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ABSTRACT

In September 1967 two magnetic variation events,
a substorm and storm, were recorded by a two-dimenslonal
array of 42 three-component variometers between latitudes
36°N and 43°N and longitudes 101°W and 116°W. Fouriler
analysls of these events shows that a complex spectrum
with many maxima typify the storm and the substorm has
a smooth spectrum. Upper mantle conductivity structure
can be seen qualitatively in the original variograms,but
is far more sharply defined in maps of Fourier spectral
component amplitudes and phases. Separatlon of the
Fourier spectral components into internal and external
parts gives further definition to the conductive struc-
tures and allows quantitative analysis to be undertaken.
A ridge of high conductivity runs at a depth ro greater
than 200 km. under the Southern Rocky Mountains between
the Great Plains and the Colorado Plateau, which marks
a low-conductivity region within the Cordillera. A
strong conductlivity anomaly runs north-south along the
Wasatch Front through central Utah, and indicates the
presence of an upwelling of highly conductive materilal
at depth no greatcr than 120 km. along the edge of a step
structure which brings the conductive mantle to shallower

depths under the Basin and Range province than under the



Colorado plateau. The geomagnetic deep sounding anomalies
are found to be in excellent agreement with existing
heat-flow data, thus supporting correlation of electrical
conductivity with temperature. There 1s also good
correlation withvthe avallable seismic velocity informa-

tion for the upper mantle.
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INTRODUCTION

Geophysical observations of several kinds indicate
that the upper mantle of the earth under North America
is laterally inhomogeneous. Upper mantle seismic
velocities of 8.0 km/sec or larger are characteristic
of the eastern United States and the Great Plains province,
while velocities decrease to values of 7.9 km/sec or
lower west of the Rocky Mountaiﬁs (Herrin and Taggart,
1962). A similar pattern is shown by travel time anomalies
of seismic waves at vertical incidence. A "time-term"
like analysis of P and S waves (Cleary and Hales, 1966;
Doyle and Hales, 1967) glves evidence of early arrivals
at stations in the eastern United States and predominantly
late arrivals in the western United States. As the
differences between P and S travel time residuals and the
gravity anomalies in the central and western United States
cannot be explained by the Birch (1961) relation between
velocity and density, Doyle and Hales (1967) suggested
that temperature anomalies in the upper mantle, possibly
accompanied by partial melting, might cause lower
velocities in the western United States by lowering the
values of the elastic constants. Archambeau, Flinn and
Lambert (1969) substantiate the existence of partlal

melting by giving evidence of the coexistence of low-Q



zones with zones of low Pn veloclities in the western
United States.

This interpretation 1s supported by recent heat
flow data (Lee and Uyeda, 1965; Roy, Decker, Blackwell
and Birch,1968; Blackwell, 1969). High heat flow in the
Southern Rockies and the Basin and Range province
correlates with low upper mantle velocities; normal heat
flow 1s found for the Great Plains and has high upper
mantle veloclities.

Selsmic and heat flow data are not abundant enough
as yet to delineate the boundaries of different upper
mantle provinces with accuracy. However, temperature
anomalies in the upper mantle will cause anomalies in the
electrical conductivity, as silicates at upper mantle
temperatures show semi-conductor properties (Tozer 1959).

Geomagnetic variations measured at the surface of
the Earth are the vector sum of external variations
originating in currents in the 1lonosphere and magneto-
sphere and of internal variations arising from currents
induced by the external part in the conductive regions
in the upper few hundred kilometers of the Earth. Lateral
inhomogeneities in the electrical conductivity of the
upper mantle willl give rise to anomalies 1in the field
measured at the surface. Qualltative interpretation of

such conductive structures can be made from the amplitudes

of geomagnetic variations in both the time and frequency

domains if Fourier analysis of the variations 1i1s under-



taken, especially of the vertical component. Quantitative
interpretation of such conductive structures requires the
separation of the internal and external parts of the fleld.
The amplitude and phase relationships in the frequency
domain between the internal and external parts can then be
fitted by the appropriate conductivity models through the
employment of conformal mapping techniques (Schmucker, 1969).

In the summer of 1967 42 variometers designed and
built by Gough and Reitzel (1967) to be inexpensive and
reliable were set out by the University of Alberta and the
Southwest Center for Advanced Studies in a study of the
crustal and upper mantle conductive structures in the western
Unitad States.

variation anomalies found during the summer of 1967
have been described, with a qualitative interpretation by
Reitzel, Gough, Porath and Anderson (1970). A following
paper by Porath, Oldenburg and Gough (1970) presents the
results of a three dimensional separation of a polar substorm
of September 1, 1967, and a preliminary interpretation by
simple conductivity models of the relation between the sub-
storm separated fields. This thesis presents extenslons of
the qualitative interpretation of the variation anomalies
presented by Reitzel et al. 1970. Also presented are results
of the separation of the complicated polar storm fleld of
September 20-21, 1967 with conductive models determined from
the relationship between the separated storm filelds.

The writer joined the project in early 1967 and helped

assemble and test twenty-two Gough-Reitzel variometers prior



to the 1967 summer field season. The writer was a member of
a team consisting of Dr. D.I. Gough and Mr. W. Newman which
installed twenty-one variometers in two east-west lines across
the western United States. Regular servicings were carriled
out by Mr. Newman, Mr. McCullough and the writer at seven day
intervals. Thils servicing routine required some 20,000 miles
of driving by each member of the team.

The writer was responsible for the initial data reduc-
tion for the substorm of September 1, 1967. The results of
’this analysis were presented at the 1968 American Geophysical
Union meeting in Washington, D.C. and at the 1968 Canadian
Assoclation of Physicists meeting at Calgary, Alta. The writer
was responsible for all the data reduction and analysis of the
storm of September 20-21, 1967. Also the writer prepared maps
of unseparated spectral amplitudes and phases of the three-
components of both the substorm and storm fields mentioned above.
These results were presented to the 1969 A.G.U. meeting in
Washington,D.C. in a paper by Reitzel, Gough, Porath and Anderson.

To corroborate the model of the upper mantle under the
western United States proposed by Porath et al. (1970) the writer
separated three components of the storm fleld in the frequency
domain at periods T=89, T=150 and T=256 minutes. Semi-quantitative
interpretation of the storm internal fields at these periods
does support Porath's model particularly under the Wasatch Fault
zone in Utah.

The writer has also shown 1n Chapter 5 of thils thesis
that this model of the upper mantle 1s consistent with seismic

and heat flow results 1n the western United States.



OUTLINE OF THE THESIS

Chapter 1 develops geomagnetlc deep sounding
theory pertaining to the determination of conductivity
structure under a plane surface starting from Maxwell's
equations through to theoretical estimates of depth and
conductivity structures in the Earth. The governing
equations for electromagnetic induction in a conducting
half-space, multi-layered structure and unduiating
conducting surfaces are presented. Two methods of deep .
sounding, the "Base Statlion" and "Array" methods are
also presented. The concept of applying fast Fouriler
analysis to a single event at each station over an entire
array 1s developed with the emphasls on the physical
meaning of two-dimensional maps representing the spatial
variations of a magnetlic event. Separation of the total
fileld into its iInternal and external parts 1s discussed
on a global basis and over a plane surface.

Chapter 2 covers previous geomagnetic deep sounding
Investigations in the western United States. The work of
Schmucker (1964), Caner et al. (1967), Gough and Reitzel
(1967) and Swift (1967) is reviewed with the aim of
obtalning correlations with the work of Reltzel et al.
(1970), Porath et al. (1970) and this thesis as to the

locatlons of the major magnetic anomalies 1in the western



United States; primarily the Wasatch Front and East Front
anomalies.
Chapter 3 gives a description of the 1967 array,
the recording equipment used and the field procedures
used. This is followed by a discussion on the processing
of the magnetic variation records from analog to digital
form. A sectlion on the special spectral analysis
techniques along with the method of separation of the
magnetic varliations 1s also included.
In Chapter 4, the basic analyses for the statlions
in the western United States from which magnetograms
were obtained are presented and correlated with the
results of Reitzel et al. (1970) and Porath et al. (1970).
Chapter 5 discusses the use of selsmology and heat
flow work as upper mantle investigation techniques compared
to the "Array" method of geomagnetic deep sounding. Sugges-

tions for further work are included in this chapter.



CHAPTER 1
GEOMAGNETIC DEPTH SOUNDING THEORY

This chapter develops geomagnetic depth sounding
theory as applied to the determination of conductivity
structure under a plane surface, starting from Maxwell's
equations through to theoretical estimates of depth and
conductivity of structures in the Earth. The governlng
equations for electromagnetic induction in a conducting
half-space (flat-earth model), multi-layered structure
and undulating conducting surfaces are presented. Two
methods of depth sounding, the "Base Station" method
and the "Array" method are considered. The concept of
applying fast Fourier analysls to a single event at each
station over an entire array 1is developed with the emphasis
on the physical meaning of two-dimensional maps represen-
ting the spatial variations of a magnetic event. Separa-
tion of the total field into its internal and external
parts 1is discussed on a global basis (Rikitake, Yokoyama
and Sato 1956, Lahiri and Price 1939) and over a plane
surface (Siebert and Kertz 1957, Weaver 1963, Oldenburg
1969). Knowledge of the external fileld makes possible
study of the morphology of the source of tiae magnetic
event. Knowledge of the internal field makes possible

the accurate location on the map and estimation of maximum
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depths of regions of enhanced conductivity within the

Earth.

1.1 The nature of the geomagnetic depth sounding problem

The inducing field is usually of global dimensions
but much interest lies in local variations of the magne-
tic field over a few tens of kilometers. The sphericity
of the Earth can be neglected in such studies and the
Earth treated as a plane-surfaced infinitely large con-
ductor having some non-uniform distribution of conductivity.

Even if the inducing field can be taken as uniform
over an area, the strength of the induced currents 1in
that area is not completely determined by the inducing
field and the ground conductivity in the immediate
neighborhood. The strength of the induced currents
depends on the distribution of the entire inducing field
and the geometry and conductivity of a conductor over
a region of similar dimensions as that of the inducing
rfield (Dyck and Garland 1969). The geomagnetic depth
sounding problem then 1s the determination of the re-
distribution of some extended system of induced currents

by local differences in conductivity structure over that

surface.

1.2 "Flat-Earth" model with uniform conductivity

Most of the induction theory presented here 1s
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due to Price (1950, 1962).
For the "flat-earth" or infinite half-space model

Maxwell's equations reduce to:

VxE = _QE outside the VxE = _QQ inside the
ot ot
UxH = 0 conductor UxH = 47J conductor
v.B =20 (z<0) v.B =20 (z>0)
v.D = 0 v.D = 0
J = oE

electrical field intensity (volts/meter)

= magnetic field induction (webers/m?2)

= dlelectric displacement (coulombs/m?2)

e >R & B v B ©

= magnetic field intensity (amps/meter)

and €, y and o are spatially dependent functilons.

The surface of the conductor is represented by the
z = 0 plane and z 1s taken positive downward. By taking
the curl of Maxwell's equations and neglecting the dis-
placement currents both inside and outside the conductor

the resulting wave equations reduce to

V2E = 0 z<0 (Laplace's Equation) (1.1)

1}

0
V2E Uno(z)uE z>0 (Diffusion or (1.2)

Induction Equation)

It can be shown that since ¢ = ¢(z) only, all

currents will flow parallel to the surface of the conductor



and Ez = 0 everywhere in the conductor. From V.J = 0

for (z>0),
o(aEx . aEy . aEz) -z 3
9x oy 02 Z 92
and therefore
E 9E
_X ¥ =
5% + 3y 0 . (1.3)

Let the electric field be of the form

B(x,y,2,t) = 2(z,t)F(x,y) (1.4)

where (1.3) becomes

B(x,y) = (g—‘;- , 2B | 0) (1.5)

3x

implying that the electric field is derivable from a

scalar potential P(x,y). Substituting (1.4) into (1.2)

and separating the variables

1 (3%F , 3%F, _ 1 3Z 322, _ .2
F laxz + ay7) = 7 Ulmou 3¢ - 57} = -k

where k2 is a constant of separation. The governing

equations inside the conductor to be solved then are

2 2
%;g + %yg + k2P = 0 (1.6)

for the horizontal field and

12
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2
%E% = {k? + 4myuo é%} A (1.7)

for the vertical field. Equation (1.6) also holds for
z<0, For 2z<0 the Z equation 1s

922
327 " K2

with the solutlon

-kz

3(z,t) = c(t)e % + D(t)eX? .

If the conductivity, o, is a constant and the

field 1s assumed to be harmonically varying with time

dependence eiwt, equation (1.7) reduces to

2
gt%- = 922 (1.7a)

where

82 = k? + ilbmpwo

with the solution

7 = ae"ez + bed% (1.7b)

As 2z + » the electric field must go to zero, thus b must

be equal to zero. Then

-(kz) kz)eiwt

Z(z,t) = (Ce + De z<0

Z(z,t) = ae~92Zelvt z2>0
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are solutions to the vertical field.
Above the half-space (2z<0) the excernal field
can be written as the gradient of a scalar potential

Q, which satisfies Laplace's equation. H = -VQ where

Q = {Aexp(-kz) + Bexp(kz)}P(x,y,t:)ei""t . (1.8)

(Price, 1967).

Physically the term A exp(-kz) 1s the contribu-
tion to the potential due to electric currents in the
ionosphere, and B exp(kz) 1is the contribution of the
induced currents within the conductor to the fleld outside
the conductor. The modulus of B/A 1is the fatio of the
amplitude of the induced magnetic field to that of the
inducing field, while arg(B/A) 1s the phase difference

between the two flelds.

Price (1967) computed the effect of the source
field in the table below on a "flat-earth" model by use
of an induction parameter B = Ymuow/k? where o is the
conductivity of the half-space, w/27 the frequency of
the inducing fleld and k = 2n/)x where )X 1s the wave or

scale length of the fileld.

TABLE 1.1

B 0.01 0.25 1.0 4.o 25 100

Mod (B/A) 0.0025 0.065 0.22 0.48 0.75 0.87 1.

Arg (B/A) 90° 77° 66° 390 16° go

00

0o
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It seems then that induction becomes important only

when B831. B »100 represents nearly complete control

of the induced current by self-induction. The phase

differences are seen to decrease as B lncreases; small

phase differences imply that self-induction 1s the

dominant mechanism, while large phase differences imply

that Ohmic resistance is the dominant mechanism.
Combining (1.7) with VxE = - 3t - T pH and using

the harmonic time dependence, the external field becomes

= - K -kz pokzy 3P 3P -kz, . kz,q_ 1wt
H = - g5 [( Ce " +De™™) (55,550, kP(Ce ""+De™") Je .
(1.9)

The boundary conditions are that the tangentlal component
of H and the normal component of B be contlnuous across
the interface. Applying them to the solution of (1.7)

and comparing (1.8) to (1.9) produces the coefficients

c = - lwed -5 luwB (1.10)

which when substituted into (1.9) give

H = —[(A+B)(%§,g§), kP(-A+B)]elw® (1.11)

on the z=0 plane. The inducing fileld was

3P 3P lwt
=% ASy» kAPJe . (1.12)

H=-[A 3y
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Figure 1.1 Induction in a conductive half-space.
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Comparison of the coefficients of (1.11)and (1.12) shows
that the induced horizontal components add to the in-
ducing field and the induced vertical component opposes
the inducing vertical field. From Table 1.1 1t can be
seen that if B + », B + A so that in the limiting case
of very high conductivity the magnetic fleld for any

finite wavelength 1is

- 3P 3P
H = - [2A3, 2A35 0] . (1.13)

The horizontal components are then doubled while the
vertical field components are cancelled.

The above result (1.13) can be illustrated graphi-
cally by the use of images. If an external line current
source is taken above a "flat-earth" model (infinite
half-space) it produces an image of itself the same
distance below the boundary with an opposite direction

of current flow (Fig. 1.1)

1.3 Plane-layered model with uniform conductivity

The spatial configuration of the surface fleld on
the z=0 plane can be expressed as a spectrum of spatial
wavelengths with a coefficient representing the amplitude
of each. Let S(k) be the ratio B/A (see section 1.2) of
the internal to external tangential fields at the surface

of the conductor for one particular frequency component.



Figure 1.2 Plane layered conductive model.
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This ratio will vary from zero for an insulator to one

for a perfect conductor. Let
T(k) = [1 - s(k)]/[1 + s(k)] . (1.14)

The potential of a magnetic field at the boundary
plane of a half-space filled by M plane layers of various
cbnductivities with the last layer extending to infinity
(fig. 1.2), can be expressed in a different form than

equation (1.8) (Schmucker, 1969)

Q(x,y,z,t) = [ J{E(K,t) exp[i(ﬁ.;) - kz] +

-0 =00

+ I(k,t)exp[t(k.? + kz)]}dxdy (1.15)

> > ’
with k.r = kxx + kyy.

k = + /kx2+ ky2

The field is harmonic with timedependence e1mt

and E and

I are the external and internal coefficients.

The X, Y, Z field components at the surface of

the substratum are:

X = -1k, (E + 1)
Y = -1k, (E + I) exp[1(k.?)] . (1.16)
2 =%k (E-1I)
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th

The field inside the m layer 1is

X = -1 k, f_'(k,t,2)

Y o= -1 kg £kt 2) 1/w exp[1(k.?)]  (1.17)

Z = +k f_(k,t,2)
-1
where fm' = -k dfm/dz , and fm satisfies the diffusion

equation (1.7a).

o= 4/ k¥ 1hmuo = Tek® 41 5k (1.18)

where J2= k" + (“ﬂwom)z .

em then 1s the propagation constant of the downward diffus-
ing field in the mth layer. By analogy with (1.7b) a general

solution to (1.7a) for the mth layer 1is:

fm(k,t,z) = Am(k,t)exp(—kmz)+Bm(k,t)exp(kmz)

with
£ =f 08 G (z)/k (1.19)
where -emz emz
6 () =m® " PmC® (1.20)
m A, e~om% 4 B, e m?

Two 1limiting cases of physical interest will now be con-

sidered. If the skin-depth value of the mth layer 1s



21

large compared to the fleld wavelength 1i.e. Pmk>>1

where P_ = (Hnuwom)-%, then (1.7a), with

fm =z, em= k , reduces to

32 .
M . k2f
9z? m

and the incident field penetrates éhrough this layer
as i1f it were non-conducting. The result at the other
limit, P k<<1, implies 8y = (1+i)/Pm i.e. the attenuation
1s a skin-depth effect independent of k.

From the boundary conditions at the z=0 plane

the ratio of internal to external parts

S(k) = I(k,t)/E(k,t) = g%%%%%%%% (1.21)

which is the same for both the horizontal and vertical
components of the field. X and Y then can be considered
as components of a horizontal variation vector H with

kx k
X = 4 H Y = L H . (1.22)

From (1.17) it follows that

Z/H = 1 T(k) (1.23)

where
- S(k) k

1
T(k) = I¥8) = 6,6, 000 °
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The internal electric field vector
E = 1f_(k,t,2) exp[1(k.7)]

has components

k
a Y a . X
Ex " E Ey i E . (1.24)

Since B is orthogonal to ﬁ, combined with (1.18) and

(1.19)

from (1.22), letting m=1,

_ iw _ 1wT(k)
= 5,6:(0) - Tk (1.25)

E
H

which 1is the surface impedance for z=0.

As seen from (1.17) and (1.22) the spatial gradients

of the horizontal field at z=0 are

OX , 2Y _ L T
3% + 3y - ikH , 3z G; (07 ° H

and when combined with (1.23) and (1.24) give relations

which will be used in explaining the two-layer model

3X , Y _ i _ _ 9, 'E
Xt sy = 1610z, §5 = = . (1.26)
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To determine the vertlcal function, the continuity
condition for the magnetic field vector at the inter-

face z2=z 1 is again used to give the relation
eme(Zm+l) = em+le+l(zm+l) *

With 22041 equation (1.20) when expressed in terms of
hyperbolic functions ylelds the basic recurrence formula
for plane conductors (Wait 1953), so that Gm(zm+l) is

now expressed in terms of Gm(zm). Writing d =z ., - 2,

th 8 G (z

layer with C m+1%m+1

for the thickness of the m

m+l- m+1’

C + 0_ tanh (6.4 )
+
G (z ) = - M mm_ (1.27)
6, * Cm+l tanh (emdm)

Equation (1.27) can be solved by applying the con-
dition that no induced currents are produced in the layer
extending to infinity, therefore for d, - « equation (1.27)

reduces to

Gm(zm) =1 for z 2z

Now equation (1.27) can be solved by successive substitu-

tions, starting at the mth layer where Gm(zm) =1 ¢to

the surface where G,(0) is obtained from magnetic recordings.
Application of limiting cases of the skin-depth

value of the mth layer yields, after Schmucker (1964),
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C -6
+1 m
G (z_) = 1 + 2{-022 exp(-2 6.d ) (1.28)
m'™m A Cm+l + em mm
for |emd|>>1 the case where the skin-depth value of the
mth layer 1s small compared to its thickness. The equa-

tion (1.28) indicates that there will be little penetra-

tion of thils layer by the incident field.

For most magnetic events used in geomagnetic-depth

sounding the relevant limiting case 1s

d << p(skin-depth) <« k-l
which implies that (emdm) is small and that the approxi-
mation tanh (x) = x may be used to obtain

2
G (z ) = Cm+l + em dm
m "m em(l + Cm+ldm7

(1.29)

which gives a good working approximation for Gm as a

function of depth.

1.4 The two-layer model

The model used most frequently in the initial inter-
pretation of depth sounding results 1is the two-layer model
elther with uniform conductivity or non-uniform conducti-
vity. Thils section will treat the uniform conductivity
case and show that depth sounding and magnetotelluriecs

are theoretically comparable in this limit.
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''he model to be treated can be described as a
uniform plane substratum.of conductivity O that 1s
covered by a poorly conducting layer extending from'
2z, = 0 to z2 = h. The incident fleld penetrates
through the top layer with little attenuation, while
its depth of penetration into the substratum is small
compared to its spatilal wavelength 2n/k. Use of the

relations
8, = k(kh << 1) , 82 = (1+1)/pc
to substitute into equation (1.29) gives, with ca= k,
G;(0) = 62/k(1 + 8,h) = 1/k.c . (1.30)
The complex-valued parameter
c=h+%p, +1%p, (1.31)

where P is the skin-depth, then determines the surface
impedance and the relative magnitudes of the vertical

fields as functions of frequency. The ratios

E/H = 1wc

z/H = -ike (1.32)
. (3%, 3Y

yA = ¢ {ax + ay}

are a result of combining equations (1.25) and (1.26)

and recognizing that T(k) = k.c.
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If the ratio E/H or Z/H is measured over a sub-
stratum then 1t 1s possible to compute its depth and

conductivity uniquely; thus

h =« [Im (E/H) - Re (E/H)] ,
(1.33)

P, =w 2 Re (E/H)

for the two-layer case.

It 1s seen then that the real part of ¢ (out-of-
phase £/H or Z/H) represents the mean depth of the inter-
nal eddy currents, while the imaginary part of ¢ (in-phase
E/H or Z/H) yields with P, the ambient conductivity at

that depth. The height
*
h = h + ;ﬁ pc (1031")

can be thought of as the "depth of a perfect substitute
conductor". A multi-layered substratum is indistinguish-
able from, and therefore replaceable by, a uniform
conductor at that depth h* as far as its response to a
single frequency component of the incident variation
field 1s concerned. This equivalence makes the two-layer
model very useful in the interpretation of deep sounding
results in the frequency domain.

Since E/H and Z/H must always be positive or zero,

*
h in (1.34) must also be positive or zero implying that



Filgure 1.3 Depth, h*, of a "perfect substitute
conductor" at various frequencies for
Lahiri and Price Model d of the Earth:
after Schmucker (1969).
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the out-of-phase component of E/H or Z/H will give the

depth to a perfec£ substitute conductor
* =1
h =@  Im (E/H) (1.35)

while the in-phase component gives the apparent conduc-

tivity

o, = wi8n[Re(E/H)]?) (1.36)

at that depth. Fig. (1.3) from Schmucker (1969), shows
h* versus o for a variety of frequencies for the Lahiri
and Price model d conductivity distribution.

The magnetotelluric definition of the "apparent
resistivity" (Cagniard (1953)) 1is based on the modulus
of the impedance and would yield as the apparent skin-

depth value the modulus of c /2.

1.5 Electromagnetic induction in non-uniform conductors

This section will deal with the effect of lateral
conductivity inhomogeneities upon the surface magnetic
field variations. This type of structure can be delineated
very well by the G.D.S. method with respect to its strike
and lateral extent, and to some degree to its depth.

The following treatment 1s restricted to essentially
a theoretical representation of the first order effects of

lateral conductivity inhomogeneities on the surface field.
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Hence only the two-dimensional'case need be treated.
Since the anomalles will be considered in two dimensions,‘
only one component of the horizontal field and the
vertical field will be necessary to describe the induc-
tion process completely. For ease in going from theory
to interpretation of results in later chapters, z will
be taken as positive down and y is parallel to the change
in conductivity, grad o.

Two distinct types of anomalies will be treated even
though other types of anomalies and combinations of

anomalies exist. The surface anomaly 1s due to super-

filcial conductivity variations in the crust. These
anomalies are of interest in upper mantle investigations
mainly because they can shield lateral conductivity
changes 1in the upper mantle and cause misinterpretations
of upper mantle conductivity structure. This shielding
effect seems to have been in evidence along Caner's (1967)
profile which was operated to map the northward extension
of the Rio Grande anomaly. In the Uinta Basin in Utah
deep conducting sediments cause phase anomalies without
appreciably attenuating the effects of upper mantle
structures below (Reitzel, Gough, Porath and Anderson
(1970); Chapter 4 of this thesis). The North German
anomaly 1s now known to arise from shallow sedimentary

conductive structures (Vozoff and Swift 1968).



Figure 1.4 Conductive sheet, insulating crust and

conductive mantle.
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The second anomaly to be treated 1s produced by
lateral conductivity inhomogeneities in the upper mantle,
which can be represented by a perfect or nearly perfect
conductor with an undulating surface. Thils second type
of anomaly 1is of direct importance to the upper mantle

investigator.

Either type of anomaly following Schmucker (1969)
can be thought of as the resultant of two different kinds
of anomalous fields. The first kind arises from the
induction of local czurrents, and production of associated
anomalous internal fields, by the mainly horizontal
"normal" field at the structure, and 1s represented by
the transfer functions hH’ Zys Ay (Schmucker 1969). The
second kind results from normal induction in the horizon-
tally layered parts of the structure by the inducing 2

field and 1s represented by h,, z,, q,.

Surface Anomalies
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The model considered (fig. 1.4) has a surface sheet

and an underlying conductive half-space separated by an
insulating layer. The surface can be represented by a

non-uniform thin sheet with a variable total conductivity

J(y) =3+ 3,"(y)
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where J 1s the integrated conductance 1in a sheet of

thickness d,

d
J = f o(z) dz
0

in the z = 0 plane. Price's (1967) boundary conditions
for the anomalous part of the variation field above (+),

and below (-) a thin sheet give

d + - + - 14J _ =
ay (H," + H,7)=(H" - H) - 7 iy - dniw([JZ + J,2]

(1.37)

in two dimensions ... 3 is the x-component of the normally
induced sheet current density for Ja=0 and can be denoted

in normalized form

Q=2n3/8t = (8 -8 . (1.38)
Equation (1.38) can be replaced by the approximation
2Q = in /(1 + ing)

where Ng is the pertinent induction parameter. Ng taken

in the source field free l1limit 1s
ng = Yrwoe

and the complex-valued c is given by equation (1.31).
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The superimposed anomalous part of the induced sheet-

current density is
+ -
Jg = (Hy = H )/ln

where Ja is the result of both the first and second

kinds of internal field

217, = quft + q,2 . (1.39)

Equation (1.39) can then be expressed as

4

ay [(Q@ + qy)/3] = 2niwzy

(1.40)

|a

(qZ/J) = 2ﬂiw(zz + Ja/J)

Q,

y

for the anomalous variations of the first and second kind
respectively. The boundary conditions, equation (1.40),

can be integrated in closed form to yield

- y
QH(Y) = Q-Ja(y)/(J) + 2niwd(y) ; ZH(E)GE
° (1.41)

y |
az(y) = 2nid(y) J [z,(8) + J_(§)]ag
yO

where Yo 1s some distant point on the negative y-axis

and Za(y) 1s zero for y o Yoo
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A relaxation method suggested by Price (1949)
when applied to equation (1.41) will give the induced
field above an area where the conductivity distribution
near the surface 1s well known. The stratified deep
conductivity structure enters the problem as a free
parameter to be adjusted to yield the best fit to the
observed anomaly. Price suggested two approximation
methods to solve the problem; 1) to neglect self-
induction, 2) to neglect the Ohmic resistance. These
approximations are complementary so that if the first

does not lead to converging approximations, the second

will do so.

Undulating Surfaces

The treatment presented is in the main that of
Schmucker (1969) and Rikitake (1965).

Lateral conductivity inhomogeneities in the upper
mantle cause a variable depth of penetration from place
to place for a given frequency of a magnetic variation

field. This variation could be the result of an undu-

latory depth
h'(y) = h' + n_(y)

of the "perfect substitute conductor". Since the tran-

slent magnetic vector above this conductor must be
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tangential to its surface

dh'
ay - (Z + Za)/(ﬂ + H) . (1.44)

The family of field lines that satisfy the boundary
condition (1.44) and do not intersect the earth's surface,
z=0, form the possible interfaces between non-conducting
and perfectly conducting material. The field lines must
also satisfy the condition that they merge with a pre-
conceived normal level for the perfect substitute conduc-
tor, h', some distance from the anomaly. pj' can be
computed from the equations developed in sections (1.3)
and (1.4).

The downward extension of the variation fleld 1s
carried out separately for its normal and anomalous parts.
If the anomalous part really is of internal origin, then
i1ts downward extension is straightforward. The anomalous
field can be expressed at z=0, by a series of spatial

harmonics, if a sinusoidal field distribution,

H(y) = ¢ . exp(iky), 1is assumed

RN
. exp [n k (1y + z)] . (1.45)

r ~-iC
a n IJ

o~
[}
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Also any attenuation by a surface conductivity layer
is disregarded, that is the shielding effect upon H
1s small. The slope of the field 1line Z(y) = h'(y)
passing through the point (y,z) follows from equation
(1.44) as

dh' _ Za(y,h') - ha(y) 3f/5y

(1.46)
Iy Hy(y,n') + Q'R

The entire set of fleld lines can be put together
by graphical or numerical methods, starting with h'(y)=
h' a point distant from the anomaly. The time functions
of equation (1.46) must be roughly in phase, meaning that
the attenuation 1n the surface layers 1s small as required
initially. The argument of Q', given by tan™t (-ng) 1is
then small compared with unity. Therefore this type of
interpretation applies to cases where self-induction is
dominant, that 1s to deep conductors of large radius and
high conductivity.

Schmucker (1969) considers a sinusoidal induction

anomaly of the form

Ha(y, 0) = C sin (k,y) 3

z,(y, 0) = -C cos(k,y) R (1.47)

with the conduction 38/3y = 0 .



Figure 1.5 Rikitake's model (1965).
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Substituting equation (1.47) into (1.46) gives

C cos(k_ y) exp (k_z)
dz _ _ a 2 (1.48)

dy Q' + C sin(kay)exp(kaz)

B = exp (kaz) .

The transformation v=exp(—kaz) allows equation (1.48)

to be solved analytically. The solution:

Z(y) = 2(0) - 67%— sin(kay) exp (kaz) . (1.49)
a

In the limit kaz<<l the sine term will predominate
giving sinusoidal oscillations, while the limit kaz>>1
produces oscillations in the form of square waves. The
field lines oscillate asymmetrically about Z(0).

Rikitake (1965) used a different method to study
lateral conductivity inhomogeneities from the standpoint
of sinusoidal undulations of a perfect substitute conduc-
tor. He assumed the surface of the conductor to have a
sinusoidal dependence and then analysed the effect of an
incident field on the undulations, whereas Schmucker
assumed a sinusoidal anomalous field and continued this

field downward to formulate the nature of the undulating

conductor.
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Rikitake (1665) let the surface of a conductor
~ be represented by the function z = f(y) on which the

potential of the induced magnetic field can be defined

as (see fig. 1.5),

W= LC e "% sin ny .
n

Since the normal ccmponent of the magnetic field at the

boundary must go tc zero,

-H sina + Hiz cos a+-Ho sin ¢ = 0

iy
on z = £(y)

the cosine and sinz terms are given by

cos a = (1 + f")"li

sin a £r(1 + 15")-;i

f! = df/dy .

The assumption of z surface f(y) = h cos y leads to a

set of simultaneous equations which can be solved for

Cn
g n Cn(h Tnl- Snn) = Ho hn for N =1
(1.50)
Tt n Cn(h Tnx' SnN) =0 for N > 1



4o

where
T rhcos
SoN =/ e’ Y sin ny sin Ny dy
-1
T _-hn cos y
TnN = [ e sin y cos ny sin Ny dy .
-

If h = 0.1m, the coefficients converge and give a fileld
distribution similar to that of Schmucker within the

prescribed limits of ratios of the fileld variation to

the height of the undulations; h 0.1w and kaz<<1

are equivalent 1limits that give the same sinusoidal
oscillations. Rikitake's results for the undulation
problem give a maximum of the horizontal inducing field
above tre undulation and a slightly asymmetric induced

vertical field with a transition from positive to negative

directly above the undulation.

1.6 Source fields

Perturbations of the magnetosphere by external
sources produce currents in the ionosphere and magneto-
sphere that cause changes in the Earth's magnetic field.
These magnetic variations can be characterized by the
vector field, its time duration and its geographic extent.

Schmucker (1969) shows that polar magnetic sub-
storms have frequency components and amplitudes such

that the depth of penetration 1s limited to 600 km.



Currents above this limiting depth give magnetic field
components which can be detected on the Earth's surface,
making events of this type 1deal for upper

mantle studles. Substorm fields are of large extent and
consequently sultable for study of structures across a
continent. The morphology of substorms (Rostoker 1966)
is known to such an extent as to permit one to make
rough theoretical estimates of the character of the
external fleld of a particular event.

Bonnevier et.al. (1969) suggest that the parts
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of the currents, associated with polar magnetic substorms,

whose fields are important at the Earth's surface, can
be represented by a three-dimensional current model
(fig. 1.6). The currents are: 1) a current flowing
downward along a geomagnetic field line into the 1iono-
sphere, 2) an intense westward electrojet, 3) a return
field-aligned current. The closed loops extending out-
ward from the westward electrojet can be taken as
parallel to the Earth's surface and roughly aiong a
geomagnetic equipotential. The gradient across these
equipotentials represents the external horizontal mag-
netic variation observed on the Earth's surface.

The line labelled AD = 0, fig. 1.6, 1is the

demarcation line of a substorm (Rostoker, 1966). That



Figure 1.6

Possible currents in a polar magnetic

substorm. After Oldenburg (1969).
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POSSIBLE CURRENTS ASSOCIATED
WITH POLAR MAGNETIC SUBSTORM




1s, stations east of this line will observe a negative
D bay and stations west of this line willl observe a
positive D bay. Rostoker (1966) has shown that if the
current system itself moves, some stations will observe
a transitional bay, 1.e. the demarcation line moves
from east to west across the stations.

The current model predicts that the character-
istics of a substorm can be expected to vary with
geomagnetic latitude, as has been observed for many
years. In the auroral zone where the electrojet 1s
dominant, large negative-H bays will occur with positive
Z components to the north and negative Z to the south of
the auroral electrojet.

In mid-latitudes positive-H bays and negative-2
bays are to be expected if the perturbations are caused
only by the auroral electrojet. Also the intensity of
the substorm should decrease as we proceed south of the
current system. The horizontal field should also become
more uniform. Exceptions to this general situation occur
during particularily intense storm activity, when 1t 1is
possible for the current system to move southward and
broaden itself to such an extent that observations at

mid-latitudes show a southward increase of H (fig.4.12),



In a storm southward increases of H may arise from the
field of the ring-current in the magnetosphere, but 1in
mid-latitudes this increase will amount to only about
five gammas.

Rostoker (1968) has stated that the onset of a
polar magnetic substorm is always accompanied by at
least two distinct P12 micropulsations which occur
almost simultaneously at stations hundreds of kilometers
apart. Thus the onset times to within 30 seconds for a

substorm can be obtained from magnetograms which clearly

show these micropulsations.

1.7 Two basic geomagnetic depth sounding methods

The two main methods of GDS investigation are
the "Base station" and the "Array" methods. The high
cost of magnetometers and field programs limlted most
of the early work in GDS to the "Base station" method.
Schmucker (1964) and Caner et al. (1967) carried out
extensive programs in the western United States with
this method.

The design and construction of a low-cost three
component magnetometer by Gough and Reitzel (1967)
permitted the "array" method to be employed in the

western United States. The writer was a collaborator

by
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in the first field program employing this method.
Forty-two magnetometers were used in the western

United States during the summer of 1967 (Reitzel,
Gough, Porath and Anderson 1970). The array method
allows simultaneous recording of the same variation
event over an area, with concentrations of magnetometers
over suspected anomalous zones. A further advantage of
the array method is that it makes possible a formal
separation of three components of a varlation field
into internal and external parts by the use of surface
integral methods developed by Vestine (1941), by Price
and Wilkins (1963) and by Weaver (1963) and applied by
Oldenburg (1969), Porath, Oldenburg and Gough (1970)

and the writer.

Base station method

Geomagnetic depth sounding investigation by the
"Base station" method proceeds by recording different
magnetic events of the same type, such as bays and sub-
storms, at different locations in a specified area where
a permanent observatory is located or where a portable
magnetometer remains fixed during several events. The
analysis of the magnetograms 1s then directed toward a

statistical correlation between the anomalous and normal
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parts of these events. At each survey station a 3x3
matrix of transfer functlons is obtained, connectlng
the components of the anomalous and the normal magnetic
variation vectors at that site in the frequency domain.
Schmucker (1969) states that these transfer functions
will give the proper statistical basis for the subse-
quent interpretation of the induction anomaly in terms
of internal conductivity structures.

The spatial configuration of the primary inducing
field is essentially ignored by this method, which 1is
thus limited to mid-latitude and equatorial areas where
the external field can be assumed to be more or less
uniform. Porath et al. (1970) have shown that even in
mid-latitudes the external field can be far from uniform.
The "Base station'" method 1is definitely limited in
determining the anomalous and normal fields, since this
analysis is a function of the detailed knowledge of the
large scale varlation f1eld which may have scale length

of order 7,000 km.

Array method

The "array" method proceeds by locating many
magnetometers in a specified area (in our case h2

magnetometers in a 700 km. by 1,300 km. area) which
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remain fixed at their sites for several magnetic dis-
turbances. The investigator may allow his station
spacing to vary as he wishes, but the lLocation of the
station with respect to anomalous structures cannot be
as arbitrary. Other geophysical and geological data
can be used to determine zones of possible anomalous
substructure, thereby allowing concentrations of stations
in these zones to obtain as much information as possible
about the suspected anomaly. The ideal method 1s to
operate an exploratory array first to determine .the
location of the anomaly, then to use a more concentrated
array in the anomalous zone.in a second investigation.

If separation is to be attempted control stations
at large distances from the anomaly, preferably in normal
areas, should be operated to give a good representation
of the external fileld with respect to its scale length.
Scale lengths of magnetic variations 1in mid-latitudes
are typically of the order 7,000 km. (Schmucker 1964,
Porath et al. 1970).

The first order result of the "array" method 1s
a two-dimensional picture of a single magnetic distur-
bance over an area of large extent. The disturbance can
be Fourler analysed at each station to glve its spectral
components. The amplitudes and phases of spectral com-

ponents when plotted on maps give a two-dimensional
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picture of their variation across the array at a
particular frequency. Section 1.8 will go into more
detail about such Fourier transform maps. The "array"
method also shows that much additional information can
be obtained from the anomalous horizontal flelds induced
by the normal external horizontal flelds over local
internal conductors, with thé strike of the conductor
along the locusof the change of gradient of the anomalous
horizontal field. Both the horizontal and vertical
components map boundaries of the lateral conductivity
inhomogeneities with greater accuracy than most methods

of upper mantle investigation.

1.8 Fourier transform maps

The diffusion of the external magnetic field into
the Earth, the diffusion of the filelds of the internal
eddy currents and the induction process in a conductive
structure are all dependent on the frequency of the
external magnetic variation field. The relation between
the external and internal fields, whose vector sum forms
the variation field observed at the surface, is also a
function of frequency. Therefore more information can be
obtained from the amplitude and phase relations at par-
ticular frequencies than can be extracted from the

originai data in the time domain. Thus the concept of



a two-dimensional representation of these spectral
components at a particular frequency, w , can be
thought of as a direct consequence of the "array"
concept toward better determinatlons of the Earth's
conductivity structure. This use of Fourler transform
maps was developed by Reitzel, Gough, Porath and
Anderson (1970).

A 1limited area of the Earth's surface can be
represented by a plane, z=0, upon which observations
of the magnetic variation field at many statlions are
to be made. Spectral estimates of a component, X(t),
of the variation field can be determined at each of
these stations 1in accordance with the equations

J

X, = L 5 ox(t) e tuwt g¢ (1.51)
m

or replacing the integral with a sum of finite terms,

N-1
XJ = Lk a, + kEl(ak cos(lﬁg) + bk sin(ﬂﬁk))
+ 3 ay (-1 (1.52)

where J = 0,1,2, ... 2N-1 give 2N real numbers

0r X1 Xos +o0 Xon_1s

and cosine series coefficients ags a7 bl’ a5 b2, .o

which computes the Fourier sine

X X

ay_1 bN-l’ ay- The relations

b9
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Ak = /ak2 + bk2

by
Arctan (=) = @
ak k

give the amplitude and phase of the magnetic variation
X(t) at a particular frequency component k, respectively.

For a particular frequency component k, the
values Ak and ek at each station can be plotted on a
map and contoured using linear interpolation as an
approximation.

If one dimension of an anomaly 1s no greater
than the corresponding dimension of the array, then
this anomaly will produce gradients in the amplitude
maps that can be interpreted qualitatively in terms of
conductivity structure. These gradients would be due to
internal currents rather than external sources because
the external sources vary fairly smoothly across a mid-
latitude array (section 1.6). Although the smoothness
of the fields decreases toward the auroral electrojet,
the gradients produced by major conductivity changes
may still be distinguishable in maps of unseparated
Fourler transform parameters.

The phase is complementary to the amplitude 1n
the same manner as the sine and cosine transforms are
complementary. Thus an anomalous field gradient may be

observed in the phase maps while 1little or no anomalous
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behaviour 1is detected in the amplitude maps. The phase
maps can contain information that may confirm interpre-
tations made from the amplitude maps. An example of
such a confirmation follows. Lateral conductivity
inhomogeneities can often be modelled by a step structure
that should produce an asymmetry in the Z amplitude maps
across the step structure. If an additional hump is
placed on the edge of this step then a reversal should
occur in the Z component. Since the phase maps contain
information about the sign of the anomalous field, the
reversal of Z should appear as steep gradients in the 2
phase maps. This was exactly the case when the Wasatch
Front anomaly was being interpreted from amplitude and
phase unseparated maps (Chapter U4).

The amplitude and phase unseparated maps allow
a good first interpretation of anomalous fields in terms
of conductivity structure on a qualitative basis.

The numerical magnitudes of the sine and cosine
transforms (sine and cosine Fourier coefficlents) have
physical meaning only in relation to the sign and
magnitude of the spectral component concerned at the
start of the time interval, T, transformed. A change
in the starting time will change the relative magnitudes

and signs of the cosine and sine transforms, and the



distribution of a given spectral term of the time
series between the cosine and sine coefficients.

In order to separate the total field into its
external and internal parts in the frequency domain,
the sine and cosine transform maps of each must be
separated independently because the surface integrals
used for separation can only be applied to fields in
constant phase across the map. The separated components

can be later recombined by the relations

\ \ % sin Fe
Fo= (cos Fo + sin Fe) 5 Arctan(aag—ﬁ—) = ¢e
(1.54)
\ , Y sin F1
F;= (cos?F; + sin?Fy)~ ; Arctan(ags——F—i) = ¢y

where F  and F, are the external and internal amplitudes
and ¢e and ¢1 are the external and internal phases,
respectively. The variation of Fe across the map should
in general represent the external variation fileld on the
z=0 plane due to currents flowing in the ilonosphere plus
the fields due to normal internal currents in the highly-
conducting mantle. The variation of Fi across the map
should represent in the main the magnetic field on the
z=0 plane due to internal currents flowing in the Earth.
Non-uniformities in these eddy currents reflect non-

uniformities in the conducting substrata. Quantitative
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estimates of the depth and conductivity of these non-
uniform conductors can be made by use of the equations

presented in sections (1.4) and (1.5).

1.9 Separation of the magnetic fields

Separation of a magnetic field into its internal
and external parts was first accomplished on a global
basis for the main geomagnetic field by Gauss (1839)
and later for time-varying fields by Chapman and Whitehead
(1923), Lahiri and Price (1939) and others. Separations
of local magnetic fields on a plane have been carried

out by Siebert and Kertz (1957) and by Porath et al.

(1970).

Global separation

Global separation requires the fitting of a mag-
netic field known or assumed over the Earth's surface
to a number of spherical harmonics and the estimation
of contributions to each harmonic from external and
internal sources. The most general spherical harmonic
representation of a scalar potential from which surface
magnetic fields on a sphere can be derived is of the

form (Chapman and Bartels 1940)

@ n
V=a I I pnm(cose)[{cnm(r/a)n + (l-Cnm)(a/r)n+l}

n=0 m=0

x A™ cos mo + {snm(r/a)n+ (l—snm)(a/r)n+1}Bnmsin m¢]

(1.55)



a = the radius of the Earth

r = distance from the center of the Earth
cnm and snm represent fractions of the harmonics of
cos m¢ and sin m¢ between zero and one which are due
to sources outside the sphere. If the radial gradient
Z = %¥ (the vertical field measured at the surface) is

known it can be expanded in spherical harmonics

b n
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v = I r P m(cose)(anm cos m¢ + Bnm sin m¢).

r r=a n=0 m=0

(1.56)

Equation (1.55) can be differentiated with respect to r,

with r set equal to a. Comparison of this result with
that of equation (1.56) will give the values of the
coefficlents cnm and snm. The coefficients Anm and
Bnm are found from the northward, X, and eastward, Y,

field components, since these and not the potentlal

constitute the observed data:

Yreg = (- F_E%HE %%)r=a= s}ne ; g an(mAnm sin m¢ -
n=0 m=0
mBnm cos mé)
m
© dp
= (1 3V g n m m
Xr=a = (& 36)I‘=a z X 30 {An cos mo + Bn sin m¢}

n=0 m=0



Y gives the coefficients most easily but a comparison
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of those derived from X provides a check of the analysis.

This method is not applicable to analysis of
local fields mainly because it would require too many
harmonics to determine the potential accurately enough

over a limited area.

Price and Wilkins (1963) made a three-dimensional
separation of a surface magnetic field by use of surface

integrals. The event analysed was the Sq field of 1932-

1933. The horizontal components of the Sq field were

interpolated using a necessary condition for a potential

field, that the line integral of magnetic force around
any closed contour on the surface was equal to zero.
This relation can be found by applying Stokes' theorem
to the curl-free condition Vv x H = 0, where H is the
horizontal field. A grid was then drawn with 10°
latitude and 15° longitude intersections and values of
the field were found at the grid points. Once a po-
tential was given an arbitrary value at one point; the
potential at all other points could be evaluated.

The separation is based on the relation

3 3 (1
EH(V‘VO)’(V'VO)5H(F)}dS

e L

1
(Ve - Vi)A VO t 57 é {

(1.57)
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V_ = arbitrary constant

o

R = normal to the surface at dS

r = distance from point A to the surface
element dS

S = any closed surface

Vv = Ve + V1 = the total potential

due to Vestine (1941). This integral was used by Price
and Wilkins to compute the difference between internal
and external parts of the potential at any point A on

the surface. If the surface S is a sphere equation (1.57)

reduces to

V + 2alZ
Ve = Vy)g = [ ~Tmar ~ % -
7 = inward normal component of force
a = radius of the sphere

Separation on a plane

The use of magnetic variations to determine upper
mantle conductivity structure requires analysis of local
fields. Methods of analysis of these fields have been
and are being developed.

Siebert and Kertz (1957) attempted a separation
in two dimensions of the local field vector recorded at

fifteen stations across the North German anomaly. By
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finding certain profiles along which oneAcomponent of
the horizontal field had no gradient, they were able

to transform the three-dimensional problem into a two-
dimensional one. The separation into internal and
external parts was completed by means of an integral
operator. In many cases this condition 1is much too
strict to allow a valid interpretation of the separated
fields. What 1s required then are integral formulae
appropriate for separation on a plane in the general
case.

Hartmann (1963) obtained sultable separation
formulae by treating the separation of filelds as a
problem in potential theory and using Green's functlons
of the first and second kind. Weaver (1963) developed
two and three dimensional formulae by taking the two-
dimensional Fourier transform of Laplace's equation for
the potential and applying the Faltung theorem.

Oldenburg (1969) and Porath et al. (1970) have
used the approach of Price and Wilkins (1963) to effect
a three-dimensional separation analysls of local mag-
netic fields. The starting point for this separation

is Vestine's formula,

% - ;"{r g—fl) as . (1.58)

"

21T(Ve - Vi)A = é (



58

For local fields over a few hundred kilometers
the sphericity of the Earth can be neglected, imply-
ing that the surface S is to be regarded as a hemisphere
with an infinite radius. If (XA, Yo» 0) is a point at

which the fields are to be separated then

2 o - 2 - 2 __3_____3
r (X, = X)* + (¥, Y)?2 , = 7

7 taken as positive downward. On the surface S, %%=0

and equation (1.58) reduces to

ds . (1.59)

e Y
@l
512

2m (Ve - Vi) = é

Differentiation of the above equation will give the

expression for the separated magnetic field, X,Y,Z to

give
(Xg = X4), = -%é X2 as
(Y, - ¥y), = - g?é Y2 as (1.60)
(Ze - Zi)o = f% é EK_%7XX as .

When the equations (1.60) are combined with the observed
components X = Xe + Xi’ Y = Ye + Y1 and Z = Ze + Z1 a
complete separation of each of the magnetic components

is obtained.
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Geomagnetic depth sounding 1s concerned with
four types of magnetic variations:

1. Normal external fileld

2. Anomalous external field

3. Normal internal fileld

by, Anomaious internal field
At mid-latitudes the inducing fleld 1is taken as the
sum of the normal external and normal internal filelds.
The normal internal fleld exhibits the induction
properities of the "flat-earth" models discussed 1in
sections 1.2 and 1.3, while the anomalous internal fileld
arises from lateral inhomogeneities in an internal con-
ductor as discussed in section 1.5.

It should be pointed out that fields having
spatial wavelengths much larger than the dimenslons
of the array cannot be separated by the formulae above.
Thus it 1is the dimensions of the array that dictate

which fields are "anomalous" and which are inseparable

"normal" parts.

1.10 Limitations of geomagnetic depth sounding

As was pointed out in section 1.9 a complete
separation of the internal and external parts of a
transient magnetic field is not possible because the

area in which observations are made 1s small compared
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to the spatial extent of the primary inducing field.
Therefore the anomalies must be interpreted to some
extent on the basis of a preconcelived mean conductivity
distribution estimated from other sources. The most
commonly used source outside GDS is magnetotellurics.
But conductivity estimates from magnetotellurics are
greatly distorted in areas of deep seated conductivity
anomalies (Peeples 1969). This is due to the distortion
of the horizontal magnetic and electric components over
areas of extensive lateral conductivity inhomogeneltles;
the plane layered approximation 1s no longer valid.

Porath et al. (1970) have shown that if the area
of investigation 1s large enough good estimates can be
made of the conductivity at depth from separation
results. Such estimates can be shown to correlate with
geophysical models of the upper mantle from other methods,
mainly geothermal studies and measurements of conductivi-
ties of ultrabasic silicates at high pressures and
temperatures.

In the real physical situation observations of
the magnetic fleld are made over surface layers that
form a thin conducting sheet of great complexity repre=
senting a second 1imitation to GDS. The flow of shallow

eddy currents may be irregular, becoming most severe 1in
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the ocean effect near coastlines and in areas of thick
sedimentary tasins. The relevant calculations to
determine these effects are generally intractable; a
start has been mads by Price (1949) in a study of in-
duction in thin sheets.

Figure (1.7) 1llustrates the method of Schmucker
(1969) for a three layer model with a top layer of
thickness d, a pocrly conducting intermediate layer
of thickness n and a highly conducting half-space, which
represents the Earzh's surface layers, highly resistive
zones of the crust and the uppermost mantle, and the
highly conducting ~antle respectively. The approxima-
tion 6, = (1 + 1)/, (skin depth effect), 8, = Kk
(dependence on the dimensions of the source field),
ks = (1 + 1)/p; wi_l be used in layers 1,2,3 respectively.
h 1s to be taxen s7all compared to the wavelength of the
source field tut lzrge with respect to the skin-depth
value pj3, thus the wave number k of the incident field
can be ignored in -he following relations. The recurrence

formula equation (..27) glves

(k =7%)

G, (d)

_ 1 + 8;h tanh(8,4)
G:1(0) = 577+ tanh (6,d)

with the resulting approximation to the attenuated electric

field at the tottcr of the top layer -



Figure 1.7

Penetration of electric variation

" fields. After Schmucker (1969).
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Figure 1.8

Penetration of magnetic variation

fields. After Schmucker (1969).
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e(d)

(1.61)

- d
=1 - n+d .

g

The asymptotic behaviour of the curves in figure 1.7
shows that p; should be at least three times the thick-
ness d for the approximation in equation (1.61) to hold.
The curves plotted for differing values of d/h show
that even though p,>> d the ratio d/h limits the uni-
formity of E in the top layer.

A numerical example given by Schmucker (1964)
helps to 1llustrate the above argument. Gilven a 4 km.

11 e.m.u.) above a highly conductive

ocean (o, = 4 x10"
mantle at depth 100 km., then d = 4 km., h = 100 km.,
d/h = 1/25. Therefore the attenuation of E in the ocean
will be less than 4% if p, > 12 km. giving source flelds
of about 38 minutes period as the lowest permissible
period for Price's method to hold.

The phase lead of tﬁe induced field to the induc-
ing field can reveal roughly where most of the internal
eddy currents are with respect to their depth. Inspec-
tion of figures (1.7) and (1. 8) shows that if h/d =1
a substantial part of E(0) and H(0) are attenuated for
values of p1/d < 1 for the out-of-phase (dashed) curves.
This means that strong eddy currents are flowing 1n

the highly conducting shallow top layer and that these

currents will have a phase lead to H(0). As the value
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h/d and pi1/d become larger the eddy currents will flow
on the average at greater depths than d+h, in the half-
space. It is seen that these currents will produce
fields that are 1h the main in phase with H(0). It

is then possible for the investigator to distinguish
roughly between shallow and deep highly-conducting
structures simply by determining the phase differences

between the internal and external flelds.



CHAPTER 2

PREVIOUS GEOMAGNETIC DEPTH SOUNDING
IN THE WESTERN UNITED STATES

Schmucker (1964), Caner et al. (1967) and Reltzel
and Gough (1969) used Geomagnetic Depth Sounding (GDS)
in investigations of the upper mantle conductivity struc-
ture in the Cordillera prior to 1967. Figure 2.1 locates
the stations used by these investigators.

During the International Geophysical Year (IGY)
1957/1958 the Coast and Geodetic Survey of the United
States operated a net of seven temporary geomagnetic
observatories in the western United States. Schmucker
(1964) reported that significant and consistent anoma-
1ies of the Z (vertical) variations were encountered,
especially at Price, Utah. No detailed study of the
internal conductivity anomalies could be carried out
due to the great distance between the stations. The
average station spacing was about 400 km.

During the years 1959/62 Schmucker carried out
extensive observations at many stations in the south-
western United States. The lilne of stations of most
importance to tie study of the Cordillera, shown in
figure 2.2, consists of six stations across southern

Arizona, New Mexico and west Texas.



Figure 2.1

Ge-magnetic deep sounding in the
western United States: 1locations

o7 observation.
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Figure 2.2

Schmucker's observations of a bay
variation of May 10, 1960, and
locations of his stations. After

Schmucker (1964).
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Schmucker used the "base station" GDS method,
with the permanent magnetic observatory at Tucson,
Arizona as his tase or fixed station, in his inves-
tigation of the Rio Grande anomaly (see section 1.7).
He distinguished between the normal and anomalous
parts of the observed variation fields, defining the
normal part as the sum of the smoothed external and
internal parts of variations for the case of a rather
uniform external source field and a horizontally
stratified conductivity distribution. The normal
variations were taken to be uniform in mid-latitudes.
Since there is a linear correlation between the normal
and anomalous parts, Schmucker sought to derive at each
station a characteristic and frequency-dependent linear
transformation matrix, f(P,w), which would express at
each station the anomalous part of the observed varia-
tions in terms of the normal part over the whole area.
He defined the following functions to express the cor-
relation between normal and anomalous variations.
F(P,t) is the time varying disturbance vector of the
observed variation at the station, P, and Fo(t) and

Fa(P,t) represent its normal and anomalous parts:
.F(P,t) = Fo(t) + Fa(P,t) = Fo(t) + f(P,w)Fo(t) .

(2.1)



It is assumed that a frequency analysis has been
performed on the observed varlations and tﬁat D,H,Z
are harmonic time functions of form exp (lwt). If
it is assumed that a time function Z(t) 1is linearly
related to a second time function H(t), with both
being normalized to zero mean value for a gilven
interval -% To £tk To’ their relation will be
independent of time within this interval and expres-
sible by a linear transfer function ZH(t) in the
frequency domain, assuming To + o, The Fourlier

transform of X(t) can be expressed by

@ /
C (f) = [ H(t) e~ 2Tt 4

and thus it may be said that

C4(£) =(Zy(£).Cy(£)) .

Let Sy be the power spectrum of H(t) and S, the power
spectrum of Z(t) then following relations hold.

- *

* *
= (C,.Cy )/To

2y = Szy/Sy
- *
where the product of CH with its complex conjugate CH

*
is real and positive and the product CZ with CH glves
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the cross-spectrum between Z(t) and H(t). The transfer
function ZH is now expressed in terms of power and

cross-spectra. Thus
Z = Zo+ Zas Z°+ z(D)Do + z(H)H°+ z(Z)Zo (2.2)

where the coefficients in equation (2.2) are complex

and of the form
Z(D) = Zu(D) + 1ZV(D) .

The subscripts u and v are respectively in-phase and
out-of-phase with the assoclated inducfng component of
the normal field. For small differences in phase or

in two-dimensional field distributions equation (2.2)

reduces to
Z = zo + z.(}a.)Bo + z(z)zo

Z(D) cosa + Z(H) sina (2.3)

with Z(B)

and B

+
o Do cosa Ho sina

where Bo is the projection of the horizontal disturbance
vector on a direction given by angle a. For the case

of zero phase all quantities of equation (2.3) are real,

tana Zu(H)/Zu(D) and for a 2-dimensional anomaly

Z(H)/Z(D).

tana
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Schmucker found that the Z(t) varlation across
the Rio Grande anomaly resembled D(t) and was nearly
in phase with it. Therefore the angle, u, can be set

to zero and equation (2.3) glves
Z = Zo + z(D)Do + z(Z)Z° .

The implication is that the trend of the conductor 1is
north-south.

In records of geomagnetic substorm fields or
bays Schmucker found an increase in the Z/D ratio east
of COR and an anomalous Z at COR (figure 2.2). The
increased Z/D ratio at Sweetwater as well as the
reduced Z/D ratio at Tucson are both to be considered
"normal" in the sense that both stations are assumed
to lie within larze areas of horizontally stratified,
but different conductivity structures. The above z/D
ratios suggest that either the total conductivity of the
surface layers 1is consitently lower in southern Texas
than in southern irizona or that the depth of the highly
conducting part of the upper mantle 1s greater under
Texas than under Airizona.

Schmucker interpreted the Rio Grande anomaly as
a systematic change of the internal part of the Z

variations wnich is caused by a large scale change 1in



Figure 2.3

Schmucker's second model for the

Rio Grande anomaly (after Schmucker,

1969).
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the internal conductivity structure, since inspection
of figure 2.2 shows that the higher Z varlations are
not restricted to a limited area; the Z variations
do not return to normal as defined by the small Tuscon-
type Z variation. Anomalous variations as defined 1n
equation (2.2) occur mainly between LAC and COR. |
Schmucker modeled the Rio Grande anomaly by
employing the methods presented in section 1.5 together
with conformal mapping techniques applied to conductors
of infinite conductivity and of varilous shapes and slzes.
His first model (Schmucker, 1964) consisted of a north-
south aligned step structure with the depth to the
"perfect substitute conductor" i60 km. west of LAC and
320 km. east of LAC (figure 2.3) It can be seen from
figure 2.3 that the step model does not explain the
sharp increase of the anomalous Z variations between
LAC and COR, which becomes greater for short period
variations with a more pronounced negative anomaly
petween COR and LAC. The alternative model of figure
2.3 gives much better fit to the observations by placing
the surface of the perfect conductor higher between LAC
and COR. Schmucker at first attributed the local anomaly
at LAC to a highly conductive, 100 km. wide shallow

layer that might include surface layers, extending north-



Figure 2.4

Schmucker's third model for the

Rio Grande anomaly (Schmucker,

1969).
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south between LAC and COR. A closer inspection of
figure 2.3 shows that it 1s in fact the in-phase
component of Zn which experiences the reversal
between LAC and COR, which means that the reversal
i1s associated with currents 1in a large conductor in
which self-induction is more important than resistive
{nduction. Schmucker (1969) has since revised his modél
to concur somewhat with the above argument. Figure 2.4
shows his new interpretation of the Rio Grande anomaly
along with corroborating heat flow results along the
same line as his magnetic stations. Schmucker's anomaly
demonstrates the presence of structure in upper mantle
conductivity at the boundary between the Basin and Range
and the Great Plains provinces. The general form of the
conductive structure of figure 2.4 resembles the struc-
ture (step plus superposed ridge) suggested Dby Porath,
Oldenburg and Gough (1970) to account for the Wasatch
Front anomaly in Utah aﬁ the boundary between the Basiln
and Range Province and the Colorado Plateau (Chapter U4).
Caner, Cannon and Livingstone (1967) set out an
east-west profile of statlons 750 km. long near latitude
35 © N from Horse Springs (HOR), New Mexico to Sayre
(SAY), Oklahoma (figure 2.1). This profile was extended
another 250 km. eastward by use of the permanent obser-

vatory at the University of Oklahoma, Norman. The
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observations were made in an attempt to map the
northward extension of the Rio Grande anomaly (after
Schmucker 1964).

Caner et al. (1967) used the "base station" method
of GDS. Peak to peak amplitudes of recorded magnetic
variations in the range of perilods 10 to 60 minutes
were measured in three components to determine whether
a station was in a "low 2" or "high Z" zone. The
classification of the stations in this manner was

aided by the introduction of the parameter I,

I = az/[(8H)? + (8D)?]*

which is the ratio of the measured vertical to horizon-
tal amplitudes. The I-ratios at various stations
differed by factors of two or three and were thus
easily separated into categories "Jjow I" and "high I".
The approximate locations of the "jow I" to "high I"
transition zones then can be readily determined.
Caner et al. (1967) wused the polar
plot method of Parkinson (1959, 1962) to define cor-
relations between the amplitude of the vertical
component and the direction of a horizontal change
vector. At a normal statlon the I-ratio is uncor-

related with the azimuth of the horizontal change
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vector, a =arctan AD/AH, and at an anomalous station
the I-ratio is a maximum for certain values of a

thus defining a preferred directlon. Caner et al.(1967)
found that the transition station Sayre showed
I-ratios intermediate between those obtained at the
western stations of Newkirk and Bushland and those

at the eastern stations of Norman and Dallas. The
station Sayre was devoid of any definite correlation
petween the horizcntal change vector and the vertical
change vector. A transition zone was located well to
the east of the Rockies at the Texas-Oklahoma border.
Caner interpreted these results as a swing to the east
of the Rio Grande anomaly. Results of the 1967 array
do not support this conclusion. Later studies (Porath
1969) suggest that Permian sediments, which are up to
10,000 feet thick in the area may have masked the effect
of the deep conductivity structure.

Gough and Feitzel (1969) set out an east-west
profile north of that of Caner et al. (1967) at about
38° 30' N between 108°W and 104°W, using variometers
of their own design. This profile was operated to
search for a nortiward extension of the Rio Grande
anomaly and was placed with reference to IGY stations
at Leadville (low-Z) and Burlington (high-Z). Figure

2.5 illustrates results from a bay variation recorded



Figure 2.6

Magnetotelluric measurement sites

of Swift (1967).
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Figure 2.7

Conductivity profiles (after
Swift, 1967).
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along this profile. The H,D,Z components of the dis-
turbance are shown for CIM with the Z variation for
seven stations. D 1s recorded in the opposite sense
from that used by Schmucker (1964). Z as a function
of time resembles D much more than H. The transition
occurs at Salida which is about 100 km. west of the
Front Range of the Southern Rockies.

The anomaly at Salida was thought at the time
to be the northward extension of the Rio Grande anomaly.
However the results of the 1967 array (Reitzel et al.
1970, Porath et al. 1970, this thesis) suggest that
the Rio Grande anomaly 1is continuous with the Wasatch
Front anomaly rather than that underlylng the Southern
Rockies.

Swift (1967) in the summers of 1965 and 1966
carried out large scale magnetotelluric measurements
in the south-western United States by combining telluric
data from seven stations with Tucson geomagnetic obser-
vatory data. Figure 2.6 gives the locatlons of the
stations. The magnetotelluric data were analysed for
tensor apparent resistivities, principal directions
and two dimensionality measures. The measured apparent
resistivities were interpreted in terms of inhomogeneous
resistivity structure by employing theoretical values

for two-dimensional models obtained with the aild of a
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transmission line analogy due to T.R. Madden. The
theoretical values took into account the known surface
geology.

The anisotropy of the measured apparent resis-
tivities was primarily due to inhomogeneities 1n surface
conductivity and was corrected to give an areal pattern
that suggested an anomalously conductive upper mantle
beneath southern Arizona and New Mexlico.

The conductivity profiles interpreted from the
magnetotelluric results were classified by Swift as:

"Continental" for Roswell

"Intermediate" for Phoenix, Gallup, Deming

"Conductive" for Safford
and can be seen in figure 2.7 along with the Cantwell-
McDonald profile. The Cantwell-McDonald conductivity
vs depth profile is the result of Cantwell (1960) fitting
his long period magnetotelluric result of conductivity
vs depth to those of McDonald (1957), obtained also from
long period magnetotelluric investigations, and Lahiri
and Price (1939), obtained from the internal parts of
semi-diurnal Sg-variations and smoothed storm-time DSt
variations. It seems that the magnetotelluric evidence
generally sugports Schmucker's results in indicating
increased ccnductivities in the upper mantle under the
Basin and Renge Province.

Swift has interpreted low frequency magnetotelluric
data 1in terms of a petrologically valid upper mantle con-

ductivity structure in a geologically anomalous region.
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CHAPTER 3

TECHNIQUES OF OBSERVATION AND INTERPRETATION

3.1 The array

In the summer of 1967, a program of study of the
conductivity distribution in the upper mantle under the
Western United States was begun in the hope of defining
boundaries of regions of different mantle conductivity
structure more accurately than had before been possible.
To accomplish this, 42 magnetic variometers had been
designed and constructed at the Southwest Center in
Dallas and at the University of Alberta in Edmonton.

The instruments were arranged along four east-west lines
about 1300 km. in length, crossing the Southern Rockiles
and the Colorado Plateau, and extending well into the
Great Plains and Basin and Range provinces (figure 3.1).
Though covering an area 700 by 1300 km. between 36o and
40° north latitude and 102° and 116° west longitude, the
variometers were concentrated across the Southern Rocklies
and the Wasatch Fault zone. The evidence of vertical
displacements at the Wasatch Front and the abundant vol-
canics to the west of it had suggested the possibility of
structure in the isotherms there. Schmucker (1964) had

‘earlier reported anomalous or high Z (vertical) magnetic



Figure 3.1 The 1967 variometer array.
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displacements at the IGY magnetic observatory at
Price, Utah in the Wasatch fault zone area.

The spacing between lines was about 150 km.
and that between stations averaged 120 km. Small
conductivity anomalies at depths less than 100 km.
may be missed by such an array. This risk was
accepted in order to search a maximum area for upper

mantle conductivity structure.

3.2 Variometers and field procedures

The variometers (Gough and Reitzel, 1967) are
classical in type, with magnets (H,D,Z components)
suspended on torsion wires. Variations in the magnetic
field will produce variable torques on the magnets which
cause them to move through small angles and the angular
positions of these magnets are recorded photographically
in analog form at ten second intervals. The magnetilc
variations will then appear as traces of rectangular
spots on 35 mm. film. Two base lines were recorded by
means of ligiit spots reflected from fixed mirrors.

The most serious problem of a classical type of
variometer is that of thermal response. This was solved
by encasing the variometer 1in a five foot aluminum tube
and burying this in a vertical hole. Calculations have
shown that a weekly variation of 30°C at the surface

results in a temperature change of only 0.1°C at the

86
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suspended magnets. A first order compensation for

the consequent small changes of moment in the H and

Z magnets was accomplished by use of auxiliary per-
manent magnets which were adjusted at some temperature
to cancel half the Earth's fleld at the suspended
magnet.

The instruments were leveled with a Brunton
compass to within 0.1° in order to prevent contamina-
tion of one component by another. The sensitivity of
the instrument is better than one gamma and with a
sampling rate of ten seconds, reliable records of
magnetic events with periods greater than one or two
minutes were obtained.

Because the energy of magnetic variations
decreases greatly at periods below 20 seconds, the
problem of aliasing is negligible with a sampling
interval of ten seconds. The timing was controlled
by an Accutron timer made by Bulova, which gave contact
closures every ten seconds, every hour and every 24
hours. Small coils near the magnets were used to
deflect the traces at hourly and daily contact closures.

At periodic servicing visits (usually at 10 day
intervals) to each variometer standardizing fields known
to within one percent were applied by means of permanent

magnets (two southern lines) or by means of coils and
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magnets (two northern lines). This procedure served

to determine the sensitivities of the three suspended
magnets and to give absolute time (WWV radio signals)
which could later be transferred to an hour mark
produced by the Accutron timer on the film record.

From two such visits the rate of drift of the Accutron
could be determined with the assumption that the drift
was linear. The Accutrons were found to have reasonably
constant rates of order 10 seconds per day or less and
time was generally reliable within one minute. With
good field operation better than two percent precision
of calibration can be secured by these methods, although
the precision attalned at some stations was less 1n
1967.

An independent check of the relative time between
the instruments of the array and also a check on the
assumption that the rate of drift of the Accutron was
approximately linear was obtalned by correlation of
geomagnetic micrcpulsations which should occur simul-
taneously (within a minute) over the entire array
(Rostoker, 1968). These micropulsations, known as
Pi2's, have pericds U0 to 150 seconds and are clearly
visible at the beginning of each magnetic event at all

stations on the horizontal traces. Thus the maximum
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error in timing was no more than one minute and in

most cases considerably less.

3.3 ‘Magnetic variation records

This thesis includes analyses of two magnetic
variation events: 1) a magnetic substorm occurring
from 0500 to 0830 UT on September 1, 1967 and 2) a
moderate storm occurring from 2300 to 1230 UT on
September 20-21, 1967. The substorm was selected
because of the large amplitudes of magnetic variation
and because it was recorded with nearly 95% efficlency.
The storm was selected because of 1ts length and varied
frequency content, both of which are desirable to permit
the use of long period variation filelds in studying
structures. The efficiency of recording for the storm
varied from east to west. The western half of the
array, that covering the Wasatch fault zone, recorded
with 91% or greater efficiency and the eastern half,
that covering the Southern Rockles, with 63% or greater
efficiency. Greater efficlency was achieved in the
horizontal components, mainly because the Z component
was metastable at several stations. Results have shown
that the horizontal components yield as much information
about the structure of the anomalies as the vertical

component, particularly after separation.
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Enlarged Xerox prints of the film records
containing the magnetic event were comercially
digitized at one minute intervals. Before digitizing
the Xerox traces were smoothed by underlining them
in pencil so as to avoid aliasing from micropulsations
of periods less than about two minutes. The initial
value of each component was subtracted from each
succeeding value. Physically this means that the
field is thought to be qulet before the variation
and the initial value can be set to zero. The com-
ponents of the variation fields were normalized by means

of factors calculated from the field standardization

data.

3.4 Spectral analysis

Geomagnetic depth sounding is concerned with
variations in conductivity at depth. Consequently
the skin-depth, p = 1/(Mnuow)¥, becomes an important
parameter to estimate. The penetration of the external
field into the Earth, the inductlion process in a con-
ductive structure and the escape of the field of the
internal currents depend on the frequency, w. The
relation between the external and internal flelds,

whose vector sum forms the recorded variation field,
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is likewise a function of frequency. More information
can thus be extracted from amplitude and phase rela-
tions at definilte frgquencies than can be obtained

from the original data 1in the time domain. For these
reasons it 1is desirable to represent the total magnetic
variation field as a Fourier series in the frequency
domain and to use the sine and cosine coefficients of
the series, or the amplitude and phase, to display
spatial variations in the magnetic variation fileld
across the array.

The equation

g =L 7 x(t) e ot at (3.1)
J  /om -e

is the general formulation of Fouriler transform of a
time series X(t). The Fourier analysis used throughout
this thesis was that given by the RHARM program in the
IBM SSR package employing the Cooley-Tukey algorithm.

Given 2N real numbers Xo, Xl, X2 oo X2N—l this sub-
routine computes Fouriler sine and cosine coefficients

b in the equation

ao, al, bl’ a2, o3t an_l, bn—l’ an

N-1
(a, cos (MK + by sin(l%l) Y aN(-l)i)

X, =% a_ +
° 1

J

[ e N}

k
(3.2)

where J = 0,1,2, ... 2N-1.
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Each magnetic variation, which can be treated
as a time series, had a linear trend removed before
Fourier analysis. The first and last ten minutes of
each time series were smoothed by multiplying them by
coefficients of a sine function evaluated from 0 to
n/2. This smoothing 1is necessary to prevent the intro-
duction of fictitious high frequency components that
would be caused by sudden changes at the beginning and
end of a finite time serles.

The Fast Fourier algorithm demands that the
number of points in the time series be an integral
power of two. Thus it was necessary to add zeros to
the end of the time series representing the substorm
and the storm. Further zeros, beyond the next integral
power of two above the number of data points, were added
to increase the number of spectral estimates. Physi-
cally this 1s reasonable since the substorm and storm
can be regarded as transients in an otherwise steady
magnetic field, so that the steady magnetic fleld is
represented by a zero amplitude time series.

To find the effect of adding zeros, an analysis
was underéaken by Mr. D.W. Oldenburg and the writer 1in
which the length of the work vector M (the number of
real data points N, plus the number of zeros added)

took values 256,512,1024 and 2048. N was 211 for the
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substorm. All frequencles found in the Fourier analysis
when N=256 were found for each succeeding value of M.
It was found that the sine and cosine coefficients of
the Fourler series were attenuated by different (for
each different value of M) but constant factors. For
the coefficients to approximate field values in gammas,
each coefficient must be multiplied by a factor N/M.

If this 1is done the sine and cosine coefficients will
be the same at a particular frequency for all values of
M. While additional estimates secured by increasing M
must be less reliable, the spectra for values of M from
256 to the maximum value 2048 remained smooth. For the
present analysils M=2048 was used for the substorm and
M=4096 was used for the storm which is represented by a
time series N=811.

As an additional check on the validity of the use
of the Cooley-Tukey Fast Fourier algorithm with numerous
zeros added after the real data, data from the substorm
of September 1, 1967 recorded at several stations were
Fourier analysed using both the Cooley-Tukey algorithm
and a slow Fourier program which did not place speclal
restrictibns on the number of data points analysed; 211
points were used for the substorm without zeros. The

two methods ylelded identical spectra in both the



Figure 3.2

Fourier spectral amplitude and phase
for vertical component of substorm
of September 1, 1967, for stations

across the Wasatch Front on Line 1.
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Figure 3.3

Fourier spectral amplitude and phase
for vertical component of substorm
of September 1, 1967, for stations

across the Wasatch Front on Line 3.
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amplitude and phase. This check was carried out by
Dr. H. Porath at the Soﬁthwest Center for Advanced
Studies.

At some stations where the amplitudes were very
large, mainly on lines 1 and 2 for the D component,
fictitious values were interpolated in the gaps seen
in the Calcomp plots in figure 4,2 to permit some
attempt at spectral analysis. The results for these
stations at which the gaps are numerous should be treated
with reserve.

Figures 3.2, 3.3 and 3.4 are examples of the
Fourier transforms of the vertical components of the
substorm and the storm for some stations over the Wasatch
Front. The substorm has a smooth amplitude spectrum and
very marked differences are observed between stations '
for periods from 20 minutes to 2 hours. Most spectra
contain very little energy at periods less than 20
minutes. Substantial phase differences are observed
between stations, especlally where anomalous induction
oceurs. But for periods exceeding 90 minutes, these
phase differences may be partially due to variations
in the long period trend removed before Fourier analysis.

A 1line spectrum (figure 3.4) is obtained for the

storm with peaks at periods of 155,120,85,65 minutes and



Figure 3.4

Fourier spectral amplitude and phase
for vertical component of storm of
September 20-21, 1967, at stations
of Line 3 on either side of the

Wasatch Front.
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several peaks below 60 minutes. The spectrum again
contains very little energy for periods under 20
minutes. A differential shift between the energy
maxima of the horizontal and vertical components 18
observed in the storm spectra for periods longer than
50 minutes (figure 3.5). This 1is probably related to
the flelds induced by internal currents. The internal
field becomes relatively smaller for longer periods
due to the lower efficiency of the induction process
at the longer periods. Above a conductive half-space
in which the conductivity varies with depth alone, the
horizontal fields of internal currents increase the
external horizontal flelds, whereas for the vertical
component the internal fleld is opposed to the external
field and the resultant component 1is the difference
(section 1.2). The net effect is a shift of the peaks
of the horizontal components toward the shorter periods
and conversely the vertical peaks shift toward the
longer perilods.

Regular varlations in amplitude and phase of
the Z spectra at neighbouring stations suggest that
these spatial variations may reflect large scale

conductivity changes across the array. Results of



Figure 3.5

Spectra of three components of

field of storm of September
20-21, 1967.
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mapping these spatial variations for several periods

are shown and interpreted in chapter b,

3.5 Separation of the variation flields

To evaluate the surface integrals of equation
(1.55) quoted in chapter 1, the magnetic components
must be plotted on a rectangular grid. The stations
were transferred from a sphere to a plane by plotting
them on an equal area map. The Z-direction 1s taken
normal to any point on the plane and the X and Y
directions are those of the longitude and latitude
at that point. As the meridlans are not parallel,
a transformation to a rectangular grid 1s required.
The separation of the total magnetic field variation
into its internal and‘external parts 1s then carried
out on the new plane. A north-south reference line was
drawn through the center of the array, and at each
station the angle n, between a line parallel to the
reference line, and the meridilan indicating true geo-
graphilc north, was found. Z 1s invariant for this
transformation. Let XP and YP denote northward and
eastward field values on a rectangular grid parallel
to the reference line. The transformations to convert

X to XP and Y to YP are



XP

X cosn =Y sinn
. (3.3)

YP X sinn - Y cos n

The transformation (3.3) 1s applied with appro-
priate n to the time series at each station. The
transformed time series are then Fourler analysed and
mapped. For the remainder of this section to avoid
confusion X will denote XP and Y, YP.

To draw contour maps of the sine and cosine
transforms of the X,Y,Z components, the values between
stations must be interpolated. As a first approximation
the fields are contoured using linear interpolation
between stations. A second constraint can be applied
to the interpolation process 1if it is required that the
fields be derivable from a scalar potential.

If the field is indeed derivable from a scalar
potential function, then the magnetic field i=H(X,Y,2)

measured on the Earth's surface must be curl-free i.e.

v x H= 0.
Therefore
ARz | dYy , 7 (X _ 3%y . p (AL _ 3Ky

Each term in equation (3.4) must be equal to zero.
Because observations were made on a plane,only the

relation
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will provide a usable constraint.

(3.5)

Therefore after the

maps of the XP and YP components have been contoured

by linear interpolation, the contours can be adjusted

to meet the curl-free condition in equation (3.5).

For example for Y

Y(1)

Y(2) A

3Y _ 1im Y(x+8) - Y(x-6)

102

oY) - ¥(2)

x  6+0 26

and for X

3X . X(4) - X(3)
- 1l
3y y
where
1x =
1y =

then (3.5) implies

y(1) - Y(2) _ X(4) - X(3)

1, ly

1
X

distance in the x directlon between Y(1) and Y(2),

distance in the y direction between X(1) and X(2),
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Practice has shown that when superposing the
X and Y maps the condition (3.5) was satisfied best
when the gradient of Y in the x directlon was large
(of course this means that the gradient of X in the y
direction must also be large). If the gradlents were
small, the curl-free condition gave little in the way
of improvement to the linearly interpolated contours.
Interpolation on a contoured map using thé curl-free
condition was first suggested by Reitzel (Gough and

Reitzel, 1969).

Since the contouring was carried out on an Xx-y

plane X and %% are not known and no similar

’92
constraint to equation (3.5) can be employed in the
contouring of Z. Z maps prepared for separation were
contoured by linear interpolation and modified by
avolding sharp changes 1in gradient.

The magnetic field component maps were extrapo-
lated beyond the limits of the array to glve better
estimates of the values of the surface integrals at
points within the array. The curl-free constraint
was used on the extrapolated horizontal fields. Such
an extrapolated field will clearly contaln errors and

is certainly not unique, but should give a better

approximation to the real field than, for instance,
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the assumption that the field was zero or constant
outside the array. The extrapolation was carried

to 300 km. outside the array. The farther one extra-
polates the more unreliable the field but the effect
of errors in distant elements of area falls as l/r2
(r is the distance from the point of separation to
the surface element, equation (1.55)). The Z fileld
was extrapolated by smoothly extending the contours
outward from the original array.

The surface integrals may be determined if the
average values of X,Y,Z,3X/3x, 3Y/3y, 3Z/3x and 3Z/3y are
known for each square on a symmetric grid, centered at the
point of separation and used as a "summation window".
Oldenburg (1969) evaluated the effects of square
windows of sides 700, 900 and 1100 km., and found
that the results even near the edges of the array
varied only by 1 or 2 gammas. Oldenburg (1969) also
wrote a program to compute the surface integrals by
moving a square grid about the maps. The value of the
difference between the internal and external parts of
each magnetic component was then found for the center
of this "window". Near the edge of the array the
separation 1s dependent on the less reliable extra-
polated field and some values inside the array are

excluded. In this way considerable errors arise near

the edges of the array.
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When separating in the frequency domain the
cosine and sine transform maps must be plotted,
contoured and separated independently since the
surface integrals can be applied only to fields 1n
constant phase across the map. After separation

they may be combined according to the relations

) . 3 sin Fe

Fo = (cos Fo + sin Fe) ; tan ¢, = Eagjﬁ;
(3.6)

. ) 3 sin Fi

Fi = (cos Fi + sin Fi) ; tan ¢1 = 555 F.

i

where F can represent any magnetic component (X,Y,2)
and the subscripts e and 1 refer to the external and
internal parts respectively. It should be mentioned
that the numerical magnitudes of the cosine and sine
transforms have physical meaning only in relation to
the sign and magnitude of the spectral component
concerned at the start of the time interval, AT,
transformed. A change in the starting time will
introduce changes in the relative magnitudes and

signs of the cosine and sine transforms, thus determining
whether a given term in the time series appears 1in the

cosine and/or sine transform or in both.
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CHAPTER 4

ANOMALIES IN THE VARIATION FIELDS AND CONDUCTIVE STRUCTURES

4,1 Interpretation procedures

Three components of the magnetlc variation fields,
plotted by the Calcomp as standard type varlograms, were
first examined for amplitude and phase changes along each
east-west line, especially in Z. Next, maps of three types
were plotted for different purposes:

(a) The amplitude and phase of the Fourier transforms at

selected periods were plotted and contoured. These maps

of the unseparated variatlion fields have been found very
convenient for location and semi-quantitative interpreta-
tion of internal conductive structures.

(b) The sine and cosine coefficients of the Fourier

transforms at selected frequencies were mapped and contoured

for separation of the flelds 1into external and internal

parts in the period domain.

(¢) Instantaneous field components at selected times were

mapped and contoured by D.W. Oldenburg (1969) for separa-
tion in the time domain.

The procedure developed and used by Oldenburg (1969)
has been used to separate the magnetic fields into internal
and external parts; the integral expressions used are

quoted in Chapter 1 (equations 1.60). For separation in
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the time domain the procedure 1s very sensitive to
discrepancies between stations in time and the times
must be chosen when all three components have reasonable
amplitudes:. At least four different times have to be
separated to give any picture of the internal and exter-
nal variations of a substorm; Oldenburg (1969) separated
the substorm of September 1, 1967 at the times 0630, 0645,
0700, 0715 UT. The substorm was four and one-half hours
long and it would be desirable to separate at more times.
For a storm which is approximately three times as long
and of variable frequency content a prohibitive number
of instantaneous fields would have to be separated. As
each separation of instantaneous fields 1nvolves the hand
contouring of six maps, separation at many times 1s not
practicable by our present methods. Separation in the
time domain gives a very good picture of the time variations
in the separated parts across the array. The external
field components provide estimates of the scale length, A,
of the external field. Results also illuminate the mor-
phology of the auroral magnetic event which from our
viewpoint 1is the source function of the input signal to
the array (Oldenburg 1969).

The above separation procedure 1s also valid in
the frequency or period domain. The advantages of a

frequency domain separation are:
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(1) Time discrepancies between stations are less critical
than in the time domain.
(2) Phase and amplitude representation of the external and
internal fields are obtained at the chosen periods. This
is important because magnetic induction and diffusion
processes are frequency dependent.
(3) The Fourier transform maps of type (b) show the
conductive structures more strongly than the time domailn
maps (c), because in effect the energy of the whole event
at each selected frequency is gathered in the Fourier
transformation. For this reason the discussion of models
of conductive structures makes use of separated flelds 1n
the period domain.

The use of the various types of anomaly maps,
separation of fields and modelling of conductive struc-
tures have been discussed by Reitzel, Gough, Porath and

Anderson (1970) and by Porath, Oldenburg and Gough (1970).

4,2 Variograms

Variograms of a substorm of September 1, 1967 and
a storm on September 20-21, 1967 are shown in figures
4.1, 4.2a and 4.2b. The east-west lines of variometers
are numbered 1 to U4 from north to south (figure 3.1).
The variation anomaly associated with the eastern front

of the Cordillera, formed in the area of the array by the
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Figure 4.1 Variograms for substorm of September

l,. 1967.
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Figure 4.2a Variograms for storm of September

20-21, 1967. Two northern lines

of array.
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Figure U4.2b Variograms for storm of September

20-21, 1967. Two southern lines

of array.
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Southern Rockies, can be seen in the vertical component
of the substorm in the increase of Z between CAS and

CRW (1line 1), between LYO and STE (line 2) and between
SAG and WLS (line 3). Only a small increase 1is observed
for the substorm at the eastern most station, TUC, in
line 4. The presence of the East Front anomaly is more
obvious for the storm. This difference in the response
of the vertical fileld for the storm is most likely due to
the different azimuth of ﬁhe external fields; the dominant
azimuths are NW-SE for the substorm and NE-SW for the
storm. A further bay event on September 28, 1967 also
shows the presence of the East Front anomaly in northern
New Mexico by a substantial increase in Z between LVG and
TUC (Porath, private communication).

The variograms strongly indicate the existence of
arother varlation anomaly with roughly a north-south trend
over the Wasatch fault zone in Utah. This wili be called
the Wasatch Front anomaly. The increase in the Z component
can be seen between the stations MUR and MON (line 1),

PIL and FRA (line 2), SLN and EME (line 3) and VEY and
MCJ (line 4) for the substorm. The Z component of the
storm was not recorded at EME, but increases in Z can be
seen between the other pairs of stations. The similarity
in the traces of Z(t) and D(t), especially in Figure 4.1,

indicates the presence of anomalous internal Z at these
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stations. Upward (negative) Z variations are seen to
be approximately ir phase with westerly (negative D)
horizontal variaticns. This and the fact that stations
west of the Wasater Front (PIL, EUR, HIK) have very low
7 amplitudes sugges. that the Basin and Range province
is a reglon of hig: mantle conductivity. The Calcomp
plot of the storm :liows reversals Just west of the Wasatch
front. The phrase ra2versals in the Z component for perilods
of about 30 minutes at BAK and PIL, suggest that a ridge
in the ccnductivit: structure lies along the edge of the
Basin and Range prcvince at the Wasatceh Front.

BEJ at the wa2st end of line 1 shows Z(t) resembling
a horizortal comper2nt with contributions from both H(t)
and D(t). The var’:grams suggest upward Z following
southward H. This may indicate the presence of a highly
conductirz body souzh of this statlon, which could be

interpre<ed as the northern edge of the Basin and Range

province.

4.3 Maps of unsepzrated spectral components

Fizures 4.3 <o 4.6 represent maps of the spectral
components of the szibstorm. Flgures 4,7 and 4.8 represent
similar rzps cf the storm.

Tra ver-ica. field amplitude maps of flgure h.3

et

show two prominent rorth-south striking maxima, one along
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Figure 4.3 Fourier spectral amplitudes of the

vertical component substorm field.
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Figure 4.4 Fourler spectral phases of the
vertical component substorm

field.
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Figure 4.5 Fourier spectral amplitudes of

norizontal components of the

substorm field.
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Figure 4.6 Fourler spectral phases of horizontal

components of the substorm fields.
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Figure 4.7 Fourier spectral amplitudes for three

components of the storm field.
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Figure 4.8 Fourier spectral phases for three

components of the storm field.
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the easﬁ side of the Southern Rockies and the other east
of the Wasatch Front in Utah (see figure 4.9). These
anomalies show more strongly at the longer periods partly
because of the greater penetration of the long-period
fields, but partly also because the magnetic events have
more energy at the longer perilods. That the second effect
is more important in the present case is suggestéd by the
virtual disappearance of the anomalies from a map of 2
amplitude at period 120 minutes for the substorm (figure
4.10). The storm has high energy in the Z spectrum near
period 150 minutes (figure 3.4 ), and the anomalies show
well in the Z amplitude map at this period (figure h.7).
It is important to select perlods at which the energy is
high, for the separation of fields and model calculations.
Care must be taken in the use of the storm maps
to remember an inequality in the amount of information
available for contouring the eastern and western halves
of the array. About ninety percent efficiency 1in recording
was attained for the west and only sixty percent in the
east. Also at several of.the stations in the N-E sector
of the array the Z and D traces were driven off scale by
the large storm fields. The gaps in the discontinuous
traces of figure 4.2a were filled with fictitlous inter-
polated data to give some attempt at spectral estimates.

The north-eastern parts of the maps of Z and Y in figures
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Figure 4.9 Simpiified map of two local internal

currents and relationships between

external and internal field components.



|
o Y
°® | °
—— Ilo_ o
1 i
_ WASATCH |
¢ 14 FRONT _l|.I||_. |||||||
; ® ° ° °
|
| ° |
|
° |
__ o 3 q _ 5 o
x* X ® ’ X — X X
ya 2 °
| Z, TRANSITION @ ° o
OPPOSES | FOLLOWS ZONE Z,
* _ Y 2 OPPOSES
: “0 € OPPOSE S Y,
L. o e &
— — e il e e —— £
3 OO
N
// | “ °
N Al |
|




Figure 4,10 Fourier spectral amplitude for vertical

component of substorm at T=120 minutes.
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4.7 and 4.8 are therefore to be treated with caution.
Greater importance is to be attributed to the results
obtained from the western half. Since this is an area
700 km by 650 km the results remain important with
respect to determining underlying conductivity structure.
The maps of figures 4.3 and 4,7 for Z at T=45 minutes

for the substorm and storm are strongly alike, suggesting
that the contouring was reasonably accurate.

The eastward horizontal component Y shows strong
evidence of both the East Front and the Wasatch Front
current systems 1in the amplitude maps for the substorm
(figure 4.5). The maximum of Y is west of that of Z 1n
both cases. In each case Y falls again to the west of 1its
maximum, indicating a linear current. At the Wasatch Front
this is believed to represent a local upwelling in the
conductive mantle in a ridge superimposed on a step which
leaves the conductive medlum higher under the Basin and
Range province than under the Colorado Plateau. Schmucker
(1969) reached similar conclusions with respect to the
conductivity at the edge of the Basin and Range province
in southern New Mexico (figure 2.4 ). Later sections will
show that similar depths to the upwelling were also found,
suggesting that the Wasatch Front structure 1s a northward
extension of the Rio Grande structure. The Y amplitude

maps at the East Front suggest a strip of current under



the Southern Rockles between the East Front and the
Colorado Plateau. A comparison of the Wasatch Front

and East Front Y anomalies at T=30 and 89 minutes shows
that the width of the strip would have to be wider under
the East Front than under the Wasatch Front (figure 4.5).

The amplitude maps of the X component of the
substorm (figure 4.5) are relatively featureless, as
would be expected where the major conductive structures
strike north-south. A small anomaly in X, assoclated
either with the Uinta uplift or with the deep sedimentary
Uinta Basin (20,000 ft.) in northern Utah, is seen in a
sine transform map at period 50 minutes (Reitzel et al.
1970). As Schmucker (1964) points out, deep basins of
conducting sediments can cause anomalous variations at
periods up to one hour or more. Superficial anomaliles
usually show a consplcuous phase lead of the induced to
inducing fileld (Schmucker, 1964) and early arrival times
of X for the substorm in this region may be an expression
of the Uinta Basin anomaly.

The X component maps for the storm show a reversal
in north-south gradient of the amplitude between T=45 and
150 minutes. Whereas X diminishes southward at period
45 minutes it 1increases southward over the entire array
at T=150 minutes (figure 4.7). Other méps, not shown,

indicate that the reversal occurs close to T=90 minutes.
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By way of analogy with the substorm it would appear that
the external field should decrease southward. It must

be pointed out clearly though that the analogy may not

be valid in the absence of a model of the storm current
system. Discussion on thils feature of the storm transfofm
maps will be continued in the next section, that dealing
with the separated storm fields.

The phase maps not only contain information with
regard to anomalous conductivity structure, but also
enable the significance of the amplitude maps to be
assessed. The phases of X and Y vary smoothly across
each map. A strong Z phase anomaly Jjust west of the
Wasatch Front is most pronounced at periods 30 and 45
minutes in the substorm maps (figure 4.4) and at 45
‘minutes for the storm (figure 4.8). At the shortest
periods the phase relationship would be impossible for
induction by external Z fields, but when 1t is remembered
that anomalous internal Z is induced by Y the phase anomalies
are seen to be consistent with local linear currents along
the Wasatch Front. These linear currents have already been
proposed to account for the amplitude anomalies in the 2
and Y components across the Wasatch Front. Similar 2
phase anomalies can be seen near CUB in figures 4.4 and

4.8 for the substorm and storm fields respectively; this



anomaly 1s located Jjust west of the Southern Rockies.
These Z phase anomalles can pe explained in the manner
of the Z phase anomallies across the Wasatch Front as
representing the effect of anomalous internal Z fields
associated with lilnear currents flowing along a ridge

under the Southern Rockies, and induced by the normal Y

field. Further discussion of phase maps will be deferred

to the section covering separated phase maps.

4.4 Separated fields in the period domain

As was stated before, two variation events were
recorded by our 1967 array in the western United States.
The fields of the substorm of September 1 have been
separated at four times in the time domain and at T=30
and 60 minutes in the period domain by 0ldenburg (1969),
and at T=50 and 89 minutes by Porath (Porath, Oldenburg
and Gough 1970).

The author has separated the storm filelds of
September 20-21, 1967 at the three periods 89, 150 and
256 minutes. As has been explained, the storm was
poorly recorded in the north-east corner of the array
and it is 1in the western half of the array that the
results of the separation are most meaningful. The

eastern stations gilve adequate control of the fringe

field of the Wasatch Front. Unfortunately the East Front
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is close enough to the Wasatch Front that the currents
under the Southern Rockles contribute considerably to

the internal field at the Wasatch Front (Porath et.al.
1970) so that the modelling of the Wasatch Front from
storm separation results 1is necessarily of a gualitative
nature. However, quantitative depth estimates for a line
current model of the Wasatch Front agree with those of
Oldenburg (1969) and Porath et al. (1970). The agreement
of the results from the storm with those from the substorm
means that the models put forward for conductive structures
in the upper mantle are not derived from a single event.
The work of Reitzel et al. (1970), Porath et al. (1970),
Oldenburg (1969) and the present author has established
the presence of two-dimensional conductive structures
striking approximately north-south under the Southern
Rockies and Wasatch Front, and has placed limits on the

depths, dimensions and conductivities of these structures.

4.5 Separated storm filelds

Normal filelds

It is known (section 1.9) that fields with scale
lengths greater than the dimensions of the array cannot
be separated. To remove the inseparable field a "normal"
horizontal field Hn is assumed. Hn is defined as the

vector sum of the normal external field Hen and a normal
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internal field Hin due to currents flowing at depth 1n
the highly conducting mantle. The removal of Hn leaves
an anomalous internal field, Hia’ to be separated from
an inhomogeneous residual external field Hea' Porath
et al. (1970) attempted a removal of the normal fileld
by fitting a polynomial in x and y by least squares to

the horizontal components X and Y with the boundary

condition
3X _ 3Y
3y ax

This attempt was unsuccessful since the matrix for calcu-
lating the coefficlents became ill-conditioned for
surfaces of higher order than a plane. When possible

Hn would be removed before separation. However since only
a plane approximation can be made to the external field,
the fields must be separated first to see if the plane
approximation 1s appropriate. The complicated external
parts of the separated storm field for periods 89, 150
and 256 minutes could not be represented by a constant or
even by a plane. Therefore the normal field could not be
removed, nor could the anomalous field be subsequently
i{solated and normalized with respect to the normal fileld
in the manner of Porath et al. (1970). It is a priori
reasonable to find the normal field of a storm much more

complicated than that of a substorm.
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Source field

The lozation of the current system (see section
1.6) which produces a polar magnetic substorm 1s depen-
dent on the location of the auroral oval. During intense
storms the auroral oval is known to move equatorward
(Akasofu 1966). Figure U4.11 represents the relationship
of the southward movement of the auroral oval to the Dst
for the storm. The storm of September 20-21, 1967 has a
maximum Dst of 80 gammas which means that during the event
the auroral oval probably moved southward to about 56°N
ljatitude. The current system would then be located at
some time during the event within 14° of the northernmost
1ine of the 1967 array. Figure 4.12 (Walker 1964) shows
that if the current is very wide then stations located at
the latitudes of the 1967 array may be on the southward-
increasing side of the H component curve.

The k-indices of the storm indicate that 1its field
was comprised mainly of substorm activity at the times of
recording. However, the source currents for the geomag-
netic storm of September 20-21, 1967 seem to be very
complex and a simple model for these currents simply does

not exist as it did for the substorm of September 1, 1967

(0ldenburg 1969).



130

Figure U4.11 Southern 1imit of the auroral arc
in relation to amplitude of Dst(H)
for storms. After Akasofu (1966).
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Figure 4.12 Variation of field components with
latitude. After Walker (1964).
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Scale length of the external field

As has been shown in Chapter 1, induction phenomena
depend critically on the scale length (A = 2n/k). The
scale length will be estimated from the external fields,
Fe’ for the periods 89, 150 and 256 minutes.

Fe is defined as the total horizontal external

field

The parameter k is given (Schmucker 1964) by

9F AF
_ j; ey . j; e
K= F (57 = 7(&5 (4.1)

where r is the distance in the direction of maximum gradients

of F . The values estimated from figures 4,14 and 4.15 are:

Period (mins.) 89 150 256
kx 1078 (em™1) 1.4 0.3 0.65

The values of k for the storm are

0.3 x 1078 em™l¢ k €1.4 x 10°8 em™?

4,500 km < A < 20,800 km
with an average value of A of 12,000 km.

Thus it can be seen that the scale length of the

external field is much larger than the dimensions of the
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Figure 4.13 Separated field components for the
storm along three east-west profiles.

T = 89 minutes.
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Figure U4.14 Separated field components for the

storm along three east-west profiles.

T = 150 minutes.



T =150 minutes

SINE COSINE

WEST EAST

[} e s S EEe s s PROFILES [} 'S§§¢ e e S B |

-20 XQ -20 \ato\o
o N2 ) N N
-0 -40 N0
o . w2 0y =i
ho‘M.;.’t’ ~.§l;= s N2 3
-80
ooE X e ‘°\
“wof AN
L Q,
0} —o /:/‘ e e
[ 0 o ~
of—+—— st 0 Y ————
.)o: o’oé:/ -20 'E\
l =, 4 \
-sot -40f x bl g S N o
1 =iy g et
"
Y! °/°
20 ]
=80
0 f—+— et ———+— /3=§—044 0 —— —
-20 k — - /
t ‘ 0:52".) 20 [ —
-40 -40 ==
et ot~ > g°/
- — {3
sof Sxfe ci~a—t
80
sof M o2 -100
§><3 " o
20 s —
‘,.‘\8:04"/‘/.\‘
+

120 0 °¥' ‘;

[ Ze T e—e %0 e
100} o e °

[ /N
tof 0"~ TN -
o0} / ~ —t—. 60

[ 8 —© v z 0

= b (4 7~

w0} e—m> 0 —oh

g o/o/n/
wf * ,;,——gﬁii—ff/‘
° A A i A e A e 4 A 4 J ° :

20 4 /2 °
&

60 [ 2, 0/0\°
::: o ST .

- /A\
40 -40 ‘/A/,_ :\8' "0"—'0
60 ‘& /'/°"°\o’°
- -1
0°



135

Figure 4.15 Separated field components for the

storm along three east-west profiles.

T = 256 minutes.



T=256 minutes

SINE
WEST EAST
4] Y — T v e mp—pe——p——
-20 xl
-‘o I~
) '\=!§':i§.
-«0 ~.
0 gyt
-100
0 Y —— e ————
-20 xl
]
* §.§l\
w5
*0 k‘-o-o-o-.q%‘
-80
-100
(] T T Y T——TT Y T Y
-20f Ye /Oﬂ
-40 _a ;’;‘
-60 N,g;:;S?
s =3
-80
(] —T T /gzlug
. Y,
0 N /O‘Sf'
-40 87
sz
a—aea”0”
-60 ﬂ\n\ /0
sl *~e=37
401 —_ ——ﬁ
- - — e —t—tp
or-gy1 +——t—tt

-20 3

-40

(=]

PROFILES
o N2 1
e N2 2
« N2 3

WEST EAST
0 e s o
X ’.:;:0
-20 ] . .‘._—A— —’_’
40 A »432
o a2
-80
0 (—=r——r—r— ————r—
20 X1
-40
- i NS
=4 s
<100l
120: °
100 ~— %é’ —
= G\ =N
s} —
s} \\
Py \
[ v
0}
Y P S
80 g o
F RSy, L
sof \°§8ég—l""
‘o—
0F Yl
ol e
0 —r——r—r——r— e p———
. S
0r ==,
-40 \._._,\ .
0o & e & sy
-60 8'<c.;\°\ll—ﬂ—u :.
0 g 0 o0
s —:ﬁf@ﬂ\i\i s
-20 7 °\oi:\,:§-;a
— )
4ol Oy



136

Figure 4,16 Separated field components for the
substorm along three east-west
profiles. T = 89 minutes (after

Porath, Oldenburg and Gough 1970).
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array. The values are an order of magnitude larger
than the values of 600 to 800 km found by Caner et al.
(1967) for his magnetic variations but compare well with

the limits
5,000 km £ A £ 11,500 km

found by Oldenburg (1969) for the external field of the
substorm of September 1, 1967. Caner et al. (1967)
were, of course, using unseparate d fields and thelr scale

lengths are doubtless related to the internal fields.

External storm fields

Figures 4.13 through 4.15 show how the external
field of the storm varies on three lines across the array
at periods 89, 150 and 256 minutes. It is obvious that
the external filelds must be due to complex current systems
and cannot be approximated by a plane surface.

The external northward horizontal field X shows a
decrease southward for periods 89 and 256 minutes. But
surprisingly the X component increases southward for
period 150 minutes (figure 4.17). In the paper by Reitzel
et al. (1970) the X component, T=150 min., of the total
field was seen to increase and this was tentatively taken
to imply a rise in the upper mantle 1isotherms from north
to south. The expected reversal of the Z component was

never seen but this was attributed to lack of Z observations
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Figure 4.17 Amplitude of separated external
northward horizontal field xe of

the storm.
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Figure 4.18 Separated vertical and horizontal

eastward storm fields at T=150

minutes.
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in the expected area of reversal. The argument was based
on the assumption that the storm external X component
must decrease southward as did that of the substorm. This
does not hold for T=150 mins., as it does for T=89 mins.
and T=256 mins. It seems possible that the auroral oval
came very far south and the three-dimensional current
system expanded so that our array was under the southward
increasing H component region of the curve of figure 4.12.
The separation was probably not complete since
structure can be seen 1n Ze and Ye over the East Front
anomaly in figure 4.18. This may be due to lack of
information about the fields in this area. In general
the external components at all three periods are smoothly
varying over the Wasatch Front, where the operation of the
array was more efflcient.
The external phases essentially vary smoothly across
the array, even though at the eastern edge
there again appear spurlous gradients which can be attri-

buted to extrapolation of the maps outside the array.

Internal fields

Comparison of the internal cosine and sine transform
profiles of the storm and substorm can be made from figures
4.13 and 4.16. The figures represent the spatial variatlon
of the appropriate component from west to east across

central lines in the array.
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In comparing the two events 1t must be remembered
that the signs and magnitudes of the sine and cosine
coefficlents depend upon the starting time of the time
series and features of the time series transform may be
seen in either the sine or cosine transform map or in
both. Inspection of figures U4.13, 4.14, 4.15 and 4.16
shows that the sine transform profile of the substorm is
very similar to the cosilne transform profile of the storm
at T=89 minutes, while the cosine profile of the substorm
bears little resemblance to the sine proflle of the storm.
The sine profile of the storm 1is essentially featureless
at T=89 minutes which is most likely due to lack of energy
in the sine transform.

The storm sine profiles for T=89 min. like the
substorm profiles show an asymmetry over the Wasatch Front
which can be clearly seen in the ZI and YI components.
Porath et al. (1970) have shown that this asymmetry 1s
less prominent for the shorter periods 30 and 50 minutes.
These results suggest that the Wasatch Front anomaly may
be due to a ridge of conducting material superimposed on
an asymmetric step in the conductive mantle down from the
Basin and Range province into the Colorado Plateau. This
asymmetry of ZI and YI profiles over the Wasatch Front
persists at periods of 150 and 256 minutes, suggesting
that the upheaval and step are deep structures and may be

continuous with the highly-conductive mantle below.
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Figure 4.19 Separated Fourler sine transform
of storm field components Y and

72 at T = 256 minutes.
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Figure 4,15 shows profiles at T=256 minutes.
Inspection of the sine profiles and the profiles at
T=89 minutes (figure 4.16) shows that the Xg, Yg, Zg
components are very similar. Both the XE and YE components
are very smooth and can be approximated by a curl-free

plane. Both Z components show little east-west gradient

E
which suggests that Yn may be set equal to 2Yes (Porath

et al. 1970). The procedure to obtain Zia and Yia was
then carried out on the sine transform components at

T=256 minutes in the hope of amplifying and focusing the
Wasatch Front anomaly. The results of this analysis can
be seen in the maps of flgure 4.19. The map of Z1a shows
the Wasatch Front clearly but it seems to be broadened

due to the greater extent of the induced currents under
the Colorado Plateau at this long period. To state this
another way, the Wasatch Front anomaly at 256 minutes
period would be more influenced by the East Front anomaly
than, say, at 30 minutes. The map of Zia shows large
gradients roughly outlining the Colorado Plateau. Par-
ticular interest resides in the large gradients in Z1a in
the western and southern areas of the array. These
gradients may reflect the boundary of the Colorado Plateau

and the Basin and Range province to the south and west of

the Plateau.
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The general pattern of the Z1a field, in the
middle of the array, increasing to the south supports
the idea of a north-south isotherm under the Colorado
Plateau rising up into the Basin and Range to the south.
These results seem to support the findings of Reltzel
et al. (1970) mentioned earlier,

The Y. sine maps of figure 4.19 show the Wasatch

I
Front anomaly very clearly and the trend of the gradlents

is located west of the trend of the ZI gradients, whilch
1s in agreement with the results of Porath et al. (1970).
Comparison of the Y1a and YI sine maps at 256 minutes
(figure 4.19) shows that the Wasatch Front anomaly 1is
greatly enhanced by the removal of the normal internal
field.

The spectrum of the Z component of the storm
(figure 3.5) reveals that most of the power in the storm
i{s concentrated near T=150 minutes and 110 minutes.
Figure 3.5 also shows the relative amplitudes of the
three components H,D,Z at various periods. It seems that
the ratio of the amplitude Z/D and Z/H 1s greatest also
at 150 minutes. Therefore 150 minutes is an ideal period
at which to separate the storm because:

(a) there is sufficient energy avallable in the Z component;
(b) the ratios Z/D and Z/H are favourable.
The profiles of the cosine and sine ZI and YI com-

ponents at 150 minutes (figure 4.,14) again show the
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asymmetric fields over the Wasatch Front anomaly, but

much more clearly at this more favourable perlod than

at 89 or 256 minutes. Maps of the Z; and Y; amplitudes
(figure 4.18) give a good representation of the Wasatch
Front anomaly, while little appears in the sparsely
observed eastern half of the array. The location of

the maximum of YI is again seen to be west of the ZI
maximum over the Wasatch Front; this supports the locatilon
of an anomalous line current under the Wasatch Front. The
XE, ZE phase maps seem to be very smooth and uneventful,

while X ZI phases show definite abrupt

12
changes in sign. Inspectlon of the XI’ ZI phase maps shows
that these phase changes roughly outline the western and
southern boundaries of the Basin and Range and the Colorado
Plateau. This outline coincides with the outline observed
earlier for the Zia sine transform maps, at T=256 minutes.
In summary, the Wasatch Front anomaly shows in maps
of the internal parts of the storm field components, par-
ticularly at period 150 minutes at which the storm spectrum
has abundant energy. The results confirm the presence of

an internal conductive structure in the position and azimuth

indicated by analysis of the separated substorm fields.
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4.6 Conductive structures

Two types of conductive structures can account
for most local anomalies observed in Geomagnetic Depth
Sounding investigation (Section 1.5):

(1) Surface anomalies caused by high conductivities

in crustal rocks close to the surface, in many cases
related to deep basins of porous sediments. The anomalous
internal field should be out of phase by 60° to 90o with
the inducing field since Ohmic reslstance is more important
than inductive reactance.

(2) Undulations of "isocons" (surfaces of equal conduc-
tivity) in a conducting medium of large extent. Thils

type of model 1is representative of deep conductive
structures in the Earth. These undulations have conduc-
tivities and dimensions, characteristic of upper mantle
structure, such that self-inductance controls the induced
currents rather than resistance. Arguments presented in
Chapter 1 state that the phase differences between normal
and anomalous fields associated with such structures are
small (less than 40° typically).

Porath et al. (1970) estimated tﬁe real conductivity
for the semi-circular upheaval under the Southern Rockies
from phase differences between the normal and anomalous
fields. This upheaval has the same response as an isolated

cylinder (Kertz 1960, Rikltake and Whitham 1964), with an
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assoclated induction parameter c = r/Unwoc which can be
estimated from the relative magnitudes of the in-phase
and out-of-phase fields. The radius r of the cylinder
can be obtained from the maximum amplitude of the
anomalous horizontal field W = Yia/Yn (Schmucker 1959)

from the expression
r = z/ W/

with f the fraction of the dipole moment of a perfectly
conducting cylinder, which can be estimated from the phase
differences. Thus for the Southern Rockies z = 360 km,
W=10.175 and £ = 0.6 yielding r = 200 km. For the phase
angle 300, ¢ = 3.5 e.m.u. which gives a conductivity of

2 x 10712 e.m.u. for the ridge under the Southern Rockies
(Porath et al. 1970).

There exist several reasons why the two north-
south anomalies can be interpreted as being associated
with large, deep conductors:

(1) The general correspondence between the anomalies and
heat flow results (Reitzel et al. 1970).

(2) The inability of surface anomalies to account for
phase differences of about 30o between the normal and
anomalous flelds (Porath et al. 1970). .

(3) The persistence of the anomaly at very long periods;
this work showed persistence up to 4% hours, aﬁd Réitzel

et al. (1970) showed persistence of the anomalies in the
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Figure 4.20 Equivalence of semicylindrical ridge
on the surface of a conducting half-
space to an isolated cylindrical

conductor.
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Sq daily variations, which have negligible energy in
harmonics higher than the fourth (T = 6 hours).

The anomalous fields produced by lateral inhomo-
geneities 1in the conducting upper mantle are a second
order effect superimposed upon a much larger normal fleld.
The lateral conductivity inhomogenelitles are often inter-
preted as upheavals in the mantle. If these upheavals
are modelled as an isolated cylinder then neither the
1ine current nor a two-dimensional dipole resulting from
the induction are physically realistic for two reasons:
(1) The line currents allow for no return current.
(2) The dipole postulates the existence of two anti-
parallel currents in the upheaval.

The current concentration on the elevated portion
of the upheaval can be approximated by a line current,
while the dilution of the current density on either side
of the upheaval 1s equivalent to a return current under the
line current. Thus a semi-cylindrical upheaval of infinite
conductivity effectively has an image of the forward current
under the upheaval (Rikitake and Whitham 1964), so that
the half-cylinder has the same induction response as a
conducting cylinder embedded in an insulator and produces
the field of a two-dimensional dipole (figure 4.,20).

The field of a semi-cylinder on the surface of a

perfect conductor can therefore be approximated by a line
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of dipoles at the depth of the undisturbed surface of
the conducting half-space or by a line current near

the top of the upheaval. The line current then gives
a maximum depth to the top of the upheaval. The two-
dimensional dipole model is used to estimate depth to

the undisturbed conductive surface near the ridge.

Line current

The line current model is shown in figure 4.21
where the magnetic components are
I I

pA X
H. = H (4.2)
X 21rr2 z 2

2nr

and the depth estimate 1s equal to the half-width of the

Hx anomaly.

Conducting cylinder in a varying field

Kertz (1964) and Ward (1967) have derived the
anomalous fields due to an isolated cylinder (figure

4,21) in a harmonically varying field. The induced

fields are:
= % 2 2 ~iwt
H = [rz (cos?¢ - sin®¢)]e
2 -
H, = ;% sing cos¢]e lut (4.3)
a = - R¥*(M + 1IN) H,
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Figure 4.22 Internal parts of Y and 2 components

of storm field at T = 150 minutes.
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where o 1s the dipole moment of the two-dimensional
dipole. M and N are the in-phase and out-of-phase
components of the anomalous fileld respectively.

Equatilons 4.3 give the depth relations of the hori-

zontal and vertical flelds respectively:
7 = tx/(/5-2)= 2.04 x
7 =t/3x.

Depth estimates were obtained from the spatial
half-widths of maxima of the separated magnetic flelds
along three centrally located east-west profiles. Figure
4,22 gives the amplitude proflles of YI and ZI at 150
minutes. The depth estimates were made only for the
Wasatch Front. As stated previously only in the sine
transform at T = 256 minutes was 1t appropriate to isolate
the anomalous field in the manner of Oldenburg (1969).

All other depth estimates were made from unnormalized
separated magnetic variations. Comparison of the isolated
to the non-isolated fields shows that the values are within
the 20% error assoclated with each estimate. Since the
depth estimates were made from unnormalized fields a base-
line representing some portion of the normal fleld was
drawn. Depths to a line current and infinite cylinder

are given in table 4.1; all estimates are taken from
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magnetic anomaly profiles llke figure U4.22 over the
Wasatch Front. Comparison of the results above with
those of Porath et al. (1970) can be made by inspection
of the depth estimates they computed for the substorm,
quoted in table 4.2.

The depth estimates of the postulated currents
are consistent for all profiles and interestingly enough
for the very long period also, giving the average maximum
depth to the top of the conductive ridge under the

Wasatch Front as
114 km t 20%

Oldenburg (1969) computed a similar table to 4.1 for line
current depth estimates for the substorm, and found for
average maximum depths to Wasatch Front 110 km + 20%

East Front 230 km t 20% .
He also reported that depth estimates from similar

profiles on maps of the sine and cosine transforms of

Z1a and Yia

also gave maximum depths of the line current which were

and on maps of Re(zia/Yn) and Re(Yia/Yn)

within the limits of the unnormalized depth estimates.

The results of Oldenburg (1969) and of the author
show that good estimates to the top of an upheaval modelled
as a line current can be made from the unnormallized separa-

ted fields. The consistency of the depth estimates at
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Table 4.1

Depth Estimates of Wasatch Front

Period (mins.) Depth(from half-width)km
Line Current Cylinder

89 110 207
150 ' 117 230
256 114 232

Table 4.2

Depth estimates from Substorm filelds

Depth(from half-width)km

T Yia/zia Line Current Cylinder
Southern  32.5 0.7 180 370
Rockies 50.0 0.9 190 400

89.0 0.9 200 410
Wasatch 32.5 1.0 110 230
Front 50.0 1.2 125 260

89.0 1.2 - -
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long periods corroborates the conclusion of Reitzel
et al. (1970) that the anomalous conductive structures are
deep and may be regarded as undulations in the conduc-

ting mantle.

4,7 Models of conductive structures

Porath, Oldenburg and Gough (1970) have developed
a five-step method to obtain models of conductive
structures that cause two-dimensional magnetic anomalies
observed across an array. The flve steps are:
(1) A line current model is used to estimate maximum
depths to the tops of conducting upheavals.
(11) A two-dimensional dipole model is used to estimate
the depth to the undisturbed conductive surface near the
ridge.
(111) A semi-cylindrical upheaval on the surface of a
perfectly conducting half-space is tried, starting with
depth and radius as estimated from (i) and (1i), with
necessary adjustments to improve the fit. The fields
associated with such a model can be computed by the method
of conformal mapping (Schmucker 1964),
(1v) Asymmetrical anomalies can be fitted by a step in
the surface of the half-space, and combined in a first

approximation with the half-cylinder model 1if needed,
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(v) Once the dimensions of the required conducting ridge
are established phase differences between the normal and
anomalous fields can be used to estimate the true, finite
conductivity.

This thesis has completed steps (1) and (ii). The
writer did not proceed to steps (iii), (iv) and (v) because
the results of the storm separation do not allow quanti-
tative modelling. The separated fields over the Wasatch
Front have been compared with the models developed by
Porath et al. (1970). As was polnted out previously the
anomalous filelds must be normalized to obtain good estimates
of the conductivity using the phase differences between the
normal and anomalous fields. The results of the storm
separation have shown the flelds to be too complex to be
normalized by present methods, so that no quantitative
estimate of the conductivity was obtained from the storm
fields.

Porath et al. (1970) model the two anomalies by
fitting the observed anomalous fields to the response of
semi-cylindrical upheavals and steps in the surface of a
perfectly conducting half-space. The responses were
computed by conformal mapping techniques (Schmucker 1964).
Figure 4.23 shows the steps involved in approximating the

substorm vertical field anomaly by a conductivity model
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Figure 4.23 Model fitted to normalized anomalous
vertical field of substorm at T = 89
minutes (after Porath, Oldenburg and

Gough 1970).
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Figure 4.24
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Model fitted to normalized anomalous
eastward horizontal field of substorm
at T = 89 minutes (after Porath,

Oldenburg and Gough 1970).
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(after Porath et al. 1970). Figure 4.23a is a semi-
cylinder on an infinite half-space whose dimensions were
derived from results of the line current model and the
dipole model. Figure 4.23b shows the response to a

step model compared to the observed anomaly minus the
field due to the model in figure U4.23a observed over the
Wasatch Front. Figure 4.23c shows the result of super-
position of the step response to the cylinder response
model, which then gives a good approximate conductivity
model to the observed Wasatch Front anomaly and the East
Front anomaly. This procedure depends heavily on getting
a good estimate of the East Front conductivity structure.
Because such an estimate was not obtained by the writer
for the anomalous storm fields this modelling procedure
could not be completed. The work on the separated storm
fields terminates with a qualitative fit of the unnormalized

Y. and Z, amplitude components of the storm at T=150 minutes

I I
as profiles over the Wasatch Front. Figure 4.25 shows
that within the limits of the depth estimates YI and ZI
fit the theofetical responses of the YI and ZI components
over the Wasatch Front as seen in figures 4.23 and 4.zh.

Aithough the lack of information from the eastern
half of the array and complexity of the external field of

the storm prevent completion of a quantitative interpre-

tation of structure from this variation event, the
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Figure 4.25 Internal Y and Z flelds of storm at
T = 150 minutes, with linear gradients
removed (compare Figure 4.22), and the

Wasatch Front model structure derived

from substorm fields.
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qualitative and semi-quantitative results secured for
the Wasatch Front structure are important in giving
independent support, from a second input fleld, to the
conductive structure deduced from study of the substorm

fields.
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CHAPTER 5

GEOPHYSICS AND UPPER MANTLE STRUCTURE IN THE

WESTERN UNITED STATES

Geomagnetic deep sounding results from the 1967
array in the western United States (Reitzel, Gough,
Porath and Anderson 1970, Oldenburg 1969, Porath,
Oldenburg and Gough 1970, and the present thesis)
provide the opportunity for correlation with other
geophysical results. Such results include refraction
data in seismic P velocity (Herrin and Taggart 1962,
Archambeau, Flinn and Lambert 1969), seismic time-term
studies, (Cleary and Hales 1966) extensive heat flow
measurements (Roy et al. 1968a, Roy, Blackwell and Birch
1968b) and conductivity-temperature relationships (Tozer
1959, Hughes 1955, Swift 1967, Hyndman and Hyndman 1968,
Warren et al. 1969, Gough and Porath 1970) with the
hope of establishing a geophysically consistent areal
pattern of upper mantle lateral inhomogeneities in the

western United States.

5.1 Seismology

Herrin and Taggart (1962) applied a computational
procedure to seismic data in the Pn range from 89
stations to determine the epicenters of the Gnome explo-
sion and the Lake Hebgen earthquake in the United

States. The investigation resulted in the first



164

clear evidence of significant regional differences in

Pn velocity. In the detailed analysis of regional
variations in Pn velocity, the Pn phase is regarded as

a head wave travelling in the upper mantle Jjust below

the Mohorovicic discontinuity at distances less than

2000 km,implying that the Pn velocity does not vary
systematically with distance from the source. Interval
velocities were computed between stations along radial
1ines from the source by dividing the distance between
stations along the radius by the difference in arrival
times at the two stations. The valldity of this method

is based on the condition that the crustal thickness is
the same under both stations. This condition would thus
prevent the detection of the Wasatch Front where GDS
results suggest that the crustal thickness changes between
the Basin and Range Province and the Colorado Plateau.

The assumption that interval velocltles approximate the

Pn veloclity at the center of the spread allows the results
to be contoured. Figure 5.1 illustrates the compressional
velocity at the top of the mantle according to the
assumptions given above. The attenuation of amplitude

in the first arrival from the Gnome exploslon was seen

to correlate with regions of low Pn veloclity. Variatiqns
in the depth of a low veloclty layer in the upper mantle

then may well account for the complex Pn velocity pattern
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Figure 5.1 Pn velocities in the western United
States, after Herrin and Taggart

(1962).
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in the western United States. Herrin and Taggart (1962)
maintain that these variations in depth and thickness

of the velocity minimum are probably related to
differences in terrestial heat flow and thus to the
thermal gradients thought to be present in the upper
mantle. The averaging of Pn velocities along a profile
definitely limits resolutlion, preventing the recognition
of such relatively narrow features as the Wasatch Front
and Southern Rockies upper mantle ridges.

Cleary and Hales (1966) analyzed the travel times
of P waves from 25 earthquakes to stations in North
America, from sources at angular distances between 32°
and 1000, by aleast squares technique similar to the
"time term" method of refraction seismology. Deviations
from the Jeffreys-Bullen tables were separated from the
effects of station and source residuals. The difference
from the J-B tables were calculated at 20 intervals and
fitted to a smooth curve. A regional trend was shown
in the station arrival times with arrivals in Basin and
Range Province being up to a second late and those 1in
the central part of the United States up to a second
early.

Cleary and Hales (1966) decided that data should
be selected initially from stations on the lNorth American
continent to keep the effects of location errors to a

reasonable minimum. Thelr reasoning follows: two
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stations at opposite ends of the continent at a distance
30° from the source with a mislocation of 0.1° produce
a difference error of 0.7 seconds and a distance of 60°
with the same conditions producesa difference error of
about 0.5 seconds. Earthquakes are chosen that 1) were
shallow-focus, 2) had a first arrival that was sharp
enough to be recognized and measured precisely at vir-
tually all stations, and 3) were distributed in such a
manner that the data from most stations would contain
information from an adequate sample of distances and
azimuths. The stations that provided data for the
analysis were:

1. LRSM Station and Vela-Uniform Observatories

2. WWSSS Stations in the U.S.

3. St. Louis Network Statlon

h Caltech Network Statlon

5. Canadian Stations
A precision of 0.1 sec. was attained for all records.
A version of Bolt's ID1 computer program was used to
calculate the epicenter, or give time and focal depth
for each event along with the residuals from the J-B
times. The North American station residuals were
extracted for analysis from the above residuals.

The method of analysis 1s based on evaluating
the equation

aI'S * bI' * dS = 61:I‘."?;
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at each station r and earthquake s, where Gtrs is the
observed residual from the J-B tabies; 8,9 assumed to

be a function of distance only, is the average diffe-
rence from the tables at the distance of statlon r from
earthquake s; br is the station residual that is a
perturbation in the travel time induced by conditions

in the neighborhood of station r; and dS is a perturba-
tion caused by conditions peculiar to earthquake s that
is taken as constant within the range covered by the
data. As mentioned above the analysis is similar to "time
term" with the difference residing in the parameter ds'
This is not really a source term but should more properly
be called an arbitrary baseline correction made necessary
because only a selected group of stations were used and
the mean of the residuals of this group may differ from
zero.

The results from the analysis of shallow-focus
earthquake data are shown as station P wave residuals
(Cleary and Hales 1966) over the United States in figure
5.2. There is indeed a marked regional trend with
large positive residuals in the Basln and Range Province
and large negative residuals in the central United States
with apparent extensions of this negative residual trend
north into the Canadian Shield. Figure 5.3 was taken

from a paper by Doyle and Hales (1967) where a similar
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Figure 5.2 Station residuals in P arrival times
over the United States (Cleary and
Hales 1966).
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.Figure 5.3 Station residuals in S arrival times
over the United States (Doyle and
Hales 1967). |
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analysis was applied to S waves as was done by Cleary
and Hales (1966) for P waves.

Cleary and Hales (1966) based thelr analysis on
an earth model that had a laterally homogeneous lower
mantle overlain by a laterally inhomogeneous upper
mantle and crust. They have also assumed that:

1) the average travel time of a P wave 1ls con-
trolled by the homogeneous material through
which the wave travels for the greater part
of its path;

2) only inhomogeneities in the upper layer
produce variations from this average time
and are constant within the prescribed
distance range for a specific station and
source. Cleary and Hales (1966) state that
the consistency of their results supports
these assumptions to the first order.

The use of an array of seismometers on a reglonal rather
than a continental basis in a Cleary and Hales "time
term" method of earthquake analysis offers promise of
providing a seismic technlque capable of comparable
lateral resolution of features to GDS array studiles.

Archambeau, Flinn and Lambert (1969) attempted
to determine the upper mantle structures that underlie
particular continental provinces through the use of

modern computer-based techniques of processing and
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Figure 5.4 Observational profiles used by

Archambeau, Flinn and Lambert

(1969).
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analyzing seismic data to systematically isolate and
jdentify mantle body-wave phases. They state that
they have been able to obtain a large amount of relia-
ble information from a relatively small number of
observations along a single profile or linear array,
because their techniques allow data to be obtained
from later arrivals, thus giving complete travel time
and amplitude distance curves, rather than just first
arrival branches. These authors obtained compressional
velocity models for the North American Continent which
distinguish distinct mantle structures for two tectonic
regions: (1) a basin and range or rift zone mantle
structure; (i1i) a plateau mountain structure which may
show further subdivision as more data become avallable.
Archambeau et al. (1969) used the compressional
phases from the Shoal and Bilby nuclear explosions in
Nevada and from the Fallon earthquake (which occurred
at the Shoal site) observed along four basically linear
profiles across the physiographic provinces of the
continental United States (figure 5.4). Three profiles
were expected by Archambeau et al. to provide a good
sampling of the Basin and Range upper mantle, the
Colorado Plateau and Southern Rocky Mountains, the
Snake River plains, the Northern Rocky Mountains, and
the eastern Basin and Range provinces. Because of the

limited range of these stations and the probable tran-
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Figure 5.5 Velocity profiles found by Archambeau,
Flinn and Lambert (1969) in four regions

of the United States.
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sitions in mantle structure along these profilles
Archambeau et al. (1969) only hoped to observe lateral
variations in mantie structure above depths of 300-400
km.

The salient results of this study can be seen
in figure 5.5, pertinent to this discussion in the B
zones which lie in the depth range in which lateral
variations in the upper mantle properties occur. Major
changes in velocity can be seen at 150 km, 400 km and
650 km. Archambeau et al. interpreted upper mantle
structure appropriate to the Southern Rocky Mountains
and Colorado Plateau provinces as consisting of a low
velocity zone capped by a high velocity 11d zone, with
variations in both the 1id zone and low velocity zones
from province to province. The Basin and Range 1is said
to have a very thin 11id or none at all with abnormally
low velocities extending from or near the base of the
crust to 150 km. A pronounced low-Q zone 1s sald to
correspond to the average low velocity zone depth range
for the velocity models. A major result of Archambeau
et al. (1969) is the existence of laterally variable
sones of the P velocity in the upper mantle, with rapid
changes at both the top and bottom of the zone, as well
as the decrease of low velocity values 1in between. This
result suggests that partial melting of mantle material

is occuring in this depth range.
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Figure 5.6 Evolution of granites and their electrical
conductivities, after Hyndman and Hyndman

(1968).
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This method of seismic'data analysis along a
profile still does not have the capability of resolu-
tion necessary to accurately map the boundaries of
the upper mantle provinces, because resolution 1s

1imited by 1) the averaging process of the P velocity
results and 2) the spacing of the stations on the

profiles.

5.2 Conductivity and Thermal Structure as a Function

of Time

Hyndman and Hyndman (1968) suggest that most of
the electrical conductivity anomalies observed in the
North American Cordillera and particularly that of
Caner et al. (1967), which indicates that high conduc-
tivity is largely restricted to a 20 km layer at a depth
of 20 to 40 km, are related to highly conducting material
associated with the existence of water-saturated rocks
in the lower crust. Hyndman's argument 1s based on the
development of a geosyclinal crust. This development
consists of three stages representing different instants
of geological time. The results of this development
with respect to conductivities and temperatures at
depth are shown in figure 5.6. The alternative possi-
bilities of electrical conductivity anomalies being due
to lateral variations of conductivity in the upper

mantle or being due to water-saturated rocks are
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dependent on the age of the area being studied. Thus
the interpretation would depend on the region being

in the "Young Geosyncline", "Intermediate" or "Stable
Shield" periods. The importance of the age of the
rocks 1s caused by the decrease in time of the effects
of water saturation on electrical conductivity.

Gough and Porath (1970) suggest a common origin
to the ridge producing a heat flow anomaly and to the
ridge producing a magnetic induction anomaly, across
the Southern Rockies (Reitzel et al. 1970, Porath et al.
1970). If the origins are common then the ridges must
be of considerable age, 1.e. low thermal conductlvities
in the crust and mantle give a time constant to thermal
information originating at depth in the order of 108
years. Gough and Porath (1970) concluded then that if
the above assumptions were true then the structures
could not be less than 2 x 108 years old. This conclu-
sion rests on the assumption that the induction anomaly
is caused by structure, probably thermal, in the upper
mantle.

The writer suggests that the two main north-south
anomalies Wasatch Front and East Front cannot be inter-

preted in terms of water-saturated rocks.
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5.3 Electrical Conductivity, Temperature and Heat Flow

The electrical conduction in the near-surface
rock formation is mainly electrolytic as a result of
saline solutions filling pores and cracks. The uncon-
solidated sediments have conducfivities between 0.1 and
1 (ohm m)"l in contrast to dense and therefore poorly
conducting lgneous rock (0.01-0.001 (ohm m)™1). The
crust is essentially a poor conductor since rocks become
more and more insulating under pressure. But the conduc-
tivity does rise again at greater depths and this rise
is largely attributable to increase 1in temperature at
depth.

Ringwood (1966) produced a "pyrolite" petrolo-
gical model as an approximation to the composition of
the upper mantle. This model satisfies seismic,
density and chemical conditions. Pyrolite has a
chemical composition 75% perodotite, 80% olivine,
«Mg,Fe)2Si Oh)’ 20% enstatite(Mg Si 03) and 25% basalt.

The main constituent of "pyrolite" ,olivine was
investigated by Hughes (1955) with respect to 1ts con-
ductivity as a function of temperature and pressure
between 1333°K and 1513°K and between 0 and 8.5 kbar,

the ambient pressure at 30 km depth.

Hughes' results indicate an exponential law for
the conductivity of olivine; such a relation is typlcal

of minerals which are seml-conductors:
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i

where A1 is the activation energy for one of the
semi-conduction processes, impurity, intrinsic or
jonie. Tozer (1959) has shown that the predominant
semi-conduction processes in the upper mantle are
intrinsic and ionic. He also states that the Ai/kT
exponent is large and the dependence on temperature is
very strong, while the error introduced into the tem-
perature calculations by the presence of other phases
amounts to only a few tens of degrees for quite large
"impurity" contents. Therefore the precision of tem-
perature determination from electrical conductivity 1s
highest in the upper mantle. Tozer (1959) has derived
temperature at depth from the conductivity models of

Lahiri and Price (1939) and McDonald (1957). The
conductivity-temperature relationships are still not
too well defined in the upper mantle, mainly because
of uncertainty with regard to the fayalite content of the
olivine.

If the surface of the earth and that of the
the highly-conducting upper mantle are assumed to be
isothermal surfaces, then the coincidence of heat flow
anomalies withthose of electromagnetic induction should

give information concerning the conductivity-temperature
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relationship in the upper mantle. This was the approach
taken by Warren et al. (1969) to compare their heat flow
measurements along a profile coineident with Schmucker's
(1964, 1969) profile of magnetic observations in Southern
New Mexico, Arizona and Texas. For the coincidence of
the thermal and electromagnetic anomalies to have meaning
in regard to temperature, each must be shown independently
to arise from the lateral inhomogeneities in the upper
mantle. Schmucker (1964) has given a reasonable inter-
pretation of the Rlo Grande anomaly in terms of lateral
conductivity inhomogenelties of the upper mantle, and this
has been discussed in Chapter 3.

Roy et al. (1968b) haveshown that major changes
in heat flow taken from 38 bore-holes in plutonic rocks
across the continental United States can be attributed
to changes in the source of heat at depths within
the upper mantle. Thelr analysis takes account of the
heat produced by radioactive decay in the plutons by
using the linear heat flow relationship Q = a + DA,
where Q@ is the heat flux at the surface, A is the radio-
active heat production of surface blutons, b the depth
to which the radiocactivity measured at the surface 1s
constant and a the heat flow due to sources in the lower
crust or upper mantle. With information about radioactive
element concentration at each site of heat flow observa-
tion, the value for bA can be estimated. Roy found that b

varied from 7 to 11 km across the United States thereby
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allowing a standard plot of Q = a + bA with coordinates
Q@ and A to be drawn. The intercept of Q, a, would re-
present the contribution to Q from the lower crust or
upper mantle. This shows that heat flow varlations

as seen on a large scale are due mostly to variation in
the lower crust and upper mantle.

The combined radioactivity and heat flow measure-
ments at the 38 localities show that the continental
United States has three definite heat flow provinces:

1) eastern United States where b=7.5 km and a=0.79
1Jcal/cm25ec (H.F.U.); 2) the Sierra Nevada where

b=10.1 km and a=0.40 H.F.U.; and 3) the Basin and

Range Province where b=9.4 km and a=1.4 H.F.U. Roy et al.
(1968b) state that the slope assocliated with the heat
flow results of the eastern United States may have

broad applicability in that it may be considered the
reference curve for normal continental heat flow. The
Basin and Range Province has an intercept of 1.4 H.F.U.,
0.6 H.F.U. greater than the eastern United States; this
heat must come from the lower crust or upper mantle, but
the lower crust can be discounted as a source since this
would conflict with seismic and geochemical results.
This leaves the upper mantle as the source of the excess
heat flux. Roy et al. (1968b) state that high tempera-
tures causing partial melting at shallow depths»in the

upper mantle would be consistent with seismic, gravity
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and electrical conductivity data and that the top of
the partially molten zone 1is essentially an 1sotherm
since the melting point gradient is only 2 to 4°c/km.

Even though the number of heat flow data loca-~
tions is not as plentiful as used in other upper mantle
investigation techniques in the continental United States,
enough values exist in the western United States to
support the concept of representing the surface or
near surface of the upper mantle as an isotherm that
is undulating under the physiographic provinces in the

western United States.

Warren et al. (1969) with heat flow results along
the same line as Schmucker (1969) were able to relate
their heat flow variations with Schmucker's
electromagnetic anomalies by showing that both sets of
data were consistent with a 1200°C isotherm at a depth
between 50 and 200 km under Southern Arizona and between
150 and 400 km under western Texas. Warren's 1isotherm
was determined by downward continuation of heat flow

data in two dimensions using Poisson's equation:

226 , 3?0 _ A(x,2)

where 6 and A are the temperature and heat production
at the point (x,z). He assumed the surface of the earth

also to be an isotherm. The results of this process are



184

Figure 5.7 Heat flow and conductive models

(after Warren et al. 1969).
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Figure 5.8 Heat flow and geomagnetic depth-sounding
and magnetotelluric stations (Warren et
al. 1969). The three broken lines show
the approximate positions of lines 2, 3
and 4 of the 1967 array in the present

study.
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Figure 5.9 Model structure for results of 1967
array (Porath et al. 1970). Repetition
of figure 4.28.
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shown in figure 5.7 along with the results of Schmucker
(1969). Estimates can be made of the 1sotherm which
gives best correlation of heat flow to magnetic varia-
tions along a line. The resulting temperature estimates
are in agreement with estimates from other considerations
within 300°C.

Figure 5.8 reproduced from Warren et al. (1969),
shows the distribution of heat-flow values in a region
which overlaps most of the area covered by our 1967
array. Lines 2, 3 and 4 of the array are indicated.

The correlation with the conductive structures (figure
5.9) is close. The Basin and Range Province and Southern
Rockies are hot, the Texas Foreland and Colorado Plateau
cold. Only two heat-flow determinations suggest a lower
upper mantle temperature under the Colorado Plateau,
where Warren et al. obviously assume a correlation of
heat flow with the structures. Here the GDS evidence

of a step structure in the conductivity under the
boundary between the Basin and Range and the western
edge of the Colorado Plateau bears out and extends the
heat-flow picture. The ridge on top of the step at the
Wasatch Front (figure 5.9) is not shown 1in the heat-flow
results, probably because the latter are too few.

An alternative presentation of the correlation

between heat-flow and induction anomalles is given 1in



Figure 5.10

Provisional heat-flow contour map of
Roy, Blackwell and Decker (private

communication) superposed on Fourler
spectral amplitude map of unseparated
vertical component of substorm fleld

at T = 60 minutes.
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figure 5.10. Here a provisional heat-flow contour map
by Roy, Blackwell and Decker (personal communication)
is superposed on the unseparated Z component Fourler
spectral amplitude map at T=60 minutes for the sub-
storm field of September.l, 1967. The magnetic fields
indicate the local currents under the Southern Rockies
and Wasatch Front, west of the maxima in Z. The
tracking of the magnetic field with the heat-flow

contours 1is striking.

5.4 Conclusions

Seismic, heat-flow and geomagnetic depth sounding
results agree in showing that the Basin and Range Pro-
vince is underlain by upper mantle material at higher
temperatures, at a given depth, than that under the
Great Plains or the Colorado Plateau. Magnetotelluric
results by Swift (1967) also fit in to this pilcture.
Figure 5.9 presents the essentlal results of the 1967
GDS array study discussed in this thesis. The model
there given is, of course, not unique. It 1s, however,
consistent with all of the geophysical informatilon,
though the GDS array study resolves detalls not revealed
by the present seismic and heat-flow data.

Other large GDS array studies have been made 1n

1968 and 1969, to extend the investigation of upper
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mantle conductivity structure southward to the Mexico-
U.S. border and northward to the Trans-Canada Highway.
When results are available from these later arrays it
should be possible to set 1limits to the structures

relating those here discussed to the East Pacific Rise

and to those under the Northern Rockies.
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