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University of Washington
Abstract

A Three-Dimensional Model of Geoelectric Structure
in the Northern Coast Ranges, California

by Maryann G. Helferty

Chairpcrsoﬁ of the Supervisory Committee: Prof. John R. Booker
Geophysics Program

The most convincing model to explain the numerous geothermal centers in the North-
ern Coast Ranges is that of a buried half-spreading center. This thesis reports on the
search for a conductivity anomaly associated with the asthenospheric window bounded by
the southern cdge of the subducted Gorda plate. If the strong field contribution from the
coast effect can be subdued with a source polarization along strike with the average coast-
line, then a buried plate edge would produce a single peak in anomalous magnetic fields, Z,
centered over the step. An array of 18 magnetometers was deployed in 1986 as part of this
field experiment. Induction arrows and a hypothetical event analysis for the array are
presented along with an interpretation of the geoelectric structure of the Cape Mendocino
region.

The data analysis show that a two-dimensional interpretation does not suffice to
explain the obscrved anomalous magnetic fields. Specifically, the azimuth of the real induc-
tion arrows changes with period and the real and imaginary arrows are not co-planar. A
north-south prolilec of observed Z values is compared against a two-dimensional model of a
step in the acsthenosphere and the following differences are noted: (a) model values of
Real(Z) are always positive in contrast to the large negative values observed at both ends
of the prolile, (b) model values of Real(Z) are less frequency dependent than the observed
ficlds, (c) modcl values of Imag(Z) are symetric about the step whereas observed values
continuously increase to the south. The observed fields are strong and attest to a compli-
cated geoelectric structure along the continental margin.

Surface conductive features could contribute to the anomalous fields recorded by the
array and complicate the choice of a source polarization that best delineates deeper struc-
ture. I developed a three-dimensional model of the surface geology and bathymetry for the
study arca. Using thinsheet modelling programs at the San Diego Supercomputer Center, I
calculated the anomalous fields produced by the irregular coastline, the metasediments of
the Coast Ranges, and the northern terminus of the Sacramento Valley. The caluclations
demonstrate that the magnetomcter array is strongly influenced by these surface conductors
which impede the search for a conductivity anomaly associated with the Gorda Plate edge.
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CHAPTER 1

INTRODUCTION

1.1 Geologic Setting
The Mendocino Triple Junction marks the northwest end of the San Andreas transform
and thus also the northw’ést comer of a hypothesized window in the subducted slab beneath
western North America (Figure 1.1.1) (Dickinson and Snyder, 1979). This slab window is
bounded on the north by the southern edge of the subducted Gorda Plate and extends east to
the Rockies. In this triangular hole, asthenosphere is present at shallow depths. The myriad
of geothermal areas of northem Califomia, including the Geysers and Clear Lake regions,
attest to the presence of shallow asthenosphere under the Coast Range south of Cape Mendo-
cino. Indeed, the most convincing model to explain the thermal structure of the Coast Range
involves a half spreading center beneath the North American lithosphere at the southemn edge
of the Gorda Plate (Lachenbruch and Sass, 1980). To an observer on the Pacific Plate, the
North American continent slides southward over the subducting Gorda Plate, at a rate of 50
km/My. As the continental lithosphere slides off the southern edge of the subducted Gorda
plate, it comes in contact with deeper, nonsubducting material on the east side of the San
Andreas Fault, which it then proceeds to drag southward (Figure 1.1.2). Mass is conserved
by upwelling of deeper asthenospheric material just south of the edge of the Gorda plate. Par-
tial melting of the rising material and of the lower lithosphere in contact with it produces the
magmas for the geothermal areas; diffusion of the heat up into the lithosphere on a larger

scale accounts for the elevated heat flow values observed in the southern Coast Range.

Both Dickinson and Snyder, as well as Lachenbruch and Sass, assumed that the south-
em edge of the Gorda Plate would parallel the Mendocino Fracture Zone (MFZ). However,
Jachens and Griscom (1983) have used an isostatic reduction of the gravity field to infer that
the plate edge is actually parallel to the Blanco Fracture Zone and proceeds southeastwards at
least 100 km from Cape Mendocino. There the gravity data suggest that the plate edge bends
parallel to the MFZ and proceeds eastward under the Great Valley. The sense of the gravity
anomaly (higher values to the south) supports the presence of asthenosphere juxtaposed




against lighter subducted Gorda Plate. The trajectory of the anomaly implies that the Gorda

pPlate is presently deforming around the comer of the Pacific Plate under Cape Mendocino

and that the overall spreading direction of the Juan de Fuca-Gorda Plate changed from being

parallel to the MFZ to its present direction at about 4 ma.

The gravity signature of the plate edge is a rather subtle effect. A buried half spreading

center should produce a much larger anomaly in electrical properties. This thesis reports ini-
tial results of an experiment to detect and delineate the electrical anomaly. The signals

observed are time-varying magnetic fields due to magnetospheric-ionospheric disturbances.
These fields diffuse into the’ earth where two and three-dimensional earth structure produce

anomalous vertical fields which can be mapped by an array of magnetometers.

1.2 Organization of This Thesis

This thesis will present results of the field experiment and three numerical models used
to interpret the magnetic fields observed by the array. Chapter 2 introduces the theory of
geomagnetic depth sounding and Chapter 3 describes the design of the field experiment. The

problem of anomalous fields resulting from surface conductors is discussed in Chapter 4

along with the numerical model and solution method used to estimate their contribution to the

observed Z values. Next, the anomalous magnetic fields observed by the array are presented

both as induction arrows and in hypothetical event analyses in Chapter 5. The chapter closes

with the presentation of results from the three-dimensional model and interpretation of the

data. Chapter 6 presents the conclusions drawn from a comparison of a N - S profile of the

array with a two-dimensional model of a step in the asthenosphere.
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CHAPTER 2

Theory of Geomagnetic Induction

Electrical methods are used to determine the conductivity structure of the earth. With
this information, geophysicists can constrain models of the thermal regime and chemical com-
position of the earth’s interior. The basic physics of this experiment is the diffusion of elec-
romagnetic fields into the lithosphere. This section presents the theory of geomagnetic
induction for planar structures. Section 2.1 discusses application of Maxwell’s equation to
diffusion of magnetic fields in a one-dimensional earth. Section 2.2 presents theory for the

transfer functions used to locate anomalous geoelectric structure in the earth.
2.1 Diffusion of Magnetic Fields in Conductors

The problem of electromagnetic induction within the earth falls into the broad class of
physical problems described by Maxwell’s equations. This section introduces the
phenomenon of diffusion of EM fields into the earth and defines the important parameters of
this process such as skin depth and diffusion wavelength. To describe the problem
mathematically let E and H represent the intensities of the electric and magnetic fields. Then
their spatial and temporal variation are described by:

VxE —B V.D
— m—— . —
X at P M

+dD
VxH= —= +]
ot

J=0E

in this formulation D and B represent the electric and magnetic flux densities. In a linear iso-

tropic media, the field intensities and flow densities are related by the constitutive relations.




D=c¢E

B = uH

When induction is studied in a geophysical context then further simplifying assumptions

are made, based upon the characteristic physical properties of earth materials. Taking the

curl of equation 2 and substituting from equation 1 yields:

H=(X,y,2 1)

The result is a wave equation known as the Helmholtz equation which describes the propaga-

tion of time varying magnetic fields into a conductor. The Fourier transform of this equation

with exp (+iot) time dependency yields

V2 +KHHGEyzZ, @) =0

where k is the propagation constant in the medium

k = [-iopo + ew’t]”
In the earth, o | > we and the quasistatic approximation simplifies to
k = [—iopw]” = +-FL '2* > (opw)*

Numerous formal solution methods are available to obtain the fields to be observed in a con-

ducting medium.

Commonly it is assumed that the source field is a vertically incident plane wave. For a
layered earth this requires that the incident E and H fields are perpendicular and can only
vary in the z direction. In a one-dimensional earth, the Helmholtz equation simplifies to an

ODE. The sign of z is taken as positive downwards into the earth. Consequently the

attenuation of the magnetic field energy into heat in the earth requires the selection of the

positive square root of k. A damped exponential solution has the form:

—i(ax—.—-;-)

H=H, e %%

where § = (2/sigmap®)” is the skin depth of penetration of fields in the medium. Thus the
magnetic field which propagates into the earth has a depth dependent attenuation as well as a

depth dependent phase shift.




This motivates the definition of another common induction parameter known as the

diffusion wavelength, A It characterizes' the distance A=2md required for the phase of the

diffusing magnetic field to rotate through 2. The current induced at a given depth, z, from

a magnetic field oriented along the y axis is:

VxH=0cE=]

—Z

= __ B _Z
- Hy e © exp(wt 8)

—Z

1. = VopoH, e-s-exp(cot - % +%)

This skin effect distributes current in a frequency dependent fashion throughout a conducting
medium.

The secondary magnetic fields produced by this induced current is easily calculated
from Ampere’s Law:

Ix
§

H, = =
Yoz

After this secondary magnetic field diffuses back to the surface the net phase shift is

—27/8 + 1/4 for a sheet current at depth z. The same phase will result from a sheet current at

depths that are multiples of z=nd. This ambiguity of the phase constrains our ability to deter-

mine vertical conductivity structure from GDS data. Even in the simple case of a layered

half-space, measurements of the magnetic fields at the surface can only constrain the conduc-

tance of structure below. Consequently, in field experiments over complicated geolectric

structure, GDS studies are commonly used solely to define lateral changes in conductivity.

2.2 Transfer Functions

This section describes the calculation of transfer functions and their use in the interpre-
tation of GDS data. In the earth, lateral variations in conductivity will affect the vertical
magnetic fields recorded at a station. The correlation between a horizontal and vertical field

components can form a transfer function; such quantities can be represented in induction

arrows which denote the magnitude and phase of correlation between the two components.

As the period of the sounding increases, then image currents will flow deeper within the
earth. The magnitude and direction of the induction arrows calculated from the transfer




functions will change as the conductivity structure at depth changes.

The sources for GDS experiments are the ionospheric currents that produce magnetic

felds. At mid-latitude, these fields can be considered uniform on a scale of 10,000 km

(Banks, 1973). The three components of the magnetic field will henceforth be denoted by

H=(X, Y, Z). When these fields diffuse into earth, a vertical magnetic field is produced at
the surface. Often the total field, Z, is divided into two components. The normal field Z, is
that contributed by the "regional” structure; ideally, this resembles a one dimensional layered

subspace. The anomalous field Z, is that produced by local inhomogeneities - usually the

geologic targets of interest.
Iy=1Ix+7Zy

In the experiment we measure the total vertical field but for the data analysis we assume that
any vertical fields are entirely anomalous. The vertical fields are correlated with the horizon-

tal components through a transfer function:

Tex Txy Tx Xa €x

X
Y = [Tx Ty Tyl [Yo|+ e
Z Ta Toy Tal| |Za e,

As discussed, we assume Z, is small so we can ignore the T,,, Ty,, and T,, terms. Then the

transfer function relation becomes equivalent to the three linear equations:

X = Tyx X + Ty Yy + &
Y = Ty Xy + Ty Yot €y

Z=Ty X+ Ty, Yy t+e,
So now we can formulate the general form of the transfer function for induced fields:
B, = Ty Xp+ Ty Yy + 6
where B, is the anomalous field component, X, and Y, are the normal component,
Tix and Ty, are the horizontal transfer functions, and ey, is the uncorrelated noise in signal.

The vertical field anomalies are a diagnostic indicator of lateral inhomogeneities in con-
ductivity. Furthermore, our assumptions include the expectation that X, and Y, are small

compared to X, and Y,. So we restrict our studies to vertical field anomalies and will work




with:
Z=T, X, + Ty, Yo te,

The transfer functions are complex due to the inductive nature of the image currents. The
three field components were recorded and transfer functions were calculated by minimizing
the signal error term e, The transfer functions were calculated using the robust statistical
processing scheme of Egbert and Booker (1986). This linear relation between horizontal and

vertical components is then used to interpret the array data.

In a sense, this analysis can be related to the case of composing the vertical field from

two orthogonal source fields:
Z=AX +BY

The transfer functions A and B are invariant under rotation. Often we want to measure the
fields in geomagnetic coordinates but the source field is arbitrary or unknown. Convention-
ally, R is taken as geographic north, § is taken as geographic east with 2 increasing with
depth. Any source field can be broken into components for two orthogonal polarizations,
thus:

ZE = A,XE + B,YE

ZB = A'XB + B'YB

A’ is a transfer function, which is related to regional source fields. This gives us two equa-
tions in two unknowns, hence we may determine the transfer functions in coordinates for an
arbitrary regional field.

ZgYp — ZgYg
" XgYp - XaYE

XgZp — XZg

B = —EB_ "B
XgYp — XgYg

In the literature these two orthogonal polizations are referred to as E’ and B or E, or E,,

where these transfer functions can be used to delineate the directions of maximum and
minimum correlation between horizontal and vertical field components. In a two-dimensional

earth we would expect that if the regional source field, say X, was aligned with the local
structure, then




ZB = A,Xn

, dvthe vertical field would be strongly correlated with the source direction. Correlation

oefficients for Z and H greater than 0.8 are rarely observed in the earth because the ionos-

heric sources are only approximated by a plane wave. So, if the direction of maximum
response can be found, then we can determine the strike of geoelectric structure. This direc-

on may correspond to the strike of geologic structure if the local structure is approximately
two dimensional, and conductivity contrasts are sharply defined.

The graphic presentation of these transfer functions developed by both Parkinson and
Wiese are known as inciuction vectors. The vertical transfer functions at a given station can
be reduced to a real and imaginary induction arrow, v, and v;. If a two-dimensional conduc-

vity contrast exists near the station, there will be a local concentration of current close to the
_poundary, and a part of the vertical field will be correlated with the horizontal field. The
direction of the horizontal field for which this correlation is a maximum is perpendicular to
the current concentration and defines the direction of the transfer function. Its amplitude is
the ratio of the correlated parts of the vertical and horizontal field in this direction. The

induction vectors are found from the equation:
v = (-ReA, ImA) R + (-ReB, ImB) §

Asa complex quantity, we can find real and imaginary components of the induction vectors:

1 [ (ReA”)? + (ReB")? ]%

L [(Imm2 + (ImB")? ]A

Induction arrows also have an azimuth, 6, or 8;, associated with each component:

[ (—ReB) |
L

[ (<imB" |
L

The azimuth of v, indicates the direction of maximum gradient in conductivity. For a two
_dimensional structure, v, will point towards a more conductive region and is perpendicular to

_ the geoelectric strike. Interpretation of ; is inherently difficult due to the nonuniqueness of
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the phase. There is no way to assign a consistent sign convention for the v; because the ima-

ry arrows reverse direction as the inducing period varies. The recent discussion by Chen

gina
and Fung
ectric structure. In this experimant, I will rely mainly on using v, to locate lateral con-

(1985) points out the constraints on using imaginary induction arrows to interpret

geoel
ductivity constrasts within the crust.




CHAPTER 3

Experiment Design

Through the use of transfer functions, the earth can be modeled as a linear filter; when

agnetic fields diffuse into the earth they induce currents that flow at a frequency-dependent

depth. These currents may in turn be channeled in a DC fashion by lateral variations in the

conductivity of earth materials. If the earth were one-dimensional, then the magnetic fields at
’ e surface would have no vertical component; the source current and induced current both
produce fields which produce secondary magnetic fields which cancel each other out. How-
ver, the earth has two- and three-dimensional electrical structure which leads to magnetic

variation anomalies caused by the local induction and channeling of regional currents. Where

lateral inhomogeneity exists, a vertical field component will be measured at the surface.

These variations have been related to a number of large scale geologic structures such as con-

tinental rifts in Kenya and New Mexico as well as hot spots and subduction zones. (Beam-

ish, 1977; Schmucker, 1970; Kurtz et al, 1986) The aim of this experiment was to search for

a conductivity anomaly associated with the southen edge of the subducted Gorda Plate.

3.1 Experiment Background

There are at least four likely processes that could result in higher electrical conductivity
at depth south of the plate boundary: (1) the upwelling of hotter asthenospheric material into

the void created by viscous drag from the southward motion of the capping lithosphere; (2)

the presence of partial melt in the rising asthenosphere; (3) the release of fluids from minerals

uch as serpentine (which is widely distributed in the Franciscan Formation) as the Coast
Range lithosphere heats up above 500° C (Parkhomenko, et al. 1973; Dvorak, 1973); (4) the
icreased solubility of ions in warmer interstitial fluids. Fluids subducted with the Gorda

late could also result in enhanced conductivity north of the boundary as has been reported

for subduction under Vancouver Island (Kurtz, et al., 1986). Such an effect is less likely in

orthemn California due to the thinner sediment cover of the Gorda Plate (Silver, 1971) in
ontrast to the Explorer Plate.. The first two mechanisms would be evident immediately
south of the plate edge, while the other two will manifest themselves further south as the heat



iffuses up into the lithosphere.

The relation between conductivity and temperature is typically

G = Gy exp [—(-———'E ;,II,)AV) )

where E is the activation energy, AV an activation volume expressing temperature depen-
ence, K the Boltzman constant and T the absolute temperature. From the work of Shank-
and (1985), a conductivity of 0.1 S/m would be predicted with a melt fraction of 0.1 for
antle materials at 1100° and 30 Kb. I would not expect to observe such high melt fractions
in the mechanically rigid; crust. If such high conductivity material is found in the lithosphere,
that is outside of volcanoes, then other processes must be acting to increase the conductivity.
One likely candidate is the chemical effect of volatiles such as H,O, CO,, and SO; that
increase conductivity in a dramatically non-linear fashion. For example, an order of magni-
de increase in forsterite conductivity results from exposure to an Hj rather than O, atmo-

sphere. (Morin et al, 1977)

A number of factors, including the dewatering effect and elevated temperatures, may

;_ cause an abrupt change in conductivity south of the Gorda Plate edge. The maximum heat
flow actually occurs 250 km south of Cape Mendocino, equivalent to 5 MY after crossing
over the half spreading center. A reasonable first approximation to the expected overall ano-
_maly is therefore the edge of a nearly horizontal conductive tablet which should become pro-

gressively deeper to the east and may become shallower to the south.

The regional electrical structure can be approximated as a resistive layer which crops
_out in the Coast Range and is overlain to the east and west by thin near-surface conductors:
 the highly conducting ocean and the sediments of the Great Valley. Furthermore, the geologic
structure of the Coast Range south of Cape Mendocino also has a north-south trend. The
entire structure overlies a good conductor at asthenospheric depths (Schmucker, 1970). An
anomalous zone associated with the spreading center could protrude up into the resistive layer

and cut across the regional structure.

For a horizontal inducing magnetic field perpendicular to a buried cylindrical conductor,
currents flowing in the conductor produce a vertical magnetic field which reverses over the
conductor. The same source over the edge of a semi-infinite conducting tablet or sheet

results only in a single maximum of the vertical field which is displaced towards the resistive




ide of the edge. In either case, if the source is along strike no vertical field is produced.

Thus the anomalous vertical fields in the Coast Range due to the ocean and other regional

tructure are maximum when the inducing magnetic field is approximately east-west. Their
anomalous vertical fields should be small and the anomalous field of the buried half spread-
ing center which cuts across the regional structure should stand out best when the source field
s north-south. Furthermore, if the measurements are made at a constant distance from the
oast, incomplete suppression of the strong coast effect due to a wrong choice of source
polarization will enter as a constant bias. For these reasons, our basic experiment involves
interpreting the vertical field for north-south source polarization along profiles parallel to the
oast.
Table 1. summarizes the anomalous field response due to a two-dimensional edge
iscontinuity in surface conductivity (from Fischer, 1979). The structure typifies an idealized
coastal edge anomaly where the coastline is presumed to run in the & direction and the con-
ductivity changes in the ¢ direction. Clearly for a magnetic source field, H,, polarized per-
kpendicular to this coastline (E, mode) the coastal edge anomaly is maximized. For a source
"polarization parallel to the coastline, no coastal edge anomaly would be observed. Few con-
tinental margins mimic this simple two-dimensional model of a coastal edge. Studies in
 southern California (Schmucker, 1970) and southeast Australia (Hyndeman and Lilly, 1968)

geolectric structure by employing an E, interpretation. In southeastern Australia, Everett and

Hyndeman removed the coast effect contribution to the transfer functions based on their dis-

tance from an ideal (linear) coastline that extended over 600 km perpendicular to the strike of
their transect. In my study area both the Mendocino Fracture Zone (MFZ) and the irregular
coastline complicates the construction of such an ‘‘ideal coastline’’. The dog leg bend in the
coastline cuts off any ideal coastline only 100 km north of the array’s center. Offshore, the
_ Mendocino Fracture Zone (MFZ) introduces a 1-1.5 km decrease in bathymetry north of the

Cape Mendocino promontory.

3.2 The Field Study

In the summer of 1986, Univerity of Washington researchers deployed an array of
three-component magnetometers at sites south and east of Cape Mendocino (Figure 3.2.1).
Nine instruments were used in three separate deployments. Each deployment involved at

least two sites which overlapped with the previous deployment. The complete array of 18
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;tes consisted of 3 porth-south transects, that extend south from 40.5° to 39° latitude. At
si

east ten days of data were digitally recorded at each site and anomalous vertical fields were

omputed using

a robust estimation technique (Egbert and Booker, 1986) that discriminates

ainst external anomalous vertical fields and other coherent and incoherent noise sources.

e
.

-

.

.
-
-

A
o

S
.

.“'
N

3




.

.

.
-

”
e

-

,

\

-

E‘I

Table 1. Magnetic Field Response for a Coastal Edge Anomaly

E,

H, can vary appreciably
close to shore especially on
conductive side of edge.

The induced currents paral-
lel to shore have an effect
over wide range on land
and sea .

Lo = 0—280

Z = H/H, is well correlated.

E,H,H,

H, is uniform.

Edge effect apparent only over
short range.

L0<80

Z = H/H, is very weakly correlated

E.E.H,
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Figure 3.2.1 Station location map showing magnetometer sites and array geometry for the
experiment. The dashed line indicates the trajectory. of the plate edge inferred from gravity
data. This experiment will also attempt to locate this boundary by interpreting anomalous
vertical fields recorded along N-S transects of the array.




CHAPTER 4

MODEL DESIGN

The surface geology of the Northen Coast Ranges contains a numerber of conductive
its with a variety of regional strikes. This complexity could affect the magnetic fields
rded by the array due 'to the coastal edge anomaly and channeling of regional telluric

nts by local inhomogenieties in conductivity. These local variations would be superim-

sed on any conductivity anomaly arising from deeper asthenospheric structure. In order to

dress these issues, interpretation of this experiment will include numerical models that esti-

ate the importance of three-dimensional surface conductors on the magnetometer array.

Numerous induction experiments have been performed on continental margins in the
three decades. (Everett and Hyndeman, 1967; Schmucker, 1970; Bailey et al,1974; Law,
uld and Booker, 1980; Hensel, 1982; Egbert, 1987) Interpretation of these works has gen-

ted interest in understanding the complicated geoelectric structure of continental margins
d its influence on resolution of tectonic features found there. Much progress has been

ade towards a theoretical understanding of the "coast effect" since the first analytical calcu-

ns of two-dimensional thinsheet conductors in the mid-1970’s. (cf. the review by Fisher,
979) Due to the increased availability of high-speed computers with large memory

sources, the three dimensional aspects of surface features in general are often included in

arks, et al, 1983) and (Wannamaker, et al, 1984) that both discuss the pitfalls of applying

o-dimensional interpretations in areas that may be dominated by three dimensional struc-

re A related problem in GDS studies is current channelling or the "gathering” of regional

rents by surface conductors (Jones, 1983). Clearly, my attempt to image deep crustal
tructure even with long period data must address the effects of the irregular coastline and
uncated Sacramento Valley. In light of the known surface conductors in the Cape Mendo-

10 region, I have used a three-dimensional thinsheet modeling program in attempt to esti-
ate their effects on the observed fields.
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This chapter discusses the design and implementation of the numerical model on a
ay-XMP computer at the San Diego Supercomputer Center. Section 4.1 identifies the
minant geoelectric features of the surface geology in northern California. The assumptions

limitations of the thinsheet approximation are outlined in Section 4.2. Finally, the

erical model chosen to represent the California Coast Ranges is presented in Section 4.3.
A Model of Conductivity Structure in the Northern Coast Ranges

Induction experiments are quite often the pioneering study of geoelectric properties in

given field area. Before the array is deployed, little information is available on the con-

ctivity of the surface geology or crustal features in the region. The same problem exists in

ttempt to model a proposed field area for an experiment. In the case of the northern Cal-
mia Coast Ranges, more information is available than in other locales. This section uses a
mbination of well log data, geothermal exploration surveys and two unpublished MT sur-

ys to create a model of conductivity structure in the array study area.

From proprietary data and the work of Stanley (1973) near the Clear Lake geothermal
some DC resistivity soundings are available to constrain the electrical structure of the
lowing major geologic units:
) The upper crust of the continental margin is moderately resistive (.002-.001 S/m) down

to a depth of 30 km. This unit includes the granitic rocks of the Sierra Nevada and the
Cascades.

The lower crust, from 30 to 80 km, is also resistive, with a value of .002 S/m.

Significant alluvium and gravel fills the Sacramento basin of the Califomia Great Val-
ley. The depth of valley fill varies from 3 to 4 km on average on the east side of the
Comning Fault, and may be as deep as 6 km on the northwest side, as indicated by logs
of a deep well near the Vilche Ranch (Harwood, 1987). Measurements by Stanley and
well log data suggest that these sediments can be quite conductive, with ¢ varying from
Sto.2 S/m.

Imbricated slices of Great Valley Sequence appear along faults throughout the Coast
Ranges. These coarse clastic rocks of Jurassic Cretaceous age are also very conductive
and will be grouped with alluvium of the Great Valley with conductivities .2 to .5 S/m.

The continental margin along the coast is covered by Coast Range rocks, a subduction
melange ranging from 5 to 10 km in thickness which overlies crystalline basement. The
sequence contains moderately metamorphosed sandstone conglomerates, basalt, amphi-
bolite and serpentinite. Consequently, Stanley observed significant variation in resistivi-
ties. His work suggests ¢ varies from .2 to .04 S/m in clastic members to values less
than .005 in volcanics and serpentinites. In the fall of 1988, a Univ. of Oregon
research team occupied 10 MT sites in the nortwestern section of the array. Their prel-
iminary results indicate a relatively high conductivity of .03 S for the Coast Range




rocks. (Waff, 1988; private comm.)

 The Thinsheet Approximation to the Induction Equations

In this section, I discuss a computer program that calculates the magnetic field response

1 three-dimensional conductivity structures such as surface geology might produce. The

erical model consists of a thinsheet which overlies a one-dimensional layered halfspace.

gure 42.1) The thinsheet contains the lateral variations in surface conductivity for the

dy area. An integral equation technique solves for induced fields in the basal halfspace.

e thinsheet approximation is then used to determine field values at the surface. The

nsheet approximation for solutions to the induction equation was first developed by Price

49). The theory and numerical solution techniques of Weaver and Dawson (1978) were

d in this case.

Analytic solution of the induction equation is made in each of the three regions: z < 0,

z <d and z > d. These solutions are coupled across interfaces at z =0 and z = d by use

the boundary condition on tangential E. The interface z = d is assumed to have zero con-

ctance. At z = 0, the thinsheet approximation is employed to represent the conductivity of

surface layer by a grid of conductance values.

In order to create a thinsheet model of the Coast Ranges, the top 4 km of the study area

represented by a grid of integrated conductivities. The region was mapped onto a 30x30

rid using a grid spacing of 40 km. For solution accuracy the grid spacing should be no
ater than 8y/3 or 8y4, where §, is the skin depth in the first layer underlying the thinsheet.

en, model design would dictate much smaller grid spacing, on the scale desired for ade-

te resolution of geologic features. In this study, model responses were calculated at a

riod of 900s, a value that allows a sufficiently fine grid spacing to resolve major geologic

ictures while still allowing at least one skin depth of buffer at the sides of the model.

Analytic solution of the Helmholtz equation requires the imposition of boundary condi-

ns at the surfaces of the volume. For z < 0, the behavior of the total field is determined

the source field, which is calculated from a sheet current at altitude. Dissipation of wave

rgy with depth required the total fields to vanish as z => . Boundary conditions are
posed on the sides of the model area by solution of a well defined two-dimensional prob-

13s IX] =>ce or |yl => oo respectively. The restrictions:
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cify the gradients of both the fields and the conductances on the model edges.

Thus, an accurate solution requires a vanishing gradient of field values on the sides of

e grid. In effect, this allows no current to channel in the invariant direction at the edges. If

conductance boundaries are located too closely to the grid edges the solution accuracy

suffer. This consideration motivates the modeling design rule of locating the grid edges
least two skin depths away from any conductance boundary. If violated, the field values at

e edges will not vanish.and may introduce a DC offset to the profile of field values.
~l eaver and Dawson recommend that the grid be at least several (~5) skin depths on a side

) allow spatial separation of the unrealistic current distribution at the edges.

This last step of the solution uses the boundary condition for tangential fields at an
terface first employed by Price (1949). Obviously then some criteria are needed to describe
hether the surface layer is ‘‘thin’’ enough to approximate as an interface. Weaver (1982)
eveloped two conditions on the maximum thickness of the surface layer by requiring that
e attenuation factor of electric field in the thinsheet be less than 0.10. These conditions are:
(1) h « & where h is the thickness of the surface layer and & is skin depth in underlying
layer.

(2) h* « n? where n is the skin depth in the surface layer.
e values for these criteria are included in Table 2. The numerical model is adequate for
nger periods but the attenuation is significant at periods less than 900 s. The effect of the
nuation will be to decrease the electric fields diffused through the surface layer as com-
ared to the magnitudes calculated by the model. Consequently, during interpretation of the

odels, the reader must bear in mind that field magnitudes may be somewhat overestimated

2

s the induction parameter, -h-z- is marginally small enough at T=900 s.
, n

4.3 The Numerical Model

The numerical model chosen to represent the California Coast Ranges are shown in Fig-
Ie 43.1. The conductances are given in Table 3. The major geologic units studied by Stan-
y have been included along with the bathymetry of the continental margin. Note that a
onductivity value has been assigned to each of the N? = 900 grid cells in the mesh. The
ertical conductivity structure is shown in Figure 4.3.2. The surface thin sheet overlies a




o-layered half space. Certainly the deep electrical boundary of the continental margin is

e complicated than this simple structure. Nonetheless, this model will estimate a
nimum bound for the GDS response from the surface geology. Any differences between

s model of surface conductors and the array data may be reliably attributed to structure

per than 4 km.
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Table 2. Approximation Criteria for the Thinsheet Model

Model hidy < 1 (hiny* < 1
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gure 4.3.1 The map displays the numerical grid used to represent the major surface

equence and Quatemnary alluvium of the Central Valley.




Table 3. Conductivity Structure of the Thin Sheet Model

Map Unit

Conductivity (S/m)

Dimensionless
Conductance

A= >

Coast Range Metasediments

Great Valley Sequence and
Sacramento Valley Allu-
vium

Continental Crust

Shallow shelf
h=500m

bathymetry
h=2000 m

bathymetry
h=3000 m

bathymetry
h=4000 m
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Figure 4.3.2 Vertical Conductivity Structure of the Thin Sheet Model




CHAPTER 5

DISCUSSION

In this chapter, results from the magnetometer array and from the three-dimensional

el are presented. Two different presentations of the array data are made in Sections 5.1

52 First, induction arrows are displayed and discussed in terms of the frequency
ponse of their magnitude and azimuths. Next, hypothetical event analyses are presented for
stations that demonstrate the difficulties of selecting the appropriate source polarization
the E, interpretation. Finally, in Section 5.3, results from the thinsheet modelling pro-

are used to demonstrate the effects of surface conductors on the measured fields. A

ber of important features of the induction array are duplicated by the model results.

Induction Vectors for the Array

_ Real and imaginary induction vectors for the array are plotted for four period bands in

5.1.1. In a two dimensional structure, both the real and imaginary arrow would point per-

indication of three dimensional structure. Wiese’s convention is used so that the real
uction arrow (v,) will always point toward the direction of increasing conductivity. Each

- of arrows originates at a magnetometer site; the reader may refer to Figure 3.2.1 for sta-

names. The real and imaginary arrows both radiate out from the station site and are

wn with solid and dashed lines respectively. The blocks that serve as arrowheads show

error in azimuth and magnitude, where the bars are separated by 2 standard deviations.

eneral, the errors are quite small, less than 5 percent.

For a period of 60 sec., both magnitudes and azimuths of the induction arrows vary
ely. Also, in the northemn half of the array as well as along the eastem profile, the
muths of v, and v, are poorly correlated. Evidently, the complicated surface geology con-

the variation of magnetic fields in this period band. Some features of note are:

Vertical field magnitudes are greatest on the east side of the array near the edge of the
Great Valley. v, has both a large eastward component as well as a smaller southemn
component than in the westem profile.
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grations POT and MID are clearly affected by the wedge of tectonically emplaced GVS.
Magnitudes are reduced at POT which lies within the GVS wedge. Both the azimuth
and magnitude of induction vectors for MID are influenced by this same wedge of more
conductive material.
The directions of v, at stations RAT and BUT is more northerly than for the rest of the
estern lines. In this northern part of the western profile, the magnitudes of field values
are enhanced relative to values to the south. This deviation could be an effect from the
irregular coastline north of Cape Mendocino, though the stations are located in the
center of the Cape Mendocino promontory. Altematively, these stations may be dis-
torted by a the thick cover of Tertiary sediments near Hayfork, 20 km to the north.

_ The azimuths of the v, rotates from southwest to southeast from the western to the
eastern profiles. )
The direction of v, at station WOO is clearly south. This station is only 20 km south of

the northern terminus of the Sacramento Valley and may be strongly influenced by the
three-dimensional nature of this terminus.

For a period band around 300 s the magnitudes of the transfer functions becomes more
rm in general throughout the array. v, and v; are not coplanar though along the western
e a general trend towards the two components lining up is noticeable. This would be
cted as the skin depth of the sounding extends into the more homogeneous resistive
ment underlying the Coast Range. Along the eastern profile, no such trend is observed;

_ rotate south with little or no eastward component.

Around a period of 900 s, magnitudes of v, continue to increase. The transfer functions
rore uniform across the array and reflect the strong magnetic fields produced by the coa-
dge anomaly. Also, v, and v; are nearly parallel on the western side of the array. The
ge azimuth of v, in the central western portion of the array suggests choosing —15° rela-
to geographic north for the source polarization in the E, mode. This is not coincident
the local coastline, which trends more westerly in the region south of the Cape Mendo-
promontory and trends northerly further to the north near the Oregon border, but may
't an overall average coastline. Thus, induction arrows may be rotated by some geoelec-
feature other than the local coastline, a situation which complicates a simple two-
nsional analysis. The azimuths of the two components are still divergent along the

m transect which now has no eastward v,.

The magnitudes and azimuths of the westmost vectors calculated for the 2700 s period

become quite uniform on the two westemn traverses. Magnitudes of v, continue to

ase while the azimuths are generally oriented perpendicular to the coastline. The




30

1des of v; have decreased and a general coplanarity between real and imaginary com-

kts is evident. Three-dimensional effects are still apparent along the eastern traverse.

or periods near 3500 s, imaginary components are quite small across the array, except

{e northwest comer. Magnitudes of the real component have increased presumably

ting the large electric current induced on the seaward side of the continental edge. The

des of the real component are anomalously smaller in the northwestern comer, con-
ng the proximity of the stations to the shore. The small imaginary component suggests

arrents are no longer govemed by induction in local structures but are instead a conduc-

I

‘:Qualitative conclusions regarding the importance of near-surface and buried conductors
erived from the frequency dependent behavior of the long-period induction arrows. The
ant feature that controls the size and orientation of the induction arrows is the coastal

~ The Coast Range Thrust, which emplaced a wedge of GVS over a Franciscan ophiolite

lex, and the adjacent Sacramento Valley also creates an surficial edge anomaly. The
uths of the v, are plotted in Figure 5.1.2. The orientation of the real component changes

frequency, demonstrating that three-dimensional effects must be included in the struc-
analysis. Thus a single source polarization should not be used for a hypothetical event
s at all periods. If this were done, then the effects of three-dimensional structure

d be erroneously attributed to conductivity changes with depth.

Perhaps the most interesting aspect of the array data is that the imaginary component is
homogeneous in size and sign for the periods 300 s < T > 3000 s. From the diffusion

Jlengths shown in Table 4, I would expect more variation if the phase of the magnetic

at the surface were derived solely from a layered model of metasediments upon resis-

basement. The magnitudes of v; are generally large throughout a broad period band. One

anation for the homogeneous v; is that the array response is dominated by a channeled

nt that acquired its phase from induction at another location, probably offshore. This is
ng in context of the DC response predicted by Beamish (1987) for conductive line

nts at T > T, , i.e. for two dimensional structures past the inductive limit. Interpretation

aginary induction vectors is inherently difficult but this behavior is consistent with the

es. Similar effects from the channeling of currents in sediment wedges along the St.




K}

nce River were discussed by Bailey, et. al. (1974) Altemnatively, the adjustment dis-
of the induced currents could be lengthened by the high conductivity values of the
. Range metasediments and Sacramento Valley. This scenario would have the currents
ng at shallower depths in the Coast Ranges than its conductivity structure alone would

ct; in effect, the vertical adjustment of currents to continental structure may not occur

pothetical Event Analysis

Interpretation of GDS data is greatly simplified if the earth structure resembles a two
ensional profile. Hypotheti::al event analysis (HEA) presents induction data in a manner
allows easy comparison with two-dimensional models. A HEA is the calculation of the

alous magnetic fields that would have resulted from a unit amplitude magnetic field

ion of a selected polarization in the horizontal field. In this paper, source polarization,
reported as the azimuth in degrees relative to geographic north. This method of data

k ntation was first suggested by Bailey et. al (1975) and has been used frequently in rift
continental margin settings by Beamish (1977) and Egbert (1988). While there are
rds in employing a two-dimensional interpretation in an area with numerous lateral inho-
geneities, depending on the length scales and conductivity of local bodies, an E, interpre-
on may still suffice. My objective in the first part of the data analysis is to determine the
polarization for which anomalous fields from the buried plate edge are large compared

he anomalous fields generated by surface conductors.

This section uses HEA’s for the array to demonstrate the variation with period of the

azimuth that yields the maximum response in the vertical field, Z. Table 5 lists the
er functions for a source polarization due E and due N respectively. All HEA Were cal-
d from these values with both horizontal and vertical fields taken from the individual
n. The use of single-station HEA differs from the more common use of the horizontal
etic field at one station as a remote reference for all of the array. My approach is

ed in this case because both the transfer functions and the anomalous horizontal ficlds

all. This implies that horizontal fields are fairly uniform across the array.

degree of geologic interpretation is inherent in the choice of source polarization for
A. The experiment design depended upon choosing a source polarization 6, perpendic-

0 the dominant geoelectric strike of surface features near Cape Mendocino. As I expect
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coastal edge effect to provide the dominant anomalous fields, the first task required in

of the array is the selection of a 0, that minimizes the coastal edge anomaly. I expect a

that is perpendicular to the given O, at a certain period would minimize the large

alous fields induced at the coastal edge. In Figure 5.1.2 the azimuths of v, at a range of

; ds is displayed. These show that it is necessary to select a different 8; in order to obtain

minimum response for each period band. Simplistically, I have taken an average value of

m the western and middle profiles to estimate the correct 0, for each period band. The

m profile was ignored due to the likelihood of strong influence from the valley fill. Sta-

POT and MID were also neglected due to the wedges of Great Valley Sequence rocks

r these stations.

Figures 5.2.1 and 5.2.2 plot the real and imaginary components of Z for a mixture of
ce polarizations selected to maximize the E, response for each period band. Then the

 was repeated with a 6, rotated —90° from the source polarization for the E, mode. The

ting anomalous fields for the E; mode are plotted in Figure 5.2.3 and 5.2.4. In the next
ter, plots of Re(Z) and Im(Z) from this HEA will be compared with fields from a two-

nsional model of a step in the aesthenosphere.

It is clear that the "average coastline” that contributes to the coastal edge anomaly

ges with period. Table 6. lists the value of 8, chosen for each period band. A study of Z

es in Figure 5.2.1 and 5.2.3 shows that the magnitude of Z is about an order of magni-
- greater for the 8, chosen parallel to the average coastline rather than perpendicular to it.

s, the effect of selecting an inaccurate 0, would be to bias any anomalous fields due to

h-south gradients in conductivity such as a buried plate edge might produce. If the struc-

s approximately two-dimensional, then the wrong source polarization would add a sim-

inear gradient. However, the distortion in Z could be much more complicated if the sur-

eatures are three-dimensional.

Results from the Numerical Model

In the last two sections, I demonstrated that the choice of a source polarization for

rpretation of the array is complicated by three-dimensional effects. Examination of the

tion arrow plots revealed that two clear imprints of three-dimensional structure were

le: 1) the variation of optimal source polarization with period, and 2) the divergence in

ths between the real and imaginary induction arrows. With the numerous surface




{uCtors discussed in the experiment design, such complications are not unexpected.

| fore, the contribution of surface conductors must be bounded before anomalous fields

be attributed to deeper sources. In this section I propose to estimate the magnitude of

alous fields that arise from the surface geology.

The thinsheet modeling routines developed by Green and Weaver (1978) and Dawson
Weaver (1979) were used to calculate the vertical magnetic fields contributed by conduc-
k the upper four kilometers of the study area. With this program, I calculated the elec-
agnetic field responses for the thinsheet model shown in figure 5.3.1 for the surface geol-
of the North Coast Ranges. All model calculations were made for a period of 900s. The

s of the model were outlined in Section 4.3. except that all of the deep bathymetry (h =
) was replaced with intermediate depth ocean (h = 3000m) in order to keep lateral gra-

in o at least one skin depth removed from the edges of the model. The induction
ws calculated solely from surface structures are shown in Figures 5.3.2(a) and 5.3.2(b).

model results reproduce several key features of the array data shown in Figure 5.1.1.

s shown in Figure 5.3.2(c) where induction arrows from the model and the data are
ed at the same scale. There is compelling evidence that the vertical field anomalies
rved in S to N profiles of the array are derived from the three-dimensional nature of the

tline and the northern terminus of the Sacramento Valley.

The calculated induction arrows in the model area corresponding to the array have four
linent features: 1) v, are strongly rotated to the south with values ranging from 40° to
S of W; 2) magnitudes of v; are large; 3) the v, and v; are not coplanar; 4) the south-
| component of v, has a maximum between Clear Lake and the northemn terminus of the
y. These are all features which would also be expected to result from a deep geoelectric
dary with a strike approximately E-W across the lines of the array. Clearly, the model
ts demonstrate that delineating subsurface structure will be difficult due to the anomalous

In order to see more clearly the detailed effect of the surface conductors, W - E and S -
ects across the model are presented for two different source polarizations. In all of
raverse plots presented in this section the origin corresponds to 43° lat. and 123° lon. in
Study area. This location is marked with the center tic mark in the induction arrow plots

responds to the zero location for the traverse plots.




‘First. I examine the lateral variations in Z across a S-N (positive distance is to the
1) transect of the model at column MM=15 which corresponds to the western profile of
y. A similar transect of the array was interpreted to show evidence of a conductivity

aly corresponding to the southern edge of the Gorda Plate in a preliminary presentation

;'ray results. (Helferty et al, 1986) The experiment design called for interpretation of

ons along just such a transect to search for deeper structure related to a buried plate
\ Figure 5.3.3 shows the variations in Z calculated from the thinsheet model for a source
ation of 0°. The limits of the study area are indicated by tic marks on the y=0 axis.
klargest anomaly, with a peak value of .3, is centered over x=-160 km, on the resistive
of the coastal edge. The flanks of this peak extend north to the southern end of the array.
es of Z for the same transect are shown in Figure 5.3.4 with a source polarization of

The peak is reduced to a maximum of .2 but its flank continues to influence the study

Next, I examine the lateral variations in Z across a W - E profile through the center of
nodel for row LL=16. A source polarization of 0° was used. Figure 5.3.5 shows a large
1aly associated with the continental slope falling off to a sloping shoulder with a values

5 in the study area bounded by the ticmarks. The real and imaginary components are
shown in Figure 5.3.5. Real(Z) is much larger than Imag(Z) except in the vicinity of the
nental slope break and the western boundary of the Sacramento Valley. When the
ce polarization is changed to 15° the optimal value indicated in the HEA’s for this

, the shape of the anomaly changes in the study area. Figure 5.3.6 shows that a
ased amplitude for the peak associated with the continental slope and a isolated secon-
peak associated with the western valley edge.

The results of this model suggest that the coastal edge anomaly can influence the study
unless the appropriate source polarization can be used to mitigate its effect. But the
of the Sacramento Valley is largely north-south in contrast to the strike of the continen-
ope. The highly conductive valley fill will also contribute significant anomalous fields
§ a source pélarization along strike is chosen. Model A demonstrates that these two

g surface conductors may preclude a successful E | interpretation for the array data.

Why does a rigorous interpretation hinge on detailed understanding of the surface con-
g bodies? Table 3 lists the valley sediments and the deep water as significant conduc-
both of which possess three dimensional nature. If one of these features dominates the




cal field response then a source polarization along its strike would yield the minimum
king of anomalous fields from a deeper source. However, if two or more surface
res, of differing strikes contribute a significant amount of vertical field, then the interpre-
n scheme planned in the experiment design would be misleading. For example, for a
ée polarization parallel to the Sacramento Valley, the vertical fields along a northerly
le may increase solely due to the greater influence of the northwesterly coastline. The
of this section will discuss two more models that demonstrate the individual effects of

features on the vertical fields.

The next model demonstratés the effects of the irregular coastline on anomalous fields

d. The conductivity grid shown in Figure 5.3.7 has a constant value for all grid points
ng on land. The bathymetry is the same as model A. Induction arrows for model B are
ayed in Figure 5.3.8(a) and (b). Once again the azimuths of v, are rotated to the -
thwest. This rotation persists for 300 km south of Cape Mendocino. Figure 5.3.9 shows
ertical field anomaly for row LL=16, which corresponds to the center of the magnetome-
iray. A large broad anomaly begins at the continental slope break and extends inland for
km. For the S-N traverse, shown in figure 5.3.10, a double peaked anomaly reflects the
sition from intermediate depth ocean to continental shelf as well as the coasline crossing.
northern anomaly begins at x = -200 km, where the traverse Crosses onto land. Through
t of the array area in the model, Real(Z) values are decreasing linearly with increasing
ance from the continental shelf. For other source polarizations this transition is not linear;

d small undulations are superimposed on a similar trend.

_ This model predicts a large magnitude v, with an azimuth rotated by changing bathy-
at the continental slope. The magnitude of v, is large and decreases with increasing

ce from the coastal edge. Most importantly, the southern sites of the study area are
y affected by the changing orientation of the coastline from Point Cabrillo to Point
s. In the area 140 to 200 km south of Cape Mendocino, two components are separated
0—40°. In the vicinity of Cape Mendocino the v, and v; are nearly coplanar. Apparently,
‘dog leg’’ bend in the coastline commencing at Point Cabrillo introduces significant
e-dimensional effects. This skewness demonstrates that no single source polarization can

ed to construct an E, interpretation at T = 900 s.

In this next model I examine the effect of the truncated northem end of an an idealized
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vial basin. Model C consists of the sea to Sierran transition as shown in Figure 5.3.11.
wever, a three-dimensional complication is included by truncating the Sacramento Valley
1=15. Induction arrows for Model C are shown in Figure 5.3.12(a) and (b); The v, on the
thwest edge of the valley terminus shows significant southern rotation as well as decreased
gnitudes when compared to the more uniform region to the north. The rotation increases
m southwesterly at 120 km north of the terminus to due south along the western edge of
valley. The rotation drops off quickly to the south, vanishing within 100 km of the ter-
us. The truncation of the valley affects the imaginary component of the anomalous fields
well. Small imaginary vectors occur in the model area adjacent to the valley boundary.
he traverse plots in Figures 5.3.13 and 5.3.14 plot the variations in vertical fields for this
’ cture. Along column MM=15 the magnitude of v; is much smaller in the south than
orth of the terminus. Apparently, the presence of the valley fill prevents the magnetic fields
the south from diffusing as deeply as the fields penetrate to the north. A comparison of
re 5.3.2(b) and 5.3.12(b) reveals the decrease in length of v; due to the presence of the
lley. Schmucker (1970) discussed this effect for the San Joaquin Valley. Essentially, the
:nductive valley fill increases the adjustment length of induced currents gathered from the
tal edge. In summary, this model isolates two important effects of the terminus of the
acramento Valley: 1) a rotation of the azimuth of v, occurs within 80 km of the northern
and, 2) decreased magnitudes for v; in the region between the valley and coastal edge.

These three models have identified the major features of the surface geology in the
rthern Coast Ranges that contribute anomalous magnetic fields to the magnetometer array.
wever, the limitations of the thinsheet modeling technique must be considered in evaluat-

the accuracy of these predicted anomalous fields. The most important limitation of this
thod is the one-dimensional restriction on the subspace beneath the thinsheet. The con-
ntal margin of California probably has a significant discontinuity in depth of the litho-
ohere near the continental slope break, yet such a feature cannot be included in my models.
second source of inacurracy lies in the layered structure assumed for the subspace. In
€r to avoid overparameterizing the models I chose a simple two layer structure, with a
ng basal conductor of 10 Siemens at a depth of 150 km. Weaver demonstrated that the
gnitude but not the relative amplitudes of the fields calculated at the surface is dependent

n this depth (Weaver, 1979). The imaginary component of the fields is influenced by

conductivity boundaries and vertical conductivity structure so that conclusions about the
redicted by the model are more questionable than those for the v,.
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re 5.1.2 Azimuths of the real induction arrow are presented for the four period bands.
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Table 4. Induction Parameters for the Thin Sheet Model
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Table 5. Transfer Functions for the Magnetometer Array

ZE 7E

T

2700 s

447 375 -140 -136
332 -113
376 ' -115
365 -102
397 -120
423 -109
424 -83

900 s
254 164 -230 -160
167 -166
194 -133
209 -167
216 -174
242 -169
255 -196

300 s
28 -180 -105
-102
74 -103
-99
-63 -121
-40 -130
-88 -138
53

3 65

39
99 -40 152

78
40 65 -255
41 71 -189
51 137 -171
-69




Table 5. Transfer Functions for the Magnetometer Array (continued)
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(6) T =300s and 8 = 60°

(a) T=60sand 8 =50

(c)T=900sand @ =75 (d) T = 2700 s and 8 = 30°

> 5.2.1 Real components of vertical magnetic field for a hypothetical unit source field
ed at azimuth 6,. Values of the optimal source field vary with period: (a) 6, =50%
s = 60°% (c) 8, =75% (d) 6, =80°. These choices correspond to an attempted E; mode

is of the array.




(a) T=60sand 8=50

(b) T =300 s and 8 = 60°

(¢c)T=900sand 8 =70

(d) T=2700s and & = 30"

e 5.2.2 Imaginary components of vertical magnetic field for a hypothetical unit source

d directed at azimuth 6, Values of the optimal source field vary with period: (a)

50°% (b) 8, = 60° (c) 6, = 75°% (d) 6, = 80°. These choices correspond to an attempted E;
€ analysis of the array.




(b) T=300s and 8 =-30°

(€ T=900sand 8 =-15" (d)T=2700s and 8 =-10°

re 5.2.3 Real components of vertical magnetic field for a hypothetical unit source field

ted at azimuth §,. Values of the optimal source field vary with period: (a) 9, = —40%

8, =-30% (c) 6, = —15% (d) 8, =-10°. These choices correspond to an attempted E,
€ analysis of the array.




(aT=60sand 8 =- () T=300sand 8 =-30

()T=900sand 6 =-15° (d) T =2700sand 8 = -10°

¢ 5.2.4 Imaginary components of vertical magnetic field for a hypothetical unit source

directed at azimuth 0, Values of the optimal source field vary with period: ()

—40°% (b) 8, =-30% (c) 8,=-15% (d) 9, = -10°. These choices correspond to an

mpted E, mode analysis of the array.
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(dashed) induction arrows are plotted at the
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5.3.11 Conductivity structure for Model C. This model is basically two d

igure
sion

L

al, showing the effects of the coastal edge anomaly with the deep bathymetry and a

truncated Central Valley included.
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Figure 5.3.12(a) Real induction arrows are plotted for Model C. Arrows represent magnetic
field values relative to the value at the upper right grid element (LL = 30, MM = 30). A
constant vector of azimuth = 87.0488° and radius = 0.0762211 was subtracted from all v,.
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CHAPTER 6

CONCLUSIONS

Study of the vertical field response indicates that a rigorous two-dimensional interpreta-
tion of the array requires the use of a different source polarization for each period band. If
there were an anomaly associated with the Gorda Plate edge, then the best opportunity to
detect it would be in the plot of the minimum response curves derived from the hypothetical
event analyses of section 5.2. Presumably, at least the strongest surface signal, that of the

coastal edge, has been minimized for the optimal source polarizations.

Figure 6.1.1 shows plots of the real and imaginary transfer functions along the west-
most profile from the hypothetical event analyses presented in section 5.2. Data points from
POT, the southmost station of the profile, have been included but are suspect because of the
strong localized fields due to surface cover at the site. Comparison of Real(Z) values with
the errors shown in Table 6 show that the Real(Z) variations in the center of the array are
within the error limits of the long period data. Except for the possibly anomalous endpoints,
there is little anomalous field left in this profile. It is interesting to compare this attempt at
an E, mode interpretation with the results from a two-dimensional model of a step in the
asthenosphere shown in Figure 6.1.2. Important qualitative differences exist between these
two sets of response functions. Values of Real(Z) from the two-dimensional step model are
always positive in contrast to the large negative values seen at both ends of the array profile.

Model values are more frequency dependent than the data as well.

Differences between the data and the model results are more distinct in the imaginary
component of Z. Imag(Z) values from the data are: 1)uniformly positive except for two
points; 2)show a significant increase in magnitude with period; and 3) display no symmetry
along the profile. Values of Imag(Z)from the two-dimensional model differ from the array
data in all of these regards: 1)negative values within 30 to 50 km of the step in deeper con-
ductor; 2)virtual frequency independence; and 3) a symmetric bell shape centered on the ori-

gin. The imaginary component of the vertical field is most sensitive to the vertical conduc-

tivity structure in a conducting medium. Thus these qualitative distinctions between the




model and the data reveal a poor fit of a step in the asthenosphere to the array results.

All of these differences support the conclusion that no deep lying conductivity anomaly
was detected by the magnetometer array. Reasonable estimates of anomalous fields from the
surface conductors suffice to explain the direction and size of induction arrows calculated

from the array data.

The most important recommendation from this study is the use of the three-dimensional

modeling program in the design of future GDS or MT experiments. If the program had been

readily accessible before this study then the complication resulting from the many surface

conductors would have been considered in the station deployment. We would not have
deployed the eastern and middle lines of the array. The equipment would have been put to
better use by increasing the station density of the western line. Or a long (500-700 km) tran-
sect perpendicular to the ideal coastline could have been used to remove the coastal edge

anomaly as was done by Everett and Hyndeman in southwestern Australia.

The thinsheet modeling programs are now readily accessible to the scientific community
through the San Diego Supercomputing Center. Their use is highly recommended to improve

future GDS or MT experiment design and interpretation.
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