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Imaging Crustal Structure in Southwestern Washington
With Small Magnetometer Arrays
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We use data from a series of small (three to five slations) overlapping magnetovariational (MV) arrays to
image variations of vertically integrated electrical conductivity in the crust of southwestern Washington. Two
principal structures are revealed: a large north-south trending anomaly (the southem Washington Cascades
Conductor (SWCC), which has been detected by several previous induction experiments), and a smaller ano-
maly which branches off of the SWCC just north of Mount St. Helens and trends westward beneath the
Chehallis Basin. A weaker east-west trending anomaly is evident farther to the north beneath southern Puget
Sound. The MV results concemning the SWCC are reasonably consistent with the model of Stanley et al. (1987),
who interpret the anomaly as a suture zone of mid-late Eocene age, but the array data allows us to map the hor-
izontal extent and complex three-dimensional character of the SWCC in greater detail. We suggest that the
SWCC represents a section of the early Cenozoic subduction zone which is analogous to the present-day Olym-
pic Peninsula. In the region west of the Cascades, the array data show that crustal conductivity is distinctly
three dimensional, consisting of highly resistive blocks (crystalline rocks) separated (in the upper 5-10 km at
least) by interconnected narrow regions of higher conductivity (sedimentary units). This pattern of conductivity
variations is consistent with the inferred origin of the region as a seamount complex, which was subsequently
broken into discrete blocks which have been thrust together during and after accretion to the North American
continent. The distribution of anomalous electric currents and our model for crustal conductance are in striking
agreement with a variety of other geophysical constraints, including gravity, magnetics, present crustal seismi-
city, and the pattern of recent volcanic vents. The St. Helens seismic zone (SHZ), which coincides with the
western edge of the broad southern portion of the SWCC, is abruptly terminated in the north by the smaller
east-west trending conductive zone. North of the SHZ near Mount Rainier, seismicity is concentrated in a nar-
row band coincident with the very narrow northern portion of the SWCC. In addition, volcanic vents are con-
centrated around the edges of the SWCC but are rare in the interior of the zone of high conductivity. The mag-
netometer array data thus suggest that present patterns of crustal deformation and volcanism are in part con-

trolled by the complex tectonic history (and resulting crustal structure) of the region.

INTRODUCTION

The crust in western Washington is structurally complex,
reflecting the tectonic history of the Pacific Northwest margin of
North America (Figure 1). Since at least the earliest Tertiary, the
geological development of the region has been dominated by the
effects of plate convergence, although Basin and Range extension
and most probably interactions with a mantle plume have also
been important (see recent reviews by Armentrout [1987] and
Duncan and Kulm [1989]). Ongoing seismicity and active vol-
canism in the Cascades magmatic arc attest to the continued con-
vergence of the subducting Juan de Fuca and overriding North
American plates. East of the Cascades in Washington, the base-
ment consists of Mesozoic and Paleozoic rocks which were
accreted to North America in the Mesozoic [Cowan and Potter,
1986]. West of the Cascades, the oldest rocks are the Paleocene
to Eocene basalts of the Crescent, Siletz, and correlative forma-
tions [Snavely et al., 1968; Duncan, 1982]. These basalts, which
were erupted on an oceanic plate near North America and then
accreted to the continent during late Eocene subduction, formed
the basement on which a forearc basin subsequently accumulated
[e.g., Armentrout, 1987]. The forearc basin rocks and the Eocene
basalts (together called the Peripheral rocks by Tabor and Cady
[1978]) form the Coast Range and the basins of the Puget
Lowlands-Willamette trough.
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While the tectonic history and crustal structure of the region are’
understood in broad outline, there is much about this region that is
in dispute. In particular, throughout most of Washington and Ore-
gon the boundary between the Peripheral rocks and the older crust
to the east has been completely covered by mid-late Tertiary and
Quaternary volcanism in the Cascades. Direct observations of the
location and nature of this suture are thus impossible. Similarly,
the accumulation of forearc basin sedimentary and volcanic rocks
obscures deeper structure in the Peripheral rocks. Geophysical
methods for remote sensing of crustal structure are thus critically
important to a further understanding of this complex region (see
Muffler [1990] and references therein for a range of geophysical
studies of this area). In this paper we use time variations of the
geomagnetic field measured at an array of magnetometers to
image large-scale variations of vertically integrated crustal con-
ductivity in southwestern Washington.

Magnetovariational (MV) array data can be used to map
anomalous magnetic fields induced in the Earth by time varying
external sources. Such maps provide indirect estimates of the dis-
tribution of electric currents in the Earth and can be used to make
inferences about lateral variations of conductivity, which in turn
can be related to rock type [e.g., Gough, 1989]. We present a sim-
ple schematic model and overview of these ideas in Figure 2. To
a large extent, the interpretation of MV data has been qualitative,
with the existence of conductivity variations inferred from careful
examination of geomagnetic event maps or from single-station
horizontal to vertical field transfer functions (see Gough et al.
[1989] for a recent example). However, much more can be
gleaned from MV data when more sophisticated quantitative pro-
cessing and inversion methods are employed [Beamish and Banks,
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Fig. 1. Simplified geology map of western Washington. Inset gives location and regional tectonic setting (WA, Washington; OR.
Oregon; BC, British Columbia; VI, Vancouver Island). Key features noted include: principal basins (CB, Chehallis Basin; PL,
Puget Lowlands; AST, Astoria Basin; GH, Grays Harbor Basin), outcrops of the Crescent Formation Basalts (CFB, including BH,
Black Hills, and WH, Willapa Hills), volcanic cover in (he Cascades and to the east (RAI, Mount Rainier; STH, Mount St. Helens;
ADA, Mount Adams; CP, Columbia Plateau, CRB, Columbia River Basalls), the Saint Helens Seismic Zone (SHZ), and the
southern Washington Cascades Conductor (SWCC) mapped by Stanley et al. [1987]. Also, OSC, Olympic Subduction Complex;
LRF, Leach River Fault; NC, North Cascades; CR, Columbia River; PS, Puget Sound; H, Hood Canal; Sea., Seattle; Port., Port-
land.
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1983; Banks and Beamish, 1984; Banks, 1986; Egbert and BACKGROUND
Booker, 1989; Egbert, 1991]. Here we apply quantitative methods
for MV array analysis to a series of small overlapping arrays run
in southwestern Washington between 1980 and 1986. While our The study area in southwestern Washington occupies a section
focus is on the final results and their significance for the geology  of the active Pacific Northwest margin of North America (Figures
and tectonics of this region, we also give, in the context of this 1 and 3). The array covers an area which includes three Quater-
illustrative case study, an overview and summary of the data pro- nary volcanos of the magmatic arc associated with oblique sub-
cessing and interpretation techniques used here. duction of the Juan de Fuca plate (Figure 1): Mount St. Helens,

Geology and Tectonic Setting
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Mount Rainier, and Mount Adams. It is a seismically active area
with a well-defined but abbreviated shallow dipping Benioff zone
beneath the Puget Lowlands [Taber and Smith, 1985] and consid-
erable crustal seismicity [Ludwin ef al., 1991], primarily in the
Puget Lowlands and in a narrow belt trending north-northeast
from Mount Saint Helens (the Saint Helens Seismic Zone, or SHZ
[Weaver and Smith 1983; Weaver et al. 1987]).
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To the east and north of the MV array, the basement consists of
Mesozoic and Paleozoic rock units. The western portion of the
array is within the Coast Range province, which is underlain by
the upper Paleocene to middle Eocene basalts of the Crescent,
Siletz, and correlative formations. The thickness of these volcan-
ics, which we refer to collectively as the Crescent Formation
basalts, has been estimated at 3-7 km or greater by Snavely et al.
[1968]. Petrologic and geochemical evidence imply that the Cres-
cent basalts formed on oceanic crust as a chain of seamounts
[Snavely et al., 1968; Duncan, 1982]. Interbedding of basalts with
distinctive continentally derived conglomerate implies that these
islands were formed close to the margin of the North American
continent [Cady, 1975]. Atfter accretion, the Crescent basalts
occupied the forearc of the convergent margin. From the middle
Eocene to the middle Miocene, thick sequences of marine and
nonmarine sediments and volcaniclastic rocks accumulated in the
forearc basin [Armentrout, 1987]. Several pulses of volcanism
also occurred during this time, producing the transitional oceanic
Cowlitz volcanics (43-38 Ma), the magmatic arc Goble volcanics
(38-29 Ma), and the Columbia River basalts (15 Ma), which
flowed into the region from the east.

Paleomagnetic data require substantial (15°-80") posteruption
clockwise rotation of the Crescent basalts [Wells, 1990]. Three
mechanisms of rotation have been proposed: (1) regional tectonic
rotation of a rigid microplate during oblique collision with the
North American continent, (2) rotation of the arc and forearc
caused by intracontinental extension in the Basin and Range, and
(3) dextral shear of the continental margin driven by the obliquely
subducting Juan de Fuca plate [Simpson and Cox, 1977; Magill et
al., 1981; Wells et al., 1984; Wells, 1990]. However, because
overlying continental sedimentary and volcanic strata from the
late Eocene are rotated nearly as much as the basement, it is prob-
able that most of the rotation is postaccretion [Wells et al., 1984].
In a summary overview, Wells [1990] concludes that rotation of
the coast range of Oregon is probably due to a combination of the
second and third mechanisms, while in southwestern Washington,
rotation is dominated by dextral shear. In particular, in the Wil-
lapa Hills (the southwestern corner of the array, extending to the
Pacific Ocean and the Columbia River) differential clockwise
rotations of small structural blocks (~10 km) of 20-65" have been
documented [Wells and Coe, 1985].

The Puget Lowlands-Willamette trough, a discontinuous set of

Fig. 2. Schematic overview of basic principles employed in mapping crus-
tal conductivity variations with magnetometer arrays. (a) We emphasize a
simple thin sheet model in which conductivity varies laterally in a surface
layer. The shaded region is more conductive than the light background.
Spatially uniform time varying magnetic fields induce electric currents in
the Earth which are generally perpendicular to the inducing magnetic fields
and tend to concentrate in the more conductive region. (b) Profile of the x
component of the magnetic field H, which would be observed along profile
A-A’. The horizontal magnetic fields are a superposition of internal and
external fields. Because of the concentration of currents, H, is enhanced
over the conductive zone (and slightly reduced to either side). (¢) Plan
view of vertical component H_. The sign of H, changes as the high con-
ductivity zone is crossed. Since for quasi-uniform sources there is no
external vertical component, H; is due only to internal sources and thus
clearly locates large-scale variations in conductivity. Note also that as the
conductive zone narrows, the currents become more concentrated and are
deflected and the amplitude of H, increases. Variations of induced hor-
izontal and vertical magnetic fields at the Earth’s surface can thus be used
to image lateral variations of electrical conductivity in the crust. As sug-
gested by the simple model of Figure 24, the method has relatively poor
vertical resolution. Furthermore, without some independent knowledge of
regional-scale deep conductivity variations, the absolute scale of conduc-
tance in the surface is only weakly constrained.
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Fig. 3. Station locations and array connections for the 19 overlapping arrays in southwestern Washington State (containing a total
of 49 stations) used for the analysis. All arrays are connected and can be combined into a single synthetic array.

basins extending from Puget Sound to southern Oregon, lies
between the outcropping Crescent basalts of the Coast Range and
the Cascades. Gravity and magnetic data suggest that a thick sec-
tion (20-30 km) of dense mafic rocks, interpreted by Finn [1990]
to be basalt and gabbro, underlies both the Coast Range and these
basins, extending east to about the longitude of Mount St. Helens.
This interpretation is supported by recent seismic refraction
profiles to the south, which require a thick section of high-velocity
crust underlying both the Coast Range and the Willamette Valley
in central Oregon [Trehu et al., 1992]. This suggests that the sec-
tion of crust containing the Coast Range and the basins of the
Puget Lowlands-Willamette trough should be considered as a unit.
We will refer to this section of crust as the Coast Range block
[Finn, 1990].

It is clear that there must be some sort of buried suture between
this block and the older crust to the east [e.g., Magill et al., 1981;
Duncan and Kulm, 1989]. The northern boundary of the Coast
Range block is the exposed Leach River fault in southem Van-
couver Island (Figure 1). Here Crescent basalts are thrust under a
subduction complex imaged by seismic reflection profiles to the
north [Clowes et al., 1987]. The southern boundary of the Coast
Range block is exposed in southern Oregon in the Roseburg for-
mation [Magill et al., 1981]. Aeromagnetic, gravity [Finn, 1990],
and seismic [Snavely and Wagner, 1982; Trehu et al., 1992] data
imply that the western boundary of the Coast Range block is
offshore in Oregon and at the coast in Washington. However, the
eastern boundary in Washington and north-central Oregon is

obscure because of the essentially complete post-Eocene volcanic
cover in the Cascades.

Previous Electromagnetic Studies in Southwestern Washington

Law et al. [1980] collected MV data at five sites in an east-west
line which crosses the center of the array (Figure 3) and found
evidence for a substantial conductivity anomaly beneath the
Cascade range. They modeled this anomaly as a narrow north-
south trending linear feature and concluded that the anomalous
currents must be shallower than 25 km. The conductor was subse-
quently traced further to the north, almost to Seattle, by Booker
and Hensel [1982], who suggested that the anomalous currents
were due to channeling of currents from Puget Sound into a zone
of high conductivity under the Cascades.

Further evidence for a substantial conductivity anomaly in this
area was provided by Stanley [1984] and Stanley et al. [1987],
who used magnetotelluric (MT) data from two roughly east-west
profiles across the Cascades in southwestern Washington to con-
struct two-dimensional models of crustal conductivity. Stanley et
al. [1987] referred to this anomaly as the southern Washington
Cascades Conductor (SWCC; see Figure 1). In these MT models
the SWCC extends from near the surface to depths of 15 km or
more and consists of very conductive (1-4 ohm m) rocks. Stanley
et al. [1987] believe that the SWCC represents either an accretion-
ary prism or forearc basin rocks which were accreted and subse-
quently compressed against the pre-Tertiary edge of the North
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American continent in the mid-Eocene. Because shales hold
water trapped in clays and zeolites and can remain highly conduc-
tive even at low porosities, Stanley et al. [1987, 1990] argue that
the SWCC, which extends into the lower crust, where porosities
should be low, is probably dominated by shale facies.

The SWCC is also clearly evident in the EMSLAB magnetom-
eter array data [Gough et al., 1989]. Data from this much larger
scale array show that the SWCC is truncated in the north near
Seattle and in the south near the Columbia river. However, the
EMSLAB array data also detected a broader and deeper conductor
continuing to the south under the high Cascades in Oregon. The
EMSLAB MT data imply that this conductive zone is deeper than
approximately 20 km [Wannamaker et al., 1989]). Gough et al.
[1989] suggest the possibility that this deeper conductor continues
into Washington, where a shallow conductor is superimposed. In
this view, the SWCC may represent a compound anomaly, which
need not extend as a single unit through the crust.

Array Studies in Southwestern Washington

The data used for our analysis consist of three-component MV
data collected at a total of 49 sites in a series of small arrays, each
consisting of three to five simultaneous stations (Figure 3). All
data were collected using EDA three-component fluxgate magne-
tometers [Trigg et al., 1970] between 1980 and 1986. For the first
eight of the arrays, data were collected at a 20-second sampling
rate, with typical occupation times of approximately 4 to 5 days.
For the 11 remaining arrays, data were sampled at an 8-second
rate, and arrays ran for approximately 10 days each. Five of the
arrays were occupied in their entirety more than once, so the total
number of separate array experiments considered is 24. Some
preliminary results from these experiments were reported by
Booker and Hensel [1982], and Egbert [1991].

DATA PROCESSING: SMOOTH ESTIMATES OF INTERNAL
ANOMALOUS FIELDS AND CRUSTAL CONDUCTANCE

In this section we summarize the MV array data processing
methods applied to the southwestern Washington arrays. The raw
data consist of a series of three-component magnetic field time
series recorded in the overlapping arrays of Figure 3. Each time
series is divided into a series of short segments, tapered, and
Fourier transformed. The resulting Fourier coefficients form the
basis for all further processing. The final result is a series of
smooth maps of the period-dependent induced anomalous electric
currents and an estimate of the vertically integrated crustal con-
ductance.

Array Transfer Functions

The first step is to combine all of the frequency domain data
into estimates of the total magnetic fields which would be
observed at all stations in the combined array of Figure 3 if the
external sources were perfectly uniform and linearly polarized in
fixed directions (say, north-south and east-west). Simultaneous
observations in an array can be used to estimate amplitudes and
phases {or complex amplitudes) of all field components relative to
the horizontal magnetic field components at a fixed reference site.
This is accomplished in practice by using statistical transfer func-
tion methods, which combine all available data to improve
signal-to-noise ratios and average out the effects of small-scale
source variations [e.g., Schmucker, 1970; Beamish, 1977; Egbert
and Booker, 1989]. If two or more separate arrays share a com-
mon station, the two arrays can be merged by using the common
station as a reference [Beamish and Banks, 1983]. This process
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can be repeated for a series of overlapping arrays to yield esti-
mates of relative amplitudes and phases between all stations in a
large synthetic array [Beamish and Banks, 1983; Egbert, 1991].
For the results presented here, we have developed and used a mul-
tivariate generalization and refinement of the transfer function
method which takes advantage of the simultaneous nature of array
data [Egbert and Booker, 1989] and allows for optimal combina-
tion of overlapping arrays [Egbert, 1991]. A summary of these
methods together with a detailed description of the initial process-
ing of these arrays is given by Egbert [1991],

This first step results in estimates at a range of periods of the
total (internal plus external) fields corresponding to induction by
spatially uniform sources. In the absence of lateral conductivity
variations, such sources induce laterally uniform currents in the
Earth which flow at right angles to the external magnetic field.
The resulting internal magnetic fields are in tumn uniform and in
phase with the inducing source fields [e.g., Rokityanski, 1982]. In
this idealized case, the polarization and phase of the external
source are thus uniquely determined from the observed total
fields. Lateral conductivity variations result in (typically subtle)
variations across the array in amplitude and phase of the total
magnetic fields, making a precise determination of the external
source characteristics problematic. In general, then, determination
of the polarization and phase of the uniform external part of the
observed fields requires some further assumptions. One approach
to this problem [e.g., Schmucker, 1970] is to choose, on the basis
of other geological and geophysical information, a fixed station as
a normal reference. At this site the horizontal magnetic fields are
assumed to be uncontaminated by lateral conductivity variations.
The nomal fields then implicitly define the polarization and phase
of the external sources and can be subtracted from the total fields
to yield estimates of the induced anomalous fields, which indicate
geologic structure. We take a slightly different approach and
assume that the fields averaged across the array are normal (i.e.,
correspond to a spatially averaged one-dimensional Earth [Egbert
and Booker, 1989]). Note that with this definition of normal
fields, the anomalous magnetic fields at all stations in the array
must average zero for all polarizations.

The estimated anomalous horizontal magnetic fields for the
combined southwestern Washington array are plotted for source
fields linearly polarized north-south and east-west for a period of
1000 seconds in Figure 4. Note that the anomalous field vectors

are complex (reflecting phase and amplitude variations), . with
imaginary parts generally much smaller than real parts. At most

sites the anomalous fields are small relative to the normal fields
(displayed in the upper right corners of the plots). Areas where
the anomalous field vectors are negative (i.e., oppose the normal
fields, as in the western part of the array in Figure 4b) represent
relatively resistive regions with reduced current flow, while areas
where the anomalous fields are positive (i.e., reinforce the normal
fields, as in the area under the Cascades in Figure 4b) represent
more conductive regions with enhanced current flow. Anomalous
horizontal field vectors at angles to the normal (e.g., in much of
Figure 4a) result from channeling and redistribution of electric
currents by three-dimensional structures.

The exact magnitudes of the anomalous field estimates plotted
in Figure 4 are somewhat sensitive to our definition of normal
fields. However, because the normal fields are always taken to be
spatially uniform, the pattem of variations in anomalous fields
(and hence of relative conductivity variations) is well determined.
Vertical magnetic fields are zero for induction by uniform sources
in a one-dimensional Earth, so the total vertical component can be
taken to be anomalous. The vertical components (real part only)
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Fig. 4. Estimates of the complex anomalous horizontal magnetic fields which would be induced at stations in the combined array
by sources with a period of 1000 seconds which are linearly polarized (@) north-south and (b) east-west. The total fields averaged
over the array are assumed to be normal (i.e., representative of a spatially averaged one-dimensional Earth). The plotted
anomalous fields represent the deviations from the normal vectors, which are given in the upper right comer of each plot. Solid
vectors are real parts; dashed vectors are imaginary. Relatively conductive and resistive regions are characterized by areas where
the anomalous field vectors respectively reinforce and oppose the normal fields. Anomalous field vectors at angles to the normal
fields indicate channeling and redistribution of currents by three-dimensional structures.

for the southwestern Washington array are printed on a map of
station locations, with informal contours to guide the eye, in Fig-
ure 5.

Figures 4 and 5 exhibit three principal features. First, the verti-
cal component corresponding to an east-west source polarization
is positive over much of the array, increasing to rather large
values as the coast is approached in the west (Figure 5b). This is
the well-known "coast effect" [e.g., Parkinson, 1962; Everett and
Hyndman, 1967] resulting from a concentration of north-south
electric currents flowing in the ocean and conducting sediments of
the accretionary wedge at the continental margin [Weaver, 1962].
Superposed on the coast effect are vertical anomalous fields which
reverse sign along a north-south trending line which passes
through the SWCC (Fig. 5b). Evidence of the SWCC is also seen
in the anomalous horizontal fields of Figure 4b, which are
enhanced (at all available stations) in a belt passing through the
three Cascade volcanos from the Columbia river to Puget Sound
and in both the vertical and horizontal anomalous field plots
corresponding to north-south source polarizations (Figures 4a and
Sa). Finally, an anomaly extends west from the SWCC just north
of Mount St. Helens along the northem edge of the Chehallis
Basin. This feature is seen for north-south source polarizations as
an enhancement of the horizontal fields (Figure 4a) and a sign
reversal in the vertical fields (Figure 5a). We refer to this feature
as the Chehallis Basin Conductor, or CBC for short. Using the
right-hand rule for the Biot-Savart law, it is readily verified that
the horizontal and vertical components of the anomalous fields
over the SWCC and CBC are both consistent with electric
currents inside the Earth.

Figures 5 and 6 represent only a small sample of the anomalous
field plots which result from the initial data processing. For each
frequency band there are real and imaginary and horizontal and
vertical field plots for each of two polarizations. Using a 25%
bandwidth (= 9 bands per decade) in the frequency domain, esti-

mates have been obtained for the southwestern Washington syn-
thetic array in 20 bands at periods from 60 to 10,000 s. The full
set of 160 plots represents a complete estimate of the response of
the Earth (in this period range at the available sites in the region)
to uniform external magnetic field sources. In general, these
response estimates vary smoothly with period. For subsequent
discussion we will focus on results from four representative bands
evenly spaced in log period: T = 100s, T =300s, 7 = 1000 s, and
T =3000s.

Spline Smoothing of Internal Fields

Figures 4 and S are estimates at a discrete set of points of the
anomalous magnetic fields. The next processing step involves
smoothing and interpolation onto a regular grid, subject to the
constraint that the interpolated anomalous magnetic fields be phy-
sically consistent with sources of strictly internal origin. To do
this, we treat interpolation as a linear inverse problem [Egbert,
1989]. The constraints are imposed by requiring that the magnetic
fields be the gradient of a scalar potential with all sources below
the surface. We then seek the smoothest internal potential which
is consistent (within the estimation errors) with the synthetic array
response. This approach is very similar to the method of har-
monic splines developed by Shure et al. [1982] and Parker and
Shure [1982] to find smooth magnetic fields at the core mantle
boundary from observations at the Earth’s surface. However, the
rectangular geometry appropriate for regional arrays and uncer-
tainty about the depth of the sources result in some mathematical
complications [Egbert, 1989]. The key results needed to solve
this problem are proved by Meingur [1979], who developed a
natural generalization of cubic splines for interpolation of data in
a multidimensional setting, and by Wahba and Wendelberger
[1980], who consider the application of these "multivariate
splines" to more general inverse problems.
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Fig. 5. Estimates of real parts of anomalous vertical fields which would be induced at stations in the combined array by sources
with a period of 1000 seconds which are linearly polarized (a) north-south and (b) east-west. Positive values of the vertical com-
ponent correspond to magnetic field vectors which point down into the Earth. Three substantial anomalous features are evident
here: the large positive vertical field in the westemn part of the array in Figure 5b is the coast effect, resulting from electric current
flowing in the conductive ocean and sediments of the accretionary wedge. The north trending reversal in sign under the Cascades
(in Figures 5a and 5b; note also the enhancement of horizontal components in this area in Figures 4a and 4b) coincides with the
SWCC; finally, a smaller east-west conductive zone is marked by the east-west trending sign reversal which branches off of the
SWCC to the west just north of Mount St. Helens. This anomaly is also visible in Figure 4a.

Plots of the smoothing spline estimates of the anomalous hor-
izontal and vertical magnetic fields are given in Figures 6 and 7
for a period of 1000 s. Note that because the interpolation pro-
cedure allows for the actual estimated errors at each site, these
smooth fields do not exactly interpolate the discrete response esti-
mates of Figures 4 and 5.

The processing methods reviewed so far can be thought of as a
generalization and refinement of the vertical field hypothetical
event map [Bailey et al., 1974]). However, instead of using only
single-station vertical field transfer functions, all possible intersta-
tion and intercomponent transfer functions are incorporated along
with the physical constraint that the source for the anomalous
fields be internal. Because horizontal components of the
anomalous fields are sensitive to structure immediately below the
observation point while vertical components are sensitive to struc-
ture off to the side, using anomalous horizontal fields and the a
priori physical constraints effectively increases horizontal spatial
resolution (e.g., compare the vertical field contours in Figures 5
and 7).

There are still some significant holes in our station coverage,
particularly near each of the three Cascade volcanos and on the
eastern edge of the array. Because our procedure finds the
smoothest anomalous fields consistent with the available data,
these unsampled regions are interpolated across smoothly without
including unnecessary details. Of course, with additional sites,
smaller-scale features would undoubtedly be evident. Note, how-
ever, that the unsmoothed anomalous fields (Figures 4 and 5) do
generally vary slowly between adjacent stations. This gives us
some confidence that the large-scale pattern of smooth anomalous

fields plotted in Figures 6 and 7 are not seriously affected by alias-
ing. In particular, all of the lines which cross the SWCC between
Puget Sound and the Columbia River show a similar pattern of
sign reversal in the vertical component and enhancement of the
horizontal component. Given the strong north-south spatial
coherence of the available anomalous fields, it is virtually certain
that additional east-west transects across the Cascades would
reveal a grossly similar pattern of anomalous fields.

Equivalent Sheet Currents

Using the Biot-Savart law, horizontal magnetic fields of inter-
nal origin can be transformed to an equivalent surface current
sheet (i.e., a thin sheet of current below the observer which would
reproduce the fields), by rescaling and rotating the magnetic
fields 90" counterclockwise [Banks, 1979] (see also the appendix).
Applying this transformation to the anomalous magnetic fields of
Figure 7 clearly displays the anomalous current flow discussed
above (Figure 8).

Although the induced anomalous currents are periodic, with the
phase and polarization varying across the array, it will often be
useful to refer to the "direction" of equivalent current flow. For
this purpose it is convenient to treat real and imaginary parts as
separate vectors. Note that the real current sheets are in phase
with the reference external magnetic fields. The imaginary parts
of the current vectors represent magnetic fields which lead the
reference fields by 90°. We refer to the real and imaginary parts
as the in-phase and quadrature currents, respectively.

The currents of Figure 8 tend to flow in vortices which close on
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Fig. 7. As in Figure 6 but vertical component for (@) north-south source polarization and (b) east-west source polarization.

themselves, and in places they oppose the "normal” current. This
is a result of the way we have defined anomalous fields, which
must average to zero. Relatively conductive areas, where current
flow is enhanced (with anomalous currents reinforcing the nor-
mal), must be balanced by relatively resistive areas, where current
flow is reduced (with anomalous currents opposing the normal).
In the simple schematic model of Figure 2 a laterally heterogene-

ous surface layer overlies a one-dimensional deep section. The
total current at period 7 which flows in the surface layer can be
written

Ix, T) = L(T) + 8, T), (M

where 8I(x, T) represents the anomalous currents (which average
to zero) and Iy(7T) represents the normal current flowing in the
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rotating the anomalous magnetic field vectors of Figure 6 90° counterclockwise. The vectors are tangent to streamlines of an
equivalent surface sheet current which would reproduce the smooth magnetic fields. For Figure 8a the normal current flow is from
east to west, while for Figure 8b the normal current flow is from south to north. Because the spatial average of the anomalous
magnetic fields (and hence of the current sheet) is zero, the anomalous currents tend to flow in vortices which close on themselves.
A-A’ through D-D’ mark locations of profiles plotted in Figures 11 and 12.

thin sheet. With the MV amray data we can readily estimate dI.
Unfortunately, while consistency of the total currents with the
physics of electromagnetic induction (and the simple considera-
tions discussed below) provide some information about I, the
absolute magnitude of this quantity is poorly constrained by the
MYV data (see the appendix).

However, estimates of I are highly desirable. As discussed
below, total currents but not anomalous currents can be easily
inverted for crustal conductance. Furthermore, the total current is
relatively large in conductors and small in resistors, so lateral con-
ductivity contrasts (and the manner in which currents are
redirected and channeled in complex three-dimensional structures)
are more clearly illuminated in plots of I. These advantages are
illustrated in Figures 9 and 10, where we plot rough estimates of
total crustal currents (compare to Figure 8).

In the long-period limit, where induction in the surface sheet
can be ignored and galvanic redistribution of the currents dom-
inates, the period dependence of the currents in the thin sheet
model can be separated from the spatial dependence [e.g., Le
Mouel and Menvielle, 1982]

Io(T) + 3I(x,T) = In(Dlip + 8i(x)]. )

Here, i+ 8i(x) is a real vector field (independent of period,
divided as in (1) into constant normal and spatially varying
anomalous parts) and /, is a complex scalar. From (2) we see that
1,(T) is determined, (at sufficiently long periods) up to a single
real scalar by our estimates of 8I. Thus fixing Re I, for a single
period determines both the in-phase and quadrature total currents
for all sufficiently long periods. We have used this idea to esti-
mate the currents in Figures 9 and 10 by choosing (somewhat
subjectively) Re Io(1000 s ) for each polarization and then scaling
I,(T) (separately for the real and imaginary parts) by the relative

root mean square (RMS) of (the real and imaginary parts of) 81
for each period T.

Current vectors in each of these plots are also scaled by the
anomalous current RMS so that the typical lengths of the
displayed vectors is constant. The RMSs of the total sheet
currents (in-phase and quadrature separately) are displayed in the
upper left comer of each plot. This display of the currents allows
for an approximate separation of amplitude and phase variations
(which we expect to be dominated by I;) from variations in the
geometry of the current sheet. Note that except for the quadrature
currents at the shortest periods, the geometry of the currents varies
little. This is consistent with (2), giving us some confidence that
our thin sheet model is approximately valid. A more detailed dis-
cussion of these plots is deferred to the results section.

Simple Inversions for Conductance

In the model of Figure 2, a thin surface sheet of variable con-
ductance (conductivity times thickness)

S(x, y)=So +85(x, y) 3)

overlies a layered one-dimensional Earth. For the final processing
step we adopt this simple model for the crust of southwestern
Washington and invert the sheet currents for crustal conductance
$. This model ignores any vertical structure in the upper inhomo-
geneous layer and further assumes that the layer is very thin com-
pared to the penetration depth of the electromagnetic fields. The
thin sheet model is thus most reasonable at long periods, where
penetration depths are greatest and vertical resolution of the MV
data is very poor. In the simplest sort of thin sheet model, the
upper inhomogeneous layer is separated from deeper layers by a
layer of infinite resistance which prevents vertical flow of currents
[Price, 1949]. For this model a simple direct (almost linear)
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Fig. 9. In phase and quadrature parts of estimated total surface sheet current induced by north-south source polarization for four
periods. The scales for current vectors (given in the upper left comer of each plot) are proportional to the relative RMS amplitude
of the anomalous currents averaged over the array. The total sheet current is formed by adding an estimate of the constant "nor-
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three Cascade stratovolcanos (Mount Rainier, Mount St. Helens, and Mount Adams) are given by the large triangles. All of the
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inversion of sheet currents for crustal conductance is possible
[Berdichevsky and Zhdanov, 1984]. We outline a practical imple-
mentation of this inversion in the appendix. This approach is
simplistic but not completely unreasonable. Most of the
anomalous structure evident in the current sheet plots (Figures 9
and 10) originates in the crust (the anomalies are tens of kilome-
ters wide and are nearly independent of period), and highly resis-
tive layers are typically present in the crust and upper mantle.

Application of the simple thin sheet inversion outlined in the
appendix to long-period (T = 1000 s and T = 3000 s) anomalous
fields from the synthetic array yields the model of crustal conduc-
tance shown in Plate 1. With this simple approach to inversion,
two parameters which are not directly constrained by the MV data
must be independently estimated: the normal current in the thin
sheet I and the normal conductivity Sy. In fact, the absolute
scale of crustal conductance in the model of Plate 1 is essentially
determined by the choice of S, (here taken to be 100 §, equivalent
to a 20-km-thick 200-ohm m layer). Further uncertainty in the
relative variations of crustal conductance results from uncertainty
concerning I,. Experiments with a range of values of 1, indicate,
however, that the geometry of the conductivity variations is very
well constrained and that the relative amplitudes of the variations
(i.e., the ratio of highest to lowest conductance) are constrained
within a factor of roughly 3.

Note that full nonlinear inversions of the combined array
response, based on either more general thin sheet [e.g., Vasseur
and Weidelt, 1977, Fainberg et al., 1990] or fully three-
dimensional models, would substantially reduce this scale
ambiguity, particularly if constraints on known large-scale struc-
ture (e.g., ocean bathymetry and conductivity) were incorporated.
These more complicated inversion methods represent an impor-
tant refinement of MV interpretation methods which we are
currently pursuing.

RESULTS

The final results of the processing are contained in Figures 9
and 10 and Plate 1. The equivalent current sheets (Figures 9 and
10) are estimates of the total current flowing in a thin surface layer
of laterally varying conductance (Figure 2). Plate 1 gives an esti-
mate of the conductance of this surface layer. The currents in Fig-
ures 9 and 10 have widths of 10-40 km (see also Figures 6 and 8).
The true anomalous current distribution is almost certainly
rougher than these smooth estimates. These short-length scales
imply that the anomalous currents flow within at most a few tens
of kilometers of the surface. The vertical distribution of conduc-
tivity within this near surface region is not resolved by the thin
sheet model of Plate 1. However, we can gain some qualitative
insight into the nature of vertical structures by considering the
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of the array, particularly in the short-period quadrature plots.

period dependence and phase of the sheet currents in Figures 9
and 10.

The in-phase currents, which are larger than the corresponding
quadrature currents by as much as a factor of 4, reveal the major
structures most clearly. These are, to a first approximation,
independent of period. The most obvious anomaly is the north-
south trending SWCC mapped by Stanley [1984] and Stanley et
al. [1987] using MT. This anomaly results in a substantial
enhancement of currents under the Cascades for both polarizations
but is clearest for east-west sources which excite current flow
from south to north (Figure 10). The anomaly is widest and most
diffuse in southern Washington near the Columbia river. North of
Mount St. Helens and Mount Adams, the anomalous currents
become more concentrated, and the estimated conductance
increases steeply. Further north, near Mount Rainier, there is a
kink in the anomalous currents where the conductor shown in
Plate 1 narrows sharply. The anomalous currents then turn toward
Puget Sound and become more diffuse again just south of Seattle.

The SWCC is also clearly evident in anomalous field plots for
the north-south source polarization (which induces normal current
flow from west to east). Current flowing from the east is chan-
neled into the SWCC south of Mount Adams, with current flow
across the eastern boundary of the SWCC severely reduced (Fig-
ure 9). To the west, current is concentrated in the CBC, which
branches off of the SWCC just north of Mount St. Helens, and in
a zone of enhanced conductivity beneath the Puget Lowlands
northwest of Mount Rainier (Plate 1). Current flow along much of
the western edge of the SWCC, which deflects and channels the
currents north toward Puget Sound, is nearly north-south (Figure

9). This suggests a sharp transition to generally very resistive
crust west of the SWCC. Here, the outcropping Crescent Forma-
tion basalts of the Willapa Hills in the southwestern part of the
array and of the Black Hills to the north mark resistive blocks
which are separated by a conductive channel beneath the northern
edge of the Chehallis Basin. Note that the resistive block north of
the CBC extends east to the SWCC beneath the sediments of the
Puget Lowlands (Figure 9, Plate 1). Farther to the north, current
flows west across Puget Sound and is deflected to the south along
the eastern edge of Hood Canal by a resistive structure, which
probably represents underthrust volcanics of the Crescent Forma-
tion on the eastern edge of the Olympic Peninsula.

At periods beyond 1000 s the anomalous currents have a fixed
morphology with period-dependent but spatially constant ampli-
tudes and phases (Figures 9 and 10). This is consistent with nor-
mal currents induced in a larger region, which are then distorted
and channeled by local variations of conductivity in a thin surface
layer [Banks, 1979; Le Mouel and Menvielle, 1982]. The spatially
constant amplitudes and phases are determined by the normal
fields, which depend on the large-scale deep regional conductivity
structure, while the morphology of the anomalous fields is deter-
mined by local variations in crustal conductance. This supports
the validity (for long periods) of the simple thin sheet model used
to invert for crustal conductance. It also suggests that phases and
relative amplitudes of regionally averaged electric fields can be
approximately determined from the anomalous magnetic fields.
At periods of the order 1000 s we would expect crustal electric
currents in this region to be strongly influenced by currents (of
large amplitude and low phase) induced in the highly conducting
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Plate 1. Thin sheet conductance model for the crust in southwestern Washington with crus-
tal earthquakes and volcanic vents overlain. Earthquakes (0 to 15 km depth) are plotted as
hexagons scaled by size (smallest, 2.0-3.9; medium, 4.0-4.9; large, 5.0-5.9). Small crosses
are basaltic vents; small diamonds are andesite and dacite vents. The St. Helens Seismic
zone (SHZ) coincides with the western edge of the broad southem portion of the SWCC, and
is abruptly terminated by the east-west trending CBC. Volcanic vents cluster around the
edges of the SWCC. Sea., Seattle; STH, Mount St. Helens; RAI, Mount Rainier; ADA,

Mount Adams.

ocean [e.g., Mackie et al., 1988]. In fact, for the north-south
source polarization (Figure 9), for which oceanic effects should be
strongest, phases of the long-period anomalous fields are very low
(=10 — 20°), and amplitudes remain large even at long periods.
These characteristic oceanic effects are less prominent for east-
west sources (Figure 10), for which phases are =25° —35° and
amplitudes decrease rapidly at long periods.

Although the full three-dimensional electromagnetic induction
problem is complex and allows a great range of phenomena, the
relative magnitudes of the in-phase and quadrature components of
the anomalous fields provide a qualitative indication of the depths
and sizes of conductive structures [e.g., Schmucker, 1970]. The
phase of currents flowing in near-surface conductors is approxi-
mately the same as the phase of the surface electric fields (45
over a uniform conductor), so superficial conductivity anomalies
tend to have large quadrature parts. Anomalous fields arising
from currents flowing in conductors at greater depths (i.e., a
significant fraction of the electromagnetic skin depth or more)
tend to have small (or even negative) quadrature parts. Of course,
whether a conductor is "near surface” or not depends on period.
At long enough periods, all anomalies will appear near surface.

These points are nicely illustrated by Figure 10. In addition to
the SWCC, a small north-south trending anomaly is visible in the
western part of the array at 7 = 100 s but is almost unnoticeable at
T =1000 s. This feature is much stronger in the corresponding

quadrature component, where this anomaly dominates at 7 = 100
s and is very clear for T =300 s, before vanishing for longer:
periods. In fact, adjusting for differences in plot scales, we see
that the in-phase and quadrature parts are roughly equal for
T = 100 s, suggesting a shallow origin for this anomaly. This con-
clusion is supported by the rapid decrease of the anomaly with
period. Comparison with Figure 1 shows that the anomaly coin-
cides with the alignment of the Chehallis Basin and the western
part of the Puget Lowlands. These basins contain conductive sed-
iments and have a narrow connection south of Puget Sound. The
magnitude, phase, and strong period dependence of these
anomalous currents imply that the basins are distinct, with only a
weak electrical connection.

By comparison, the anomalous fields over the SWCC in Figure
10 decrease in amplitude much more slowly (peaking near
T =300 s) and do not show consistently positive phases until
T =1000 s. The quadrature currents are restricted to the extreme
northern part of the the anomaly at 7 = 100 s and extend further to
the south with increasing period, until at 7= 1000 s the plots
closely resemble those for the in-phase currents. This suggests
that the conductive rocks which form the SWCC are shallower in
the north and deeper to the south. However, it is also possible that
self-induction within the SWCC together with inductive and con-
ductive coupling to Puget Sound in the north and the lower crustal
conductor under the Oregon Cascades to the south [Gough et al.,
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1989; Wannamaker et al., 1989] can explain the period-dependent
morphology of the quadrature anomalous currents. Three-
dimensional modeling will ultimately be required for a full under-
standing of these data, although these results clearly demonstrate
that the SWCC represents a conductor which is much more mas-
sive than a few kilometers of sediments. Note also that the in-
phase currents flowing in the SWCC have a kink where the CBC
branches off. The amplitude of this kink increases with period,
and the kink is less obvious in the quadrature currents, suggesting
a deep origin for this feature.

For the north-south polarization the quadrature currents closely
resemble the in-phase parts at longer periods but not for
T = 100-300 s (Figure 9). In these short-period quadrature plots,
currents are large in the north, south, and east, but almost vanish
in the west central part of the array, where the anomaly associated
with the CBC fades out (compare to the in-phase parts). This
large-scale variation of quadrature amplitudes suggests that
phases in the electric fields are low in the region between the
SWCC and the ocean. We note that Stanley’s [1984] MT results
show very low electric field phases around 100 s periods in this
area. Again, this behavior indicates complex three-dimensional
inductive phenomena, here involving the interaction of the SWCC
and the highly conducting ocean to the west.

The anomalous currents exhibit some more subtle but sys-
tematic variations with period. These are best explored by consid-
ering selected cross sections which allow results for all four
periods to be superimposed. For this purpose we use the real parts
of the scaled fields plotted in Figures 9 and 10. This effectively
eliminates variations of normal field amplitudes and phases
(largely determined by regional-scale induction effects), so that
we may more directly assess changes with period of current mor-
phology (which is more indicative of local structure). The conclu-
sions we reach from these profiles are qualitative. More detailed
mapping of vertical structure in conductivity variations suggested
by this analysis requires MT data.

We consider two east-west profiles (Figure 8), A-A’ across the
northern part of the SWCC near Puget Sound and B-B’ across the
central portion of the SWCC. On the northem profile the relative
amplitude of the anomaly decreases steadily with period, and the
western boundary shifts slightly to the east (Figure 11g). On the
central profile B-B’, the anomaly peaks at 300 seconds. As period
increases, the western limit of the anomaly shifts to the east, and a
broad elevated shoulder on the anomaly develops to the east (Fig-
ure 11b). The shift of the anomaly peak suggests that the SWCC
dips down to the east, while the broad spread to the east of
anomalous currents at long periods suggests a deep conductive
zone in the lower crust beneath the Columbia Plateau east of the
Cascades.

Another view of the western boundary of the SWCC is given in
Figure 11c, where we plot the currents which are induced by
north-south sources and then channeled to the north across profile
B-B’. Here the peak of the anomalous currents, which is fixed
slightly to the west of the peak for east-west sources, steadily
increases in amplitude with period. For a north-south polariza-
tion, current flows from the east and concentrates near the western
boundary of the SWCC. The fixed location of the peak suggests a
vertical western boundary. The increase in relative amplitude of
the deflected currents suggests that a strong gradient in conduc-

tivity between the SWCC and the crust to the west persists at
depth. Together the current profiles of Figures 115 and 11c sug-

gest that the SWCC dips to the east but has a sharp, nearly vertical
western boundary.
In Figure 12 we plot currents for the two north-south profiles,
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Fig. 11. Cross sections of crustal current flow derived from Figures 9 and
10 for two east-west profiles across the array (see Figure 8 for profile loca-
tions). (a) Relative anomalous current flow to the north across profile A-
A’ induced by east-west sources decreases at longer periods. (b) Further
south on profile B-B’ across the SWCC current shifts to the east at longer
periods. (c¢) Channeled currents flow north across B-B’ for north-south
source polarization, which induces east-west normal currents. The relative
amplitude increases steadily with period, but the location of the peak
remains fixed, slightly to the west of the anomaly peak in Figure 11fIb.

C-C’ and D-D’ (Figure 8). For profile C-C’ on the western edge
of the SWCC, the peak associated with the CBC broadens and a
second peak develops to the north as periods increase. Note that
at T=3000 s the secondary peak is well to the north of the
Chehallis Basin, demonstrating that most of the current in the
CBC does not flow out of the SWCC through the near-surface
basin sediments. Further to the west on profile D-D’, current flow
is much more sharply peaked, centered along the northem edge of
the Chehallis Basin. In both north-south profiles the second zone
of enhanced current flow, across the northern part of the Puget
Lowlands and through Puget Sound, is independent of period.

DISCUSSION

The MV array results are generally consistent with the conduc-
tivity models of Stanley [1984] and Staniey er al. [1987, 1990]
based on three MT transects across southwestern Washington. In
particular, the MV conductance model (Plate 1) is remarkably
similar to the estimate of conductance for the SWCC given by
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Stanley et al. [1987] (see Figure 1). However, the results given
here provide a three-dimensional context in which to interpret the
MT transects and suggest some differences. The two-dimensional
model for the central MT profile (A-A’ [Stanley et al., 1987]) has
a gradual boundary, with conductive sedimentary rocks thinning
and shallowing to the west. However, the MT transect on which
this model is based crosses the SWCC just north of Mount St.
Helens where the CBC branches off. The MV data show that the
western end of this transect is not typical of the SWCC; along
most of the western edge, there is an abrupt and nearly vertical
contact between very conductive and very resistive rocks (as seen
also in the model for the northern MT profile C-C’ of Stanley et al
[1987D).

Stanley et al. [1987] model the SWCC dipping down to the east
and suggest that the conductive unit has been underthrust and pos-
sibly continues to the east of the Cascades under the Columbia
Plateau. The MV data, which show the anomalous magnetic
fields shifting and broadening to the east at long periods, corro-
borate this. In the MT model the SWCC is bounded on the east
by a resistive block which was interpreted by Stanley et al. to be
a localized pluton. However, the MV results show east-west
flowing currents channeled into the southen end of the SWCC by
an elongated resistive block along its eastern boundary (Figure 9).
This suggests that the resistive structure imaged on the MT tran-
sect is part of a deep, north trending resistive block which contin-
ues for 50-60 km and defines the eastern edge of the SWCC. The
second MT profile (C-C’) of Stanley et al., which crosses the
SWCC just south of Puget Sound, shows the conductive zone nar-
rowing, shifting to the west, and shallowing. All of these features
are consistent with the pattern of anomalous currents and the
model for crustal conductance of Plate 1.
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Fig. 12, East-west current flowing across profiles (a) C-C’ and (b) D-D’
(see Figure 8 for profile locations). In Figure 12fla current flowing to the
west out of the SWCC shifts to the north at longer periods. The northern
limit of the exposed sediments of the Chehallis Basin is indicated by the
vertical dashed line. On the westemn profile in Figure 12fIb, current mor-
phology is relatively independent of period.
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The variations of conductance inferred from the MV data
correlate with and illuminate other geophysical constraints, In
Plate 2 we superpose the estimated crustal currents induced by
north-south polarized magnetic fields on a map of isostatic resi-
dual gravity [Simpson et al., 1986; Finn et al., 1986; Williams et
al., 1988]. The correlation of the sheet current and the gravity
anomalies in the western part of the array is quite striking. The
electric currents tend to flow around the gravity highs, which are
strongly correlated with the resistive sections of the Coast Range
block (compare to Plate 1). Note also the elongated weak high in
the gravity map along the eastern boundary of the SWCC. The
currents flow around this elongated resistive feature to enter the
SWCC from the south.

The MV results are also consistent with major features in mag-
netic anomaly maps. As discussed by Stanley et al. [1987], the
SWCC coincides with a substantial low in the magnetic data
beneath the Cascades. The Coast Range block is characterized by
a series of broad magnetic highs bounded on the east by a north-
south trending line which likely extends south through Oregon
[Finn, 1990; Johnson et al., 1990). Finn [1990] has pointed out
that this boundary coincides closely with the western edge of the
SWCC. Joint interpretation of gravity and magnetic data suggests
a thick (20-30 km) section of dense highly magnetized rocks in
the Coast Range block which Finn [1990] interprets as consisting
of oceanic basalt and gabbro. In general, the very resistive sec-
tions of the Coast Range block (Plate 2) correspond with highs in
the magnetic data, while the CBC corresponds to an east-west
trending low [see Finn, 1990; Plate 2]. Note however that the
magnetic high in the resistive block north of the CBC extends into
the Chehallis Basin (well to the south of the gravity high seen in
Plate 2). This suggests [Finn, 1990] that the northern edge of the
Chehallis Basin is underlain (at shallow depths) by a thin lip of
Coast Range mafic rocks, which have been underthrust by sedi-
ments along a northwest trending fault. This inference is strongly
supported by our analysis of the MV array data,

Stanley et al. [1987, 1990] have noted that the spatial distribu-
tion of crustal seismicity in southwestern Washington appears to
be closely related to the SWCC. A compilation of shallow (0-15
km) earthquake epicenters (C. Weaver and R. Ludwin, personal
communication, 1992) shows a striking correlation with the MV
crustal conductance model (Plate 1) and the equivalent sheet
currents (Figure 13). The lower line of concentrated upper crustal
seismicity (the SHZ [Weaver and Smith, 1984; Weaver et al.,
1987]) lies along the eastern boundary of the SWCC. The SHZ is
truncated abruptly by the CBC. North of the CBC, the seismically
active zone jumps to the east and deepens [Ludwin et al., 1991].
Near Mount Rainier the earthquake epicenters are aligned with the
narrow northern portion of the SWCC, and the seismically quiet
zone west of Mount Rainier and south of Puget Sound coincides
with the resistive block just to the west. The smaller east-west
conductivity anomaly across southem Puget Sound marks the
boundary between this quiet zone and the region of high seismic
activity in the crust to the north.

In Plate 1 we have also plotted late Cenozoic (5 Ma and
younger) volcanic vents [Guffanti and Weaver, 1988]. In
southwestern Washington, these tend to cluster around the south-
em and eastern edges of the SWCC. In the same area along the
southeastern edge of the conductivity anomaly, heat flow peaks at
80-90 mW m™2, the highest value reached in the Washington Cas-
cades [Blackwell et al., 1990].

It is hard to avoid the conclusion that the SWCC represents a
major structural feature in the crust of southwestern Washington
which is to some extent controlling patterns of crustal deformation
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Plate 2. Isostatic residual gravity in western Washington with equivalent sheet current over-
lain. Reds are gravity highs; greens and blues are gravity lows. The scale on the right is in
milligals. The pattern of current flow in the western part of the study area is consistent with
channeling of currents around the "islands" of resistive and dense Crescent Formation mafic

rocks.

Note also the weak elongated gravity high on the eastern edge of the SWCC.

Cumrents form the east flow around this feature to enter the SWCC from the south. STH,
Mount St. Helens; RAI, Mount Rainier; ADA, Mount Adams.

and volcanism. Earthquakes and volcanic vents concentrate on
the boundary of the anomaly but are almost absent in the interior.
The SWCC thus represents a distinct block of crust which is
bounded by narrow zones of active deformation. The deformation
zones contain regions of local crustal extension conducive to the
formation of volcanic vents [Weaver et al., 1987). The chain of
late Cenozoic volcanic vents on the eastern boundary of the
SWCC may reflect more active deformation along this boundary
in the recent past. The lack of earthquakes and volcanic vents in
the interior of the SWCC and the geometry of the conductor
(localized in space, extending from near the surface to great
depths) together argue against some possible explanations for the
SWCC, such as a magma body under the Cascades or highly frac-
tured rocks filled with hot saline water. The location of the peak
heat flow on the boundary rather than in the interior of the SWCC
reinforces this conclusion.

The MYV results strongly support the conclusions of Stanley et
al. [1987, 1990] concerning the geometry and conductivity of the
SWCC. There is a massive unit of very conductive rocks under
the Cascades which narrows to the north and probably dips down
to the east. The high conductivity is most likely intrinsic to the
rocks rather than being caused by current conditions in the crust
such as the presence of hydrothermal fluids or magma. Stanley et
al. [1987, 1990] considered a range of possible lithologies for
these conductive rocks and concluded that at least the deeper part
of the SWCC is most probably dominated by shale facies. Shales

hold water trapped in clays and zeolites and can remain highly
conductive even at the low porosities which should prevail at
depths greater than a few kilometers.

Stanley er al. {1987] conclude that the SWCC is formed from
accretionary prism and forearc basin marine sedimentary rocks
which were trapped and compressed against the pre-Tertiary mar-
gin of North America when the Crescent basalts were accreted in
the Eocene. This is an attractive hypothesis, but it raises some
other questions. The SWCC is unique in Washington and Oregon,
as evidenced by the EMSLAB MYV array, which covered both
states completely [Gough et al., 1989]. Although smaller local
induction anomalies associated with the suture zone between the
Coast Range block and older Tertiary rocks to the east cannot be
ruled out, the accumulation of the large volumes of conductive
sediment seen in the SWCC is clearly unique to southwestern
Washington.

The SWCC is an important structure which models for the tec-
tonic history of the region must explain. What is special about
this small section of the Coast Range suture zone? One possible
suggestion is that the SWCC represents a section of the early
Cenozoic subduction zone which is analogous to the present day
Olympic Peninsula, where an anomalously thick section of sedi-
ments is being scraped off of the downgoing slab and piled up on
the edge of the continent at a highly localized bend in the modemn
subduction zone. In this model, the sediments that make up the
SWCC could have been accreted well before the Crescent basalts
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Fig. 13. Seismicity of western Washington (0-15 km) plotted on top of anomalous sheet electric currents observed by an MV
array. Symbols are sized by magnitude: smallest, 2.0-3.9; medium, 4.0-4.9; largest, 5.0-5.9. The large triangles are the locations of
the major Cascade volcanos. (a) The source polarization would drive the electric currents east-west in the absence of anomalous
structure. Note how the currents entering in the southeast are deflected north as they run up against the seismic lineation of the
SHZ. The SHZ is a boundary between a very resistive block to the west and the SWCC to the east. Note also how the currents are
deflected around the very resistive and nearly aseismic block west of Mount Rainier, north of the SHZ and south of Puget Sound.
Finally, note how the currents in the western Puget Sound region are deflected to the southwest, presumably by the resistive Coast
Range block. (b) The source polarization would drive the electric currents north-south in the absence of anomalous structure.
Note the very strong current in the SWCC between the SHZ and Mount Adams. This strong current continues well north of Mount

Rainier.

were erupted. Brandon and Calderwood [1990] have suggested
that the location of the Olympic subduction complex is controlled
by the upwarping of the Juan de Fuca plate required to accommo-
date the reversed arc of the subduction zone resulting from Basin
and Range extension. Thus the presence of an earlier zone of
similar scale and probable composition places constraints on the
geometry of the early Cenozoic subduction zone.

The MV data also image significant structure in the Coast
Range rocks west of the SWCC. Here the crust is resistive over a
very thick section, with two narrow east-west zones of relatively
high conductivity. The clearest of these structures is the CBC,
which lies on the northern edge of the Chehallis Basin. Currents
flowing in near-surface basin sediments cannot explain the ampli-
tude or period dependence of this anomaly. For east-west source
polarizations there is a small north-south trending anomaly
aligned with the exposed sediments of the Chehallis Basin and
Puget Lowlands, but this vanishes for periods beyond 300
seconds. The much stronger, nearly period-independent east-west
trending anomaly associated with the CBC clearly indicates a
much deeper structure. Near the western boundary of the SWCC,
the CBC appears to extend beneath resistive crust to the north.
The crustal blocks to either side of the CBC are highly resistive
throughout, from the SWCC to the outcropping Crescent Forma-
tion basalts (the Black and Doty Hills for the northern block and
the Willapa Hills for the southern block). The northern edge of
the Chehallis Basin is marked by numerous thrust faults (gen-

erally downthrown to the south [Walsh et al., 1987]). To the
north lies a series of west-northwest trending anticlines. We inter-
pret the CBC as a section of conductive marine sedimentary rocks
which have been thrust under the resistive accreted oceanic base-
ment rocks to the north. Wells and Coe [1985] present a model
for Eocene tectonics of southwestern Washington in which the
oceanic "Crescent" plate was folded and broken into smaller
blocks, which were subsequently thrust together during accretion
to the continent. It is quite possible that the CBC resulted from
this process and is thus a fundamental structural boundary in the
Coast Range rocks.

The second zone of enhanced conductivity in the Coast Range
block branches off of the top of SWCC, trends west across the
northern portion of the Puget Lowlands, and is then deflected to
the south by the crescent basalts on the eastern edge of the Olym-
pic Peninsula (Plate 1, Figure 9). This structure is similar to the
CBC in that it represents a deep conductive zone which separates
resistive crustal blocks marked by exposed sections of the Cres-
cent basalts (in this case the eastern Olympic Peninsula and the
Black Hills). There is also some suggestion in Figure 9 (which is
supported by the much larger scale EMSLAB array; see Gough et
al [1989]) of an additional east-west conductive channel just off
the bottom of the array coverage south of the Willapa Hills. It is
tempting to suggest that these features are analogous to the CBC,
and represent zones of sediments which were thrust beneath
discrete blocks of resistive oceanic crust during accretion. How-
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ever, the geometry of these conductive zones is poorly constrained
by existing array coverage.

The large clockwise rotation of the accreted terranes of
southwestern Washington since the Eocene have been attributed
to tectonic processes operating at two distinct scales [Wells,
1990]. Dextral shear rotation of the continental margin driven by
oblique subduction of the Juan de Fuca plate [Beck, 1980; Wells et
al., 1984] is accomplished through relative motions of a large
number of elongated but thin (5-20 km) slices of crust. From the
pattern of surface faulting and the geographic distribution of
paleomagnetic rotations, Wells and Coe [1985] and Wells [1990]
argue that this represents the dominant mode of postaccretion
deformation in southwestern Washington. Late Cenozoic rotation
at a larger scale has been attributed to motion of a rigid microplate
in front of Basin and Range extension [Simpson and Cox, 1977,
Magill et al., 1981, 1982]. This mechanism probably dominates
in the coast range of Oregon and likely also plays a role in crustal
deformation and rotation in southwestern Washington, which
occupies a transition zone between compressional and extensional
tectonic regimes to the north and south, respectively [Guffanti and
Weaver, 1988; Wells, 1990]. The crustal structures imaged by the
MV data represent an intermediate scale. These structures appear
to exert considerable control over the tectonics of this region. As
discussed above, patterns of current seismicity and recent volcan-
ism are strongly correlated with the MV conductance model. In
addition, the grain of fault patterns appears to be correlated with
the structures imaged by the MV data. Wells and Coe [1985]
show left-lateral faults associated with shearing and rotation to
trend west-northwest in the Willapa Hills block but east-northeast
in the Black Hills block to the north. These observations suggest
that the deep conductive structures imaged by the MV data
represent soft zones which to some degree mechanically decouple
the more rigid intervening resistive blocks. Thus, although large-
scale gradients in the pattern of seismicity, volcanism, and crustal
deformation and rotation in the Pacific Northwest are controlled
by regional tectonics, the detailed distribution of these features on
intermediate scales is also significantly affected by existing struc-
tures in the complex accreted crust.

A clearer image of the vertical profile of conducfivity through
the crust in this region would be highly desirable. Although full
three-dimensional inversion of the MV array data would be a use-
ful step in this direction, the intrinsic vertical resolution of MV
data is low. Significant improvements in vertical resolution will
require MT data. However, success with MT requires detailed
mapping with closely spaced electric field measurements, which
in practice requires data to be collected on a limited number of
two-dimensional transects. On the other hand, MV data can be
collected at relatively low cost using small (5-10 station) sequen-
tial overlapping arrays and then merged into synthetic arrays. MV
array data thus represent an economical way to map major crustal
conductivity variations (with poor vertical resolution) over a large
area. Even with a wide station spacing, MV data can be useful for
reconnaissance before more detailed MV or MT experiments are
conducted. The MV and MT methods are thus complementary
and should probably be used together in areas where three-
dimensional complications are likely. By itself, MV array data
can provide substantial insight into crustal structure. If used in
conjunction with MT and other data, the potential of this geophy-
sical tool is even greater. Indeed, joint inversion of MT profiles
and MV array data probably offers the best practical hope for con-
structing three-dimensional images of crustal conductivity varia-
tions.
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APPENDIX: EQUIVALENT SHEET CURRENTS
AND THIN SHEET CONDUCTANCE

Here we discuss a refinement of the equivalent current
transform and summarize our inversion of smooth anomalous field
data for crustal conductance. We consider the simple thin sheet
model of Price [1949], which consists of a thin conductive surface
sheet of variable conductance

S(x, y)=80 +3S(x, y)

over a layered one-dimensional Earth which is separated from the
surface sheet by a layer of infinite resistance.

Because of the resistive layer the current in the surface layer
I(x,y) =1 + 8I(x,y) satisfies V-I=0 and thus may be expressed
in terms of a stream function

1(x)= M ]y(x) = _M .
dy ox
In the wavenumber domain, \It_can be related to the anomalous

magnetic field components H,, and H, [Berdichevsky and
Zhdanov, 1984]

Yk k) =
i |, Hikoky)

"’ " k

(A1)

+OpoH, (k,, k(S0 —1/Zy)  (A2)

where the tilde denotes the spatial Fourier transform, k, and &, are
the horizontal wavenumbers, N> =k2+k2, and Z, is the
wavenumber-dependent impedance for the normal one-
dimensional conductivity section. Thus for this simple thin-sheet
model the impedance of the underlying one-dimensional Earth can
be used to exactly transform the anomalous magnetic fields into
the anomalous current flowing in the surface layer. Note that in
the limit @w — 0, the transformation reduces to rotating the
anomalous field vectors 90" counterclockwise. Equations (A1)
and (A2) represent a refinement of the simple transformation of
section 3 to take account of the field produced on the surface by
image currents induced in the underlying one-dimensional section
by the anomalous currents in the sheet. Note that it is implicit in
(A2) that constant (zero wavenumber) sheet currents cannot be
uniquely determined from the anomalous fields (for which the
zero wavenumber component is also ambiguous).

In fact, knowing the anomalous surface current for two orthog-
onal source polarizations is nearly enough to determine the con-
ductance of the surface layer for this simple model. Let
R(x, y)=Ry+0R(x, y)=1/S(x, y) be the surface resistance.
Then, since E(x, y) =R (x, y)I(x, y), we have from Faraday’s law

D R Y06 )% — (R, Y, y)) =
ox dy

iOpH (x, y).

Equation (A3) must be satisfied for currents induced by sources of
both orthogonal polarizations for all frequencies for which the
thin sheet approximation is valid. An analysis of the uniqueness
of the resistance satisfying (A3) shows that if w#0 and I is
known for two orthogonal source polarizations (more precisely,
for two current distributions which are parallel only on a set of
measure zero), then R is uniquely determined. For w=0, the
resistance is determined only up to a scalar multiple. Unfor-
tunately, the thin sheet approximation is most reasonable as ®—0,
so that in practice, the absolute scale of the crustal resistance can-
not be determined from anomalous field data alone. The average

(A3)
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resistance R, or some equivalent reference, must be specified.
Furthermore, the anomalous magnetic fields, which we can esti-
mate, determine only the anomalous currents 8I(x, y). The uni-
form part of the current flowing in the sheet, I, is not determined
from surface observations of the magnetic fields (or from (A1)
and (A2)), but is needed to invert the anomalous current for sur-
face conductance.

I, is not completely arbitrary. For instance, setting I, =0
yields the equivalent currents plotted in Figure 8. This figure
shows a number of unphysical current vortices. Indeed, in the
low-frequency limit (probably a good approximation at 1000
seconds), the right-hand side of (A3) vanishes, and we must have
for any closed contour C in the plane

i di(x, y)R(x, y)=0. (A%
Since R (x, y) > 0, closed circulations of the currents are impossi-
ble. By adding a sufficiently large I, to the anomalous fields,
these current vortices disappear (Figures 9 and 10). (A4) thus
provides a means to determine an approximate lower bound on I,,.
This can be implemented more directly by leaving I, as a free
parameter in the inversion. For total current vectors which are too
small, the fit will be poor. By leaving I, free to vary, misfits can
be improved. Note, however, that as I, gets very large, only small
variations in surface conductance will be required to fit the
anomalous field data, so the size of the total current must be con-
trolled. In fact, the magnitude of the total magnetic fields
observed on the surface of the Earth also imposes an upper bound
on the magnitude of I,. Knowledge of a "normal" conductivity
section, including information about large-scale lateral hetero-
geneities, could be used to refine bounds on current flow in the
surface layer.

Given I, R, the normal one-dimensional impedance, and an
estimate of the anomalous horizontal magnetic fields, we can seek
S8R(x, y). Equation (A3) can be expressed in the wavenumber
domain as

R Wk, k)i oH (ks k)iTkel oy—kyT0,190ks, k)
-4—,1,2Hd“dl3\l'<kx—m ky=B) ke (k= (hy=BYP (ke k)

=0. (A5)

This integral equation in the unknown p(k,, k,) (the Fourier
transform of 8R(x, y)) must be satisfied for stream functions
determined from both polarizations (and for all frequencies for
which the thin sheet approximation is reasonable). Note also that
p must be the Fourier transform of a real function. As a conse-
quence, (AS) approximated on a discrete grid represents an over-
determined linear system. Within the limits of this model, inver-
sion for surface conductance can be accomplished as follows.
The smooth spline estimates of the anomalous magnetic fields can
be estimated on a regular grid, Fourier transformed, and, using
(A2), used to estimate y. A discrete version of (AS) for a pair of
source polarizations at one or more sufficiently long periods can
then be inverted using damped least squares. The resulting esti-
mate p is then back transformed to yield the variation in resistance
and ultimately the thin sheet conductance.
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