for the Cresocent
Valley and Kootenay Lake stations and north-south for the
eastern 4 stations. ‘Thé;consistent directions give some welght
- to the hypothesis that the zones ére two dimensfonal. 'The
recurrence of the same type of zone in the region of the.eastérn

4¢ stations Indicates the anomalous fields are resulting from '
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Apprmu mate. .
Strike of

inhomogeneity

*~___Direction from Station

to anomaly
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50°
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109° * 39 (Geog)
0.36 £ 0,04
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20301t 4©
0.30.*0.04
26030
0,50 * 0.03

25°301 ¥ 59
0.24 *+ 0,04

220+ g0
0,25+ 0.05

25 - 45 min. t‘-

1069301 * 3°
0.31% 0.03

95° ¢ 3©0
0,53 * 0.03

49 %40 .
0,23 * 0,03

.239i56 f

0.40 * 0.04

42301+ 6°
0.30 £ 0.04
44° £ 5°

0024 i 0004

atrike of Conduotivity Inhomogenelties From Least
‘Bquares Extreme Value Analysis.

60 - 110 min.

121°301 t 18°
0.28 *+.0,06

108930t t 12°

0,50 #.0,10

59930t + 300
0,27 £ 0,07

690+ 300
0.26 + 0.07

50 £ 40°

0.08 = 0,10

58° 50'+ 15°
0.28 = 0.06

Strike of Conductivity Imhomogeneities ('@') and In

Phase Induction Coefficients (C) From Extreme
Value Analyses. 1
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gsome recurrent structure-.such as a syste@ of large north-south

trending dikes of'high conductivity.

3. Determination of induction coefficients as a funotion of

freqﬁency from a spectral analysis

A spectral analysis was performed on a bay type~magnetic‘
disturbance on August 4, 1965 at the Grand Forks andebotsnay
Lake‘statiqns. Fourier components for frequencies from 0.008
| fé'észooxsyolesﬁmih.'were determinsd»from‘reédings.at"é.sAﬁin._,
intervals for aﬁfotal lengthAdf 60 min. Simpson's ihterpqlation
ruﬁé;y@aﬁj;uSed on a digital oomputer;~'The speqtrsl denSitiesv
sreﬁgiven in Eigdres 17 and 18. A ocorrelation between Z and H
and an inverse correlation between D and H is quite olear aﬁ the
'.Kootenay Lakelstation; No correlation is apparent’st Grand

Forks, 120 km. to the west. An attempt has been made to

"f détermins the in phase and out of phasevinduction,coefficients

aﬁ Kootenay iake as a fﬁhctiqn of~frequenéy from‘this data,
using the speotrsl densities at Grand Forks as ths_normal field.
?pis was unsuccessful, wldely scattered values being obtained,
Iﬁ is apparent that either there is an apﬁreciable difference
between the external variations at the two stations or the
speotral analysis was not sufficiently preoise._ It is suspected
that the external field is not sufficiently uniform over the

120 km., distance to give acocurate results.

4, Determination of the location ang size of an g assumed
1nfinite cylinder

In this séction. the cbn&uctivity inhomogeneities have been
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Station ' Crescent Valley  Kootenay lake Kimberley

Dip Angle  46%t 5° '51°%% 3% 710 4°
R . 50° 6°

(Spectral
: ‘Analysis)

" Ratio of Redius

“to Distance 0.60% 0,08 0.82 £ 0.04 0,76+ 0,07
: | o 0:93 £ 0420

. (Speoctral
Analysis)

Tdﬂle,Z. Cylinder Parameters for the Conductivity
- "Inhomogeneities Observed from the Crescent Valley,
-Kootenay Lake and Kimberley Statlons.
An examination'of Table 2 shows that an assumed'cylindri-
‘_cal zone south of Crescent Valley must extend almost to the
surface while the computed cylinder to the south of the
- Kootenay Lake station extends to or slightly above ‘the . surface.
‘;An infinite cylinder thus can be only a very rough approximation
o the shape of the high conductivity zone. If the assumed
":effectively.infinite conductivity 1s reduced, a larger cylinder
18 required which would extend even further above the surface.
.‘ A spherical body i1s even more difficult to reconcilevwith“thek_'
| oeserved'data since a larger value of $3 would be required for
) thel'same‘magnitudes of secondary induced fields. This adds
Weight‘tc the conclusicn that the anomalous zones may be
'clcsely apprcximated by two dimensional structures. Other
idealized models such as a vertical disoontinuity and a vertical

dike have not been examined in this thesis because of the laock
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of theoretical expressions for the secondary induced filelds.
Finally, an estimate haé been made of the conductivity of
an assumed cylinder as seen from‘thg Kootenay lLake station,
using the spectral densities for the bay disturbance on August
4th. For a two dimensional strﬁctura, section IV gave the

relations
Zo., = R, Fn, +B, Zn, +A, Fn, + B, Zn, .

Za.,_ = A, Fn, + B, Zn, +A,Fn, + B, Zn,

Since the normal vertical field is small for this disturbancs
it has been neglected. Letting M and N represent the in phase
andvout of phase coefficients respectively, these equations

‘become

Zal=MFn, _NFnz_

ZQI=NF—H|+MF”2

M = ZO.., /_ﬂ‘ + Za.;_ F_HZ
Fn? + Fnp?
N =—Za, Fn, + Za, Fn,

F-n,z + Fn?_z
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The axis of the hypothetical cylinder has been taken from the
extreme value analysis; and the mean values of M and N
evaluated for the peribd.range from 25 to 125 min. These
means are

M = 0,65%0,10

N = 0:22%0,05

M/N = 0,34 % 0.14

A very rough estimate of the conguctivity of the énomalous
'zone. may be found by applying these values to the .coniputed
durves for the in phase and out of phase components 6f
induction in a cylinder. A value of approximately 1000/92
e.m.u. is obtainedr‘ where e 1s the radius of the oylinder in
cm. A cylinder with a radius of 10 km. thus requires a
conductivity of 109 e.m.u. (102 (ohm-m)~l). A larger radius
will glve a correspondingly lower conductivity. At Q = 30 km.
§ = 10-10 8.myu. This is of the same order of magnitude as
found by Whitham between Ellesmere Island and Greenland and by
Schmxieker for a region in Germany. If the normal conductivity

14 om.u. (Srivastava et a1(24)) the

conductivity contrast is about a factor of 104.,

is taken to be 10~

5., Frequency dependence of the anomalous induced fields.

The extreme value analysis shows a decrease in the ratio
- of induced to normal field components with increasing périod
of magnetic variation at all the anomalous stations. The

spectral analysis was inconclusive. The shortest period range
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~ studied by extreme values ( 7 - 20 min.), showed the largest

- intensity of induction. For a resistivity value given by
Srivastava et al(24) for the southwestern Alberta region of
about 1000 olm - . for depths from 2 - 8 km., & low =
resistivity sﬁffébe layer and dedréasing resistivity below
'80 km.,'the skin depth for’thié period-faﬁgé is of the.orderv
of 100 to 150 km, The conductivity inhombgeneities may be
’expeoted to lie above this depth. _

The anomalous diurnal variations should result from very
hnoh deeper inhomOgeneities. For dimrnal magnetic variations
with a period of'lz hours, the skin depths for different Earth

resistivities are given in Table 3.

(olm - m) 'd (skin depth in km.)
0.2 47 '
5 ' 230
50 - : 740
1000 : : 5300'

Taeble 3. Depth of Penetration of Diurnal Magnetic Variations.
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VI. SUGGESTIONS FOR FUTURE STUDY

The first requirement for é more detailed study of the
regions of inhomogenedus conductivity is a moré olbsely
spaced network of variograph stations. .With the profile
described in this thesis, only one or at'mdst two stations are
appreciébly affected by the seoondafy fields from a single
anomalous.conductivity zone. The profile also appears to
-parallel thé zone existing to the south of the Crescent Valley
and Kootenay lLake stations. _

With more detailéd information it should be possible to
make-cqmparisons with the results for other idealized models
such as a vertiéal discontinuity and a vertical dike. More:
theoretical work‘or laboratory quel studies would also be
néoessary to determine the secondary induoed fields to be
expected for these and more complex struoctures. ,
| With more detalled data if should also be possible to
determine the internal and external parts to the observed
field variations using the method outlined in the introduction.
This would eliminate the problem encountered in determining
the normal incident field from a non-anomalbﬁs station.

| No correlation has been attempted with other techniques
for investigating the déeper fegions of the Earth!s orust and
upper mantle, Results from seismology, gravity, éeromagnetio,
ahd'geological studies should be considered. .
The difference between the vertical com@oneht of the

diurnal variations at Crowsnest and that at the remainder of the
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stations is of major interest because of the depth of the
structure it must reflect. A detailed profile écross this area
should be.attempted. | , | ,

One other choern'that shouldlbe investigated 1is the
difference in the intensity of the induced currents-produced
by different magnetic features at the same station, ﬁith_thé
same period and épproximately the same direction of the
"magnetic disturbance vectbr."The ratio of'inguced to indﬁcing
fields at Kootenay lake varies from 20 to 80 percentj.on.
the same magnetogram. Such 1rregﬁlarities may 1nvalidéte any
results from a spectral analysis of a single magnetogram

feature.
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VII. CONCLUSIONS

The study presented in this thesis suggests conductivity
inhomogeneities of a varlied nature-extending from Creséent_
Valley, British Co;umbia‘to Lethbridge, Alberta. These have
been detected by the anomalous secondary induced field compon-
ents observed in the period range from 5 to 120 min.} Uging a
least squares method the strike of the anomalous oonducﬁlvity_-
zones has been found atweach anomalous station. This evaluation |
requiies the assumption that all the zones are two diﬁeﬁsional.
By making the additional assumption (whioh must be othideréd
of doubtful validity) that the 1nhomogeneities appfoximate to ‘
highly conducting cylinders, estimates have been made of the
position and size of the zones relative to the Crescent Valley,.
Kootenay lake and Kimberley stations. An estimate of the
conductivity contrast has also been made from the Kobtenay Lage
data. A difference has been deteoted between the vértical
components of the diurnal geomagnetic variations at é site in
the Rocky Mountains and those along the.remainder of the

profile. This should be of major interest.
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STATIONS

mmxx I. LOCATION AND DETATLS OF THE
| - - . Total Duration
‘Type of Geographio - = Elev, PFileld of- :
Long, lIate  (ft) (geuss) _Observation :
Fluxgate ;z4°49'w’ 49°5'N 10 0,5699 Jun 6 - Jul 11
‘Askanta 122°21' 43°1' 180 0,5735 Jun 15 - Jul 11
'rluzgate,121°29',_49922' 130  0.5706 Jun 15 - Jul 11
_ Askania 120°29" 49°28" 2300 0.5611 Jun 15 - Jul 12
 Fluxgate 119°38' 49°19" 1800 0,5777 Jun 15 5. Aug 8
Askania 118°28' 49°1' 1500 = 0,5777 Jun 14 - Aug 7
Fluxgate 117°36' 49°27' 2000 0,5611 Jun 20 - Aug'7
‘Askania 116°45' 49°28' 1800 0,5830 Jun 15 - Aug 7.
Fluxgate 115°47' 49°43' 3000 0,5649 Jul 14 - Aug 6
4 0ax' aaOxa! 4 a)0.56866 _ o
Askanig 114745 49739 4300 b)0,5677 Jul 15 - Ang 6
Fluxgate 113°57° 49°29' 3790 . 0,5917 Jul 16 - Aug 6
Askania 112°47' 49°39" 3000 0,5903 Jul 16 - Aug 5
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0030
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APPENDIX II.

Period
- (Min.)
D

25

85

55

55
60 -128.0
40 5.0
50 52,5
90 41,5
75 23,0
8 -5.0

10

7
35 15.5
85  110.0
20  -17.0
35 47.0
40  -75.0
8  -8.0
7 =545
50 12,0
40 68,5
55  -58,0

TABLE OF EXTREME VAIUES (Gammas)

PHASE I
Westham
Z H
59,0 -32.0
12,0 39,5
15,0 -15.0
25,5 -14.0
9,0 19,0
0 16.5
-3,0 -54,0
60.0 -28.0
0 16,0
17.5 44,0
-19.0  -34.5
0 9,0
3.5 10,5
-840  -35.0
14.5 -41,5
-35,0 -~26.5

63

Abbotsford

D Z
25,7 9.2
34,5  -11.7

62,2 -19,5
-13.4  <8,9
-130.0  -58.,1

5.4 10,0
w6 1
41,5 -25.0
' 25.5 9.7
-5.4 2.2
5.1 2.2
2.1 1.4
15,3 -5.6
113.9  53.4
-11.5 2.5
45,6  13.9

76,9 -17,0

-16.1 0.8

8.7 1.7

10,7 -3.9

69.7  13.3
56,3

-26 .4

H
-15,.7

1741

-38.53
-12,0
-33.9

40,4
~15.4

20,5
16,8

19,5

16.8

-58,1
~35.9
20,2
44,5
34,2
14.0
8.9
-3603
-43,8
~24,3
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18
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26
-
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2150

0640
0030
0440
0100
1910
0130
0150
1930

1715

1715
1740

1800
2300
1750
0040
0010
0900
1355
1535
2100
2350

Period
(Min,)

25
65
55
55
60
40
50
90
75

10

35
85

20
35
40

50
40
55

29,0
34.0
-66,0

-14,.0

~134,0
5.0
57.0
-43,5
25.0
-4.5

"400
15.0
120,0

=12.5

46,0
-79.0
-15,5
-8,5

16.0 .

- 79,0
-58,5

64 .

Hope

11.5
~14.0
~17.5
-7.0
-63.0
6.5
13.0
-26.5
9.0
1.5
1.5
1.0
1.0
80.0

14,0
"2505

"105
-11.0
8.0

- _31.0

-14.5

15.0
-42,5
-13,5
~-40.5

41,5

-19,0
-16.0
21.0
1705

15.0

20,5
-58.0

- -26,5

20.0

© 45.0

-41.5
12,5
9.0
-38,0

44,0
"28.5

32,5
34,4
-69.9
-25.0
-146.3
»

61,9

-4600
26,9
=602

~5.1

-2.4
15.8
129.7
-12.9
43,0
-83.7
-16.4
~7¢5
12.1
80,2
-61.9

Princeton'

Z

17,0
-18.5
-22,9

-9‘8.

-70,6
10.4
14.6

~39.2

9,2

0.3

0.6
0.3
-3.9
66.5
1.2
17.9
-17.9
-1e2
0.8
-5.1
16.4

-35,8

H

-16,.7
20.8
-45.7"
-14.3
-51.1
48,7
-17.7
-6.8
2202
17.1

22.2
17.1
~64.1
-31.4
22.8
49.4
~45.4
15.3
10.2
-41.6
-46 .4
-28.,0
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Period,

(Min 'S )

25"
85
55

55
80
40
50
90

75

10

35
85
20
35
40

50
40
55

28,0

-63,0

-24.0

~139:8
5.0

1 85.0
. -4105 » ’

 21.5
' -5.0
-1.5
-4.,0

120.0
11,0
35,0
 -80.5

=6,0

23,5
78.0

85

Penticton

Z

14.5

-21.0

-9.0

-70.5
13.5

15.5

27,0

100 0

3.0

1.0

-2.0

63.5

-1.5
18.0
-21.0

2,0
=9.0.
17,5

B

.15.,0

~44,0

=13.5
"5700

45,0

-20.0

-18.5
20,5
17,5
17,5

22.0

-30.0

- 23:0
42,0 -

~47.,5

10,0
~-41,5
-43,5

D

38,2

30 .4 |

"‘6606
£16.3

-150.0 -
5.4

88,1

-46.4

30.4

=5.7

‘ ’ "'406.
"'201 .

-14.,7
-80.2
=747
13.9
86.4
-59,.3

3365

Z .

15,6

18,7

~-21.5
-10,0
"'7108

11.9
15.0

~-31.5

8.9
-0.9

. -2.2

"1‘06

1.9

15.8 .
-18.4

-5'09'.
17.2
-35,9

Grand Forks

.
-18,7
31.7

- -»4802

-15.9
-75.1

-19.7

-15.9

24.7
19.0

25.4
19,3

22,8
57.1
-57.1

9.8
~47.5

- -4102

-30,1
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17
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20
20 .
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27
28
50
Tﬁiy
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2150
0640
0030
0440
0100
1910

10130

0150
1930

1715 -

1715
1740
1800
2300
1750
0040
OOiO
0900
1355
1535

2100

2350

Period
(Min.)

25
85
55
55
60
40
50
- 90
75

10

35
85
20
- 35
40

50
40
55

66

Crescent Valley.

D

~153,.5
5.5
66.5
46,0
31.0
645

-1.5
14,0
145,0
-14.0
35,0
-80.5
-18.0
-9.0
11.0
88.0
-81.5

Z

+-92.5

22,5
12,0
-39.5
11.0
4.5

845
7.0
-15,0
76.5
7.5
51.5

-38.0
4,5
~4,5
-15.0

14,0
-55,0

H

-10205 ’

59,5
34,0
-27.0
25,0
24,0

28,0
31.5
-79,0
-25,0
27,5
67.5
-61.0
17.5
8.5
-60.0
-64.0
-23,0

Kootenay lake

D'

30,1
78,7
-12.7
-96.1

8,9

85,0
-43,0
326
-8.9
-10,1
-7.3
24,5
170.0
-19,7
18.2
-70.8
-24,8

"1001 '

22.3
97 .4
-60,7

Z

-34,9
-29.1
=27 5

~131.6

3049
-18.7
-54,2

12.2

7.0

1159
11.6
-24,2
80,2
7645
14.4

44311¢

11.3
8.1
-24.5

"'75 04

H

35,4
~554
-17 .4

-168.2 -

55,7

-24,1
26.4
20.3

29.0
23.2
-74.0
~31,3
69.0
26,1
-69.9
17,7
10.4
~53.4
-45.0
-31,0
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22
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o
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Period
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10500
2330
0015
0415
2030

0000
0300

0145
11045
2125

2300

- 1400
1850
Oazo'

1000

1025
1415
1435
- 2155

0020

0115

70
100
351"
45
30
45
10
15

20
s
i
35
80
§5
45
35
35
30
80

-20.0.

"10‘0
- 25.0

7.5
EQ;S
35,0
20,5
89.0

-22,5
21.5

2,5
2,0

105,0
45,0
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PHASE II

Penticton

A H
-3.0 15.0
VSOO. 11b5
-8,0 -24.0
1.5 13,0
3.0 -8,5
1.0 17,0
7.0 -24,0
0 12,0
14,0 46,0
~2.5 30,5
2,0 -27.0
4,5 32,5
"'205 "'26 00
8.0 45,0

o .

50,0

Grand Forks

D

-92.9 . -39,9
36.1
-23.2

-11.9
-3,1
19.4

103
26.8
12.4
11.4

41,8

20,6

87.2

-63,0
-28.4
26,4
4.6
1.0

107.8
59.3

~59.3

Z

4,7
-3.1
-6.2
-0.6

O N
3,7
1.2

0
-1.9
5.9
-1.6
13.1
-18.1
-1.9
0.9
3.l

0.6
5.9

0.8
-35,6

.
74,5
-20.6
ji5;3
13,3
15,2
1.3
-28.5
15,8
12,4
18,4
-25,4
18,4
63.4
-29.2

-28.5
35,5
-33,0
55.8
60.2
-17.7
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Penticton

Z

-5.0

-1.0
—2.5

~-15.,0

_29.0

-10,3
9.0
-7.7
37.4

.‘87.7

"'_20-1

35.6

-12.9
20.6
48.5
49.0

-15 0‘2 ‘

~2e3
8.8
9.8
—8;5
-42.3
- =9,8

Grand Forks

Z

1.6

"22 04:

8,7

3.1

"106
6.2

0.3
-0,3
0.6
3.1
-15,0
12.5

-0.3"

6.6
~-30.4
22.2
~15.9
-29.2
13.9
36.1

34.2
-15.2
~33.3
~33.,3
9.2
12.4
-8.9
-9.5
28.5
~3346
21.6
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21
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.22
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0145
1045
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1400
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0220

1000
1025
1415
1435
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0020
0115

Period
(Min.)

"0
1100

69

- Crescent Valley

D

-9500

3245

-21.0
-11.0

-""400

19,5
-15.0

25,0

10.0
10.5
42.0
21.5

98,5
-83%,0

~25.0
25,0
1,5
-1.5
106.0
60.0

. =-60,0

Z

~-60.0
~245
3.0
=13.0
5.0
-5.0
-12.5
5.0
~3e5

5.0 '

2.5
7.5
28.5
-39.0
10.0
-13.0
12,5
~11,.,5
9.0
27.0
-53,0

H

~91.0
-17.5
21,0
-16.0
17.5

2.0

"29.0

- 11.5

-6,5
21,0
-25,5
21.0
65,5
-46.,0
40,5

."‘4100

45,0
-41.0
54.5
865.5
=205

Kootenay lake

D

-97.9
40,5
-2708

- =8.1'

"506
22.8
-10;1

25.8

17.5
10.1

48.1 ™
18.2

87.3
-5802‘
"'5800

;38,0
-10.6

8.6
114.1

48.1
-57.2

%

-69.8
9.2

7.7
-16.5
6.7
- =6,7
-21.4

7.3

-8§6
6.1
-9.2
11.0
30.6
~45,3
22.6

-21.1

17.7
-17.7
5,8
20.8
-58.8

H

-86.4
-23.2
16.8
~16.8
16.8
1.2

"2804
1l2.2

-12,2
119.7
-26.1

20.3

-39.4
43,5
-32.8

7,400

37,1

51.6
60,9
-20.9

¢
3



Time

27
27
30
31
51
31

R O S T

July

Aug,

0955

1545

1930

2145

0600
1015

1930

1615

2310
1950

2150
0825

1610

0920
1110
1600
0500

- 1400

Period
(Min.)

45
60
35

110

90

0
15
30

40

10

30

80
35

70

Crescent Valley

D

-11.0

'.-900.' |

3545

-88.5
-19,0 ~

3645
20,5
45{5

-13.5
1.5

8.0
6.0
~6.0
~44.5

-800'

2

3.5
-11.0

6.0
-10.0
_31.5

3¢S

12,5

14.0
=645
-11.0
-5,0
3.5
. 3.5
2.5
~4,5
13,5
-22,5
8.0

H

9,0

-40.0

25,0
~2345
-30,0

15,0

42,5

40,0
-20.5
-43.0
-40.0
9.5
13.5
-8.5
-8.5
38.5
-44,0
25.5

Kootenay Lake

D

-12,9
11.4

10,1

47.6
-86 05

-25.0 -

38,0

-20.2
25,3
3.1
57.2

-17.2
-4.6
1l.1

9,9

'-15'2

-39.5
-13.2

Z
6.1
~15.6
10.7
~19.6
~38.7

11.9
14.7

22,0
-14,7

-22,0
-18.,4
6.4

5.5
"8:0 o

-6.7
20.2
- -23,9
12,9

H

8.7
-32.5

24,6
-22.6
-37.1
'14.5_
3.7

38.3
-17.4
37,9

-33.4

8.7
11.6
-11,9
-9.3
34,8
38,3
24,9



Time

July

17

17

18

18
18
19
21
22
22
22
22
23
23
24
24
24

24
24

. 24

25

26

" Period
(Min.)

0500

2330
0015
0415
2030
0000

0300
0145

1045
2125
2300

1400

1850

0220 -

1000
1025
1415
1435
2155
0020
0115

70
100
- 35

45

30

45

10
15

20
45

15

35
60

35

45
35
395
25
30
80

D

-124.0
45.0
-43.0
-7.5
-10.0
53.5
-24.0
3040
24.0
18,0
'68.5
26.5
127.5
-66.0
-60.0
57.0
-25.0
2345
154.5

46.0

51.0

71

Kimberley
Z

~-35,0
~-12.5
-13.5

-8.0

4.5
-10.0
9.0
5.5
3.0

16,0
5.5
52.5
~30.,0
-11.5
8.5

4,0
42,0
33,95
61.0

H

-85,0
-22+9
24.0
-16.0
15.5
4.0
-26.0
12.0
-13.5
21.0
-26.0
22.0
71.5
-42,0
37.0
-31.0
42.0
-35.0
52.0
69.0
-25.0

~98,3
38.3
-24,7
-9.4
6.4
21.7
-7.9
21,7

14.8 -

7.9
48.9
17.3

"52 '4

-9.9
8.4
103.7
33.1
-61.,3

Crowsnest

- Z

-39,1
15.6
-15.3
-6.2
-2.5
7.4
-10.2
10.8
9.9
1.4
19.2
2.8

-24.9

-5,.6
6.2
45.0
11.3 .
-53.2

-87.0
-22.8
13,3
-14.0
14,0
4.2
-23.9
12.6
-12.6
16.8
-31.9
21.4

-38.6

35,1
-30.2
53.7
58.3
-26.0



' Time

July
27 0955

27 1545
30 1930
50 2145
31 0600
31 1015

31 1930

Aug.
1 1650

2310

-2 1950
2150

3 0825
'lélb

4 0920
1110
1600

5 0500
1400

Period
(Min,)

45

60

35
110

90

30
15
30
40

10
30

80
35

D

-32.0
23,5
-15.0
78.5

"9510

-36.,5
45.0

-35,5
40,5
7545
90.0

=440

17.0
12,5
-31.5
-38,0
-20,0

72

Kimberley
Z

"loo

-5.0
©113.0
-40,5
-4,5
10,0

2.5
6.5
20,0
25.0
3,5
1.0
1.5
1.5
1.5
~15.5
5,0

6.5
-30.0
25.0
-20,5
-37,0
13,5
38.0

41.5
-19.5
-39.5
~36.0
10.5
13.5
-840
-10,0
36.0
-41.5
24.5

~11.4
10.9
-8.6
44,0
-86.4

—24,5
37.1 .

-18.3
22.7
48.4
52,9

-16.8
=447
10.9

8.6

«12.4

~32.,6

~133

Crowsnest
Z . H
-5.1 7.0
3,1 -28.0
'-5.7 21,1
13,0 -21,0
-23,2 -37.2
-8,5 12,6
11.3  37.2
0 - 31l.6
13,0 -17.6
215 -33.7
30,0 -31.6
7.4 9.1
-2.6 10.9
4,5 -6.7
5.7 -9.8
-5.7  30.2
-15.8 -44.9

-5.7 20.4



Time

July
17

17
18
18
18
B 19
21

22

22
22
22

23

25
24

24

24
24
24
24
25
26

¢

0500

2330

0015

0415
2030
0000
0300
0145
1045
2125

2300

1400
1850
0220
1000
1025

1415

1435
2155
0020

0115

Period
(Min.)

70
100
35
| 45
30
45
10
15

20
45
s
55
60
35
45
35
35
25
50
80

73

Pincher Creek

D

ié82¢5

35.0
-23.0
-9.0
-6.0
20.0
~13,0

24,0

11.0
8.5

19,0
94,0
_51,5
-29.0

26.0

Z

-34,0
7.5
-13.0
-6.0
~-3.0

4.5

-8.0
6.5

3,5
-1.5

40.0
-25.,0
~-10,0

11,0

H

-80.0
-20.0
11.5
-15.0
10,5
605
-19.0
11.5
,a9,5

18,0

20.5
74,0
~34,0
28.0

-20,5

-67.9

Lethbridge

D Z
-95.4 -43,8
39 .4 14,1
-24,6 =12.5
-9,.8 8.8
~3.9 -2.8
20,2 2.5
~8.9 -9.4
19.2 8.1
12,1 6.9
A7.6 ~2¢5
48,7 14.4
17.2 cirmDed
86.1  53.5
- =55,.6 -28.2
-29.5  -9.4
29.5 8.8
-5.,9" -5,0
3.4 5.0
- 93,0 30.4
27.1 5,0

-61.3

-89,2
-22,3
9.6
-15,.8
13.0
6.2
-24.0
11.0
~11.7
14.4
-20.2
23,7
74.1
-39.1
27.4
-20,6
35.6
-27.4
52.8
54;9
-28.1



Time

Ju
2

‘2
3
3

3

3

3

Au

1y
7

7"
0]

0

1l
1
1l

43

0058

1545
1930
2145
0600
1015
1930

1650
2310
1950
2150

- 0825
1610

0920
1110

' 1600

0500
1400

Period
(Min,)

45
60
35
110 -

90

30
15
30
40

10
30

80
35

Pincher Creek

D

43,5
-72.0
-18.5

34,5

-11,0

2745
46.0
50,0
~-14.0
4.5
945
9.0
-10.0
633;5
+=9.5

.74

Z

15,0
-30,0
~4,0
18.5

"'5.5
8.0

16.0

26 .0
4.5
-1.0

3.0

1.5
4,5
-14.5
5.5

H

-11,0
-35.0
10,5
5545

25.0
~-14.0
-28.0
-25.0

6.0

11.0

-4.,0.

~745
30.0
=38:5
18,5

"9.6
6.9
4744

41,3
-850'6 '
-17.5

40,3

-12.8

22.1

48.2

50,2
~14.3

) "205

7.9
S.4
-8.4
~335,9
-9.8

Lethbridge

VA

2.8
2.5

-6.3

9.4

-25.0

B4

6.3

14.5
2345

~3.4

-2.5

1.9
2.8
-1.9
-15.,0
~5.6

-

545
-30.2
2046
-13,0
43,9
15,1
35,7
556
-17.8
~30,9
-27.4
7.2
10.6
-4.8
=75
30,9
~41.2
19.9
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