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Abstract—Results of the EMSLAB geoelectric experiment aimed at studying the Cascadia subduction zone
are discussed. A 2-D interpretation of magnetic variation and magnetotelluric data was conducted in a hypoth-
esis-testing mode. Three hypotheses were examined: (1) fluid saturation of the lower continental crust and the
absence of continental asthenosphere; (2) fluid saturation of the lower continental crust and development of a
continental asthenosphere; and (3) a subvertical zone of melting penetrating the continental lithosphere. The
first stage of the interpretation involved experiments on smoothed inversion with the REBOCC program. These
experiments showed that, under the complex conditions of the Cascadia subduction, simultaneous inversion of
TE and TM modesyields an intricate, geophysically meaningless alternation of conducting and nonconducting
zones with a poor minimization of the misfit. The most interesting result was obtained from the autonomous
inversion of the TE mode (tippers and longitudinal impedance phases). The resistivity section comprises three
subvertical zones reaching mantle depths: the oceanic (conducting), coastal (nonconducting), and Cascadia
(conducting) zones. Notwithstanding its simplified nature, this result outlines the development of oceanic and
continental asthenosphere. The second stage of theinterpretation employed the [12DC and IGFMT2D programs
using modelswith afixed geometry of blocks. The inversion was conducted on arelatively detailed grid allow-
ing, during the misfit minimization, a free choice of crustal and mantle structures corresponding to various
hypotheses on the structure of the Cascadia subduction zone. The interpretation algorithm consisted of a
sequence of partial target inversions taking into account variations in the sensitivity and robustness of compo-
nents of the TE and TM modes. In our opinion, this type of algorithm yields the most reliable and detailed
results under conditions of the Cascadia subduction. The interpretation included four successive levels:
(1) inversion of tippers; (2) inversion of longitudinal impedance phases; (3) inversion of transverse apparent
resistivities and transverse impedance phases; and (4) generalization and geological interpretation. Tippers
played the main role, because with decreasing frequency they become free from the distorting effect of near-
surface heterogeneities. A new geoelectric model of the Cascadia subduction zone was constructed. Its main
digtinctive features are as follows: (1) at depths of up to 40 km, a conducting upper part of the downgoing plate
containing fluids of oceanic and possibly dehydration originis clearly identifiable; and (2) the continental sec-
tion containsaconducting crustal layer and a conducting asthenosphere that are connected by asubvertical con-
ducting zone of wet melting confined to the High Cascade volcanic arc. Thereliability of themodel isconfirmed
by tests. The model agrees well with the modern concepts of the Cascadia subduction zone.

1. INTRODUCTION

In 1978, on the initiative of L.L. Vanyan, a global
geoelectric project was organized under the auspi ces of
the International Association of Geomagnetism and
Aeronomy (IAGA) with the aim of studying deep con-
ductivity characterizing melting processes in the
asthenosphere. Work on this project, named ELAS
(ELectrica Conductivity of the ASthenosphere), was
conducted throughout the world, and the objectives of
the project were extended. Deep geoelectrics began to
be applied to the investigation of the conductivity in the
lithosphere and asthenosphere in order to elucidate the
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fluid regime and rheology of the Earth’s interior [Van-
yan, 1997]. The ELAS project brought geoelectrics to
the forefront of modern geodynamics.

One of the most important events in the history of
the ELAS project was the EMSLAB (ElectroM agnetic
Study of the Lithosphere and Asthenosphere Beneath
the Juan de Fuca plate) experiment conducted from
1985 to 1988 by US, Canadian, and Mexican geophys-
icists on the Pacific coast of North Americain the Casca-
dia subduction zone (where the Juan de Fuca microplate
subducts under the northwestern continental margin).

Figure 1 shows the network of electromagnetic
observations performed within the framework of the
EMSLAB experiment [Wannamaker et al., 1989a].
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Fig. 1. Electromagnetic sounding network in the EMSLAB experiment [Wannamaker et al., 1989a]. (a) Genera scheme: (1) state
boundaries; (2) areal survey MV sounding; (3) areal survey MT sounding; (4) MV sounding on the Lincoln line; (5) MT sounding
ontheLincolnline. (b) Schematic map showing continental magnetotel luric sounding sites: (1) towns; (2) volcanoes; (3) MT sound-
ing; (4) deep MT sounding.

Almost the entire Juan de Fucaplateiscovered by mag-  formed on an E-W profile near the town of Lincoln.
netic variation (MV) observations with aspacing of 50  This profile was named the Lincoln line. Spacings of
to 100 km. Magnetotelluric soundings (MTS) wereper-  magnetotelluric (MT) and MV observationson the Lin-
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coln line were about 5 km (39 MTS sites) in a period
range of 0.01-500 s and 10 km (15 deep MTS sites) in
aperiod range of 50-10000 s.

Researchers involved in the EMSLAB experiment
hoped to obtain new constraints on the structure and
state of the crust and upper mantle in the subduction
zone. However, the capabilities of computational geo-
electrics were limited at that time.

Thefirst geoelectric model s of the Cascadia subduc-
tion zone were constructed either by means of the
Backus-Gilbert smoothing method [Jiracek etal.,
1989] or manualy, by the trial-and-error approach
[Wannamaker et al., 1989b; Vanyan et al., 1988]. They
clearly showed that magnetotellurics can serve as a
powerful tool for studying the subduction zone. Pres-
ently, we recall these models with an understanding of
the important role that they played in the history of
deep geoel ectric research. The 1990s were marked by a
rapid development of computational geoelectrics. The
creation of programsfor the computation of the electro-
magnetic field in complex media and for the inversion
of MT and MV data opened the way toward the
improvement and partial revision of the EMSLAB
results [Zhdanov and Spichak, 1992; Berdichevsky
et al., 1992; Varentsov et al., 1996]. In this paper, we
revert to the EMSLAB experiment and apply a new
interpretation technology based on the priority of
MV sounding. The implementation of this technology
was made possible by recent achievements of computa-
tiona geoelectrics [Siripunvaraporn and Egbert, 2000;
Varentsov, 1999; Novozhinskii and Pushkarev, 2001].
Based on this approach, we construct a new geoelectric
model of the Cascadia subduction zone that fills some
gaps in the current theories on the subduction of the
Juan de Fuca plate.

2. BRIEF TECTONIC AND GEOLOGICAL
DESCRIPTION OF THE CASCADIA
SUBDUCTION ZONE

The study region forms part of the tectonically
active Pacific orogenic belt, characterized by intense
Tertiary and Quaternary volcanism. The continental
section is dominated by volcanic rocks and structures:
lava plateaus, volcanic cones, and ridges produced by
accumulation or deformation of eruptive rocks. Theori-
gin of the main geological structures of the region is
due to subduction and its accompanying volcanism
[Khainet al., 1988; Khain and Lomize, 1995]. All these
structures extend N-Sfor up to 300-500 km. The N-S(X)
and E-W (y) directions can be regarded as the major
tectonic directions of the region, corresponding to the
longitudinal (|) and transverse (0) components of the
impedance tensor.

The Juan de Fuca spreading ridge, giving rise to the
Juan de Fuca plate, is located at a short distance from
the coast (about 500 km); therefore, the age of the sub-
ducting plate is young (less than 10 Ma). The present-
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day subduction rate is relatively slow, amounting to
about 4 cm/yr.

The following structures are traceable in the east-
ward direction from the Juan de Fuca ridge: (1) the
abyssal basin of the Juan de Fuca plate; (2) the conti-
nental slope consisting of compacted sediments of the
accretionary prism; (3) the shelf covered by loose sedi-
ments, (4) the Coast Range composed of vol canic—sed-
imentary rocks of the Siletz complex; (5) the gently
dipping Willamette Valley filled with a thick sequence
of sediments and basdltic intrusions; (6) the Western
(older) and (7) High (younger) Cascade mountains
composed of volcanic and vol canic—sedimentary rocks
typical of present-day active volcanic arcs; and (8) the
lava-covered Deschutes Plateau.

The oceanic crust within the abyssal basin of the
Juan de Fuca plate has a structure typical of the Pacific
and other oceans. It comprises three layers: (1) a sedi-
mentary layer 1 to 2 km thick; (2) a 1.5- to 2-km-thick
layer of basalts (pillow lavas) and basaltic flows with
dolerite dikes; and (3) alayer of fully crystalline igne-
ous rocks (gabbro and ultramafic varieties) 3 to 4 km
thick.

The Cascade Range includes high peaks and sharply
defined mountain crests. The highest peaks are vol canic
cones developed on the ancient basement. The moun-
tain structures are composed of Oligocene—Pliocene
volcanics represented by lava flows and significant
amounts of breccias, tuffs, and mudflow deposits. The
structure of the Cascade Range is complicated by the
emplacement of intrusive massifs.

The more easterly plateau is also dominated by vol-
canics with prevailing Pliocene and Pleistocene lavas.

3. GEOPHY SICAL RESEARCH
IN THE CASCADIA SUBDUCTION ZONE

Figure 2 presents a schematic map of the Cascadia
subduction zone, reflecting the main features of con-
temporary tectonic processes: crustal seismicity, volca-
nism, and formation of the accretionary complex.
Earthquake sources concentrate in the northern and
southern parts of the subduction zone, whereas the sub-
duction is aseismic in its central part, in the state of
Oregon: the Benioff zone is reliably traceable only
within the states of Washington and California [Kelly
and Crosson, 1984]. According to seismological evi-
dence, the oceanic plate subductsat alow anglein these
areas, with its dip gradually increasing to 45°. In the
Oregon area, the plate also starts subducting at a low
angle, but seismic tomography data indicate that, at
depths of about 40 to 80 km, it is sharply curved and
then descends at an angle of about 70° [Weaver and
Michaelson, 1985].

The most comprehensive seismic model of the cen-
tral Cascadia subduction zone developed by Trehu et al.
[1994] isbased on refl ection dataand natural seismicity
observations. Figure 3 shows the velocity structure
Vol. 38
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Fig. 2. Evidence of recent tectonic processes [Romanyuk et al., 2001b]: (1) accretionary complex; (2) crusta seismicity; (3) Qua

ternary volcanic rocks; (4) depth to the Benioff zone (in km).

along an E-W profile near the Lincoln line. The down-
going slab with velocitiesincreasing down the dip from
6.5 to 8 km/s is clearly recognizable. The continental
part of the seismic section is characterized by amore or
less gently dipping bedding, with amonotonic increase
in the velocities from 5 km/s at depths of 1-2 km to
7 km/s at depths of about 20 km. No P wave velocity
inversion was discovered within the crust.

According to seismic refraction data, the near-sur-
face P wave velocities range from 2.9 to 5.2 km/s; the
upper and middle crust at depths of 3 to 30 km is char-
acterized by velocities of 6.1 to 6.5 km/s. Beneath the
High Cascades, the lower crust at a depth of 45 km has

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 38

a velocity of about 7 km/s [Leaver et al., 1984]; the
Moho isfixed at a depth of 45 km. Importantly, a low-
velocity layer wasidentified, although not very reliably,
in the middle crust [Stanley et al., 1989].

Gravity datawere used by Romanyuk et al. [20014]
to construct a 2-D density model of the Cascadia sub-
duction zone along a profile crossing central Oregon
(Fig. 4). The oceanic crust has densities of 1.90-
2.45 g/lcm? (sediments), 2.79 g/cm? (basalts and doler-
ites), and 3 g/cm? (gabbros and ultramafic rocks). The
oceanic mantle to a depth of 40 km has a density of
3.33g/cm?® (lithosphere). In a depth range of
40-140 km, its density is 3.3 g/lcm? (asthenosphere).

No. 10 2002
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The underlying rocks have adensity of 3.32 g/cm?. The
densities of the oceanic lithosphere and asthenosphere
increase as they subduct under the continent.

Data of numerous measurements of the heat flow
and temperature gradient are avail able for the Cascadia
subduction zone. Near the Coast Range and the Wil-
lamette Valley, the heat flow amounts to 40 mW/m? and
the temperature gradient is about 30°C/km. They
increase in the Western Cascades and reach
105 mwW/m? and 65°C/km in the High Cascades. This
area contains numerous hot springs. The Cascades heat
flow maximum isattributed to the influence of an exten-
sive magma chamber at depths of about 10 to 20 km
[Stanley, 1984; Ramires, 1988; Blackwell et al., 1989].
On the other hand, Ingebritsen et al. [1989] suggested
that heat rises from great depths through a relatively
narrow zone.

Figure 5 shows a predictive geothermal and petro-
logical model of the Cascadia subduction zone (hereaf-
ter referred to simply as CASCADIA), generalizing
current ideas of the structure of the region and its fluid
regime [Romanyuk et al., 2001b]. The prediction is
based on the heat flow, estimated depths of the Curie
isotherm (~500°C), petrological analysis of magmas,
and some other data. The continental crust above the
downgoing Juan de Fuca plate in the near-shore areais
characterized by lower temperatures. A subvertica
zone of higher temperatures reaching the melting point
of wet peridotite at the Moho (~900°C) has been local-
ized beneath the High Cascades.

Therelease of fluidsin the upper part of the slab can
be due to severa mechanisms. First, free water of
micropores and microfractures is released under the
action of increasing lithostatic pressure at depths of up
to 30 km. Then, at depths of 30 to 50 km, where the
temperature exceeds 400°C, dehydration of minerals
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such as talc, serpentine, and chlorite starts. Finally,
basalt istransformed into eclogite at depths greater than
75 km, and amphibolite exsolution can take place at
depths exceeding 90 km. All these processes are
accompanied by release of fluids. Supposedly, fluids
released at shallow depths migrate through the contact
zone between the subducting slab and the continental
plate. At greater depths, fluids can be absorbed by man-
tle peridotites (serpentinization) at lower temperatures
and disturb phase equilibria at higher temperatures,
giving rise to wet melting. Melts migrate upward to the
Earth’s surface, resulting in the formation of avolcanic
arc.

In conclusion, we note the results of bottom fre-
guency sounding on the Pacific Plate [Vanyan, 1997].
The upper part of the oceanic crust consisting of sedi-
ments and basaltic pillow lavas is characterized by a
higher porosity and has a resistivity of 3-10 Q m.
Below, the resistivity markedly increases, reaching at
least 10000 Q m.

Such is the a priori geologica and geophysical
information on the basis of which weinterpret geoelec-
tric data obtained on the Lincoln line.

4. MT AND MV SOUNDINGS ON THE OCEAN
COAST (ANALY SIS OF 2-D MODELYS)

Theresistivity contrast on the ocean coast, reaching
three and even four orders of magnitude, causes a
strong MT anomaly referred to as the “coast effect.”
This anomaly has galvanic and inductive components.

The galvanic (conductive) anomaly arisesif an elec-
tric current flows perpendicular to the shoreline (the
TM mode of the MT field). The shoreward oceanic
electric current branches. One branch flows into the
sedimentary cover. Sediments capture the oceanic cur-
Vol. 38
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Fig. 4. Density model along the E-W profile crossing central Oregon [Romanyuk et al., 2001a]: (1) model; (2) observations. Num-
bers indicate densities (in g/cm?).

rent and channel it far from the coast, withitsslow leak- S, = h,/p, is the average conductance of the sedimen-
age into the crystalline basement and deep conducting  tary cover and R, = h,p, isthe average resistance of the
zones. This phenomenon can be referred to asaconti-  pign-resistivity crust that separates the sedimentary
nental trap effect. The size of the continental trapison  qver from the deep conducting zone. Another branch
the order of the normalization distance ,/S,R,, where of the oceanic electric current bypasses the continental
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Fig. 5. Predictive geothermal and petrological model CASCADIA aong the E-W profile crossing central Oregon [Romanyuk et al.,
2001b].

trap. The current leaks into the ocean floor and is dis-
tributed among continental deep conducting zones. The
relative proportions of the currents flowing into the
continental trap and penetrating deep conductors con-
trol the amount of low-frequency near-surface distor-
tion of transverse MT curves and their sensitivity to
crustal and mantle conductivity anomalies.

The inductive anomaly is associated with the elec-
tric current parallel to the coast (the TE mode of the MT
field). It is caused by the inductive interaction between
oceanic and continental longitudinal electric currents
and can bereferred to asahorizontal skin effect (at high
frequencies, the longitudinal excessive current concen-
trates in the coastal zone). Inductive distortions of lon-
gitudinal MT curves are observed near the shore and
decay at distances of the same order as the depth to the
well-conducting mantle. The asymmetry of longitudi-
nal currents generates the vertical component of the

magnetic field, which can exceed its horizontal compo-
nent in the coastal zone.

For illustration, weturn to thework of Berdichevsky
etal. [1992] and address MTS curves calculated in
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terms of 2-D modelsA and S; geologically, these mod-
els are substantially different (Fig. 6). The right-hand
(continental) part of model A involves a thick conduc-
tor, encompassing the crust and upper mantle (suppos-
edly, an active tectonic zone). In the same depth range,

model S contains a thin crustal layer, encountered in
stabl e tectonic zones.

Comparing modelsA and S, we seethat, on the con-
tinental profile, the transverse apparent resistivity

curves p, and pg obtained from these different models
are smilar, whereas the longitudinal apparent resistiv-
ity curves p',L and pg differ. In an 85-km-wide along-

shore band, the p,, and ps curves virtually coincide

(they differ by no more than 3% throughout the period
range considered), whereas the divergence between the

p',L and pg curves reaches 300%.

The behavior of the apparent resistivity curves is
characteristic. Near the coast, the high-frequency

branches of the transverse p, and ps curves coincide
Vol. 38
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curves is the distance to the coast (in km). Resistivities (Q m) and thicknesses (km) of layers are shown in the model sections:

(a) model S, (b) model A.

with the normal curve p;. However, with decreasing

frequency, the p, and ps curves depart from the pS

curve: the ascending branches are elongated, and the
descending branches shift upward by 2.5 decades. No
evidence of a crustal or crust—mantle conducting layer
is available there. With increasing distance from the

ocean, the shape of the p, and ps curves slowly
changes, with the appearance of gentle inflections fol-

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 38

lowed by minimums; finaly, at a distance of about
700 km (six normalization distances), the px and ps

curves merge with the normal curve p;,. The behavior
of the transverse apparent resistivity curves can be eas-
ily attributed to the continental trap effect. The situation
with the longitudinal p',L and p'S', curves is different.

Their behavior is governed by the inductive effect.
Even in the coastal zone, they have distinct inflections

No. 10 2002
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Fig. 7. Tipper modulus curves in the models involving sta-
ble (S and active (A) tectonic zones. Parameters of the mod-
esSandA arethesameasin Fig. 6.

and minimums indicating the presence of a crustal or
crust—mantle conducting layer. At a distance of about

100 km from the coast, the p',L and pg curves merge
with the normal curve py,.

To continue our analysis of the TE mode, we exam-
ine the behavior of the tipper |W,|. Figure 7 shows the
|W,,| curves. The coast effect produces an extensive
|[W,,| anomaly extending at low frequencies for about
106 km in the ocean and 300 km on the continent. At
periods of 100 and 1000 s, models A and S yield dis-
tinctly different results even in the coastal zone.

Evidently, the TE mode on the coast (longitudinal
magnetotelluric curves and tipper) is more sensitive to
mantle conducting zones compared to the TM mode
(transverse MT curves).

This statement, derived from the analysis of simple
models, needs further elaboration with reference to the
subduction zone. Figure 8 presents ablock model of the
subduction zone involving the following components:
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ducting layer (either of infinite extent or 300 km wide);
(2) a downgoing conducting plate either connected or
unconnected with the crustal conducting layer; and
(3) aconducting asthenosphere (either of infinite extent
or 300 km wide) connected or unconnected with the
crustal conducting layer. The model series comprises
the following models:

model | a crustal conducting layer, a downgoing
conducting plate, and a conducting asthenosphere are
absent;

model 11: acrustal conducting layer of infinite extent
isintroduced into model I;

model 11I: a crustal conducting layer of a finite
extent isintroduced into model I;

model 1V: a downgoing conducting dlab is intro-
duced into model 11;

model V: adowngoing conducting slab isintroduced
into modé 111;

model VI: the downgoing conducting dab in
model IV is connected with a crustal conducting layer
of infinite extent;

model VII: the downgoing conducting slab in
model V is connected with a 300-km-wide crustal con-
ducting layer;

model VIII: a continental asthenosphere of infinite
extent isintroduced into model VI;

model 1X: a300-km-wide continental asthenosphere
of infinite extent isintroduced into model VI;
Vol. 38
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Table 1. Parameters of the models characterizing the MTS sensitivity (resistivities of blocksin units of Q m are given)
Mode | A B C | D, | D, | E|E | FR|F | FR|F|G|G |G| G |H
| 03| 10 | 10* | 10* | 10* | 10* | 10* | 30 | 10% | 10° | 10° | 10 | 10% | 10?2 | 10® | 3
[l 03| 10 | 10* | 10* | 10* | 10 | 10 | 30 | 10° | 10° | 10° | 10 | 10? | 10? | 10° | 3
I 03| 10 | 10* | 10* | 10* | 10 | 10* | 30 | 10% | 10° | 10° | 10 | 10% | 10%? | 10° | 3
\Y; 03| 10 | 10*| 10 | 10*| 10 | 10 | 30 | 103 | 10® | 103 | 10 | 10% | 10?2 | 10® | 3
\Y; 03| 10 | 10*| 10 | 10*| 10 | 10| 30 | 10% | 10° | 103 | 10 | 10? | 10? | 10° | 3
VI 03| 10 | 10*| 10 |10 |10 | 10 | 30 | 10% | 10® | 10° | 10 | 10% | 10?2 | 10° | 3
\l 03| 10 | 10*| 10 | 10 | 10 | 10| 30 | 10° | 10° | 10° | 10 | 10° | 10? | 10° | 3
VIl | 03| 10 | 10* | 10 | 10 | 10 | 10 | 30 | 10° | 30 | 30 10 | 10° | 10 | 10 | 3
IX 03| 10 | 10*| 10 |10 |10 |10 | 30 | 10°| 30 | 103 | 10 | 102 | 10 | 10® | 3
X 03| 10 | 10* | 10 | 10 | 10 | 10 | 30 [ 30 (30 |30 | 10 |10 |10 |10 | 3
Xl 03|10 | 10*| 10 |10 |10 |10 | 30 |30 |30 |[10°| 10 | 10 | 10 | 10° | 3
Xl 03|10 | 10*| 10 |10 |10 | 10*| 30 | 103 | 30 (30 | 10 | 102 | 10 | 10 | 3
Xil | 03] 10 | 10°| 10 |10 |10 [20*| 30 |30 |30 |30 | 10 |10 |10 |10 | 3
Xlv [ 03] 10 | 10* | 10 |10 |10 | 120*| 30 | 10° | 30 | 10® | 10 | 102 | 10 | 10?2 | 3
XV 03| 10 | 10* | 10 | 10 | 10 | 10* | 30 | 30 [ 30 | 10°| 10 | 10 | 10 | 10% | 3

model X: the continental asthenosphere of infinite
extent in model VIII is connected with the oceanic
asthenosphere;

model Xl: the 300-km-wide continental asthenos-
phere in model 1X is connected with the oceanic
asthenosphere;

model XII: a continental asthenosphere of infinite
extent isintroduced into model V1I;

model XII1: the continental asthenosphere of infinite
extent in model XIl is connected with the oceanic
asthenosphere;

model XIV: a 300-km-wide continental asthenos-
phereisintroduced into model VII; and

model XV: the 300-km-wide continental asthenos-
phere in model X1V is connected with the oceanic
asthenosphere.

The parameters of these models are summarized in
Table 1.

The MTS sensitivity n(U) to the element U of a
given model is estimated in three zones of the continen-
tal profile Y: the coastal zone AY; (0 <y < 40 km), the
central zone AY, (40 <y < 130 km), and the far-field
zone AY; (130 <y < 300 km). The estimates given in
Tables 2 and 3 were calculated by the formula

N(U) = max|_Pa(L) ~Ps(M)
T, Y|min[p.(L), pa(M)]

where M is a model in which the element U is absent
and L isthe same model including the element U. Anal-
ysisof theresultsleadsto the following evident conclu-
sions.

100%,
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(1) Thecrustal conducting layer is best expressed in
the TE mode. The sensitivities of the longitudinal and
transverse apparent resistivities pll and p to the crustal
conductor of infinite and finite extent in the coastal and
central zones differ by nearly one order of magnitude.

(2) If the subducting oceanic plate is not connected
with the crustal conducting layer, it hasadistinct signa-
ture only in the coastal curves pll. The conductive con-
nection of the plate with the crustal conducting layer is
best resolved in the TM mode.

(3) The conducting continental asthenosphereis bet-
ter resolved in the TE mode as compared with the TM
mode. The sensitivities of the longitudinal and trans-
verse apparent resistivities pll and p” to the asthenos-
phere of infinite extent differ by a factor of 1.5t0 2. In
the case of the 300-km-wide asthenosphere, the differ-
ence reaches 5 to 10 times.

(4) The conductive connection of the continental
asthenosphere with the oceanic asthenosphereis poorly
reflected in both modes.

(5) The difference between continental conductors
of infinite and finite lengths is better resolved inthe TM
mode as compared with the TE mode.

These conclusions agree with the results of trial
inversions of synthetic data obtained in the coastal and
central zones. The inversions were performed with the
programs Inv2D-FG [Golubev and Varentsov, 1994]
and IGF-MT2D [Novozhinskii and Pushkarev, 2001],
which provide a regularized solution of the MT data
inversion problem in the class of piecewise-uniform
(block) mediawith afixed geometry of boundaries. The
inversion of the TE mode (longitudinal apparent resis-
tivities, longitudinal impedance phases, and tipper

No. 10 2002
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Table2. MTS sensitivity to structures of the continental crust
Sensitivity n
Model element Models compared Zone
TE mode pll TM mode p”
Crustal conducting layer 1l AY 221% 214%
of infinite extent AY, 1285% 200%
AY4 1729% 950%
300-km-wide crustal conducting [, 11 AY 230% 25%
layer AY, 1333% 7%
AY 4 1605% 109%
Downgoing conducting plate [, 11 AY 442% 5%
Crustal conducting layer 0 o
of infinite extent AY> 34% %
AY, 2% 5%
V, 1l NS 441% 4%
300-km-wide crustal 0 o
conducting layer AY> 34% [
AY 4 2% 5%
Junction of the downgoing slab VI, IV AY 4 433% 2978%
with the crustal conducting layer Crustal conducting layer 0 0
of infinite extent AYz 104% 2646%
AY 4 4% 674%
ViIl, VvV AY 4 433% 1506%
300-km-wide crustal 0 0
conducting layer AY> 103% 1184%
N 4% 192%

components) successfully reconstructs the crustal con-
ducting layer and conducting continental asthenos-
phere. The inversion results of the TM mode (trans-
verse apparent resistivities and transverse impedance
phases) are appreciably worse (boundaries of the con-
ducting layers are shifted and their resistivities substan-
tially deviate from the true values). However, the TM
mode more reliably determines the resistivity of the
upper continental crust and fixesthe junction of the slab
with the crustal conducting layer.

An important result is that the model experiment
demonstrated the possibility of determining the geo-
electric structure of the crust and upper mantle from the
frequency dependence of tipper components. This pos-
sibility isanatural consequence of the uniqueness the-
orem proven by V.I. Dmitriev for 2-D MV data inver-
sion [Berdichevsky et al., 1992].

5. 2-D OR 3-D INTERPRETATION?

To answer this question, we address 3-D regional
near-surface heterogeneities crossed by the Lincoln
line and elucidate how they influence the MT and MV
sounding resullts.

Figure 9 plots the conductance S of the upper layer
along the Lincoln line. The plot is based on bathymetric
data and MT soundings from oceanic and continental
segments of the profile. The conductance Sin the deep

IZVESTIYA, PHYSICS OF THE SOLID EARTH

ocean is on the order of 10000 S. The Coast Range,
composed of Early Tertiary sediments and volcanic
rocks, is characterized by a conductance of about 100
to 150 S. The volcanic—sedimentary complex of the
western part of the Western Cascades and the thick
sequence of Tertiary depositsfilling the Willamette Val-
ley are characterized by conductances reaching 250—
300 S. In the eastern part of the Western Cascades,
where these deposits wedge out, the conductance drops
to 10 S. Beneath the High Cascades and the backarc
plateau, the Svalues once again increase, reflecting the
development of volcanic—sedimentary rocks underly-
ing Late Tertiary and Quaternary volcanics.

Figure 10 presents a map showing the conductance
Sof the upper layer in aregion encompassing the Juan
de Fuca Ridge and plate with adjacent areas of the
states of Oregon and Washington. In constructing this
map, we used the map of sedimentary thickness [Con-
nard et al., 1984b] and estimated average resistivities of
sediments. Oceanic features clearly recognizablein this
map are the Juan de Fuca Ridge (I) and the abyssd
basin of the Juan de Fucaplate (11). Thefollowing N-S-
trending structures are traceable on the continent: the
Coast Range (l11), the Willamette Valley (1V) and the
Puget Sound lowland extending thevalley (V), the east-
ern Western Cascades (VI), and the High Cascades
(VI1). This detailed Smap was incorporated into aless
detailed map [Pal’shin et al., 1999] covering the entire
2002
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Table 3. MTS sensitivity to structures of the continental mantle

Sensitivity n
Model element Models compared Zone
TE modep!l | TM mode p”

Continental asthenosphere of VI, VI AY, 61% 48%
infinite extent Crustal conducting layer of infinite extent AY, 115% 55%
AY4 213% 88%
X1, VI AY 4 72% 72%
300-km-wide crustal conducting layer AY, 141% 99%
AY4 309% 191%
300-km-wide continental IX, VI AY, 52% 10%
asthenosphere Crustal conducting layer of infinite extent AY, 102% 8%
AY4 121% 9%
XIV, VIl AY, 64% 28%
300-km-wide crustal conducting layer AY, 124% 23%
AY4 146% 34%
Junction between the continental | X, VI1II AY, 28% 18%

and oceanic asthenosphere Crustal conducting layer of infinite extent 0 0
300-km-wide asthenosphere AY, 26% 18%
AY4 13% 17%
X, VIII Crustal conducting AY 28% 14%

layer of infinite extent 0 0
300-km-wide asthenosphere AY, 2% 13%
AY4 15% 12%
X1, X1 AY, 28% 28%

300-km-wide crustal conducting layer 0 0
Asthenosphere of infinite extent AY, 2% 28%
AY4 13% 26%
XV, X1V AY, 30% 23%

300-km-wide crustal conducting layer 0 0
300-km-wide asthenosphere AY, 28% 22%
AY4 15% 20%

northwestern United States (1280 x 1280 km) and
superimposed on a uniform background of S= 10 000
S. Estimates indicate that, in modeling the magnetotel-
luric field in the central part of this map, the influence
of its edges may be neglected.

The3-D MT field on the Lincoln line was cal cul ated
in the approximation of a nonuniform thin layer Sx, y)
underlain by a horizontally layered medium. As a sec-
tion of this medium, we took the average continental
section in the Cascadia subduction zone model from
[Varentsov et al., 1996]. The calculations were per-
formed with the SLPROG program [Singer and Fain-
berg, 1985, 1995].

Figure 11 shows the continental 3-D curves of MT
and MV soundings obtained at characteristic points of
the Lincoln line. For comparison, this figure gives the
corresponding locally normal 1-D and 2-D curves cal-
culated for a2-D model in which the Sly) values speci-
fied on the Lincoln line were continued northward and
southward (along the x direction). In the coastal and
central zones (the Coast Range, Willamette Valley, and

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 38

Western Cascades; y = 15-138 km), the curves psp,

plo, and ReWs, are similar to the curves py,, P,
and ReWZyZD (the divergences are about 10% and, in

any case, do not exceed 25%), and the curves ¢ ED and

Im WP

zy
ImW2, . In the far-field zone (the High Cascades and
Deschutes Plateau; y = 158-178 km), the divergence
between the curves p5, and plly reaches 100 to 200%
(astrong static shift caused by 3-D volcanic—sedimen-

tary structures), the curves ReWs, and ImW3, virtu-

ally coincide with the curvesReW5, and ImW5,, and

virtually coincide with the curves ¢5, and

the curves d5, and ¢, diverge only at high frequen-

cies. It is noteworthy that the curves p'3',D aresimilar to
the locally normal (1-D) curves p, nearly al along the

Lincoln line. Evidently, the regional structure of near-
surfacerocksin thevicinity of the Lincoln lineisfavor-
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S, S ablefor a2-D interpretation of MT and MV soundings.
[ This important result fully agrees with the estimates

10* Rt :ngfgﬁe | opestemn : cangh c[nlbégi é}ed by Zhdanov and Spichak [1992] and Spichak

— Coast -

3
107 . 6. GEOELECTRIC MODELS EMSLAB-|

AND EMSLAB-II

Two 2-D models of the Cascadia subduction zone
are discussed most frequently in the geophysical litera-
ture EMSLAB | [Wannamaker etal., 1989b] and
EMSLAB Il [Varentsov et al., 1996].

: The EMSLAB | model is shown in Fig. 12. It was
200 constructed by the trial-and-error method with a high
y.km  priority given to the TM mode, which, according to the

authors of the model, is most tolerant to deviations

Fig. 9. Plot of the conductance Sof the upper layer along the from two-dimensionality. This model minimizes the
Lincoln line: (1) observations; (2) spline approximation. misfit between the p"” and ¢" curves and ignores the
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Fig. 10. Map showing the conductance Sof the upper layer. Stations on the Lincoln line areindicated by crosseswith distancesfrom
the coast (km).
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Fig. 11. 3-D curves pyy, Pyx, $xy» Pyx. ReW,, and ImW.,y, at points shown as crosses in Fig. 10 (continental segment of the Lincoln
line). Also shown are the corresponding 2-D curves calculated for a2-D model and locally normal 1-D curves calculated for a 1-D

model.

plland ¢!l curves. The main elementsin the EMSLAB |
model are (1) the upper conducting part of the plate
subducting under the Coast Range at a low angle;
(2) asubhorizontal conducting layer in the middle con-
tinental crust thickening under the High Cascades; and
(3) a well-developed conducting asthenosphere under
the ocean. The question of whether the downgoing slab
is connected with the crustal conductor is left open in
the EMSLAB | model. No continental asthenosphereis
present in this model, although the shape of the experi-
mental plland ¢!l curvesindicatesalow resistivity of the
upper mantle. The absence of gross discrepancies
between the model ReW,, and ImW,, values and obser-
vational dataisregarded by the authors of the model as
evidence of itsreliability.

The EMSLAB | model is vulnerable to criticism.
A cold continental mantle contradicts the modern geo-
dynamic concepts of the Cascadia subduction zone
(compare EMSLAB | with the predictive model
CASCADIA shown in Fig. 5). Subsequent analysis of

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 38

the EMSLAB | model showed that the TM mode has a
low sensitivity to variations in the mantle conductivity
and that only bimodal inversion using both modes
(TE + TM) can provide akey to studying the asthenos-
phere (see [Berdichevsky et al., 1992], where Dmit-
riev’s bimodal algorithm based on successive inversion
of the TE and TM modes is described). This algorithm
ensures better conditions for an interactive target inter-
pretation of MT data taking into account the different
informativeness of the TE and TM modes.

Experiments on the bimodal interpretation of MT
data from the Cascadia subduction zone resulted in the
development of the2-D EMSLAB Il model (Fig. 13). It
was constructed with the INV 2D-FG program designed
for automated inversion and enabling optimization of
resistivities in 20 blocks with a fixed geometry. The
program is based on Dmitriev’s algorithm, consisting
of three successive levels: (1) inversion of ¢ and
ReW,, (maximum weight); (2) inversion of ¢!l and p"”
(normal weight); and (3) inversion of pll (minimum

No. 10 2002
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weight). The EMSLAB Il model has much in common
with the EMSLAB I: the same oceanic asthenosphere,
the same downgoing plate, and the same crustal con-
ducting layer. However, the plate is connected with the
crustal conductor, and the continental mantle containsa
conducting asthenosphere (!) separated from the oce-
anic asthenosphere. Thus, new evidence for partial

melting in the continental mantle was obtained. The
main drawback of the EMSLAB Il model isits schema
tism due to the limitations of the INV2D-FG program.

At present, INV2D-FG has been superseded by
more effective programs for 2-D automated inversion
of MT and MV data. They include the smoothing pro-
gram REBOCC, implementing Occam'’s razor! [Sir-
ipunvaraporn and Egbert, 2000], and the programs
IGF-MT2D [Novozhinskii and Pushkarev, 2001] and
[12DC [Varentsov, 1999], which enable the optimiza-
tion of models containing 512 and more blocks of a
fixed geometry. Thus, new possibilities have opened for

1 The razor principle was formulated by the Franciscan monk Will-
iam of Occam in the 14th century. In modern terms, it might be
phrased as follows: “Do not multiply complex assumptions where
a simple explanation would be sufficient.”

IZVESTIYA, PHYSICS OF THE SOLID EARTH

the interpretation of EMSLAB data, and we use them
for constructing the model EMSLAB I11.

7. ANALY SIS OF OBSERVATIONS
ON THE LINCOLN LINE

Observations on the continental segment of the Lin-
coln line yielded the frequency characteristics of the
MT tensor (impedance) [Z] and the MV tensor (tipper)
[W]:

ZXX ZX —_
[Z] = L zj (W] = [W,, W,

yx =y

These tensors transform the horizontal magnetic field
H, into the horizontal electric field E, and the vertical
magnetic field H,, respectively:

E. = [Z]H. H, =[W]H,.

By analyzing [Z] and [W], it is possibleto assessthe
degree of horizontal inhomogeneity of the medium,
recognize the field distortions due to the heterogeneity
of the medium, identify geoelectric structures, and
Vol. 38
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Fig. 12. The EMSLAB | model [Wannamaker et al., 1989b]: CB, CascadiaBasin; NB, Newport Basin; CR, Coast Range; WV, Wil-

lamette Valley; WC, Western Cascades; HC, High Cascades, DP, Deschutes Plateaul.

CB NB CR \\A% wC HC
250 200 150 100 50 0 50 100 150  km

107!

100

10!

10?

km
Conductivity, Q m

<1 <3 <10 <30

<100 <300 <1000 <3000

Fig. 13. The EMSLAB Il model [Varentsov et al., 1996]. Notation is the same asin Fig. 12.
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Fig. 14. Transverse apparent resistivity (pD) curves along
the continental part of the Lincoln line: (a) observed and
(b) normalized curves. The parameter of the curves is the
distance to the shoreline.

determine their dimensions and trends. Thus, we obtain
abasis for constructing an interpretation model (deter-
mination of the class of mediain which the solution to
the inverse problem is sought).

Figure 14a shows transverse apparent resistivity
curves in a period range of 0.01-10000 s. The curves
consist of two ascending branches separated by an
inflection or a minimum. The right-hand ascending
branches of these curves have identica slopes and
account for nearly two decades. For a better under-
standing of the phenomena observed, we normalize the

IZVESTIYA, PHYSICS OF THE SOLID EARTH
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p" curves by vertically shifting them in order that their
left ascending branches fit best the line of the average

conductance S = 50 S of the upper layer (Fig. 14b).

These normalized p® curves demonstrate a simple reg-
ular pattern: the greater the distance from the coast, the
deeper the central minimum of these curves and the
lower their right-hand branches. Comparing this figure
with Fig. 6, we find an unquestionable similarity
between the behavior of the normalized p" curves
obtained on the Lincoln line and the theoretical
p" curves calculated for the models A and S. It seems
evident that the continental trap effect is observable on
the Lincoln line and that precisely this effect rather than
the influence of lithospheric and asthenospheric struc-
tures controls the transverse p” curves obtained at vari-
ous distances from the coast.

The longitudinal apparent resistivity curves
obtained in the same period range are shown in Fig. 15.
With increasing distance from the coast, the p!l curves
change in shape, occasionally showing bell- and cup-
shaped branches. Distinctive features of the pll curves
are low-frequency, gently descending branches lying
on various levels. At points 2, 3, 4, and 12, these
descending branches terminate in a more or less steep
ascent. One might assume that the longitudinal p!!
curves reflect variations in the geoelectric structure of
the lithosphere and asthenosphere but are distorted by a
static shift and 3-D channeling effects.

Note that the p" curves are connected with the ¢"
curves via dispersion relations at all points of the Lin-
coln line [Berdichevsky and Pokhotelov, 1997]. How-
ever, the pll and ¢!l curves (in contrast to the p™ and ¢~
curves) episodically violate the dispersion relations
(point 3, 4, 10, and 13), asisseenin Fig. 16.

Now we address the analysis of MT parameters: the
inhomogeneity parameter N [Berdichevsky etal.,
1997], the skew parameter [Swift, 1967], and the
phase-sensitive skew parameter ) [Bahr, 1988]. The N,
skew, and ) values are determined by the formulas

N = /\/l _ 4Zxxzyy B nyzyx
2
(ny - Zyx)
sew = |2t Zy| JO5|Im(Z,,Z%, + zxxz§X)|’
L= 2Ly |ny - ZyX|

where the asterisk (*) indicates complex conjugation.
Inal-D (horizontally uniform) model, N=skew =1 =0.
Thedeviation of N from 0 isameasure of the horizontal
nonuniformity of the medium. In a 2-D model, N# 0
and skew =n =0. Ina3-D model, N # 0, skew # 0, and
n # 0. If the model has a 2-D structure complicated by
small near-surface 3-D inclusions, n = 0 at low frequen-
cies, whereas N# 0 and skew # 0. Thus, combined
analysis of the parameters N, skew, and n makesit pos-
sible to identify structures and determine their dimen-
sionality.
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Fig. 15. Longitudinal apparent resistivity (p!) curves along
the continental part of the Lincoln line. The parameter of the
curves isthe distance to the shoreline.

Figure 17 presents frequency sections of N, skew,
and n. At high frequencies (T < 1 s), the nonuniformity
parameter N is nearly everywhere no more than 0.1-
0.2, indicating the validity of 1-D resigtivity estimates

833

for near-surfacerocks. At T=1s, Nvariesfrom 0.1-0.2
in the Willamette Valey and High Cascades to 0.4 in
the Coast Range and Western Cascades. With decreas-
ing frequency (T > 100 s), N increasesto 0.4 in the Wil -
lamette Valley and to 0.5-0.8 in the Coast and Cascade
ranges. High N values are usually associated with ele-
vated values of skew (0.3-0.7) and small values of
n (<0.1-0.15). Thus, following Bahr [1988], we can
regard the medium under study as a regionally 2-D
structure with local 3-D heterogeneities in its upper
horizons. Deep 3-D effects are possible only beneath
the High Cascades, where low-frequency n values
exceed 0.3. The azimuth of the regional trend of deep
2-D heterogeneities determined from the Bahr expan-
sion variesfrom 7.5° to 10°. This agreeswith the orien-
tation of low-frequency polar plots of the magnetic ten-
sor and induction arrows at many points on the Lincoln
line. For illustration, Fig. 18 shows magnetic polar dia-
grams for T = 2500 and real parts of induction arrows
for T = 6400 s. Within the Coast Range, the magnetic
diagrams are figures of eight with their major axis ori-
ented roughly E-W. Similar diagrams are typical of the
Willamette Valley and the High Cascades. Within the
High Cascades, magnetic diagrams degenerate into
ovals but retain an E-W orientation. The real induction
arrows are everywhere directed from west to east.

It isclear that, in the EMSLAB experiment, we can
seek a solution to the inverse geoelectrical problem in
the class of N-S-trending 2-D media.
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Fig. 16. Dispersion relations between apparent resistivity (p,) and phase (¢) curves: (1) observations; (2) dispersion transformation.
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8. A NEW GEOELECTRICAL MODEL
OF CASCADIA: EMSLAB I

The 2-D inversion of MT and MV data is a multi-
component inverse problem using (1) real and imagi-
nary tippers (ReW,, and ImW,,, 2); (2) longitudinal and
transverse apparent resigtivities (P! and pY); and
(3) longitudina and transverse impedance phases
(¢'and ¢Y). These components differ in informative-
ness, sensitivity to the distorting influence of near-sur-
face heterogeneities, and sensitivity to the structures
under study.

We distinguish ReW,, and ImW,, as components
that are, first, sensitive to conductlng structures and,
second, become insensitive to near-surface effects with
decreasing frequency. Moreover, Dmitriev recently
proved the unigueness theorem for the 2-D inversion of
tipper components [Berdichevsky et al., 2000]. It is
clear that the interpretation of the frequency character-
istics of ReW,, and ImW,,, can give reliable constraints
on conducti ng zonesin the crust and mantle.

Thelongitudinal apparent resistivities p!l and phases
¢!l are al so sensitive to conducting structures. However,
if the pll curves are subjected to the distorting effect of
near-surface heterogeneities, their interpretation
involves the problem of static shifts. The correction of
static shiftsin pll curves can lead to serious errors. This
makes the longitudinal apparent resistivity p!l less reli-
able than tipper components. The longitudinal phase ¢!
is somewhat more effective because, similar to the tip-
per, it becomes insensitive to near-surface effects with
decreasing frequency. However, even the analysis of
1-D MTScurvesindicates that phaseinversion yieldsa
conductivity distribution accurate to unknown scae

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 38

factors. Evidently, the phases ¢!l are less informative
than the apparent resistivities pll, and the interpretation
of the ¢!l curvesis meaningful only in conjunction with
theinterpretation of the curves pll or ReW,, and ImW,,,.

The transverse apparent resistivities p~ and phases
¢" are characterized by a reduced (if not vanishing)
sensitivity to conducting structures overlain by a low-
conductivity medium (the galvanic screening effect).
However, they allow one to estimate the resistivity of
low-conductivity lithospheric layers and, in afavorable
case, to reveal relationships between conducting struc-
tures (e.g., to discover faults reaching the sedimentary
cover or the junction between the subducting conduc-
tive plate and crustal conductive layer). An evident
problem in interpreting the p”~ curves is the static shift,
but this effect can be eliminated through an automatic
correction applied during the inversion.

There exist two approaches to the solution of the
multicomponent inversion problem:

() Parallel (joint) inversion of al components,
which are introduced into the Tikhonov functional with
different weights depending on their informativeness,
stability, and sensitivity.

(I1) Successive (partial) inversions of each compo-
nent, with the transfer of the weighted inversion results
from one component to another.

The following considerations favor the second
approach. Partial inversions are most convenient for
interactive interpretation of geoelectric data. Each par-
tial inversion solves a certain particular problem and
can be focused on a specific structure by means of spa-
tia and frequency-related weightings. The results of
each partial inversion can betransferred to a subsequent

No. 10 2002
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Fig. 19. Geodlectric structure of the volcanic—sedimentary cover (continental part of the Lincoln line). Notation is the same asin

Fig. 17.

inversion with weights that are determined by informa-
tion analysis and reflect the degree of confidencein par-
ticular structures. Partial inversions admit the updating
of results directly during the interpretation process.
Partial inversions decrease the probability that the mis-
fit will fall into alocal minimum. The entire experience
of Russian deep geoelectrics indicates that this
approach, based on a sequence of partial inversionsand
easily implementable by means of the Dmitriev’s mul-
tilevel agorithm, ensures the most comprehensive
interpretation of electromagnetic soundings.

We applied the method of partial inversions to the
interpretation of data obtained on the Lincoln line. The
interpretation consisted of three stages.

At the first stage, we performed 1-D inversion of
short-period MT curves (T = 0.01-100 s) and con-
structed an approximate geoelectric section of the vol-
canic—sedimentary cover to adepth of 3.5 km (Fig. 19).
This section, consistent with the near-surface part of the
EMSLAB | model [Wannamaker et al., 1989b], was
incorporated into the starting 2-D interpretation model.

At the second stage, we used the REBOCC program
incorporating the Occam principle and conducted
experiments with a smoothed 2-D inversion. Under the
complex conditions of the Cascadia subduction zone,
thejoint inversion of the TE and TM modesyieldsintri-

IZVESTIYA, PHYSICS OF THE SOLID EARTH

cately alternating low- and high-resistivity spotswith a
poor misfit minimization. Such a pattern yields very
poor constraints on real structures of the subduction
zone. The most interesting result was obtained from the
partia inversion of the TE mode (Fig. 20): the western
and eastern conducting zones were found to be sepa-
rated by a T-shaped high-resistivity structure that can
be associated with the downgoing plate. An oceanic
asthenosphere with its top fixed at a depth of about
20 km is recognizable in the western conducting zone.
The eastern conducting zone is confined to the crust—
mantle region of wet melting derived from the predic-
tive CASCADIA model shownin Fig. 5. It is notewor-
thy that the upper boundary of the eastern conducting
zoneresemblestherelief of the crustal conducting layer
from the models EMSLAB | and EMSLAB 1l (see
Figs. 12 and 13).

At the third, final, stage we applied the method of
partial inversions and constructed a new geoelectric
model of the Cascadia subduction zone called the
EMSLAB Il model. Long-period MV and MT curves
(T = 1-10000 s) were interpreted with the programs
IGF-MT2D [Novozhinskii and Pushkarev, 2001] and
[12DC [Varentsov, 1999], implementing the misfit min-
imization in the class of mediawith afixed geometry of
blocks. Theinterpretation was conducted in a hypothe-
sis-testing mode. Three hypotheses of the Cascadia
Vol. 38
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Fig. 20. 2-D REBOCC inversion of the TE mode (ReW,y, ImW,,, and ¢l). Notation is the same asin Fig. 17.

structure were examined; these are hypotheses underly-
ing (1) the EMSLAB | model (Fig. 12), (2) EMSLABII
model (Fig. 13), and (3) predictive CASCADIA model

(Fig. 5).

The starting interpretation model (START model) is
shown in Fig. 21. The seafloor topography and thick-
nesses of bottom sediments, as well as sediments of the
accretionary prism and shelf, were specified from the
bathymetric and sedimentary thickness maps [Conrad
et al., 1984a, 1984b]. The resistivities of water, sedi-
ments, and oceanic crust were set at 0.3, 2, and
10000 Q m, respectively. The depth to the oceanic
mantle and its resistivities were taken in conformity
with the models CASCADIA, EMSLAB I, and
EMSLAB Il. The surface of the subducting oceanic
plate was reconstructed from seismic data[ Trehu et al .,
1994] and seismic tomography imagery [Weaver and
Michaelson, 1985; Rasmussen and Humphries, 1988].
The structure of the continental volcanic—sedimentary
cover was determined from the results of 1-D inversion
of short-period MT curves. The continental crust and
mantlewere divided into uniform blocks having aresis-
tivity of 1000 Q m. The distribution density and geom-
etry of the blocks allow a free choice of crustal and
mantle structures consistent with the three hypotheses
examined. The hypothesis that best fits observations

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 38

was selected automatically in the process of resistivity
optimization and misfit minimization. The uncertainty
intervals for the resistivities being optimized were
specified depending on the reliability of the starting
constraints. Minimum interval swere assigned to blocks
composing the continental vol canic—sedimentary cover
and ocean floor (bottom sediments and oceanic crust),
and maximum intervals were assigned to blocks
accounting for the continental lower crust and mantle.

The MTS method plays a leading role in the tradi-
tional scheme of deep el ectromagnetic sounding, while
MV data are used to check and refine the MTS results.
This scheme is widely and often successfully applied.
Its weakness liesin the fact that the low-frequency MT
impedance is subjected to the distorting effect of near-
surface heterogeneities. In this work, we use a scheme
of deep electromagnetic sounding in which the leading
method isMV sounding, whereas M TS serves to check
and refine the MV results. The main advantage of this
scheme is that the MV tipper is insensitive to the dis-
torting effect of near-surface heterogeneities at lower
frequencies. It isclear that, in thisway, we substantially
improve the reliability of geoelectric information.

MV and M T data obtained at 15 stationson theLin-
colnline (T = 1-10000 s) were successively interpreted
onfour levels. Theinterpretation algorithm is presented

No. 10 2002
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Fig. 21. Starting START interpretation model: CR, Coast Range; WV, Willamette Valley; WC, Western Cascades, HC, High Cas-
cades; DP, Deschutes Plateau. Numbers within blocks are resistivities (Q m).

in Fig. 22. The inversions performed on each level are
described below.

Level I: inversion of ReW,, and ImW,,. The START
model was taken as the starting model. The inversion
yielded the TP model shown in Fig. 23. The model
residuals are given in Table 4. Here, &(ReW,,) and
&(ImW,) are the residuas of the rea and imaginary
tippers (rms deviations of the model results from the
observed values); AReW,, = [maxReW,, — minReW,|
and AImW,, = |maxImW,, — minImW,,| characterize
the maximum variation in the observed values of the
real and imaginary tippers. The TP model is seen to
agree well with observations: at most stations, the
residuals 0Re W, and dlm W, are at least 5 to 10 times
lower than the maximum tipper variations. A notewor-
thy feature of this model is a conducting continental

Table4. Residuals of ReW,, and ImW,,

asthenosphere with a branching-out vertical low-resis-
tivity zone penetrating the continental crust under the
High Cascades. This feature of the TP model distin-
guishesit from EMSLAB | and EMSLAB |1 and makes
it similar to the predictive CASCADIA model, inwhich
avertical high-temperature zone of wet and dry melting
evidently characterized by low resistivitiesis localized
beneath the High Cascades. The test of a TP model
without the continental asthenosphere and vertical
crustal high-resitivity zone increased the model resid-
ual by factors of 1.5to 2.5. Thus, we conclude that the
tipper inversion settles the dispute among the three
hypotheses in favor of the CASCADIA model.

Leve I1: inversion of ¢!l Onthislevel, we check the
results of tipper inversion in terms of the TE mode. The

inversion of the p!l curves distorted by near-surface het-
erogeneitiesrequiresapreliminary normalization of the

Point 1 2 3 4 5 6 7

8 9 10 11 12 13 14 15

OReW,, [ 0.07 | 0.04 | 0.03 | 0.06 | 0.03 | 0.02 | 0.02
dImW,, [ 0.05 | 0.05 | 0.03 | 0.04 | 0.01 | 0.02 | 0.02
AReW,, | 0.39 | 0.37 | 0.3 | 047 | 0.59 | 051 | 0.24
AlmW,, | 0.37 | 026 | 0.27 | 023 | 0.31 | 0.29 | 0.1

0.02 | 0.03
0.02 | 0.02
025 | 0.27
0.11 | 0.16

0.05
0.03
0.23
0.17

0.02
0.02
0.41
0.26

0.04
0.02
0.48
0.18

0.04
0.05
0.42
0.26

0.05
0.04
0.42
0.17

0.02
0.03
0.36
0.12
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Fig. 22. Sequence of partia inversions.

apparent resistivities, which almost alwaysinvolvesthe
risk of errors (especially in mountains). Therefore,
interpreting the EMSLAB data, we limited ourselvesto
the inversion of ¢!l curves whose low-frequency
branches are weakly distorted at most stations. If the pll
and ¢!l curves are connected viadispersion relations, we
hardly lose any substantial information while applying

839

this approach. The normdization of the ¢!l curves
reducesto arejection of regionsin which the dispersion
relations are strongly violated and an elimination of
short low-frequency ascending branches that appear to
be due to local effects of 3-D channeling. The starting
model was the TP model derived from the tipper inver-
sion. The inversion of the longitudinal phases yielded
the TE model shown in Fig. 24. The phase inversion
residuas are presented in Table 5, where, 3¢l is the
phase residual (rms deviation of the model values from
the observed values), and Ad!l = jmax ¢!l — min¢!| char-
acterizes the maximum variation of the observed phase
values.

At most stations, the phase residuals are 5 to
10times lower than the phase maximum variation,
indicating good agreement between the model and
observations. Now we compare the TE and TP models.
The TE model differsfrom TP in that it better resolves
the conducting continental crust layer (p = 14-46 Q m)
in a depth range of 2545 km and the subvertical con-
ducting zone (p = 1246 Q m) in a depth range of
45-110 km bounded by layers with resistivities of
147-1260 Q m in the west and 215612 Q m in the
east. One might say that the TE model is derived by
modifying the TP model.

Note that if the START modd is taken as a starting
model, the ¢!l inversion yields (independently of the TP
model!) amode that contains the continental astheno-
sphere with a branching-out subvertical low-resistivity
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31 120582 [ 17 7J4. 1] 37341 34 CIENESS
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Fig. 23. TP model derived from the inversion of tippers. Notation isthe same asin Fig. 21
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Fig. 24. TE model derived from the inversion of longitudinal impedance phases. Notation isthe same asin Fig. 21.
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Fig. 25. TM model derived from the inversion of transverse resistivities and transverse impedance phases. Notation is the same as

inFig. 21.
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Fig. 26. EMSLAB Il model. Notation isthe same asin Fig. 21.

zone. Thus, the reiability of these structures is con-
firmed once again.

Level 111: pY and ¢" inversion. On this level, we
address the TM mode, which isless sensitive to crustal
and mantle conducting zones but more adequately
images the juncture between the downgoing conduct-
ing plate and crustal conducting layer and provides bet-
ter estimates of the resistivity of the upper solid crust.
The starting model in the inversion of the TM mode is
the TE model derived from the inversion of phases ¢!l

The TM inversion residuals are given in Table 6,
where 6p” and 8¢" are residuals of apparent resistivi-
ties and phases (rms deviations of the model results

Table5. Residualsof ¢l

from the observed values) and Ap" = jmax ¢” — min¢")|
isthe maximum variation in the observed phase values.
The apparent resistivity residuals at most stations vary
from 6 to 12%, and the phaseresidualsare 7 to 10 times
smaller than the maximum phase variation. The inver-
sion yielded the TM model shown in Fig. 25. It inherits
the main features of the starting TE model (although
with some deviations). What does the TM model indi-
cate? First, aconductive juncture between the downgo-
ing plate and crustal conducting layer is absent. Sec-
ond, the upper solid continental crust hasaresistivity of
about 2000 Q m.

Point 1 2 5 6 7 8 9 11 12 14 15
59!, deg 4.0 2.6 31 4.6 55 4.0 2.0 41 25 2.3 49
Adll deg | 23 21 21 23 45 38 29 42 20 29 41

Table 6. Residuals of p” and ¢”

Point 1 2 3 4 5 6 7 8 9 0 | 11 | 12 | 13 | 14 | 15

o“,% | 12 | 12 | 11 | 10 | 18 | 16 | 13 | 11 | 18 7 6 | 11 | 12 | 12 9
oY, deg | 25| 29| 26| 19| 22| 36| 10| 24| 45| 18| 15| 22| 19| 19| 14
Ap“,deg | 20 |19 |24 |18 |21 |19 |22 |18 |27 |21 |23 |34 |22 |18 |29
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Fig. 27. Comparison of the observed MT and MV curveswith the curves cal culated from the EMSLAB |11 model: (1) observations;

(2) EMSLAB I11.

Note that the inversion of the TM mode essentially
depends on the choice of the starting model. If the latter
is the START model, the TM mode inversion yields a
model devoid of the continental asthenosphere. This
appearsto be dueto the low sensitivity of the TM mode
to deep conducting structures. The underlying mecha-
nism is here the same as that involved in the formation
of the EMSLAB | model and described by Wannama-
ker et al. [1989D].

Level 1V: generalization. On this level, we analyze
the TR, TE, and TM models and construct the general-
ized model EMSLAB I11l, smoothing out inessential
details and enlarging blocks. All changes were madein
an interactive mode, with the calculation of local resid-
uals and with the correction of shifted boundaries and
averaged resistivities. The resulting generalized model
is shown in Fig. 26. The amount of its agreement with
the observed data can be assessed from Fig. 27, where
the model curves p©, pll, ¢, ¢!, ReW,,, and ImW,, are
compared with the observed curves (the static shift in
the observed pll curves is eliminated by a vertical dis-
placement of their low-frequency branches).

IZVESTIYA, PHYSICS OF THE SOLID EARTH

CONCLUSION

The interpretation of MV and MT soundings on the
Lincoln line resulted in the construction of anew model
of the Cascadia subduction zone (EMSLAB 111 model).

Initsoceanic part, the EMSLAB 111 model issimilar
to EMSLAB | and EMSLAB II, resolving a thick oce-
anic asthenosphere in a depth range of 37.5-110 km.
The continental structure of the EMSLAB 11l model is
distinguished by the following important features.

(1) A crustal conducting layer (p =20 Q minadepth
range of 25-40 km) and a conducting asthenosphere
(p =30 Q m, 100-155 km) are clearly identifiable.

(2) The crustal and asthenosphere conductors are
connected by a columnar conducting body (p =
20—30 Q m) that penetrates through the lithosphere and
reaches a depth of about 7 km under the volcanic zone
of the High Cascades.

(3) The downgoing oceanic platein a depth range of
4-40 km contains athin inclined conductor (p =20 Q m)
separated from the crustal conducting layer by azone of
higher resistivity (p = 60 Q m); apparently, the crustal
Vol. 38
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Fig. 27. (Contd.)
conducting layer is unrelated to the fluids of the sub- ACKNOWLEDGMENTS

ducting plate and has a deep origin.

These characteristics of the continental section make
EMSLAB Il similar to the predictive CASCADIA
model. Here, the fluid regime of the subduction zoneis
clearly expressed. The downgoing plate drags low-
resistivity water-saturated rocks of the ocean floor. The
descent of the plate displaces free water, which
migrates through the shear zone (at the contact between
the subducting oceanic and stable continental plates).
Dehydration (release of combined water), beginning at
depths of about 30 to 40 km in the downgoing slab sup-
plies fluids to the mantle and causes wet melting of
asthenospheric material. Low-resistivity melts migrate
upward through the lithosphere and form the volcanic
arc. The heating of the lithosphere activates dehydra-
tion in the lower crust, forming the crustal conducting

layer.

Thus, we confirm the validity of the hypotheses
underpinning the CASCADIA model.
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