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(1)

ABSTRACT

Geomagnetic induction techniques have been used to étudy the
structure of the crust and upper mantle in western Canada. - Geomagnetic
- depth-sounding (GDS) has been used primarily for mapping, and magneto-
tellurics (MT') for quantitative interpretétion. Self-consistent models
of electrical pgnductivity structure have been derived from thevéombined
MT/GDS data, n

The conductivity structufe models have been considered in con-
junction with other relevant éeophysical information: heat-flow, seis-
mology and aeromagnetic surveys. No definite petrological models can
be derived because of the order-of-magnitude uncertainties in the relations
between eleéirical conductivity, temperature and compésition. However,
if we exclude geochemically improbable solutions, the follbwing two distinct
results can be extracted: |
‘a) In southwestefn Canada (boundaries not clearly defi?ed, but at least as
far eaSt as Lethbridge), the uppermost mantle is moderately conducping
(resistivity 30-50 ohm-meters). This indicates a temperature of at leaét
750°C at deéth 35 km., and provides independent confirmation without
assumptions of crustal éﬁructure) of the heat-flow derived estimates of
Roy et al (1968b).
b) In a sharply delineated region starting from about 0-30 km Qest»of the
Rocky Mountain Trench, the lower crust (from a depth of about 10-15 km)
is conductive. The most likely interpretation is a hydrated lower crust,
as proposed by Hyndman and Hyndman, 1968; Hydration alone is sufficient
to explain the observed conductivities, i.e. highér temperatures are not
necessarily required for tﬁis model, However, giveﬁ the information from
(a) above, some partial melting of hydrated granitic materials should occur
in this zone; this is in good agreement with the geological evideﬁce of

granitic intrusives in this region.
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I-A) Preface and Acknowledgements
The major part of this-theéis has been written at the "publishable

’féiati@ély lean and concentrated. In the course of

paper® 1eve1,‘i.e;
préparation,ﬁsoméfOf'the chapters have already been published or submitted
for publication, as outlinéd below, In each case the primary,wofk (planning,
orgagization, éimost all data processing, énd all interpretatioﬁ) vas
carried out. by the candidate}.the‘con£ribution of the co-authors was limited
io operation of field-stations and some roufine data processing. Howe?er,
significant contributions were received from these co-authors in reviewing
the compieted results, as well as from internél reviewers, Jjournal editors,
and referees. This feed~back has been incorpofated in the thesis.. In
particular, Dr. R.M. Ellis and Dr. W.F. Slawson at the University of British
Columbia,.and Dr. E.R, Niblett, Dr. P.H« Sersoﬁ, and Dr: K; Whitham at
the Dominion Observatory have greaély contributed towards the reliability
of this work., I should also like to acknowledge the organizational support
and personal encouragement provided by'Dr. J.A. Jacobs, fofmer head of the
Department of Geophysics; by'Dr. R.D. Russeil; his successor, and by
Dr. P.H., Serson, Chief of the Division of'Geomagnetism at the bominion
Observatory. Financial suppor£ from the Department of Energy, Mines and
Resources is also gratefully acknowledged, .
Reference to published sections of this thesis:
Chapter II: Caner, B., P.A. Camfield, F. Andersen, and E.R. Niblett,

A large-scale magnéto-teliuric survey in western Canada', sub-

mitted to Can. J. Earth Sciences, 1969.



" Chapter III: Caner, B.; D.R. Auld, and P.A. Camfieid. "Geomagnetic depth-
" sounding in wéstern Cénada". In prebaration, to be submitted to the

Journal of Geophysical Research.

Chagtef‘IV (Section D)? Caner, B. "long aeromagnetic profiles and crustal
structure in Qestern Canada", to be published in karth and Planetary
Science Letters, 1969. |

Chapter V: Caner, B., "Electricél conductivity structure in western Canada
and petrologicai intefpretétionﬁ. To be published in the Journal
of Geomagnetism and Geoelectricity. (Symposium on multidisciplinéry
studies of unuéual regions of the upper mantle? Madrid, Sept. 1969);

I-B) Historical Background

The electrical cdnduétivity structure of the earth's crust énd
uppér mantle can be determined by 9bservations of flucﬁuation§ in the
natural geomagnetic ahd geoelectric (telluric).fields. The periodicities
of interest for this type of work fange from about 1 second to about 105
seconds. TYQ basic methods aré in use: a) magnetoteliurics (MT); where
the two horizontal magneti§ (Hx, Hy) and two horizontal telluric (Ex; Ey)
components are recorded; .b) geomagnetié depth-sounding (GDS) where the
three components'(two hdriZontai, one vertical) of the magnetic field are
recorded (Hx, Hy, Hz, or more usually H, D, Z in magnetic coordinates).
Théoreﬁically, the two methods are equivalent; but in practicé their
execution (and someﬁimes the results obtained) are different. Rikifake
—”(1966) has outlined the'relative édvantages of the two methods and their
' limiﬁations for barticulér situations. A very superficial outline of the
bcomparative merits and ranges of usefulness is shown in the foliowing‘table.

A sumary and bibliography of the literature has been published by Fournier
(1966).



MAéNETO—TELLURICS (MT) : GEOMAGNETIC DEPTH;SOUNDINGE.
Advantages ' - Disadvanﬁages |

1. Single—statioﬁ interpretation ~ Network or profile reQuired.
possible.

2. Source dependent only for periods Interpretation strongly soﬁrce
> 1000 sec. ’ dependent.

3. Interpretati;n subject to only ) Intefpretation strongly depen-
moderate bias in selectioﬁ of | dent on personal bias, since
conductivity structure quéls. - two station models are involved

for each data set.

Disadvantages : Advantages

1. Results (éntire spectrum) strongly Results relatively independent
dependent on surface coﬁditions. of surface conditions.

2., Experimental difficulties at long Experimentally simple, entire
periods, spectrum,

3. Logistics complicated (long lines; Logistiés simple, cheap.

ground contacts).

Primary usefulness (open to argument!)

1. Periods < 1000 sec. (surface Periods > 1000 sec.
layers and crust). (lower crust and mantle),

2. Quantitative confirmation (at a - Mapping and preliﬁihary surveys
few selected sites) of results of large areas for delineation
previously obtainéd by GDS. of anomalous regiqns.

In North America, MT data obtained at a few scattered locations

indicated the existence of a highly conducting zone at depths variously
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réporied as between 35 km and 140 km (for example, Cantwell and Madden, 1

1960; Niblett and Sayn-Wittgenstein, 1960; Srivastava énd Jacbbs, 1964 ;

.. Vozoff and Ellis, 1966; Plouff, 1966). The stations were too scattered
';to_provide any large-scale models for the structure under the continent,
and the main impetus for systematic work in this field came from GDS.-

Although low Z/H ratios had been noted earlier at Tucson (Bartels
et al, 1939), the density of permanent obéervatories in North America

was too low to permit the typg of pioneering GDS work which was possiblé
in Japan (Rikitake, 1959) and Europe (Wiese, 1956). The introduction of
portable variographs during the IGY opened up this field in North America.
Matsushita (1960) noted that the Z amplitﬁdes of sudden commencements
recorded atiseveral-sfations at latitﬁde 39.5°N were different, and
suggested differences in.subsurface condﬁctivity structure as a possible
explanation; however, the statioﬂs were too widely sbaced-(about 400 km)

:for any consistent pattern to be derived. The main break Came-with
Schmucker's work during 1959~l962 in the southwest U.S.A.. (Schmucker, 1964).
He delineated a sharp discontiﬁuity in the charactér of recorded geo-
magﬁetic data (specifically in ﬁhe amplitude of fluctuations in Z with
periods of 15-60 minutes) along an E-W profile crossing the Cordillera

at latitude 32°N (profile A on Fig. I-1). The~diécontinuity occurred
between Las Cruces (LAC) and Cornudas (COR) in New Mexico; to the east

of this transition, the ratio of vertical to horizontal amplitudes for

‘bay-type features was réughly three times higher_than at the westerh
stations. Schmucker (1964) interpreted this attenuation tb.be caused by
a step in a-highly conducting sub-stratum from a depth of 320 km under
the eastern region to a depth of 160 km under the wéstern region., Two
of the permanent Canadian observstories (Alert and Mould Bay) wérg also

found to be "anomalous" in their Z/H ratios (Whitham, 1965); it became
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clear that these GDS "“anomalies" are -not nearly as rare as previously
suppoéed. |

In 1963, a long-term GDS project was initiatéd by the Institute
of Earth Sciences at the University of British Columbia, in cooperation
with the Dominion Observatory's Division of Geomagnetism at Victoria,

?ghd co—ordinated_bj the author, VHyndman (1963) operated an east-westb
GDS_profile at latitﬁde 4,9.5°N, from Westham Island (near Vancouver) to
Iethbridge in Alberta - profile C on Figure I-l. His results provided
the basic ground work for all subsequeﬁt sﬁrvéys in_this area, Hyndman
observed ﬁhe same pattern as Schmucker in the southwest U.S;A.: stations
to the east éf a discontinuity (l&cated in the Kootenay Lake region)
showed Z/H ratios apout.2-3 times higher- than stations to the west.
Whitham (1965) estimaﬁed that £ﬁe pbserved‘attenuation could be explained
by a rise of conducting material to within about ZQO km of the surface
under the western region, a structure compatible with Schmucker's inter-
pretation in the southwest U.S.A,

In 1964, Hyndman's.prOfile was extended towards the west in order
to study the "coaét effect”" on geomagnetic recordings. The results (Lambert
and Caner, 1965) are not>direct1y relevant to the present étudy of the
main inland-discontinuity. During 1965 and 1966, attention was againr
focuséed on the inland discontinuity and.ﬁwb further profiles were operated
b& W.H, Cannon and C.E. Livingstone: one at latitude 35°N in the south-
west U.S.A, (profile B on Figure I-1) and one at latitude 51°N (profile D)
between Cache Creek, B.C., and Calgary; The aim of these iﬁo profiles,
which were about 200 km to the north of the two earlier profiles of Schmucker
and Hyndman, waé to verify that these discontihuitiés were in fact the
borders of large-scale continentél features rather than just isolated

anomalies. The results (Caner et al, 1967) confirmed this fact, although
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on profiie B the diécéntinuity ﬁas found about 200 km to the east of

its expected position. Caner et al (1967) attempted quantitative inter—'
pretation of the combined data from all profiles; using different struc-
turgl models, they concluded that a rise of conductiﬁg material to within
25-35 km of the surface under the western region could explain the
ﬁgéserved attenua}ioh in Z - considerably shallower than the previous
estimates,

In October 1966, Gough and Reitzel operated a GDS profile at
latitude 58.5°N,'and’confirmed the preliminary>results previously inferred
from the more widely spaced IGY stations of Matsushita (1960); thé dis~
continuity was clearly located at longitude 106°. Subsequent work (Gough.
and Anderson, 1968) at iﬁtermediate latitudes has since confirmed the
existence of this feaﬁure acréss the entire U.S.A. The discontinuity
follows roughly the line of the Rocky Mountains, but detailed profiling
.ghows significant departures (100-200 km) to éithef side of this line,

It is clear that the term "“anomaly" can hardly be applied to a.featpre_

o

covering perhaps as much as a quarter of the continental érea. In the
following work, tﬁe term "anomalous" has been applied only to stations
where the ratio Z/H(ié a function of azimuth, i.e. indicative of deep-
seated lateral inhomogeneities - for example, Alert (Whitham and Andersen,
1962) and the Kootenay lake Station (Hyndman, 1963; Caner et al, 1967).
Ali other GDS data, whatever the actual value of the Z/H ratio, is
_gqnsidered "qormal", representative of a particulaf‘conductivity structure,
Although several second-order differences have been observéd, the featur¢
of main interest remains the large region of low Z/H ratio defined by

the above fesults for western North Ameriéa. The inierest in this feature
is heightened by the fact that the same region (although not so sharply

delineated) is also characterised by high heat-flow (1ee and Uyeda, 1965;
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Roy et al, 1968), low seismic Pn velocities, and absence of long-wavelength

"static" magnetic features (Eakiser and Zietz, 1965).' If successfully tied

in with this other ?Qphyiééalkevidence, thé geomagnetic induction results
could therefore beibffﬁonsiderable interest to: a) delineate the exact
boundaries of thié‘"westgrn—type" or "Cordilleran" geophysical region, and
b) 'help interprgt.its causes and origiﬁ. 'Invparticular, it has been |
suggested (Caner and Cannon, i965) that the observed effects could be
the surface>expressions of an inland pontinuation of the East Pacific Rise,
With the major condﬁétivity‘structure regions being delineated by
GDS, it becomes possible to interpret the data from the widely scattered
MT sﬁations in a more systematic mannér as representative of certain regions.
Swift (1967) operated several MT stations in the southwest'U,S.A.; follow=
ing Schmucker's GDS profile; hié results confirmed the existence_of a zone

of high conductivity at shallow depth under the western region.

I-C) Thesis outline

The main objéctives of this wbrk are;

1) Determination of the electrical éonductivity étructure of the lower
crust and upper mantle in western Canada; using geomagnetic induction
methods, integrated GDS/MT method§logy has been used; such an approach
has not previously been applied to large-scale iﬁvestigations of this
nature, | »
2) Derivation of a petrological modei for-these depths (10-60 km) in this
_;egion. This model is based primarily onvthe electrical conductivity
structuré, but combatibility with other relevant geophysicél information

is maintained,



To achieve the above objectives, the earlier work oescfibed in>
the-preceding section has been extended and several new lines of approach
were started (Flgure I—2) In GDS, mapplng has been contlnued w1th a
north-south proflle from Prince George to Cache Creek, and with several
fill-in stations in the v1c1n1ty of discontinuities; also a higher-
quality data set was obtained for‘One pairvof stations to permit detailed
quantitativeb analysis, |

The main enphasis of'the work has ehifted to MT,-to provide more
reliable information on the subsurface conductivity structures responsible
for the observed GDS effects. The MT work involved a large~scale field
survey 1nvolv1ng 31multaneoue operatlon at 5 stations.

Although chronologlcally the GDS work preceded the MT work, they
have been presented in the reverse order for a more logical pattern (s;nce
the MI' structure models are nequired for teeting of the GDS results). The
experimental requirements for the two methods vary widely and most work
in these two fields is carried out in separate surveys. The GDS and MT
projects described in thie report were also carried ont in separate operations,
but operational conditions were set up in such a way as .to permit combined
interpretation, or at leest mutual control. Specifically, GDS has beenv
used mainly for large~scale mapping and MI' for detailedtquantitative inter-
pretation at selected "representative" locations. The relative functions
performed by the MT and GDS data in this work can perhaps be loosely.
Qescfibed'by analogy with drill-hole 1ogging and seismic exploration:
drilling (MT) provides detailed information at high cost at a few selected
locations; the structures (horizons) can then be mapped economically over

much wider areas by seismic surveys (GDS).
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The results from all the GDS and MI' data have been combined to
provide a reliable énd self-consistent conductivity stfucture model for-
... -southwest Canada, Other relevaﬁt geophysical evidence has élsq been

‘examined. Detailed analysis has been carried out on several iong éero-
magnetic pfofiles; the observed smoothing of long-wavelength features
~in the western region has been tied in with the geomagnefié induction
Vresults. .

A self-consis£ent petgoiogical model for the lower crustal and
uppér mantle strﬁctﬁié has been dérived to sétisfy all the above data.
It is shown thét this is not a uniqﬁe solution, siqce the order-of-
mégnitude unqertainties in the relations between conductivity, temperature,

~and composition preélude;any_such.confidence in the petrological models,
I-DZ Theory

A brief outline of the theory applicable in geomagnetic inductioﬁ\
work is given below. The outlineliglbased on the-theoréfiCal Qork of Price
(1962) and Wait (1962)5 and is essentially an adaptation of subsequent
develOpmentsAby others (particﬁlarly Srivastava, l§65 and Whitham, 1963).

From the field equations. for a general linear isotropic medium we
can obtain expressions fér the electric and magnetic fields within a
.conductor, for external inducing fields. Assuming Ez = 0, and<negl§cting

displacement currents, these are:

E = et Z l:(}’P/NO yx (\P/EX)NJ (1)
'_ _4 Jwet[e 7. Y YZo 0\ 2—p. ]
H--Le [ﬁ:%‘b*ﬁﬁéﬁ\/z‘@% @

V is a constant which defines the horizontal scale of the source

field (A =27 /V), and the functions P and Z are defined by the following



relations:

Y+ ,\ﬁ%f + VP =0 ' )

z??b _ [ 2 __-

= LW D(R)
A =LY i 537 ()
Consider a horizontaily layefed earth; within each layer of thickness

, h; the conductivity S is constant; the solution for (4) is:

- Vz 5 ~U=
/ = Re” + Be (5)
. : '1 . ) .
where L}?-== \/ + Lf""LQ
:Subsfituting (5) into (1) and (2) and takiﬁg the ratio, we bbtain
an expression for the "impedance" within the layer:
. . v - o . B
E. _ iw A% B | S (6)
u : '
Htx U Re ™= Be
' EEz: : ’ ((\ Ya
or T-i—— --———-Q,ot\r\ UZ"" In /9)) Y2,
3

Taking into account the continuity at the interfaces, the "impedance"

in each layer can be expressed as a function of the impedance in the
adjacent layer above it, and the "surface impedance" by a complex function

of all "n* layers:

_E-}> . o‘chS\U\h + co’t-\\‘ —coth U, h, +-
' H‘A z=0 U, ¢ l: [

b cobl (2 coth (Ushy £ coth Un ))]] (@

Ua ~

with an identical expression (cpposite sign) for the orthogonal set Ey/Hx.
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The above equatién (8) is the basic generalized formula for MT
work, defining the.impedancgﬁgf An n-layer conductivity structure as a
function of frequgﬁgyf _TééPéﬁrves of the observational parameter observed
at the surface (Ex;ﬁ& or Ey/Hx as a function of frequency) are compared
to model curves fér'various assumed conductivity structures.v lore usually
'the "apparent resistivity", é = O.2(E/H)2T; is plotted against period T.

| fhe preceding theoretical devélopment assumes diffusion of the

electromagnetic field.through_the conductors, If plane polarized electro-
magnetic waves normally incident on the surface are assumed, the relations
can be‘derived.in avdifferent way by using the transmission and reflection
cbefficients at the boundaries. The "Cagniard-type" curves thus derived
are numerically eéuivalent to-the speéial case of V = b, i.e. infinite
spatial wavelength, in the géneralized equation.,

In practice, it is found that'the effect of finite sources (V # 0)

becomes significant only for fairiy extreme values (V> 0,005 km-l, i.e.

A <1000 km), and even then only_for'thé longer-periéd raﬁgé of most prac-
tical MT data sets, Below these periods, the two formulae ("diffusion"
and "Cagniard") are numerically identical for all realistic values of V,
it is therefore possible to use the much simpler Cagniard formulae for
breliminary model fitting and for many—laygf cases where the generalized .
equation becomes prohibitively complicated for computation. Nomographs
for graphical solutions to "“Cagniard" models are évailable (Fournier,
1965) and can be used for rough "first-guess" approximations, to be
refined by comparison with published master cufves (Srivastava, 1967),
and finally by comparison with computer-generated model curves based on

the generalized formula,
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'For interpretation of GDS data, the ratio Hz/Hy or Hz/Hx is the

observational parameter. Substituting (5) into (2)'and taking the ratio,

-we obtain:

Hxr U 3% RAe'2-geV® |

Follow1ng the same procedure as before, the ratio hx/Hx at the

surface can be obtalned for an n-layer conduct1v1ty structure:

P \/ same as ,
t U\hl e eq'n No. .
( > T 4 U °°ki kY

This is the basic equation used for interpreting the GDS data in

this feport. The main difference between this expression and the one
used for MT is thé presence of the factor VP e dx. . The MT
expression (equation 8) is a fully explicit.function of frequency (or
period T); spatial wavelength, and conductivity'structﬁre parameters

(h,S) at the site: E/H = £(T,V,h,S). Thé GbS expfession (equation 10)

is of the form Z/H = V2.F(P).fl(T,V,h,S), where F(P) is g_g_gan explicit
function of the station parameters., This différence emphasizes the main
weakness of the GDS method when used for quantitative interpretation. The
«-Vz term indicates that the Z/H ratio is heavily affected along the entire

- frequency band by the value of the inducing field wavelength (whereas it

affected only the long periods in MT). More serious is the fact that the
term F(P) = E}ﬁbg/%gb is entirely indeterminate. The potential function

‘P and its horizontal gradients can be determined only by data from a large-
-;cale network of stations covering an area much larger than the‘conductiv-
Vity structure being studied. Sucﬁ analytic determinations from surveys
uéihg lafge nﬁmbers (20—&0) of simultaneous stations are being planned

(Gough and Reitzel, 1967). However, for the profile-type surveys
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described in this Qork (L-8 stations), the factor F(P) remains indeter-
minate, In practice, the method of analysis is therefore based on simul-
taneously recorded data from at least two stations, -one representiﬁg the
unknown conductivity structure, and one a "standardizing" station with
(hopefully!) known conductivity structure (Whitham, 1963; Caner et al,
1967)0

For such two-station work, the unknown term V2.F(P) drops out in -

the ratio:

(z2/H) Station 1 £1(7,v,h,5) Station 1 - 9
(2/H) Station 2 fl(T,V,h,S) Station 2 6; ’

this ratio can be evaluated as a function of T for various combinations
of conductivity structu;e parameters at the two stations., In practice,
interpretation is usﬁally carried out on the squares of the above Q—factors;
i.e. on the ratio U = Qi/Qg, partly by analogy with the traditional MT |
" parameter o = O.2(E/H)2T, partly for computational convenience when
using power spectral components rather than Fourier amplitudes. It is
clear that such "two-station" model fitting leaves far too much latitude
for personal biaé and other uncertainties, unless one of the structures
is reliably known. It will also be shown that although the main V2'term
" has been cancelled out, for many practical models the M-ratio in GDS is
still more dependent on V than the apparént resistivity in MT.

The two formulae derived for the MT and GDS cases (eqﬁations 8
_and 10) are very similaf in structure, and their relation is in fact

deceptively simple:

E _bw 1 W Z @

H V: P b '_H
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The use of cpmbined MT/GDS methods (i.e. recording of all 5 ¢omponents
simultaneously) would therefore seem to be the obvious way to overcomé
some of the ambiguities; since each set can provide independent inter-
pretation, the redundancy of information in the combined data should
provide a more reliable solution. For example, the above relation between
E/H ‘and Z/H could ge used to eQaluate the source field parameters. In
particular, if the facﬁor Ez//éfy/%xﬁ is indepehdent of frequency (as has
been assumed in mést cases), the value of V can be derived directly.
Watanabe (lééh) and Srivastava (1965) have suggested methods foi

deriving self-consistent models from such combined'data. In practice,
such "5-component” work runs into difficulties.‘ For example, broadband

MT information is usually ob£ained from different sets of data (short-
period band, long-period band), not neceséarily simultaneous, and there-
fore not necessarily possessing the same source—field'parameters. Even

if qbtained during the same disturbance, there is no reason to presuppose
that the shorter-period (say 10-100 sgc) fluctuations are'necessarily
caused by the same geﬁerating mechanism as the longer-period (100-10000 sec)
ones;ithere is in factvgood réason to believe that ﬁhis is not the case,
'as the spatial coherence of shorter-period fluctuations is far lower than
that of long-period ones, indicating generating currents of smaller scale,

For the work described in this reﬁort, such self-consistent GDS/MT

.conductivity structure models were derived in a more pedestrian manner
..dictated by practical considerations (mainly the non-simultaneity of

most of the GDS and MI' surveys). The MT models fof certain areas were
derived separately, with the ma#imum amount of internal control (clustering
of stations, etc.); the GDSImodel curves for these structures were then

computed and compared to the observed GDS data for these areas, If
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neceséary, the MT models were then readjusted until satisfactofy agree— 
ment could be reached, |

All the above theoretical developments assume homogeﬁeous hori-
zontally strétified structures, and of small enough scale so that the
sphericity éf'the earth can be ignored. The assumption of homogenei£y can
be checked experimentally for each set of data: in MT, appérent‘résistiv-
ities musi be equal in the two orthogonal directions, i.e. Ex/Hy = Ey/Hx
for all frequencies; in GDS, the ratio Z/(H2x + H2y)”a must be independent
of the azimuth of théﬂinducing field vector, i;e. of the ratio Hx/Hy.
Reliable analytic methods for handling non-isotropic data are as yet not
available, In MT some special cases of faults and dikes have been worked
out with!somé simplifying assumptions; in GDS, such attempts ha;e been
disappointingly unsuccessful in providing reasonable interpretation (see
for example Rikitake and Whitham, 1964). Although the direction of the
énisotropy axes can usually be derived from both MT (Bostick and Smith,
1962) and GDS (Parkinson, 1962) anisotropic data, the determination of
qonductivity structures remains unreliable, in spite of the increasingly
complex and elegant compgtational methods which are being used to process
ﬁhe anisotropic data. Even more embarrassing is the-fact that MT aniso-
-ﬂropies at various "apparent depths" are fouﬂd iﬁ areas where no.such
anisotropies are shown by GDS, | "

In view of the above limitations, the quantitative work described

in this report has been restricted as far as possible to isotropic data,
Since the primary purpose of the work is practical determination_of

conductivity structure, such an abproach is justified; It simply means
choosing ones experimental cohdiﬁions'infelligently in order to minimize

analytical difficulties and the resulting uncertainties in interpretation.
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In practice{ this means -avoiding a)lanalysis on data from stations with
known anisotropies (such as Kootenay Lake), and b) siting of new MT
stations in the vicinity of known boundaries between conductivity
structure regions. Since the particular structure being studied covers
an area of éontinental proportions, there is no difficulty in satisfy-
ing these simple restrictions on station choice,

The term "anisotropic" as used in this thesis refers only to data,
i.e. to an azimutﬁ-dependence of the observational pafameter. The term
"inhomogeneity" is used for actual conducﬁivity structures in the earth,
These are soméwhat arbitrary/semantic definitions, since “inhomogeneity"
as gsed here would result from béth anisotropic conductivity media and
structural inhomogenei£ies sﬁch as faulﬁs or»dykes.
11, MAGNETO—TELLURiCS

II-A) Introduction

GDS mapping has defined a clear distinction between two regions in
Canéda; with the discontinuity following roughly the line of the Rocky
Mountain Trench. The GDS data have been shown to be compatible with the
existence of avcénducting layer about 15 km. thick at depth about 25 km.,
~i.e. in the lower cruéﬁ;or upper mantle (Caner et al, 1967). However,

"~ profile-type GDS surveys do not lend themselves readily to quaﬁtitative
interpretation - although they are ideéliy sulted for large-scale mapping.
The observational parameter (Z/H, the ratio of vertical to hbrizontél
“”amplitude) is not an explicit function of the subsurface conductivity
structure parameters, Unless a wide station network is available to
permit separation of internal and external fields, interpretation has

to be carried out on the data obtained éimultaneously at-two stations,

in order to eliminate the unknown terms. The use of two assumed
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conductivity structures for model fitting leaves an unacceptably large 1
amount of latitude for personal bias; for all pfacticél purposes the |
solution is indeterminate pnless the conductivity structure is known

for at ieast one of the stations,

By contrast the MT method brovides results which can be inter-
preted for a éingle station with only the usual amount df‘persoﬁal bias,
i.e. inﬁthe choice of the particular modélé to be checked ag&inst the
observational daté. Although the methed has many disadvaﬁtages compared
to GDS, such MI' observations at a number of selected sites can therefore
be ﬁsed to "célibréte" the GDS results for a particular region., The MT
survey described in this paper wﬁs deliberately designed to pfovide sgch
calibration for the GDS results in western Canada. A similar MT survey
was carried out in the southwest U.S.A, by Swift (1967). Most of the MT
data previously obtained in western Canada covered only the shorter
" periods ( < 1000 secs.) and are therefore inadequate to'provide information
at the‘lower crustal and upper mantle depths required for calibration of
._jthé GbS data. Longer-period data sets were obtaihed at Meanook in northern

| Albérta (Niblett and Sayn-Wittgenstein, 1960; Srivastava and Jacobs, 1964)

“and at Victoria (Caner énd Auld, 1968). However, both these sites are too

" far from the areas of direct interest and not representative of the ﬁain
regions in other ways (proximity to source currents at Meanook, and
possibly coastal effects at Victoria),

The stations used in this survey (Figure,IIfl) werevnot laid out
in profiles to cover maximum area, since the'regipn had already been
thoroughly mapped by GDS, Inétead, they were clustered in two groups:

one cluster of three stations in the western region (Penticton, Grand Forks,

Osoyoos) and one cluster (Pinchex, Fernie) in the eastern region. In



20 ‘ o
- |

éddition, daté from the Vulcan station of Vozoff and Ellis (1955) has
been used in supporﬁ of the eastern cluster. The stations were located |
. in areas known (from GDS mapping) to be '"normal", i.e. not in the
Aimmediate vicinity of deep-seated anisotropies or of the main discon-
tinuity between the two zones; |

| The purpose of this clustering is to improve the reiiability of

the derived conductivity structur¢ models: The interpretaﬁidh of MI data
usually suffers frém a-number_pf ambiguities: surface 1ay§r effects,
anisotropies, and to a lesser extent source fiel& wavelengths. By record-
ing simultaneously in a closely spaced cluster, some of these ambiguities
can be elimiqated. Clearly the médels for the stations within'éach clustér
must agree within reason for depths greatér than their separating distance,
and for simulténeously recorded disturbances must use the same source

field parameters., By combining the results from several stations, restraints
'aré imposed on the solution which minimizé the influenceiof pefsonal

bias.. In addition it can be expected that some stations would show
anisotropic characteristics, i.e. the observed appérent resistivities

.are a function of azimuth. The treatment of anisotropic data presents 6ne

of the méin difficultieévin the interpretation.of>MT data, Theoretical
'freatments for such data have been ﬁorked out (fbr example Bostick and

Smith, 1962; Wiese, 1965; O'Brien and Morfison, 1967), but their practical

~ value has not been verified experimentally. By recording in clusters

within a region known to be homogeneous below upper crustal depths, the
treatment of any anisotropic data from one station can be verified
experimentally by comparison with data from the other stations (hopefully

isotropic) within the cluster.
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Fig. II-1. Location of MT stations covered in Chapter II, as well -as the Vulcan station of Vozoff
and Ellis (1966) and the Victoria station of Caner and Auld (1968).
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II-B) Instrumentation

Within each cluster:oge station was considéréd as "primary"
(Pincher in the é?gP,APgéﬁicoon in the west), and took priority in the
allocation'of quigﬁént, servicing, and installation quality (length of
telluric lines in particular)., The equipment used at these t&o stations
is shown schematically in Figure II-2. Two sepafate systems were used
for theAmagnetic components: portable three component Askania GvV-3
variographs for the long-period band (DC to 400 sec. period), and
tﬁree-component fldkgate'magnetomoters for the short-period band (800 to
2O’sec_:>.‘period)° The latter io a portable transistorized version of
. Serson's (1957) station magnotometer. The same telluric system was
used for both fréquency bands. The elecgrodés ﬁere formed by lead plates
(2' x 2') buried at depths of about 5'; contact resistances were negligible
in comparison to the input impedance of the amplifiers., The telluric

systems were aligned in magnetic coordinates, E_ . or EX and EEw or &k

NS Y’

i.e. rotated 21-22° clockwise of geographic coordinates. ~This provides
orthogonality with the recorded magnetic components D (magnetic east west)
and H (magnetic north south). Line leogths varied between 400 and 700

" meters atAthevsecondary-stations and between 860 and 1000 meters at

~ Pincher and Penticton. The tellurio signals wefe amplified by'Medistof
type A-61RB DC microvoltmeter amplifiers; modified for MT work .by inclusion
of'caiibration circuits and 60 Hz rejection filters (see Figure 1I-2).
_Filters were used to shape the amplifier-output for the two frequency bands.
The same basic equipment was used at the secondary stations (Fernie
“and Grand Forks), with the following exceptions: a) Medistor amplifiers

were not available for the tellurics, and comparable circuits constructed

in the laboratory were used; b) no Askania variographs were operated, and _
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appafent resistivities in the léng-period band were compﬁﬁed using the
magnetic data from the nearﬁst primary station. vﬁs'will be shown later,
tﬁe horizontal magggtichédggénents at these long periods are homogeneous
over long distancégﬁénd ;én be considered éonstant in amplitude over the
short distahces between the primary and secondary stations ( < 100 km)
within each clgster. |

At the fifth station (Osoyoos) no magnetic detectors were available,
and all apparent fesistivity data (long and short period bands) were
computed using the magnetic &ata from Penticton or Grand Forks., FSince
the shopt-period fluctuations éannot be reliably assumed constant even
ovef these short distances, the accuracy of the short-beriod data at
Osoyoos is therefore not very high. 1In édditioﬁ, some difficulty was
encountered in aligning.the telluric lines in the magnetic coordinate
system. The station was located on a plateau on top of Mount Kobau,
at altitude 6000 ft., and because of topographical limitations, the
telluric lines had‘to be misaligned by 15° with respect to magnetic co-
ordinates, Ail telluric data were therefore derived by computational
axis_rotation, adding to the inaccuracies at this station.

Thé 1ong-perioa équipment was operated continuously at all stations
' for the entire seven-week duration of the survey (May 17 to July 7, 1967).‘
Only two éets of shortfperiod equipment wefe available, and these were
shiftéd halfway through the survey té provide about 3 weeks operation at
‘”gach station. .An attempt was made to exﬁend the data to the diurnal
fluctuations (24, 12 and 8 hour periods), hence the relatively long
telluric line;‘and deeply buried eleétrodes at the twd primé}y stations,
Tﬁe-attempt was unsuccessful, as no uninterrupted recording of sufficient
duration (say > 10 days) could be obtained. Apart frdm accidental

interruptions (line breakages or equipment failures), the dynamic range
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of the telluric recording systems was insufficient to accommodate both
: thé high sensitivities féquired for the measuremégt of the diurnal
fluctuations (of fﬁé_orééf of 0.5 mv/km), and thé requirements for
continuous'hon-SEAEé" range during major disturbances with excursions
exceeding hundreds of mv/km, |
II-C) Data

An example of a section of loﬁg-period recording is shown in .
Figures II-3a and II-3b, for a disturbance recorded éimultaneously at
ali stations. Scaié bérs are 50 gamma or 25 mv/km, and all components
areAplo£ted to thé same scale except Fernie Ey. The coherency between
the electric and.orthogohal magnetic components is generally very good,
although in visual comparisons the rapid fluctuations are over-accentuated
in the télluric traces and tend to obscure the longer-period features
which are more prominent in the mégnetic traces. A comparison of the
_ﬁorizontal magnetic components (D and H) between Pénticton and Pincher
(400 km apart) indicates the spatial uniformity_ofvthe hdrizontal‘field
for long-period variations, and justifies the use of the amplitﬁdes from
primgry stationé for coﬁputations of apparent resistivity at secondary
stations less than 100 km distant. A third Askania variograph was also
operated simultaneously at Salmb, about haif—way between the two clusters,
and confirmed the uniformity of the horizontal field over the region.

An example of sections of short-period recording is shown in
~Figure II-4; these are not simﬁltaneous at any of the stations. At the
. two primary statiéns, PIN (Pincher) and PEN (Penticton), visual coherence
- between the telluric and magnetic traces is still good, although not as

clear as for the longer-period data. At the secondary stations, the

recordings are of poorer quality; some of their limitations will be
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discussed further on.

Selected séctionsvofﬁgecord from all stgtibné were digitized
fér processing, ﬁ§;ng eggﬁe;‘commércial services or a DoBbie—Mthnes
Pencil Follower.v%%hé diéitizing interval for the long-period band
(originallybrecofded at 1 or 2 in/hr) is 72 seconds. For the short-
period band (recorded at 12 in/hr), the digitizing interval is 6 or 15
seconds, although some sections were digitized at closer intervals in
an unsuccessful attempt to extract information for periods below 10
seconds. The resulting.time series varied iﬁ length between N = 500
and.N'='1500 data points. At least three series for each band were
used at each station for each of the fo%r components., A total of 122
‘timevseries were used in theranalyses. The time series were processed
using routine power spectrai ﬁechniques (Blackman & Tucke&, 1958), and
abparént resistivities computed as a function of_periodzﬁ%g= 0.2 (E/H)ZT .

The plots of apparent resistivity as a function of period are
shown in Figures‘II-S, a to f. Only data points for which the coherency
between orthogonal E and H exéeeded 0.75 have been included; points for
which it exceeded 0.95 are identified By solid symbols. For the.Vulcan'
" data of Vézoff and Ellié (1966) all points shown are for coherency R> 0.90.
' On each plot are also dfawn smoothed bands-of méan + standard deviation;
these have been computed using triple ﬁeighting for the high-coherence
(R>0.95) points. Thése plots are discussed separately for each station:
;”Pincher. An adequate amount of data weré collected between 20 and 7000
sec., periods. The data>are isotropic, i.e. apparent resistivities com-

puted from E /HEw fall within the same range as those computed from

NS
EEW/HNS; this permits interpretation using simple, horizontally layered,

conductivity structure models.
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>Vulcan. The-data‘points shown have been replotted from Vozoff and Ellis
(1966); the data are alsqxi§otropic. The solid ehrve répresents.tﬁeir
iﬁterpretation ofipﬁgsefaéia; a sedimentary surface layer of thickness

3.6 km, a résisti;éxupper crust (1000 ohm-meters), and a conducting zone

(30 ohm-meters) starting at depth 35 km.

Fernie. The data are highly anisotrOpic,ﬂwith apparent resistivity ratios
of about 1:50 between the twb axes (i.e. telluric amplitudes in the EwW
direcﬁion about 6-8 times higher than those in the NS direction).'
Fortuitously the ogéervational axes coincide with the princival axes of
the.aniéotropy; polarization plots in both frequenc§>bands show é highly
eccentric telluric ellipse, phe major axis céinciding with the observational
EW axis (Fig. II;6). Interpretation can therefore be carried out airectly
in the principal directions of the anisotropy, without computational axis
rotation. i

Penticton., A large amount of‘cohereng data were collected in all components,
including some good data at very loﬁg'ﬁeriods (to 7500 secs). The data

are isotropic and can be interpreted with horizontally-stratified conduct-

ivity structures.

Grand Forks. The location.ﬁas found to be very.noisy, mainly atmospheric
eléctric discharges, but possibly including industrial interference and

amplifier noise as well. The ENS-componént in par@icular was almost never
free of noise., A reasonable amount of data were collected for the EEW/H

NS
.nset; but only a few widely scattered points were obtained from ENS/HEW

Superficial consideration of the data points in Figure ‘5 might indicate
- some anisotropy. However, the gradual convergence of the ENS/HEW points

towards the EEW/HNS band at long periods is more consistent with the

assumption that the ENS data are dominated by short-period noise., If
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appropriate filtering‘is applied to prevent spectral leakage from shorter-
period noise, the long~-period (> 1000 sec) ENS data are in fact shifted

slightly downwards into the EEW band, No filtering was found practicable

for the shorter—period data. Interpretation was carried out on the
EEW/HNS daté alone,‘on the assumption that it is representative of both
cqmponehﬁs of an isotropic set.,

Osoyoos. TheFOsoyoos.data is.apparently anisotropic, with appafént
resistivities in the EW direction higher by a factor of about two than
those in the NS dire;tion (a factor of about 1.2 - l.4 difference in the
amplitudes of tellgric‘éomponents). Since no magnetic components were
recorded at this site,~cpmputational‘tensor analysis could not be attempted.
In any case it is doubtful if the difference is significant in view of the
low quality of.the site, with the somewhat greater uncertainties in line—‘
length'measurements, significant electrode altitude differences (i.e.
possible cohtributions from veftical teiluric couponents), and edge effects
caused By the proximity of the electrodes to the éharp altitude drop—offs.
from‘the‘mountainftop plateau, The observed difference (factor of about
1.2 - 1.4) is frequency independent, and is well within the possible>range
_ gf combined inaccuracies invﬁhe'two components caused by the above effects,

II-D) Interpretation - Eastern Stations

Model curves for different conducéivity structures have been fitted
ﬁo‘the experimental data, using the formulas of Srivastava (1965, 1967).
.-These ére based on Wait's (1962) and Price's (1962) theory, involving
finite horizontal waveiengths for the inducing magnetic fields (see
Section I—D).» In practice, for almost all the cases reported in this
paper, the reéults were indistingﬁishable from those which could have
been obtained from the simpler Cagniard (1953) plane-wave theory, i.e,

using infinite spatial wavelengths; this confirms Madden and Nelson's
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(1964) analysis of the difference between the two methods,
The Pincher data can best be considered in conjﬁﬁction with tﬁe
. Vulcan data of Vozoff and Ellis (1966) - sée Figure II-7a. The frequency
ranges of the two daté sets are complementary, énd since the two stations
are only 110 km apart, the major deep structural features should be the
same at the two sites. The heavy line (Mogel 72) on the Vulcan aata of
Figure II-7a represents the original interpretation of Vozoff aﬁd Ellis
(1966): a sedimentary surface layer of thickness 3.6‘km, a resistive‘upper
crust of thickness jéﬁkm, and a "base" resistivity of 30 ohm-meters., The
surface layer was composed Qf three distinct layers, using informétion
from oil—we;l conductivity logs; for purpéées of fitting.long—period
models i£ can be replaced by a single layer of same overall thickness
.(3.6 km) with an equivalent integrated resistivity of 16 ohm-meters,
Oil-well logs in the Pinchef aréa were examined, and the two
deepest wells (one 4.8 km deep 15 km to the SW, and oné L.1 km deep
15 km to the SE) did not penetrate the basément rocks., We>have assumed
a thigknegs_of 4.8 km for the sedimentary surface layer; for this thick-
ness an integrated resistivity of 11 ohm-meters is required to fit the
Jdétaf From the point of view of fitting models to long-period data this
assuﬁptién is arbitrary, since.qompletely gquivalent models canﬁbe con-
structed using different combinations of thickness and resistivity for
.the surface layer,
Model 82 on Figure 1I-7a represen£s a good fit to the Pinéher
data, in reasonable agreement with the Vulcan model. The slight discfepancy
in the depth to the conducting l;yer (35 km at Vulcan, 30 km at Pincher)
cah readily be‘resolved: a) it could be feal; a dip of 5 km overla distance

of 110 km. is quite reasonable, pa?ticularly since MT data from stations

N
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fufther north and éast indicate even greater depths (Vozoff'and Ellis,v
1966' Niblett and Sayn—Wittgenstein, 1960); b) the éhort-period data
at Vulcan does not prov1de hlgh resolution for depths and can ea511y
be relnterpreted for example, Model 73 provides as good fit to the
Vulcan data as Model 72, and is in exact agreement with Model 83 at
Pincher (conducting layer of resistivity 40 ohm-meters sﬁarting.at depth
30 km). | |

A rgsistivity of 1000 ohm-meters has been assigned to the upper
crustal layer for all the above models. This chosen value is flexible
within,féirly wide limits. For example, Model 82A (resistivity 6000
ohm-meters) is indistinguishable from Model 82 (1000 ohm~meters); Model
82B (resistivity 250 ohm-meters) can also be accommodated with only
 slight changes in surface layer parameteré, In fact the Pinchef data
by itself can be fitted without any resistive upper crust at all: Model
84 for example, with materialvbf resistivity 50 ohm-meters starting
right below a thin surface layer. It is only inclusion of the shorter-
period data_from Vulcan which clearly indicates the existence of a
resistive upper crust, but even these sﬁort-period data cannot resolve
‘the actual re51st¢v1ty value in this layer. For example, Model 724
'(6000 ohm—meters) is barely distinguishable from Model 72 (1000 ohm-meters),
even Modgi 72B (250 ohm-meters) can be 3ccommodated, although barely so,
by some adjustments in surface layer parameters. Consequently, the
‘?6ombined Vulcan/Pinpher data can be satisfied by any upper crustal
resistivity value above about 250 ohm-meters, without any upper limit.
Although most MI' models have been constructed with values of 1,000 or
10,000 ohm-meters for-the upper crustal layer, it should be clearly
understood that this is simply a convenient choice repfesenting a wide
range of possible‘values. This lack of resolving power for high-resistivity

layers is inherent in almost all MT data, even though not always explictly
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recdgnized. Even short-period data cannot provide adequate resolution \
- if obtained over conductive surface layers; as is the case for Vulcan
a ‘and for the vast majority of published MT data. .Only shorﬁ-period data
(1 - 2 second periods) obtained directly over the resistive medium (for
example, Cantwell and Madden, 1960; Caner and Auld, 1968) can define its
resistivity value, If the shortest periods are attenuated-by a éonductive
surface layer, this resolution is lost; f;r periods over 10 sec these
relatively thin resistive layers are virtually transparent (for exampie,
for periods of 10 and 100 seconds, the elecﬁromagnetic skin depth in
material of 1000 ohm-meters is 50 and 160 km respectively).
Moving to the Pernie data (Figure 1I-7b) we are faced with the
difficulty éf interpreting the strongly anisotropic data. As previously
' explained, the two sets of curves represent the apparent resistivities
in the two "princibal" directions, i.e. parallel and perpendiéular torthe
.axes of a presumed inhomogeneiﬁy in subsurface conducti&ity sﬁructuré.
The mathematical methods developed for handling anisotropic data have been
applied mostly to relatively short-period data (<10 - 100 sec periods),
and'could be explained by anisotropi¢§ or structural inhomogeneities in
‘the surface or upper crustal layers, presumably on the assumption that
Athé‘two appérent resistivity curves converge at}much longer periods.
Although such an approach may 5e valid fof converging curves, it is
difficult to justify for curves which remain s eparated at very long
.periods. Inhomogeneities can reasonably be expected in the sedimentary
surface layers and upper cruétal rocks, but become progressively more
‘difficult to conceive as the depth increases. Structures required to

interpret highly anisotropic long-period data such as that of Figure II-7b
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strain the credibility, particularly since no deep-seated anisotropies

-are indicated by GDS., It is therefore thé'author's view that such drastic

- 'broad—band anisotropies with'parallel curves and no GDS confirmation
have a more trivial origin: an anomalous surface distortion of the
telluric currents, in effect a "measurement error" caused by poor sampling
(electrodes too shallow, lines ﬁoo short, unsuitabvle surfaée hedium, etc. ).
This view is strengthened by the fact tha; in these cases (see for example
the Victoria daﬂa, Caner and Auld, 1968) the two curves are practically
parallel along a vef& wide frequéncy range; é fixed multiplying factor
applied to the amplitudes of either one of the measured E components
brings the two curves intd agreement along the entire frequency raﬁge.
J ThevFernie data provides an excellent opportunity to test this
particular type of anisotropic data. The area has pfeviously been mapped
by GDS, and we know that there aré no major conductivity inhomogeneities
.at lower crustal depths. The Fernie loéation was brackéted by two normal
(i.e. isotropic) GDS stations: Kimberley 55 km to the west and Crowsnest
4O km to the east. Simultaneous recordings of the same type (eastern,
higﬁ Z) were obtained at Pincher Creek and lethbridge (Hyndman, 1963).
“Both Pincher.and Fernie therefore lie within the»horizontally-stratified
.easiernvregion; constraints should therefore bé applied to the choice

of models so that reasonable siructural.similarity is maintainéd between.
the two sites,

| | Thg data for the major principal direction of the anisotropy

(EW, upper curves on Figure 1I-7b) can readily be interpreted by a uni-
form medium of resistivity 1200-~1500 ohm-meters, wiﬁh or.without a thin

conducting surface layer, and extending to at least 400 km in depth.

d
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~Clearly'such an EW structure is unacceptable in view of the models derived
'for'Pincherg 70 km to the §§§t and within the samé‘cénductivity structure
zoﬁe. If we look ?pfva 1;§ér of conductivity 30 ohm-meters at depth 30 km
as indicatediat Pi;gger.and Vulcan, we find that for Fefnie EW it cannot
exceed 1.5 kﬁ in thickness (lModel 52); Model 53, with thickness 2 km, is
already Qgtside the acceptable range. If we assume é difference in depth,
i.e. that the conducting layer has dipped from 30 km at Pincher to 50 km at
Fernie, a layer as thick as 2 km of 30 ohm-meters can be fitted to the data
(Model 54), If we éﬁcépt a moderate change in resistivity for the conducting
layer,.séy 100 ohm-meters instead éf 30, a layer thickness of 5 km at depth‘
30 km becomes acceptable. (Model 55, indistinguishable from Model 52).
If we accept both.changes in Aepth and resistivity, a thickness of up to
7 km could be acceptable fof a layer of resistivity 100 ohm-meters at
depth 50 km. It is clear that not even remotely acceptable agreement can
be found between the Pincher/Vﬁlcan Models and the Fernie EW data., Models
85 and 86 on Figure II-7a show that the thickness of the conducting layer
(30 - 40 ohm-meters) at Pincher must be at leést 75 km if it is undérlain
by resisiiyeAmaterial.  Although moderate chénges in the parameters of a
”conducting layer can be accepted over the 70 km distance between Pincher
.ana Fernie, it is inconceivable tﬁat its thickneés could have pinched out
from over 75 km to less than 5 km over Suéh a short distance -'particularly
since the GDS mapping Shows no Qiscpntingity in this region.

.No such difficulty is enéountered in findingvagreemenﬁ betwegn the
Pincher/Vulcan models and the Fernie NS data (lower set of curves on Figure

1I-7b). Models 62 and 62B both fit the data, in exact agreement with
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Models 73 gt-Vulcan and 83 at Pinchef. The postulated surface layér
.(0.6 km of 1 ohm-meters) is of course entirely arbitrafy, since no nearby
well-logs‘or stations with very short-period MT data.are available; the
results would be unchanged by the assumption 6f entirely different surface
condiﬁions with rogghly the same ratio Hs/@é° The rgsistivity of the.
upper érust is also indefinite, as for the Pincher models, and any value
above about 250 ohm-meters could fit the data,

An inordinate amount of effort:appears to have been spent on
detailed discussionﬂgf the Fernie data. From the priﬁary pbint of view
ofvthis survey, i.e. détermination of conductivity étructure in a particular

region, it adds only moderate support to the Pincher/Vulcan models. However

it is of more general interest as an experimental check on the treatment

of highly anisotropic data of a particular type (broadband parallel
curves).l It confirms that 6n1y one of the curves has real physical
meaning (apparently the miggz.brincipél direction). The other curvé
(major principal direction) represents an artificial enhanﬁement of the
measured telluric signal, probably by anomalous concentrations of currenis
by surface features. It is Qery difficult to express this analytically,
_ but it indicates that unless anisotropies are also demonstrated by GDS
data, iong-period anisotropic MT data.do pot necéssarily prove the
existence of a real inhomogeneity at depth;

To summarize, the data at the eastern cluster (Pincher, Vulcan,
”Fernié'NS) can be fitted by the following cénductivity structure model:
an afbitrary conducting surface layer, a resistive layer (> 250 ohm-
meters) of thickness 30-35 km, underlain by material of resistivity
30-40 ohm-meters (possibly as high as 50 ohm-meﬁers). The thickness

of this conducting zone is uncertain, but lower limits can be derived
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frbmvthe Pincﬁer data (Figureé II-7a and 7c). No drastic changes in
'resistivity‘(increase to.;QOO;ohm—meters, Models és and 86 on Figure
II;7a, or decreaséipé 1 6ﬁﬁ-meter, Model 82F on Figure II-7c) can be
accepted fo; thiCk;;éses of less than about 90 - 100 km (i.e.. overall
depth of 120;130 km). Moderate changes (yo 10 ohm-meters) are acceptable
for thicknesses as low as 75’km, i.e. oveféll depth about 100 km (Model
82E). | |
‘One further relevant point is the question of spatial source
fiéld‘parameters. Ail the above.models were derived ﬁsing Very large
horizontal wavelengths (> 10000 km), and are indistinguishable from
models derived using the simpler method of Cagniard (1953) which is
equivalent to the infinite wavelength case. Madden and Nelson (1964),
Srivastava (1965), and others have shown that the.effect of finite wave-
lengths is not serious for most MTﬁdata; the effect becomes significant
only at the long-period end of.the data. In GDS however, the finite
wavelengths affect the data over the entire frequenéy_rangé. Quantitative
work in GDS (Whitham, 1963; Caner et al, 1967) has provided acceptable
models only for values of V, the wave-number parameter in Price's (1962)
“expressions,_of the order of'0.01 km-l. This corresponds to wavelengths
.of ihe order of 600-800 km (A = 2T/V), _Figﬁre Ii-?c (lower set of curves)
shows the effect of vaiying the value of V. Model 82H (V = 0,002 km—l) is
indistinguishable from-V = 0, the infinite wavelength case., Model 82J
AV = 0.005Q km—l) is readily acceptable, and even V = 0,0085 m L (Model
82K) is possible without drasﬁically altering the conductivity structure

interpretation. In fact, the observational data point scatter at the long

periods can readily be explained by variable V values in the range O to
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0.0080 kmfl,.i.e. horizontal wavelengths between infinity and 800 km, If
" we increase the baée—layer conductivity to 50 ohm—metefs, V as low as
0.01 km ™ is acceptable - though barely so (Model 87). This confirms
that for this type of MI data, the Cagniard (1953) method is sufficiently
accurate, yét compatibility with the lower wavelengths derived in GDS_is

not excluded.

II-E) Interpretation - Western Stations

The data for Penticton (PEN) and Grand Forks (GRA) are of the same
type and can be considered together (Figure II-8a)., The conductivity
structure models require a thin conducting surface iayer at both stations
in.order to fit these data. We have used O.45 km at Penticton ahd O.éO km
at Grand Forks, with resistivity 2 ohm-meters, but this is a flexible choice;
identical results at the longer periods can be obtained with various other
combinations of surface layer thickness and resistivity.

The resistive upper crust is muéh thinner than at the eastern stations
- about 15 km, Here again the same uncertainty applies for the exact
value of resistivity in this layer. For>example modeis 31 and 31A
(1000 and 6000 ohmrmetgrs respectively) aﬁ Grand Forks are indistinguishable,
‘and even Model 31B (250 ohm-meters) can barely be resolved (Figure II-8a).
-Inlfact;-since no short-pefiod station is available in the western cluster,
the resistive layer could be omitted enti;'ely from the models; for example in
Model 2L at Penticton,-a slightly thicker (19 km) upper crustal layer of

“resistivity 35 ohm-meters can replace the previous combination of a highly
cénducting surface layer and a resistive upper crust. The existence of a
resistive upper cfustal layer can be inferred from other evidencei the

eastern region models, the Victoria data (Caner.and Auld, 1968) and DC
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resistivity sﬁrveys in western North America (Cantwell et al; 1965;
Cantwell and Crange, 1965;LKeller et al, 1966; Jaékson, 1966). Such a
layer has therefo#éfseenjéhcluded in the subsequent models, with an
arbitrarily;éssigﬁéélresistivity of 1000 ohm-meters, Fortunately the
conductivity:structure models‘are not critically affected by any
assumptions about this layer, as can be seén from comparison of'thé
-models shown in Figure II-8a.

Below the resistive upper crust, the data indicate very ciearly
a conducting layer éf resistivity 8-10 ohm-meters; this is in turn
underlaiﬁ by higher resistivity material. The "best fit" for the para-
meters of this layer is slightly different for the two stations. At
Penticton it indicates a resistivity of 10-12 ohm-meters starting at
depth 13-15 km (Models 21~23 on Figure II-8A), vhereas at Grand Forks,
it indicates a resistivity of 6-8 ohn-meters starting at depth 15-16 km
(Models 31-34). However, the aata Bands are wide enough to provide
latitﬁde for full agreement on a value of 8-10 ohm—ﬁeters ét depth
15 « 2 km. We have avoided shbWing a "perfect agreement” pair of
models for the two statioﬁs with reéistivity 9 ohm-meters; quoting an
”odd value such as "9 ohm-meters! woﬁld imply a degree of accuracy which
is certainly not justified by the data usgd'to derive these models,

Below this conducting layer the resolution becomes poor. Although
the resistivity does clearly increase again below this layer, it is
“hard-to define at what depth and towards what value this occurs. A
layer thickness of 30 km underlain by 30 ohm-meters (Model 22 on Figure
II-8a) or a thickness of hd km undgrlain by 50 ohm-meters (Model 23
- give equally good fit to the Penticton data. Similar combinations of
these parameters fit at Grand Forks (Models 31-33); even a’layer thick-

ness- of 50 km undérlain by 100 ohm-meter material (Model 34) can be
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acceptable, It is clear that conditions at depths below about 30-40 km
"can be defined only within a fairly broad range of values at the western

stations,

The ‘above models were derived on the assumption that there is a
distinct boundary between thelconducting layer (8~10 ohm-meters) and the
base material (30-50 ohm—meters). This need not be the case;vadditional
"transition" layers can be postulated with equally good fit to the data,
such as for example the models shown in Figure II-8b. The top/of’the
. conducting layer is_étill at the same value (about 10 ohm—metefs) and
at-the.séme depth (15 * 2 km); however, its thickness can be reduced from
30-40 km to 20 km, if we introduceva transition layer (20 ohm-meters)
bétween it and thé base medium. In éffect, below the conducting layer
we cannot distinguish betweén the case of sharply layered structures and
the case of a gradual transition from 10 ohm-meters at depth 35 km to
30~50 ohm~-meters at some undefined depth of the order of 75 km,

Moving to the Osoyoos data, it pfoved difficult to find good
agreement with the Penticton/Grand Forks.modeis. As previously explained,
the Osoyoos data is of very poor quality;.nonetheless an attempt has been
‘made to derive some models which would agree with the other stations.
.Modéls Qere fitted to the NS data; this arbitrar& choice is based on:

a) the evidence of Fernie, where the lowe} set of cufves was proven to

be the "correct" oné, énd b) internal consistency - i.e. somewhat 5etter
.agreement with the data from Pentic?on. Figure II-8c¢c shows several model
cur&es fitted to these data. The depth to the qonducting layer has been
taken as 22 km.for the upper set on this Figure; this is somewhat extreme

in comparison to the depth of 15-16 km derived for Penticton, but not
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impossible; With this depth we find that the minimum resistivity of a
“conducting layer of compéray%glthickness (=25 km).ié 25 ohm-meters (Model
h3), i.e. 2-3 timeé_g; highfag the values derived for Penticton aﬁd Grand
Forks. ~ T |

A second group of model curves is shown in the lower set of

Figure II-8c. -These indicate that lower resistivities (15-20 ohm-meters)
can be obtained for the conducting layer if we thin it down to about 8-iO
km, (Models L5 and 46), §r if we accept iﬁs depth at 25 km (Model 47).
Such #"structural® diéagreement between Osoyoos and the Penticton/Grand
Fork; models is even more unacceptable than the previous set of models,
which at least agreed in structure if not in the exact value of resist-
- ivities,

We conclude that no>satisfactory agreement can be reached between
the Osoyoos data and the combined Pentictbn/Grand Forks models, although
the factor of 2~3 discrepancy in resistivities would perhaps not be
considered prohibitive by the standards comﬁonly applied té the consistency
of MT data obtained at different locations. The Osoyoos data has therefore
not been included in the final combined-conductivity structure models. The
justification for this omission is simply the_léck of'internal consistency,
>i.e;‘lack of agreement with all other stations. bThe omission can hpweyér
also be rationalized on the more objectivé grounds that the site was far
from ideal. 1In particuiar, it is likely that vertical earth-currents
-.contributed towards the observed telluric‘amplitudes.- Although theo-
retically irrelevant for horizontally stratified structures, such coherent
vertical currents have been observed in préctice (for example Jones and
Geldart, 1967),.with amplitudes compafable to those 6f the horizontal

components. They could cause a significant increase in the observed
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telluric aﬁplitudes at a site such as Oéoyoos where a) the-electrodes.
were not at the same level of over level intervening ground, and b)
there are 51gn1flcant changésvln topography (few thousand feet) at
short dlstanqes from'the electrodes. It should be pointed out that the
shape of the épparént resistivity curves at Osoyoos 1s the same as that
obtained at theiPther two stations; é vertical frequency-independent
shift by-é factor of 4 in apparent resistivity (factor of 2 change in
telluric amplitude) would bring the curve into almost perfect overlap
with the Penticton data. Sucﬁ a frequency—indépendent factor may be
caused by- either surface-anisotropic effects or vectqr addition of a
vertical component.

It is very tempting td»omit the Osoyoqs data entirely from this
paper, as without it the results could have been presented much more
elegantly in a perfectly consistent pattern. They have nevertheless
been included, even though not considered for the final models: in order
£o emphasize one of the weaknesses of MI models: the difficulty in
obtaining consistent results from several stations.

I1I-F)Summary - Conductivity Structure

Thé combined daﬁé can be summarized in Figure II-9, with the
addition of the following remarks:

1) A resistive upper crust is inferred at the eastern clusier.
The exact value of the resistivity is indefinite; any value from about
_250 ohm-meters up could fit the data, without upper limit,

2) At the eastern cluster the thickness of this resistive upper
crust is 20-35 km; it is underlain by moderately conducting material,

resistivity 30-50 ohm-meters,
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3) Nd detail can be distinguished within this moderately
'conductlng materldl, but there are no drastic chaﬁéés in re51st1v1ty
_(to 1 ohm-meter or, 1000 ohm—meters) down to a depth of at least 125 km,
and not even moderate changes (to about 10,ohm-meters) to at least
100 km,
Ah) At the western cluster the uppér crustal layer is only 15
+ 5 km £hick, and its resistivity cannot be resolved. It is underlain
by a conductive layer of resistivity 10 + 5 ohm-meters and thickness at
least 20 km, -
| 5) Below this layer the resistivity increases again, apparently
to the sameA"base" valuelas at the eastern cluster (30-50 ohm-meters).,
6) No deﬁail can be distinguished below the conductive layer,
The layer could be uniform,vextending to a depth of 35-55 km (thickness
20-40 km) and overlying directly the base material. Alternatively, the
resistivity could shade graduaily from 10 ohm-meters at‘depth 35 km

towards the base-~value (30-50 ohm-meters) at some undefined depth of the

order of 75 km,
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I1I., GEOMAGNETIC DEPTH-SOUNDING

III-A) Introduction

The GDS results are presented in two separate parts - "mapping"
(section III-C) and ﬁquantitative interpretation" (section III-D). The
former is the main purpose of the GDS work; since GDS quels are ambiguoué,
quanti£ative information is best obtained from the representative MT
clusters. Neverthelesé, the MT models should at least fit és one of the
possible‘solutiéns_to the GDS data, to confirm the validity of using the
. MT models as "calib;ation" for the GDS surveys. It should however be
cléarly understood that the GDS models derived in section III-D are not,
independéntly’derived-splutions which can be used to reinforce the MT

interpretation. It is simply a demonstration that the MI derived con-

ductivity structure model is one of the possible solutions to the GDS data.

III-B) Instrumentation
N The basic instruments‘ﬁsed for almost all the GDS work described
in this report are Agkania type GV-3 three—compoﬁeht portéble variographs,
On occasion these have been supplemented by Fluxgaté magnetometers -
Serson's (1957) IGY station magnetometer, or a later transistorized version
“developed at the Dominion Observatory in Ottawa., The Askania GV-3 vario-
graph is a self-contained unit comprisihg the three variometers (suspended-
fibre type), light—soﬁrce and optical tfénsmission sttem, calibration
coils, recording magazine (motor driven film spoél), and internal thermo-
--stat controlled heaters. Their main advantage is their stability. After
a 24L=hour "settling-in" peridd, the recorded traces are usually stable to

within 1-2 gamma; temperature effects are minimized by temperature~
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combeﬁsafed suspension systems (dual fibres) and internal'thermostatﬁ.
ﬂ{Quantitative Qork can therefore be‘carried'out to very long periods, ’
-suéh as the diurnal 24~hour variation. |

The ffequency résbonse of the variographs is lineaf from BC to
about 2 sec period, but in practice is limited ﬁo about 200>sec périod
by the time-scale resolution and sensitivity of the recbrdings. This
is adequate for GDS work, but for MI work the magnetic data at shortgr
periods must berbtaihed from another set bf'instruments. Recording is
on ééntinuous folls (10 meters long) of photographic paper (12 cm. wide),
permittiﬂg up, to 3 weeks‘of unattended operatibn when recording.at 2 cm/hour.

Tﬁe original drive system for the recording reels ﬁas found to be
highly unsatisfactory; designed by thé manufacﬁurer for 50 cpé bperation;
the motors were found té be erratic'and unreliable when oberated on 60 cps
iine power. In earlicr years ub to 25% loss in record was éncountered,
requiring in effect cohtinuous supervision of the stations. A new set of
drive units was therefore designed and built af Victoria, using 60'cps
motors with appropriate gear trains. Record loss with tﬁe new units is
Aegligible; they were also designed to prévide'Qariable chart speeds by
éhangés in an externally accessible gear set. Iﬁ particular, non-metric
chart speedé (1 or 2'ihches/hoﬁr) are now évailable in addition to metric
. speeds (20 or 40 mm/houf). This permits better time-scale resolution and
‘also facilitates direct visual comparison with telluric strip—cﬁart
recordings obtained on non-metric chart drives.

The accuracy Qf the instrumenté is of the order of 2-3%, and even

including reading errors an overall accuracy of better than 5% in amplitude

Al



can readily be maintained for moderate and large disturbances (say 25-50
gamma). No attempt has usually been made to use marginal-quality data,
.i.e. small amplitude fluctuaﬁions where reading errors become significant.
Operation at each stétion was usually continued for as long.as necessary
to obtain the required amount of "good" data, i.e. 2 or 3 reasonably large
disturbances. ~ iven dﬁring the "quiet-sun" years this did not ﬁsually 4
exceed 3-6 weeks,

The main limitation on the moré extensive use of Askania vario-
graphs is their higgvcost - over $12,000 each, With the advent of rea-
sonably stablé transistorized fluxgate instruﬁentsﬂénd of simplified?
and considerably cheaper variographs (Gough and Reitzel, 1967), it would
appear £hat‘the use of Askania variographsqur large-scale surveys will
be limited in the future. They are more likely to be used for either
smaller-scale surveys of discontinﬁities‘and local anomalies, or as -
"anchor! stations in large—scéie surveys in combination with larger
numbers of lower-gquality instruments, | | ‘

I1I-C) Mapping

The results of éarlier work in North America have already been
_”outlined in section I-B. Figure iIIjl shows samples of record obtained
.on the 3 profiles operated on this project before 1966: the same type of
attenuation in the vertical bomponent (2) is observed at the western station
of each pair. Spectrai analysis of these data indicated that the
~frequency dependence of the attenuation was within the same range for
all three profiles (Caner et al, 1967). The derived atténuation curve
has been used in subsequent mapping profiles as the "characteristic
signature" of the conductivity structure contrast,

R
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Figure III-2 shows in more detail the location of £he GDS stations
in southwestern Canada, both for the earlier surveys reported previously
and for the subsequent work outlined in the folloWing report. The two
profiles at latitudes 49.5°N and 51°N have been improved by the addition
of a few stations in the vicinity of the discontinuity. On the northern
profiié, sfations at Banff and Field were found to be of the same "eastern"
type as Johnston Canyon (JOH on Fig. 1II-2) and Calgary. The station at
Golden is transitional in Z/H ratio between this I'Veastern" type and the
twestern" type recorded at Revelstoke, Salmon Arm (SAL), and further west,
The discontinuity is therefore placed at or slightly (10-20km) to the
west of the Rocky Mountain Trench. For the socuthern profile, no transition

station could be identified. The station at Kimberley airport (KIM), in
the Kootenay River Valley, is of eastern type, same as Crowsnest to
Iethbridge; the stations. at Crescent Valley (CRE) and Salmo are western-—
type. Detailed mappinngf the discontinuity in this region is complicated
by the existence of a local anomaly (i.e. anisotropy in Z/H ratio) near
Kootenay Lake (KOO), as reported by Hyndman, 1963, and Caner et al, 1967.
This anomaly is presently being studied in detail by J. lajoie of this
Department; it is not yet ciear if.it is caused by an independent shallow
conductivity structure, or by a convolution in the main discontinuity.
However, below Kootenay Lake the discontinuity can be pléced with reasonabie
confidence within 20-30 km to the west of the Kootenay River Valley, the
presumed southern continuation of the Rocky Mountain Trench (Robinson,
1968).

The stations in the vicinity of the discontinuity are shown in

more detail in Figure V-1 (page 99 ) of the summary. It is tempting to
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intefpolate between thé'two points defined by the above profiles, using_
geological or teétonic boundary trends as a guide; for example, we could
-+:'specify the disdontinuity as "running 10-30 km to the west of the Rocky
| Mountaih Trench from'h95 to 51° latitude". However, experienée in other
areas (particularly in Texas-Oklahoma, profile B on Figure I-1) haé,shown |
that surface features are not a reliable indicator for the‘COuTSé of the
discontinuity. Until very clbsely'spaced.profiles are available, the
above interpolation over abou£ 200 km must be considered as tentative,
partipularly in vie&nof the existence of anisotrOpic féatures which may
indicate convolutions in the discontinuity.

During 1967 a new profile was operated running north from Cache
Creek towarés Prince George, in an attempt to define a northern boundary
for the "western-type" condﬁctivity structure region. The six stations
(Figure 11I-2) were occupied simgltaneéusly, using four Askania vario-
graphs and two transistorized Fluxgate magnetometefs.'.The‘préfile ties
in at Cache Creek with the earlier east-west profile (Cache Creek to
' Calgary), and with a short north-south prcfile between Caché Creek and Hope.
All these earlier data{>although not simultaneous, can therefore be reduced
”to a common reference station uéed as the "western-type" standard - eithef
Caéhe Creek, or Victoria which was operating cohtinuously througzhout all
these surveys. | o |

| Figure II1-3 shows sections of record obtained simultaneously at
-the six stations, as well as at the Victoria Observatory. Uplike the
earlier profiles which were operatedvin east-west directions, the inducing
field is not even roughly constant dver the length of the profile, and

location of discontinuities  can no longer be carried out by simple visual

&b
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inspection, In particular, as the profile reaches higher geomagnetic

latitudes (i.e. as the source currents are“approached), the unifonnity

- is lost even over relatively short distances. Prince George lies at

— geomagnetic latitude 59.6°N; it is doubtful if much useful prbfile work
can be carried out further north than this latitude, unless the profiles
can be laid out in arcs along ge;magnetic parallels of latitude, i.e.
parallel to the source currents.. An atteﬁpt was made to include data
from Meanook Magnetic Observatory (geomagnetic_latitude 61.8°N) in this
survey, but the fluctuations were barely redognizable as coherent with
those recorded simultaneously at Prince George.

The vertical component (Z) amplitudes recorded along the profile
(Fig. III—B) are seen to increase towards the north; at the start, from
Cache Creek to Seventy-Mile House (SEV) or Wright (WRI), the increase is
gradual, but it becomes quite steep towards the higher latitudes - |
.particularly if the relatively close spacing (<:75—lOO‘km)‘be£ween the
stations is considered. However, it can be seen that the horizontal
component amplitude (H) increases at roughly the éame rate, indicating
that the increase is a source effect rather than a change in subsurface

"conductivity structure towards the "eastern" high-Z type.

Figure III-4 shows a plot of some Z/H pdwer spectral ratios,

e

normalized with respect to Cache Creek aﬁd plotted against the geomagnetic

latitudes of the stations. The ratios from the permanent observatories

.at Victoria and Newport have also been included. The data is generally

of poor quality. The primary objective of this profile was mapping, since

no quantitative interpretation was to be attempted on a north-south
profile at high latitude; conséquently the stations were checked and
serviced intermittently only during the 8-week period of operation.

As a result only‘two short (5 hour) sections of record with an adequate
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disturbance level were obtained for all stations simultaneousiy. These
were digitized and spectral amplitudes obt;ined. Figure III-5 shows the
@;_results.for three spectral bands which coﬂtained measurable'energy:

periods 12, 30 and 50 minutes. The scatter is rather High; but iﬁ should
be kept in mind that these points represent the ratios of fouf powers:
relatively min6r>inaccuracies in each component cén result in lérge
errors in these ratios, For example, 10% errors in each of two ampli-
tudes can expand a Z/H power ratio into the range 0.67 to 1.48. A
normaliged ratio of ;wo such powér ratios can readily account for factor-
of-two scatter, particularly in view of the poor quality of the samples
used (short ;ength of time series available for spectral analysis).

'It is clear from‘Figure I1I-4 that there is no drastic discontinu-~
ity in Z/H ratio between Cache Creek and Prince Gebfge. Previous work on
the Cache Creek-Hope section indicated ﬁhat there is no discbntinuity
£etween Cache Creek and Victoria (Cannon, 1967; Caner et ai, 1967), apart
frdm the slight latitude dependence of the Z/H ratio. To‘indicate the
magnitude of the discontinuity between the "eastern" and "western" regions,
the éhaﬁge in power ratio observed between Field and Revelstoke (distance
i25 km) is plotted on the same figuré, to the same horizontal anq vertical
écale. "Clearly no such discontinuity occurs along the Cache Creek/Prince
George profile, This means that the northern extent of the discontinuity
. remaine undefined, exceﬁt thaﬁ it lies east of Prince George at latitude
S54°N, 1t ﬁill be shown in a subsequent chapter (section IV-D) that it can
be located more closely using other geophysical information, and thaﬁ its
mostAlikely course follows roughly the boundary between the Rocky Mountains

to the east and the Cariboo Mountains‘to.the west, as delineéted by the
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bRocky.Mountain Trench. The above is not proposed és evidence for any

deep geophysical significance of the locatiéh of the Rocky Mountain Trench;
““the Trench is here used simply as a conveniént geographical iandmark fof
expressing the courée‘of the discontinuity. However, this apparent coinci-
dence between thé Trench and a discontinuity in at least two geophyéical
parameters (see‘séction IV-D) justifies a closer examination of it§ possible
tectonic significance,

IITI-D) Quantitative Interpretation

Earlier quantitative work was carried out on thevcombined data

from several profiles, to obtain some "average" or "typical' structure
model, and was based on fairly poor éuality data (Caner et al, 1967). In
order to'obtain reliable data for a specific location, two GDS stations

were operated for 7 weeks at Pincher and Penticton; these éréuthe two
"primary" MT statidns described in Séctibn 11, for which MI'-derived
éonductivity structure models are available. Figure IIiJS éhdws examples

of record obtained at these two stations, as well as at an'intermediate
western-type station at Salmo., The attenuation in Z at the western stations
is.clearly visible.

o Spectral analysis of three data samples (duration 24 hours,
sémpling’interval 72 secs) was carried out, and the computed normalized
M—fatios are shown in Figure III-6, These have beeﬂ plotted as a function
.of log period rather thaﬁ on thé-frequency—linear scale previously used

for GDS work. Only data points for which the cohefence Z(Pentictoﬁ) -
Z(Pincher) exceeded 0.75 have been included, and those for which it ékceeded
0.95 aré identified by solid symbéls. Using this criterion, no "valid"

data were bbtained for periods less than 1200 seconds,-indicating tﬁat

for these short periods: a) the iﬂherentLy lower amblitudes combrined
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with the ﬁeavy attenuation in the western regign ﬁo produce lowvsignél/
" noise ratios, and/or b) the spatial coherence over the 400 km distance
between the two stations is too low for short periods.

The scatter of the daﬁa points‘is very higﬁ, but as mentionéd in
section III-C this is not unreasonable for a ratio of four powers, each
with its own errors in calibratioh, measurement, and spectral analysis.

In addition it will be shown that in the range lO3 - th'secs, the M-

ratios are very sensitive to variations in spatial source wavelength,

justifjing some addi%ional scatter for combined data from several dis-
turbances.

The analysis has been extended to very long periods with a l4-day
section digitized atjhalf hour intervals, in order to derive the ampli-
tudes of the diurnal fluctuapion and its harmonics. These data are shown
in Figure I1I1I-7. Spéctral analysié was carried out, and the diurnal peaks
are clearly resolved (Fig. III;8). The computed energy ra%ios for periods
24, 12, 8 hours have been included on Figure III-é. The aﬁplitude ratios
are within 15% of_unity, which is about the accuracy which can be expected
frqm such a short sample containing some irregular activity as well |
_:(see Fig. III—?), No significance has therefore been‘ascribed to the
'departure ffom unity of the ratip at 24 hours period.

Theoretical models of conductivit& étructure have been fitted to
the data of Figure III;6, using the MI-derived structures as a guide to
-choice of models. The followihg table specifies the parameters of the
Qariohs models shown in Figures III-9, 10, 12, Unless otherwise indicated

bn the drawings, the models are normalized with respect to the structure

designated as "IM at Pincher.
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PENTICTON ) , PINCHER

MODEL 101 102 103 104 105 106 107 I II  III
H, ;5' 1 10 10 10 10 10 |He - - 4.8
Q. 1000 1000 1000 100 1000 1000 1000 |® - - 11
H, 20 L0 20 20 10 40 ‘16 H, 35 35 35
2 10 "10 5 5 5 5 2 ¢, 1000 9900 1000
Ra 40 40 40 50 40 40 40 |Se 40 50 40
SUFFIX ~ NONE A B C p‘

V(KM-l) 0.000157 0.,001250 0.002100 0,006280 0,010000

A(KM) 40,000 - 5,000 3,000 1,000 628

Model 101 on Figure I11I-9 shows the M-ratios for a structure
with the median vélues derived from the MI data, i.e. a conducting layer
of thickness 20 km and resistivity 10 ohm-meters sfarting at depth 15 km,
It is clear that not enough attenuation at short periods can be obtained
"with this model, even if we increase the thickness of the conductiﬁg
layer»to L0 km (Model 102). If we change the western parameters to the
~1imit of the acceptable MI-derived range, we obtain Model 103 (H| = 10 km,
'-.E§_¥ 5 ohm-m); this provides enough attenuation at the short periods, but
too much attenuation at the long pericds. If‘we pusﬁ all the parémeters
(east and west) to the limit, including base resistivitiés and maximum
contrast in upper layer resistivities (100 vé. 10,000 ohm-m), a slight
“improvement is obtained (Médel.lOA/II); however, the change is not
‘significant enough to warrantléuch complications.i Nor do more complex
models (such as ihe a—layer§ structure suggeéted in Section II-E,

Fig. II-8b) provide any better fit. The only really effective way of

~ modifying the curves are either a) changes in the spétial source field
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parameter V (diécussed in the next paragraph), or b) changes in conduct-
ing layer parameters (depth and/or resistivity) which are outside the
‘limits imposed by the MT models.

_Models 161—103 were derived with an assumed spatial wafe-number
V = 0,000157 kmfl, corresponding to a wavelength of 40,000 km, the
limiting value sﬁgéested by Price (1962)., The models for longer wave-
lengths tV =0, A =o§), and those for shorter ones down to about 15,000 km,
are indistinguishable from th? above within the frequency range under
consideration, and for this particular assumed conductivity structure
model (this needs to be emphasized ~ dependence of the modeis on V is
strongly affected by the assumed structures). Even for A = 10,000 km,
the change in M is less'than 3% at period'lO5 sec, ,

quels 1034 and 103B on Figure III;9 show the effécts of decrea-
sing the wavelength even further: -5,000 and 3,0QO.km respectiveiy,
compared to Model 103 with A ='15,000 km, This does provide some improve~-
ment in the long-period response, but not enough, and we have to move to
even shorter wave-lengths to obtéiﬁ the characteristic_//_shape of the
curves - i.e. no éttenﬁation at long periods and heavy attenuation
'(2>10 db) at short perigas.

; Severai model curves for shorter spatial wavelengths are shown
in Figure III-10, For V = 0,00628 (A = 1,000 km), Models 101C and 103C
show significant improvement over the equivalent long-wavelength models
(101 and 103). The effect of altering the thickness of the conducting
layer from 20 km to either 10 km (Model 105C) or 40 km (Model 106C) is

apparently significant, and the models would indicate that the thinner

layers {i.e. 10-20 km) provide better fit to the data. In practice
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however, the GDS data is not useful to help define this parameter,

since at £his‘stage the models become verymsensitive tﬁleven small
gl'changes in spatial wavelength; it is virtually impossible to distinguish
reasonable changes in conductivity structuré parameters from slight
‘vafiations in spatial wavelength., For example, Model 103D (A = 628 km)
with H ‘

=20 km falls right between the H, = 10 km and H2 = 20 km curves

2 2
for A = 1,000 km., Similarly, the curve fgr H2 = 40 km with A = 628 km
(not shown) is virtually indistinguishable from Model 1630 (H2 = 20 km
with A = 1,000 km). | |

Since there is no"GDS mapping coverage east of Lethbridge, it is
not clear if the Pincher étructure outlined above is representative of
the entire éastern region, or just of some local structure in the south-
. west corner of Alberta. The latter appears to be indicated, since all
published MT data further east or north indicat¢ greater depths (70 -
.150 km) to the conducting layer (Niblett and Sayn—wittgénsteiﬁ, 1960;
Srivastava and Jacobs, 1964).. Even at Brooks (only about 100 km to the
east of Vulcan), the conductiﬁg layer was estimatéd to start near depth
100 kn (Vozoff and Ellis, 1966). This would mean that the Pincher/Vulcan
”region already lies above the "western" uplifted geotherm zone, or aboye
‘a transitional structure; the distinction betweén this region and the
western "low-I" region which iS S0 sharpl&_aelinéated west of the Rocky
Mountain Trench, is mainly the absence of the conducting lower crustal
. layer, not a significant difference in upper mantle conductivities,

The question will probably be resolved once GDS mapping coverage
is extended towards the east., It should however be pointed out that this

may not be as straightforward as detection of the main western discontinuity:

ARl
PR
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'Gﬁ8>déta is not particularly sensitive to changes in the depth éf a
moderately conducting (= 30-50 phm—m) zone. Figure iII—li shows
M—ratios computed for a comparison between the Pincher/Vulcan structure
."and a hypothetical "normal eastern" structure (deptﬁ of 70 km to the
moderately conducﬁing zone). In the period range 2000 to 5000 secs in
which most of the GDS data is concentrated, the amplitude attenuation
.for this structural differenpe ranges between 0,81 and 0.87 for "infinite"
(i.e.>20,000 kn) spatial wavelength; it is barely significant (>0.90)
for the shorter spatial waveléngths (~ 1,000 km) indicated by the
Penticton/Pincher models. If the "normal eastern" depth is greater than

70 km, then the difference may be resolvable; for example if H(e 00

] ast) 1
km, the ratié could be as low as 0,75 in amplitude for this period range
(Fig. III-11). It is clear that the GDS data cannot resolve changes in
depth in ﬁhe range 35-80 km to a moderately conducting zone. Consequently,

"the mapping of this structure towards the east would noﬁ be expected to
show an easily recognizable first-order discontinuity such as that\observed
west of the Trench, particularly if the change is gradual and/or partly
masked by differences in conducting surface layers,

The preceding models were all based on a simple 2-layer structure
at Pingher. If we include a thick conducting surface layer ép Pincher, as
estimated from the MT data and well-logs, the Penticton/Pincher-GDS model
curves are drastically altered - particularly at the shorter periods.

. Figure III-12 shows two such models (103/III and 103C/III), with £he
Aéﬁuivalent no-surface~layer models shown in dashed‘lines. If such a

massive surface layer is to be used at Pincher but not at Penticton, the
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parameters of the western structure would have to be altered beyoﬂd the
limits imposed by the‘MT data. For example, reducing ﬁhe resistivity of
... the lower crustal layer from 5 ohm-m to 2 ohm-m (Model 107C/III) compensates
.for the addition of the surface layer, However, there is no real need for
such changes, és a fairly significant upper crustal conductivity is indi- i
cated by the MT data at Penticton'aS‘well, Since no shortépériod'MT data
or well~logs were available near Pentictoﬁ, the parameters of the upper
crust éould not be resolved, _However, the integrated upper crustal
cpnductivity appearégto be of the same order'as at Pincher - see for

example the MT models on Figure II-8 (0.45 km;bf 2 ohm-m + 15 km of

1000 ohmfm, or 19 km of 35bohm—m, or other equivalent combinations).

This would cbmpensate for the surface layer effects at Pincher, leaving

_ GDS models‘which are compatible with those derived from MT,.

This sensitivity of'tﬂé(M—ratio to surface layers (for this
.particular pair of structural models) faises some questibns abbut the
validity of theAGDS models pre&iously derived for the southwest USA -
profile B on Fig. I-1. The region of high attenuafion in Z was found to
continue well east of #he Rocky Mouhtains, into an area of very.thick
'Sedimentary layers (Canéf et al, 1967; Livingstone, 1967). Quantitative
‘work was_baSed.on different assuned conductivity structures, §ipce no
MT “calibration" was availablej for these models the effects of surface
layers were found to bé'negligible, and it was concliuded that the main
_discontinuity does indeed swing that far east - even though this caused
some difficulties in interpretation: a) poorer agreement with the area
of high heat flow; b) very sharp swings in the discontinuity would be
required, since it was recovered much nearer to the Rockies both to the

south and to the north (Schmucker, 19643 Gough and Anderson, 1968).
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More detalled work has since been carried out in thls area {Gough and
Anderson, 1968; Porath, 1969), and has confirmed the extension of the
low—Z type of recordln towards the east. However, their interpretation
indicated that thls could be caused by the effects of massive conducting
surface layers in this area (Porath, 1969). In view of the results
obtained.on the present models (using MT "calibration" rather than
assumed structures), this interpretation is now considered possible.
This would remove one of the obstacles to better agreement with heat
flow and other geopﬁ&sical data,

. It is clear that the GDS data by itself is incapabie of indepen-
dent solution, even if it were less scatiered. By varying one or several
parameters at either one or bqﬁh of two stations, as well as the spatial
wavelength, any number of possible solutions can be Yconfirmed",
parﬁicularly for data sets with(high scatter. Some useful conclusions
can however be drawn:

a) The MT—deri&ed conductivity structures can fit the GDS'data, provided_
we use tﬂe more conductive end of the acceptable MI~derived limits: 10 km
depth rather than 15 + 5 km, and resistivity 5 ohmem rather than 10 + 5
ohm-m., With these values the thickness of the layer would also be at the
.lower end of the MT-derived rgnge‘— about 20 km rather than 20-40 km,

b) The three-layer ﬁature of the western‘structure is confirmed, although
the base (upper mantle) résistivity remains uncertain. The fact that the
.M=~ratio at 24-hour period trends above unity mightvindicate slightly higher
base resistivitiesAin the west than in the east - fof exanmple 75 vs 4O ohm-

m, which is within the MI-derived range.
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¢) The spatial wavelengths for which GDS models can be fitted vary
between aboug 600 km and 1,500 km, which is compatible with the MT
results, Within this range, the models are very sensitive to even
slight variations in this parameter; this probablyeaécountg for the
large séatter observed when combining data from several events (quite
apart from the\glréady high scatter which can be expected for the ratio
of four powers). The sensitivity to changes in spatiél wavelength is
particularly evident in the crucial period range lO3 - th secs in which
most of the GDS data is conceﬁtrated.

d) No coherent short-period (< 1,000 sec) data could be obtained over
the 400 km distance bepween the two stations.. This is partly due to

the sensitivity limitations of the instruments (particularly in.Z at the
wéstern-stations). waever, it probably also indicates thaﬁ_the spétial
wavelengtﬁs for these periqu are smaller than those derived above for
the long-period range. This would not affect the Qalidity of the MI models,
since in MI only the longest periods are affected by short spatial wave-

lengths,



78

L 1

IV, OTHER GEOPHYSICAL INFORMATION

IV-A) Introduction

| For purposes ofAinterpretation of the lower crustal‘and uppér
mantle structure delineated by the geomagnetic induction work, data from
three disciplines is of particular relevapce and is discussed in the
following sections: héat—flow, seismology, and aeromagnétic sur&eys.

It should be stated'that the relations between the results derived from
these disciplines and those derived from geomagnetic induction are not

at all clear-cut. The "western region".deliﬁeated by GDS is also a
distihct geological region, and it is hardly surprising to find various
geophysical parameters differing Between this region and the rest of

North Ameriéa. Although it is tempting to find a common interpretation,
some of-these differences may be entirely unconnected with the electrical
conductivity structure, having ;eiﬁher-cause/effect connectiOq nor even

a common cause., Although the following sections are all cbmpatible with
a common causative agent (higher temperatures in phe upper'mantle under
the western region), it will be shown that alternative explanations are
possible,

| IV-B) Heat-flow

| - Heat-flow data in western Canada is as &et too sparse for regional
analysis, The few available oﬁservations-indicate higher heat-flow valués
in southern Alberta thén in the Canadian Shield - of the order of l.5 HFU
-as compared to 0.8 - 1.0 HFU over the Shield (Garlénd and Lennox;Al962;
Anglin and Beck, 1965). The HFU (Heat-flow unit_) is defined as 1 microcal

/cm2 sec. In Canada, there is no evidence for (or against) any further
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increase in_heat—flow in the western region delineated by GDS} the value
observed at Penticton is 1.5 HFU (A.M. Jessop, personal commu+ication).
. However, in the U.S.A. the average heat-flow west of the Rock%es is
considerably Higher_than the average from other North AmericaA areas,
Regioné'ofAhigﬁ heat-flow havelbeen delineated in the Basiﬁ anleange
Province and west of the southern Rocky Mountains in Colorado (Roy et al,
1968a; Decker, 1969), as well as in the norﬁhwest U.S.A. (Blackwell, 1969).
Two high heat—fiow'é%servations (2.0 and 2.3 HFU) have been reported on
the bo'rder.ju.st south of the GDS station ‘at Salmo (éee Fig JII-2).
Blackwell (1969) concluded that the Northern Cordillera, Columbia Plateaus,
and the Basin and Range Province form a éontinuous physiographic region, .
the "Cbrdilleran thermal anomaly zone". Roy et al (1968b) combined heat-
flow measurements at a number of sélected sites, and derived "répresentative"
crustal geotherms for several regibns. They concluded that the contri-
bution from the mantlé towards the observed heat~flow is cénsiderably higher
in the Basin and Range Province than in the eastern U.S,A. The temperatures
at depth 35 km. derived from these models are héOfC (eastern UfS.A.) and
7860°C (Basin and Range Pfovince).. Similar values of temperature at depth
37 km have been derived in Australia (Howard-énd Sass, 1964 ): 4L60°C for the
. shield area, 650°C - 780°C for the off-shield areas. |

The geotherms derived by Roy et al (1968b) have been used in all
'Subsequént work in this thesis. This choice is Bésed primarily on subjective
- Judgement: it is felt thaﬁ geotherms based on selected high-quality

observations grouped in dense clusters are more reliable than those derived

from regional "average values. However, it is clear that any assumed
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‘géotherms for the lower crust and upper mantle must be considered as
spéculative. It is simply impossible to extrapolate réliably to great
~ depths from data obtaiﬁed over the topmost few km. This thfead of
'uncertainty runs throughout all the following discussions, and a
qualifying phrase must be implicitly understood ahead of any mention
of a specific temperaturé: "if the geotherms derived by Roy et al
(1968b) are valid...".

We can summarize the heat-flow results as following:

a) average heat-flow in the western U.S,A. is about twice as high as in

the eastern U.S,A.; no reliable conclusions'ébout lower crustal and upper

mantle temperatures can be drawn from such average values, because of
the overridiﬁg control of heat-flow by upper crustal composition.

b) the region of higﬁ heat-flow is in fairly good spatial agreemeﬁf
with the high-conductivity regibn delineated by GDS. Only in one area
'(south-west U.S.A.) is the density of heat-flow observatiohs sﬁfficient
to confirm exact (i 25 km) coincidence between the transition zones,

c) detailed studies in the Basin and Range Province indicate a signifi-
cant contribution of upward heat-flow from the mantle. In view of the
continuity of the high héat flow region to the Northwest U.S.A,, these

. results can be applied with some confidence thrdughout the entire )
western region,

d) in this region, temperatures at depth 35 km are estimated at 860°C -
about 400° higher than in the eastern U.S,A.

e) similarly high temperatures (650° - 780°) have been derived in
eastefn Australia; there is some evidence that higher electrical con-

ductivities are associated with this area as well (Everett and Hyndman,

1967) ° &
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Iv-C) éeismOIOgX

The westerﬁ region dﬁ;ineated by GDS is characterized by low
Pn velocities (comp§§ssiogéir5eismic wave refracted along the top of thé
mantle), both in_Cgﬁéda (ﬁhite and Savage, 1965; White et al, 1968) and
in the United States (Herrin and Taggart, 1962; Pakiser and Zietz, 1965).
East of the Rocky Mountains the Pn velocities areveverywhere greater than
8.0 km/sec, typically 8.1 — 8.2 km/sec. West of the Rockies (except for
the Califorhia coastal region) the Pnwelocities are generally less than
8.0 km/sec, typically 7.8 - 7;9 km/sec. Exacﬁ coincidence between the
A regions of high electrical conductivity and of low Pn velocity has not been
estaglished, mainly because of the poor horizontal resolution of seismic
refraction data. It is unlikély £hat such exact agreement can be achieved
economically to the degree of accuracy with which the GDS boundary can be
established (about + 10 - 20 km);, since observed Pn velocities are average
values obtained from long profiles. Héwever, it would seem worthwhile to
attempt such spatial correlaﬁion 5y long refractioh‘profiles shot parallel
to the GDS discontinuity, one on each side of it: for exampie, in Canada
a prpfile between Prince George and Creétoﬁ in the west, and between the
Hart Mbuntéin Range and.balgary in the east. Such confirmation éf the
ﬂrelatioq between the two discontinuities could be of considerable practical
intérest; it could provide seismologists with a practical method to;
a) plan the optimum location of refraction profiles, and b) iﬁterpret data
from profiles which were shot across the discontinuity.
| The low Pn velocities hgve generally been interpreted on the basis
of coﬁposition_changes rather than temperature effects (Thompson and Talwani,

1964 ; Dehlinger et al, 1964); in this case they would be unconnected with
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the observed ghanges in electrical conductivity, since géomagnetic

induction data are insensitive to composition COntfasté (see Chapter V),
However, fhere is ample evidence for the alternative (temperature effect)
explanation. Laboratory daté for the temperature-dependence of compression-
al wave velocities are very sparse, partiéularly for temperatures above
about 400°C. Lven ét the lower temperatures, the coefficients for roék
samples Qary over a fairly wide range: from about -2.5 x 10-4 km/sec/°C

for some basalt samples to as high as -38 x lO-h for ones dunite sample
(Hughes and Maurette, 1957). Even for two different dunites, the co-

i

efficients varied between -10 x 10 ' for a 90% olivene sample (Hughes and

Cross, 1951) and -38 x 1074

for a 99% olivene sample (Hughes and Maurette,
1957); both were measuréd at the same pressure (5 Kbar). However, the
latter value was obtained over é very narrdw temperatﬁre range (25°C -
225°C); Hughes and Maurette (1957)~stat§ that the data "should be suspected
of being in error",

-For pure ﬁinerals of relevance to upper mantle compositions, the
thermal coefficients are better defined, and average about -L b < ]_O”l+ km/sec
/°C for Forsterité (the magnesium end-member of the olivene suite) and Garnet,

b for Periclase (Anderson et al, 1968). Soga et al (1966)

and -5 x 10
‘have derived relations for extrapolating the lower-temperature (<800°C)
laboratory data for these minerals to tén@eratures as high as 2200°C,

For example, for Forsterite the relation is:

8124 3.66 x 10“1“T3,

Vp(kn/sec) = 7.75 - 3.62 x 10747 - 7.46 x 10”
where T is the absolute temperature (°K). For low temperatures (£ 500°C)
only the first term is important, but as the temperature increases towards

1000°C the second term has to be included. For example, at T = 1000°K

(727°C), the effective mean coefficient is 4.4 x lO-A km/sec/°C.
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Although the mineral da£a show well-behaved reiations towards
higher temperature, justifying some extrapolation, the>whole—rock data
show significant scatter, and steepening of the.éradients inisome cases
l>(Hughes and Maureﬁte, 1957). This raises doubts about the validity of
linear extrapolation f;om the laboratory range (400°C) to the range of
interest (AISOO:C) for ﬁhe western upper mantle - particulérly if we
conéider.the seéond-order coefficients-de}ived for the minerals. Never-
theléss, the extrapolated low-teﬁperature daté can probably be accepted
as the lower limit for the coéfficients at these temperatures,

Usiﬁg the coefficient for Forsterite (=4.0 x 1074 km/sec/°C) as
the extreme lower limit, the inferred temperature difference of 400°C

between the western and eastern regions results in a V., differential of

P
only 0.16 km/sec, not enough to account for all the observed difference
in Pn velocity. However, this coefficient is almost certainly too low

‘for realistic upper mantle materials. -Toksoz et al (l9§7)'coﬁsidered the
velocity distribution patterns under oceanic and continental regions, and
concluded that (B\HJ’BTQP of =5 x lo-hkm/sec/°C was much 00 low for
uppér mantle materials; |

Using the lowe5£>1aboratory-derived coefficient for dunite

(10 x lQ—A km/sec/°C), a velocity difference of 0,40 km/sec is derived
for a temperature difference of 400°C - more than enough to accounﬁvfor ‘
the observed decrease in Pn velocity. It is clear that no definite

_conclusions can be drawn until better laboratory data become available
for whole-rock samples, but the observed reduétiqn in Pn velocity can

apparently be accounted for by increases in temperature of the order

indicated by heat-flow data. The above -argument is of course inconclusive,
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since changes in composition (particularly towards a less ﬁafic upper
mantle) provide a much moreaéérect way to change the'velocities.

To summari?g;theﬁgéisﬁic data: if the geotherms derived by
Roy et al (l968b):;;é‘valid, the observed decrease in Pn velocity in
- the western fegion can be accounted for by temperature effects. However,
laboratory data on ultramafic rocks at high temperatures and pressures
is required for any valid éuantitativé work in this field.

IV-D) Aeromagnetic Surveys

Statistical studies have been carried out on several long
aeromagnétic profiles (Serson and Hannaford, 1957;. Alldredge and Van
Voorhis, 1961; Alldredge et al, 1963). If short-wavelength fluctuations
are filtered out,'the remaining fluctuations in field strength cover a wide
range of wavelengths., Spectral analysis of one very long profile (37,0QO
km) .indicated that the "energy"‘(amplitude squared in a fixed wavelength-
width filtef) is relatively uniformly distributed between about 20 km and
250 km, with a significant drop-off for longer wavelengths (Alldredge et
al, 1963); these were attfibuted to crustal sources. A second block of
spectral "energy" at much longer wavéleﬁgths (> 3,700 kﬁ)vwas attributed
‘to sources within the core.

It is intuitively tempting to equate longer wavelengths wi@h sources
at greater depth, buﬂ it should be keptvih mind that mo unique determin-
ations can ever be derived from such surface measureﬁents of the static

_magnetic field‘strength; long—wavelength.anomalies can be explained equally
well by shallower sources of larger areal extent. It can only be argued
tha# certain source configurations are more aﬁtractive than others on the

basis of other geophysical and geological considerafibns.
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Therg is generally no correlation between "static magnetic!
anomalies and '"geomagnetic induction" anomalies, since they are sensitive
to entirely different parameters., However, a study of the U.S. Trans-
continental Profile has shown that the filtered aefomagnetic profiles
_bare generally much flatter and more featureless in the weét than in the
east (Pakiser and Zietz, 1965). The profile runs roughly‘along a great
" circle from Norfolk,lvirginia, to near San Francisco, crossing the Rocky
Mountains near Denver, Colorado. The transition to the smooth "western-
type" profile occurs about 160 km west of Denver, i.e. in good agreement
with the position of the GDS discontinuity at this 1atitude.(Gough and
Anderson, 1968). Pakiser and Zietz (1965) and Zietz et al (1966)
suggested that this "sméothing“ of long wavelength features could be
caused by an upwelliﬁg of the Curie isothefm to shallower depth in the
western region, i.e. absence of sources in the lower crust. They did
however emphasize the ambiguity of aeromagnetic data, and the possibility
~ of alternative explanations such as a more silicic crust or more abrupt
lateral variations.

In this séction, somehaeromagnetic data from western Canada have
‘been examined for similér effects. Figure IV-1 shows the location of the
four profiles used in this analysis. Profiles A and B were derived from
Map 749G of the Geological Survey of Canada (Morley, 1959), which covered
a 12 mile wide strip north of latitude LY°N; these are total-field (F)
_surveys obtained at flight altitudes ranéing from 1,000 to 11,000 feet,
dépending on topography. Profiles C and D are based on data from the
Dominion Observatory's three-component survey (Serson et ai, 1957 3

Dawson and Dalgetty, 1966), flown at én altitude of 11,000 feet., For
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profiles Cand D thé vertical component Z was used, as mofé complete
coverage was availéble for ?b;s component., At theéeAlatitudes the anoma-
lieé in.F and Z aféiygryiéiﬁiiar; in particular the same consideré£ions
of source depth vsfiéﬁbmaly wavelength can be made forveither one of these
bcomponents. | |

On profiles A and B, the'magnetic data were digitized at one-mile
intervals, and replot traces of these data are shown on Figures JIV-2 and
v-3. Alsovshown on these figures are topography and average flight
altitudes (dashed line). The unfiltered plot shows large fluctuations
(up to 1000 gamma amplitude) over a wide range of waveléngths. Low-pass
filtering was then applied to these data, using computational operations
in the wave—number domain (i.e. Fourier tfansfdrm, linear filtering, and
inverse Fourier transform to reconstitute the traces). The numbers shown
to the right of the filtered trabes are the cut-off wavelengths, As the
cut-of f wavelength is increased, the large-amplitude features in ihe west~
ern section are progressively smoothed out, and for cut-off wavelengths
between about 100 and 150 km the western section becomes smootﬁ and
featureless. The long-wavelength featufe cast of the Purcell M§untains
remains unattenuated at. ﬁearly 1000 gamma amplitude. The location of the
”"discontinuity" is in good agréement with the loéation of the GDS d;s—
continuity, i.e; abouf 50 km west of the ﬁocky Mountain Trench and its
southern continuation through the Kootenay River Valley.

Some of the properties of the coﬁbutation;i filter should be
no£ed at this stage. It is rectangular and pfovides'sharp cut-off in
terms of wave-number. Howéver, there is some spectraiileakage into
ad jacent. bands and at -the longer_waveienéths the cut-off is less sharply

defined when expressed in terms of wavelength rather than‘wave-number,
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Fig. IV-1. Location of aeromagnetic profiles; A and B from Geological i
: Survey "of Canada, C and D from Dominion Observatory.
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particulafly for pasé—band characteristics. For exampie,”if Lc = 100 km,
the rejection is still tota;_for L<82 km, but thére>i$ now significant
attenuation of wave;engtﬁééggfhigh as 120 km. This explains the apparent
progressive‘attenﬁgiién 6}'the eastérn feature (actual wavelength about
150 km) on £he filtered traces of Fig. IV-2 and IV-3. It does not mean
that this.anomqyy contains shorter-wavelength components which are
Apfogressively removed with stronger filtering; it simply emph&sizes the
fact that for this particular profile length (v 800 km) the filter is
not sharp enough to'discrimiﬁ;te between ﬁavelengths of about 120 to
250 km, -

| The results are in good agréement with those obtained in the
U;S.A., where the'long—wavelength anomalies which chargcterized the
eastern region were absent in the western zone, Some longer—wavelength
features remain in the western Section of the filtered traces shown in
Figﬁres‘lV—2 and IV-3, although of leséer amplitude than the eastern
feature. In order to estimate their significance, the filtered traces
from both profiles are shéwn sgperimposed on each other in Figure IV-4.
It is clear that for two profiles spaced énly 11 km apart, the effects
“of eitherldeep—seated 6r of areally-extended sources should be coherent
between the two profiles. Figﬁre IV-4 shows that this is the case only
for the eastern feature; the others are not coherent and can presuﬁablyv
be accounted for by either flight altitude effects and diurnal contamin;
 ation,‘or by'genuine sources which are linearly extended only in the direc-
tion of flight. The longer wavelength feature in the Fraser Delfa could
be "genuine"; its amplitude is higher than could be.accounted for by the
chaﬁge in flight altitude. Unfortunately the profiles are discontinuous
at this point (no data across the Strait of Georgia), énd énalysis of

this feature could not be carried out.
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Similar analysis was carried out on the data from profiles C and
D (Figures IV-5 and IV-6). These data were”in the form.of average values
- over 5 minutes of flight (about 30 km), i.e. already pre-smoothed tp
-remove th_e“ short wavelengths which appeared so prominently in the unfiltered
data from pfofiles A and B.- Since the number-of data points was considerf
' ably lowe?'than for the previous profiles, some care had tobbe taken in the
Fourier transform operations., In‘particuiar, exact coincidence of the end
boints had to be enforced by subtractipn of an arbitrary linear gradient,‘
in order to avoid en&-range distorﬁidns of the reconstituted traces due to
Gibbs oscillations.,.

The pattern evidenﬁ on the filtered traces of Figure V-5 and_
w-6 isiqf tﬁe same type as tﬁat observed on profiles A and B. East of A
the Rocky Mountain Trench, long wavelength fluctuations of significant
amplitude (+ 500 gamma) are observed, as reported by Serson and Hannaford
(1957), and by Pakiser and Zietz (1965)in the U.S.A. West of the Trench,
the filtered profiles are smooth to a remarkable degree: on profile C -
within + 15 gamma up to the Trench, and within t 5 gamma to a point 25 km
west of the Trench. On profile D a one-point discontinuity (possibly of
vinstruﬁental origin) introduced some-distortion, but even there the profile
.is smooth to within * 65 gamma from the UfS. border up to the Trench. The
flight lines intersect the Trench at an angle of about 50°; i the strike
of the discontinuity does follow the Trench direction, we can therefore
.not4expect sharp definition for the location o{ the discontinuity. How-
ever, judging from the most heavily filtered trace, we can place it ‘within
+ 40 km of the Trench, with somewhat higher likelihood towards the wéstern

limit of this range.
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Quantitaoive interpfetation of the smoothed profiles is virtually
lmpOSSlble, it is difficult ~enough to interpret the long—wavelength anoma-
lies in the eastern section in view of the 1nherent ambiguity of magnetic
data, Serson andVHannaford (1957) estimated that most of the sources lie
in the upperacrust (down to depth 11 km under the continents). Vacquier
and Affleck (1941) estimated that the bottom of magnetic inhomogeneities
lies at depths between 17.7 km and 2h;l km. However; all these»estimates
.are obviously cependent upon some assumption of structure - no unique
solution is possiblo; Interpretation of some specific lOngéwavelengtn
anomalieé in eastern Canada was carried out by Bhattacharya and Moriey
(1965); by imposing restraints on the shape and orientation of the'structures,
they derived depths to the bottom between 17 7 km and 2A km, with a ‘mean
of 20 km - same as the value derived by Vacquier and Affleck (l9h1) These .
depths were assumed to define the Curie point isotherm for crustal materials.

Although a figure-of L75°C is sometimes quoted in the literature
as the Curie point for basaltic materials, the Curio point.for magnetite
(578°C) is a more rele&ant limiting temperatufe; magnetite is the-most
common ferromagnetic component of igneous and metamorphic rocks, ano
4§ariations in magnetic intensity are primarily produced by variations in
'magnetite content (Nagata, 1961; Zietz et al, 1966). Using the geotherm
derived by Roy et al (1968b) fof the eastorn U.S.A., magnetization could
therefore persist‘well into the uppermost 10 km of the mantle; the depths
»derived by Vacquier and Affleck.(l961) and Bhattacharya and Morley (1965)
are therefore well within the acceptable range for tne existence of
magnetic sources. The fact that magnetic structures can exist Qoﬁn to

upper mantle depths does of course not imply that sources do actually
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E
exist down to this depth. In the western region, this Curie point E

temperature would be reached at a much shallower depth (20-25 km acéording
¢ to the geothefm derived by Roy et al, 1968b).
| o It is clear that no interpretation can be attempted oﬁ the ébsence
of featureé which‘cannot themselves be intervreted uniquely. If the long-
wavelength anomalies.observed east of the Trench are caused by déep—seated
(lower crustal) inhomogeneiﬁies,_then théir’absence in the western region
.can best be.explained'by an upwelling of the Curie point isotherm, How-~
ever, if the easterﬂ'anomalies are caused by'shallower structures of large
areal extent and uniform magnetisation, then ﬁhe most likely interpretation
. for their absence would be.more violent "jumbling-up" of these structures
in the West.' ‘Such an interpfetation is in full agreement.with the geo-
logical evidence; in the east geologic lineaments can be followed over
long distances, but west of the Rocky Mountain Trench the structures are
-very complex, having been broken up by several ages of deformétion, numerous
intrusions, and widespread regional and contact metamorphism (White, 1959;
Armstrong{ 1959; Henderson, 1959). This explanation for the absence of
long-wavelength anomalies in the west would be valid for whate&er inter-
”p?etation is accepted for the eastern anomalies, A third, even more "trivial"
‘explanation can also not be ruled out: a more Silicic crust in the west,
This is also in agreement with-the geological evidence; there ére numeroﬁs
and vast acidic intrusions west of the Trench, hul none iﬁ the Rocky
_Mountains or to the east,

The results derived frbm the aeromagnetic data can be summarized as
following:
a) Long-aeromagne£ic,profiles éan apparently bve used to delineate a region
which appears to coincide with §he region of high electrical éonductivity

~delineated by GDS. This would provide a method for expanding GDS mapping
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-coverage to area§ beyond the reaéh of "surface transportation,

b) The observed smoothing of long-wavelength magnetic_anomalies in the
western region cannot be interpreted in any unique way. Possible éxplana—
‘tions are: upwelling'of the Curie point isotherm, break-up of large
structures 5y tecﬁonic and metamorphic mechanisms) énd/or a more Silicic

.crust,



98

V. PETROLOGICAL INTERPRETATiON

V-A) Summary of Data

The following two figures (V-1 and V-2) summarize virtually all
the information that.can be extracted from the previous sections:

(a) }From GDS and aeromagnetic surveys we define the easiern
boundafy of a fégion(with some distinct magnetic and electrical character-
istics. The position of the boundary is defined in four places between
latitudes 49°N and 54°N; since only its location>(not its strike) is
defined, no "borderJ_lines have been shown on Fig. V-1,

(b) From MT and GDS, self-consistent conduétivity structure models
are obtained. The‘western structure can be applied to the entire western
region defined above; the eastern structure is probably applicable only

to the southwest corner of Alberta.

V-B) Electrical Conductivity of the Lower Crust and Upper Mantle

Figure V-3a shows the fesistivities of some relevant materials
as a function of temperature. All dry crystalliné rocks are classed as
"solid electrolytes" or insulators", i.e. the dominant conduction mechanisms
are ionic rather than electronic. The conductivity can be expressed as a

 summation of several terms of form S = Soe_U/kT

s one term for each
conduction mechanism.,. For any particulér temperature rahge one of these
mechanisms usually predominates, so that plots of log conductivity
against inverse absolute temperatures are formed by a succession of
“linear segments, Qn Figure V-3a the right;hand segments represent

ionic impurity conduction, merging into the steeper segments representing

intrinsic ionic conduction for temperatures above about 500 - 700°C,

Throughout this temperature range, eleptrohic conduction is negligible,
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Electrical resistivity of some ro_cks and minerals, and frequency-
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Derivation of the coefficients for the exponential terms is based
'entirely on»laboratory‘data)ﬁsinée analytiq techniéues cannot be applied
to the ionic conddétiqn,fgérticularly the lower temperatufe impuriﬂy
mechanism, for éoﬁ;iéi rock assemblages., The "typical" coefficients
often quotédbin the literature should be used with caution, for two reasons:
a) the great variability in results obtained for the same type of rock,
and b) the fact that much of the labofatory data is obtained with A.C.
techniques (usually in the audio range). Figures V-3b ana 3c (Keller,
1963) demonstrate tﬁé effects of frequency on conductivity measurements,
For highér temperatures the effect is not too serious. However, at
temperatures belgw'700°C, order-of-magnitude errors may be introduced
when essentiall& ﬁD.C." geomagnetic induction data is compared with A.Cf
laboratory measurements., This frequency dependence is often overlooked;
for example, the 1 Keps curve for granodiorite (Fig. 3b) has migrated
into the textbook literature (Fig. 3a) without mention of its A.C. deri-~
vation, i.e. order-of-magnitude uncertainty at iowef tempefatures.~

Several conductivity/temperaturg plot$ for ultrabasic materials
are shown in Figure th,. The olivine data have been restricted to ﬁhose
lbbtained at the pressures relevant to the lower crust and uppermost mantle;
vthe peridotite and basalt data were obtained at atmospheric pressure.
Generally, pressure effects up to 10 - iS‘Kb are negligible (< 50%) compared
to the effects of temperature (Keller and Frischknecht, ;966)0 A number
-of other determinations are available for basalts (for example, Noritomi,
1961); these span several orders of magnitude, presumably depending on
exact combosition. All the basalts described by Noritomi (1961) have

resistivities above 1000 ohm-meters for temperatures up to 700°C. The
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curve on Fig. V—h has therefore been considered as the lower limit for
basaltic materials., .v L |

| It is cleéf;fromf?igure V-4 that where "eastern-type" (< 10°C/km)
geothermal.gfadieﬁég:éxist, peridotite and basalt are resistive (>500 ohm;m).
to depths of 50 km. As seen in the previbus sections, geomagnetic induction |
methods gannot‘resolve resistivity diffgreﬁces in regions where the resis-
tivity exceeds 250 ohm-meters. Conseduently, geomagnetic induction methods
vcannot be expected to "see" any discontinuities in composition within this
range, such as the dgnrad or Mohorovitié discontinuities. At greater
depths-tﬁis‘is not necessarily true; for ekample the olivine/spinel phase
transformation appears to be gssociated with an increase in conductivity
(Akimoto and Fujiéawa, 1965) which may well be detectable by geomagnetic
induction methods. |

Exceptions to the above statement are of course possible, since

the available laboratory data does not cover all relevant materials.
However, the only exception which is well defined_by experimental data is
iron-rich olivine. The olivine suite, (FeZMgé)SiOh, ranges continuously
from Fayalite (Fezsioh) to Forsterite (Mgzsioh), and the compositioﬁ is
.indicated by the mole percent content of one of these end-members, For
-Fayalite mole percentages of 50 and over, phe resistivities are well
below 100 ohm-meters, even for moderate temperafures (Fig. V-4); for
the higher-pressure spinel phase of Fayalite the resistivity is even
-lower (under 1 ohm-meter; Akimoto and Fujisawa, 1965). The assumption
ﬁhat upper mantle olivines are magnesium-rich is baséd on the evidence
of surfacé camples, and to a lesser extent on the.composition of chondritic
meteorites. For example, the composition of nine olivine nodules assqciatéd

with basalt lavas ranges only between Fo 89.7 and Fo 91.0, even though

‘they come from widely separated locations (Wager, 1958); similar ranges
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are obtained for alpine-type dunites. Although the olivines of perldotltes
associated with gabbros are somewhat less Mg—rlch than those from alplne—
- type dunltes, they are still above Fo 85.

— The evidence of surface samples is of course not a fully reliable
indicator of upber mantle composition. However, the fractionatiqn
processes of ultramafic matefials are such that magma-deri?ed surface
samples would normally be Fe-enriphed witﬁ réspect to the parent stock
(Wager, 1958). Consequently thé upper mantle olivines can be expected

to be even more Mg-rich than the surface samples, and Wager (1958)
estimated the upper mantle olivine composition at Fo 9Q. The possipility
of iron-rich olivines as an explanation for low resistivities has therefore
been rejectea; other, as yet ﬁndefined, geochemical factors can of course
not be ruled out in view of the limited amount of laboratory data.

V-C) Petrological Models -

The conductivity structure in the Pincher/Vulcan area (and
probably as far west aé the Rocky Mountain Trench)»is characterized by
a moderately conducting zone (resistivity 30-50 ohm-meters) starting at
depth 30-35 km. Using the "eastern-type" geotherm of Roy et al (1968b),
Athe temperature at depth 35 km would be 460°C and is shown as_a.vetﬁical
line on Fig; V-4. DNone of the‘usually acéepted mafic or ultramafic
materials for which_laboratory data are available reach such low resis~
_tivitieé at this temperature; it is therefore concluded (as had already
been proposed earlier on other evidence) that this southwestern corner
of Albérté is not representative of phe normal eastern structure, For

example, if the temperature at depth-35‘km is 860°C (see vertical line
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on Fig. V-4), the extrapolated olivire (Fa 10%) curve gives a resistivity
of about 50 ohm-meters. If we assume a steepening of the‘?/T curves for
the higher temperatures, as observed fof othef samples, the observed
resistivity (30-50 ohmfmeters) can be interpreted for even lower temper-
atdres (about 750°C).

- ‘ It is conclﬁded that under the Pincher/Vulcan area the temperature
at depth 35 km must be at least 750°C, provided that this .region is composed
of ordinary basaltic materials, No GDS mapping is.avaiiéble towards the
east to verify the réiation of this‘afea to the rest of North America, It
is however likely that this is an anomalously high ﬁemperature, i.e. already
within‘(or transitional towards) the high-temperature western region. Theb
suggested»strﬁcture is outlined in-Figure V-T7.

2) Western Region_

Similar considerations indicate that the mantle be low 35 km is also
moderately conductive, and conéistent with a temperature greater than 750°C.
The lower crust is however differentg being relatively highly conductive.
The explanation can hardly iﬁvolve temperature alone, for two reasons:

a) improbably high temperatures would be required - well over 900°C at
‘depth 20 km; and b) a temperature inversion would be required. This 1eéves
.two alternative explanations: Va) partial melting in the lower crust, as
suggested by Canerlet al (1967), or b) ﬁyérated lower crustal materials,

as suggested by Hyndman and Hyndman (1968).

a) Partial melting: Complete melting of basalt increases the

>électrical conductivity by about a factor of 10, Melting data for a

basalt (after Barus and Iddings, 1892)_is shown oﬁ Figure V-5; point Hph
denotes the start éf melting, point "C" the temperature at which a homo-
geneous melt is réaéhed} Similqr results have.been réported by Khitarov

and Slutskiy (1965). For granites the increase in conductivity is much
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more prqnounced - up to about 3 orders of magnitude. Data from Lebedev
énd Khitarov (1964) and.frfpmﬁ._Noritomi (1961) are shown on Fig. V-5. The
main objection to-paﬁtiaiééélﬁing of dry rocks is.the required high
temperature;istartﬂéf meltihg for these materials is at 1000°C or higher,
which is unlikely to be reached at the reguired depths of 10-15 km.

b) Hydra£ion:_ Hyndman and }Wﬁdmaﬁ (1968) proposed a tectonic
model which would account for a hydrated lower crust under tectonically
young areas. This lower crust is subsequently dehydrated by the uowards
migration of granitelﬁater meits; leaving the stable (dehydrated and
granité-dépleted) lower crust of shield areas. The electrical resistivity
of granite is markedly lowergd by any water content; for example, the
resistivity of grénite at 600°C is decreased.by at least three orders

- of magnitude for P, P = 1 Kbar (Lebedev and Khitarov, 1964) -

2O total

see Fig. V-5. This corresponds to a water cohcentration of about 4% by
weight. Hfven lower resistivities (under 1 ohm-meter for T = 600°C) are
obtained for higher partial water pressures (Lebede? and Khitarov, 1964.).
Unfortunately, hydrous data is availablq only‘for PH 0= P

2 .
rocks fully saturated at the particular temperature. Since the saturating

total’? *°°*

Qater content varies markedly with temperature, such hydrous experiments
Aare not a reliable measure of real conditions; the changing water content
as well as the changing temperature affec£ the conductivity. No experimental
data is available for fixed water concentrations less than saturation.
No experimental data is available for hydrated mafic and ultrama-
fic rocks at high temperatures and pressures. Howevef, it is.likely
thaﬁ_a similar increase in conductivity ekisﬁs; the melting point of
mafic materials is significantly lowered by water cbntqnt, so that we
could also expecﬁxlower activation energies for ionic conduction (Hyndman

and Hyndman, 1968).
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It is clear from Fig. V-5 that a reasonable water concentratlon
can readily account for the conduct1v1t1es observed for the lower crust
> in the western region, either with or without any assumptioos of higher .
temperatures. Howevér, it Should be noted that the melting point of
granitic and mafic materials is also markedly lowered by hydration (Tuttle
and Bowen;_l958g_Yoder and Tilley, 1962); at depth 20 km the mclting
temperature can be lowered by as much as 250°C for full hydration.
Consequently, if the lower crust is hydrated, and if wé accept the
higher temperatures ;odicated by tﬁe moderato conductivities in the
upper mantlé, then partial melting should occur in this lower crustal
layer. | |
;Figure V-6 shows some of the relevant data for melting and
hydration depths. The "western" geotherm (after Roy et al, 1968b) clearly
does not intersect the melting zone for dry basalt withip the crust; it
.does however intersect the solidus for "wet" granite well ﬁithin the |
crust. The width of the melting éoneA(i.e. between start and completion
of melting) depends on the water content. The curves shown in Fig. V-6
are for 2% H 0; for hlgher concentrations, the melting zone would be
narrower, and at the limit of full saturation (about 9-10% H O) it would
coincide with the start of melting curve. By postulating specific water
content percentages, the width of this melting zone can therefore be
adjusted to any desired value, but the starting point remains fixed at
24 km for this particular assumed geotherm,
V¥D) Conclusions
Figure V-7 provides a summary of the petrological models; there
afe two distinct resulos: o

1) 1In southwestern Canada (boundéries not clearlyAdefined, but at least
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as far east as Pincher), the uppermost mantle is moderately conducting

down to a depth of at least 100 km, Excluding geochemically improbable

explanations (such as a regionally iron-rich upper mantle), a temperature

of at least 750°C at dépth 35 km is indicated. This provides independent
confirmation éf heat—floQ derived estimates; unlike interpretation”of
heat-flow data;\the geomagnetic induction results are not dependent on

any assumptions of crustal structure and composition.

2) In a sharply deliﬁeated région, starting_from about 0-50 km west of

the Rocky Mountain Trench, the lower crust is conductive. The most

likely interpretation is a hydrated lower crust, as proposed by Hyndman

and Hyndman1~l968. Hydrafion alone is sufficient to explain the observed
data, i.e. higher temperatures are not necessarilyvrequired for this model.
However, given the information from (1) above, some partial melting probably

occurs in this zone since the melting temperature is loweredkby hydration.
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