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INTRODUCTION

Geologic, geodetic, and geophysical studies in the Pacific Northwest during
the past six or seven years have focused much new attention on the inter-
actions between the Pacific, North American, and Juan de Fuca plates, the
latter a vestigial remnant of the former Farallon oceanic plate. Subduction
of the Juan de Fuca oceanic lithosphere beneatn the western margin of southern
British Columbia, Washington, and Oregon, along what nas since become known as
the Cascadia (or Juan de Fuca) subduction zone, was first suggested by
McKenzie and Parker (1967) in their pioneering analysis of the plate tectonics
of the northeastern Pacific region. Most early investigators accepted the
premise that subduction, if it was active, was aseismic, i.e., the Juan de
Fuca and North American plates were decoupled. Atwater (1970) for example, in
ner still hignly relevant analysis of plate interaction, giving rise to the
present plate configuration, raises this possibility because of the extreme
youth and inferred nigh temperature of the Juan de Fuca plate. More recently,
several investigators have begun to question the interpretation that subduc-
tion is aseismic along this boundary. These questions have arisen from the
realization tnat seismic quiescence alone cannot be used to rule out the pos-
sipility of large subduction earthquakes since quiescence, in the proper con=
text, may be a normal state during certain intervals along seismogenic subduc-
tion zones. Quiescence alone may reflect either aseismic (creeping) subduc-
tion or a locked state in wnich stress is accumulating prior to rupture. In
many if not most cases, the issue is resolved by a nistory of past activity
and/or by patterns of current seismicity, e.g., a quiescent segment bordered
by segments of ongoing seismicity. In the case of the Juan de Fuca zone, we
are not afforded this luxury in that the past 150 year history provides no
evidence of large subduction events nor does research based on the current
seismograph network reveal evidence of any small or intermediate sized earth-
quakes which can be directly attriouted to slip on the inferred subduction
zone.



The purpose of tnis paper is to focus attention on the critical scientific
issues needed to address the fundamental question: 1is subduction proceeding
seismically or aseismically? We make no claim to have exhausted all of the
relevant issues, but have attempted to assess the present state-of-the-art,
focusing on what we consider the most important questions. We have attempted
to address both published and unpublished scientific information where pos-
sible. While we have attempted to present a balanced view of the evidence and
analysis, and while more work remains to resolve this issue, we believe that
the weignt of currently available evidence favors aseismic subduction as the
primary mode of plate interaction. Although the most recent papers published
on this issue have tended to emphasize the enhanced possibility of occurrence
of a great earthquake along this segment of the North American plate margin,
all of the critical questions nave not been aired adequately in the litera-
ture. It is our belief that the resolution of this question is not settled.

EVIDENCE FOR ACTIVE PLATE CONVERGENCE

Vector triangle analysis of present relative motions between the Pacific and
Juan de Fuca plates (divergent with sea-floor spreading at ca. 55 mm/yr;

Hyndman and Weichert, 1983), and the Pacific and North American plates (trans-
form motion, ca. 55 mm/yr; ibid.) have led most workers since McKenzie and
Parker to conclude that tne North American-Juan de Fuca plate interaction is
one of northeasta2rly convergence at rates between 30 and 40 mm/yr. Riddihough
(1977) for example, concluded that the two plates converge at approximately 35
mm/yr in a N 50% direction. This direction is oblique to the north-north-
west trending and north-trending continental margins of Wasnington and Oregon
respectively. His oblique rate of convergence is equivalent to a somewnat
lesser rate (ca. 32 mm/yr) as measured at right angles to tne plate boundary.
Nishimura and others (1984), using a pole of rotation analysis, have recently
concluded that the "average absolute velocity of the Juan de Fuca plate is
approximately 15 mm/yr tnereby making it the slowest moving of the oceanic



plates." This velocity is not equivalent to the rate of convergence between
the Juan de Fuca and North American plates because the absolute velocity of
North America is not considered.

In lignt of the lack of historic interplate seismicity, direct physical evi-
dence for present convergence between the two plates is perhaps best docu-
mented by the folding, faulting, and dewatering of latest Pleistocene and
Holocene(?) sediments (less than 0.3 m.y. old) in the vicinity of the inter-
face between the Cascadia Basin and the lower continental slope off central
and southern Washington (Kulm, 1983, p.31). Seismic reflection lines across
the Nitinat Fan off northern and central Washington reveal youthful flexures
and multiple faults that “appear to extend to the surface cutting the most
recently deposited sediments of the fan" (Kulm, op. cit., p. 17). Kulm
believes that such deformation must nave occurred within the "past few thou-
sand or, at tnhe most, tens of thousands of years".

Several investigators have attempted to calculate tne annual rate of compres-
sion of youthful marine sediments at tne Dase of the continental slope.
Silver (1972) and von Huene and Kulm (1973) estimated rather similar rates of
compressional strain -- 20 mm/yr and 16-27 mm/yr respectively. In the most
detailed study to date, BSarnard (1978), using seismic reflection profiles
across the lower continental slope off Washington, calculated that folding and
thrusting with just the outermost marginal ridge of the slope has occurred at
an average rate of 7 mm/yr (range 4 to 15 mm/yr) over the past 0.5 m.y.
According to Kulm (1983, p.21) ridges wnich lie 10 to 28 km east of the outer-
most ridge appear to be progressively older (0.4 to 2.0 m.y.) than the margi-
nal ridge, a geometry that indicates that "successively younger material is
peing accreted to the lowermost continental slope in tne form of marginal
ridges."

Adams (ms.), not limiting his strain analysis to only tne outermost ridge,
concludes that total snortening of the continental margin by permanent defor-
mational mechanisms (folding, faulting, and tilting) may approximate 25 mm/yr,
occurs primarily (80%) in the westerly 40 km of the North American plate,



and probably represents “a gizeable fraction of the plate convergence rate."
If he is correct, then a considerable degree of coupling exists between the
two plates in their offshore interface area, although deformation in this part
of the accreted wedge appears to be occuring aseismically (cf. WNP-3 FSAR,
1982, Figures 2.5-26 and 2.5-36b).

Given the impressive deformation of latest Pleistocene and Holocene(?) marine
sediments along the base of the Washington and northern Oregon continental
slope, plus their striking morphological and deformational similarities to
accreted wedge sediments in known areas of subduction (e.g. the northern Gulf
of Oman, the Andaman province south of Burma, and the Barbados fore-arc; ef,
Kulm, 1983), the conclusion appears inescapanle that underthrusting 1is
presently occuring beneath the continental margin and at rates compatible with
those predicted from plate kinematic models for the northeastern Pacific
region.

GEOMETRY OF THE SUBOUCTED JUAN DE FUCA PLATE

The large scale geometry of the subducted Juan de Fuca plate beneath the
submerged portion of the Oregon and Washington continental marg3in and the
mainland as far east as the Cascade volcanic chain appears to be moderately
well established. A number of workers using various approaches (Davis, 1977,
geologic and seismic analysis; Riddihough, 1979, regional gravity interpreta-
tions; Langston, 1981, analyses of long-period teleseismic P-waves) had previ-
ously concluded that the plate consists of a shallow-dipping (10° + 5°)
western segment and a more steeply-dipping segment (up to 50°) beneath tne
Cascade volcanic arc.

Crosson (1983) provided significant new information on the geometry of the
subducted slab beneath west-central Washington with the publication of a N
60° £ cross-section showing a deep (40-70 km) subplanar zone of earthguakes
nypocenters lying below tne Puget trough. This zone is distinctly separate
from the diffuse zone of snallower seismicity (less than 30 km) that charac-
terizes the upper plate in this region. The line of section (Figure 1)



contains hypocenters projected into it from distances of 150 km to either side
(victoria to Portland), although almost all of tne deeper events lie between
Victoria and Olympia. Crosson implied that the deep zone is related to the
subducted Juan de Fuca plate, a relationship since supported by seismic
refraction data (Taber, 1983) which places the zone near, but not at the top
of the oceanic slab. The distribution of the deep hypocenters suggests that
the northeast-dipping slab steepens from approximately 8-9% to " along
an ill-defined bend 30 to 35 km below the western part of the Puget trough.
The slab must continue to steepen eastward, probably below about 60 km, in
order to reach appropriate deptns (Dickinson, 1975) beneath the Quaternary
Cascade volcanoes (120 km below Glacier Peak, "GP", along tne line of sec-
tion). However, such steepening is not directly indicated by the pattern of
earthquake hypocenters. Figure 1 shows that thne down-dip length of the slab
between its "trench® (taken to be at the base of the continental slope in the
absence of a physical trench) and tne axis of the Quaternary volcanic arc is
approximately 435 km; the gentle bend between shallow and more steeply-dipping
portions lies 250 km inland from the buried trench at the foot of the conti-
nental slope.

The approximate a0° dip inferred (Figure 1) for eastern parts of this sec-
tion beneath the Cascades is compatible with Riddihough's (1979, p.360, his
Figure 2) modeling of the geometry of the subducted slab in this area using
regional gravity data (a dip between 40° and 50°). The 40° dip for the
subducting plate in Figure 1 may not De appropriate for portions of the plate
beneath the volcanic chain to the north (southwestern British Columbia) or
south (southern Washington and Oregon). This possibility is raised by dif-
ferent geometries for the subducted slab deduced from modeling of regional
gravity data (Riddihough, 1979). The possibility that the subducted Juan de
Fuca plate may be segmented and that such segmentation may inf luence upper-
plate tectonic and seismic behavior is treated in a subsequent section of tnis
report.



Although the Gorda plate off southern Oregon and northernmost California may
not be subducting at the present time beneath the continent (Riddinough,
1980), the distribution of seismicity beneath the continental margin and an
analysis of the isostatic residual gravity field over northern California lead
Jachens and Griscom (1983) to conclude that the top of the formerly(?) sub-
ducted Gorda plate dips 11° eastward.

MODES OF PLATE CONVERGENCE

We assume that subduction of the Juan de Fuca oceanic plate beneath the North
American plate is an ongoing process. However, we submit that underthrusting
along tne 750 km-long Cascadia subduction zone between the Juan de Fuca and
North American plates is unusual when compared with most other subduction
zones because of its seismic quiescence. A pattern of eartnquakes occurring
along the shallow-dipping interface between the two plates nas not Deen
observed, nor have isolated seismic events produced by thrust displacements
along the plate boundary been recognized. As describea above, Crosson's deep
(greater than 40 km), gently inclined planar zone of earthquakes beneath Puget
Sound is apparently located within the upper part of the Juan de Fuca plate,
not along its upper contact. Focal mechanisms (Taber and Smith, in press) for
most of 16 analyzed events in the deep inclined zone are tnose for normal
faulting with P axes normal to the slab and generally shallow-dipping T axes.
According to Taber and Smith “the average T axis lies in the average downdip
direction of the slab.* In fact, several of Taber and Smith's mecnanisms for
earthquakes which occur apparently near the top of the subducted slab show
mechanisms which, if the low angle solution corresponding most closely to the
thrust plane is chosen, would indicate a stress system precisely opposite in
the sense of slip to that expecied for undertnrusting. The fault motion would
be that of the lower plate moving westward as opposed to undertnrusting.

A somewhat similar hypocentral pattern of intraplate seismicity is seen witnin
subducted portions of the Gorda plate (Figure 2; Jachens and Griscom, 1983,



using seismic data from Smith and Knapp, 1980). Jachens and Griscom conclude
that the top of the Gorda plate lies several kilometers above the top of a
gently eastward inclined seismic zone within tnat plate. Thus, here too, the
plate interface with the overlying North American plate lacks seismic defini-
tion. Curiously, but perhaps of importance as discussed subsequently, focal
mechanisms within the Gorda plate beneath North America exhibit strike-slip
fault solutions similar to those seen in the Gorda plate west of the conti-
nental margin. Riddinougn (1980) has proposed that current plate motion
between the offshore Gorda plate and the continental margin is one of trans-
form (right-slip) type.

The absence of seismic activity along the top of the subducting Juan de Fuca
plate, i.e. along the Juan de Fuca-North American plate interface, can be
explained by either of two phenomena: (1) that slip or flow between the two
plates is aseismic and essentially continuous; or (2) that the interface is
locked, that it must experience periodic stick-slip behavior, and therefore
has the potential to produce future earthquakes, perhaps of very large magni-
tude. Both possibilities have their advocates. grief summaries of published
and in press literature advocating either aseismic or seismic behavior are
presented below.

Geodetic Arguments

Down-to-the-east crustal tilt along 1400 km of the continental margin, in
southwestern British Columbia, western Wasnington, and western Oregon has been
documented by precise leveling, analysis of tide gauge records, and studies of
tilted coastal marine terraces (Ando and Balazs, 1979; Reilinger and Adams,
1982; Riddihough, 1982; Adams, ms.; and Pelton, 1983). Uplift of the outer
coastal areas (up to 2-3 mm/yr in Washington and British Columbia) is accome-
panied by subsidence (1-2 mm/yr) eaut of a hingeline that extends southward
from Hecate Strait, through the Strait of Georgia, Victoria, and the eastern
edge of the Olympic Peninsula (Riddinough, op. cit.; Reilinger and



Adams, op. cit.). Studies of Quaternary coastal terraces in Oregon and
Washington indicate that eastward tilting is not just characteristic of this
century, but has occurred during at least the past 0.25 m.y. Ando and Balazs
(op. cit.) interpret the tilting pattern as an expression of continuous aseis-
mic subduction of the Juan de Fuca plate beneath North America. Reilinger and
Adams (op. cit.) and Riddinhough (op. cit.) favor this interpretation, but
admit that other alternatives may exist. Riddihough, for example, reports
that western uplift and eastern subsidence occurs in British Columbia inland
from the Queen Charlotte transform boundary between Pacific and North American
plates, as well as adjacent to the convergent plate boundary west of Vancouver
Island. Finally, Adams (ms.) of Reilinger and Adams (1982) concludes that
contemporary landward tilting and shortening of the western continental margin
in the Pacific Northwest provides no definitive evidence for either ongoing
aseismic or seismic subduction.

The problems in using uplifted coastal terraces above subducting plates as an
indication of the aseismic or seismic nature of the subduction process are
exemplified by tne southern coast of Shikoku Island, Japan, north of the
Nankai Trough. There, late Quaternary uplift and landward tilting of coastal
terraces has occured above a seismoganic subduction zone that is responsible
for great earthquakes in 1854 and 1346. Although the coastline experienced
pre-seismic ("interseismic" according to the terminology of Thatcher, 1984)
trenchward tilting between the two earthquakes, the cumulative strain pattern
based on elevated shorelines indicates a relatively constant rate of maximum
uplift of about 2 mm/yr over periods since 6,000, ca. 120,000, and ca. 180,000
years before present (Thatcher, op. cit.). Tnis =3 2 and the duration of late
Quaternary uplift (ca. 300,000 years) are comm.cai « %9 tnose reported for the
Oregon and Wasnhington coastlines (see abo: -

However, it is worth reemphasizing that while the southern Shikoku coast
exhibits preseismic (interseismic) trenchward tilting in those areas nearest
the trench, this geometry of strain has not occurred along tne Washington and



Oregon coasts during the past 70 years (Ando and Balazs, 1979). If the Juan
de Fuca/North American plate interface is currently in a pre-seismic (inter-
seismic) locked state, why is seaward tilting of the Washington-Oregon coast-
line not observed? This question seems particularly appropriate in light of
several factors, all originally pointed out by Ando and Balazs: (1) the close
similarity in dip (ca. 100) of the subducting Juan de Fuca and Philippine
Sea plates (Figure 5); (2) the relative youthfulness of oceanic lithosphere
being consumed at tne two subduction zones and the relatively slow rates of
consumption (see later discussion); (3) the nearly identical distances (ca.
135-140 km) bLetween the Wasnington coast (at Grays Harbor) and Shikoku (at
Muroto; Thatcher, 1984) coastlines to their respective “trenches"; and (4)
the significantly longer period of historic interplate seismic gquiescence (at
least 150 years) in the Pacific Northwest. Suggestions that seaward tilting
of the Washington and Oregon continental margin is not observed simply because
its coastline is too far from the offshore “trench" seem invalid in light of
the above comparisons.

A geodimeter survey in the Puget Sound basin conducted between 1972 and 1978

by the U. S. Geological Survey was interpreted by Savage and others (1981) as
indicating crustal shortening at a rate of about .13 microstrain/yr in

approximately a N 71° £ direction, with extension at about half that rate in

an orthogonal direction. These strain measurements were interpreted Dy Savage
et al. (op. cit.) to be consistent with "preseismic" strain buildup due to a
locked interface and obligque convergence of the Nortn American and Juan de
Fuca plates. Their results have been widely cited and used Dy other investi-
gators as a fundamental piece of quantitative data. Crosson (ms.) has pointed
out tnat the USGS strain data has a significant component of non-linear time
behavior that suggests that there was areal dilatation until 1975, followed by
contraction on all lines measured on the western side of the Puget Dasin.
This time dependent behavior indicates a significantly more complex character
in the strain field than previously recognized, and tends to invalidate, or at

the ver least complicate the simple picture of uniform accumulation of
y




compressional strain resulting from a locked zone. The observation of signif-
icant positive areal dilatation prior to 1975, presented Dby Savage et al.
(their Figure 5), is in fact difficult to reconcile with any notions of sub-
duction driven strains. Until more high quality strain measurements are made
over a much longer time interval and over a much wider geographic area rela-
tive to the Juan de Fuca-North American plate interface, we believe that
extreme caution should be exercised in the use of their interpretation.

Melosh (1983) has interpreted both the USGS geodetic data near Seattle and the
leveling data of Ando and Balazs (1979) for western Washington. Using techni-
ques of finite element analysis he concludes that the two sets of strain data,
if correct, are best but not perfectly reconciled with a model in which the
western shallow-dipping interface between the Juan de Fuca and North American
plates is now locked (and has perhaps been so for hundreds of years). He con-
cludes, however, that the two plates are mechanically decoupled from each
other in the area of a downward bend in the plate interface that lies
more-or-less beneath the USGS geodimeter grid in Puget Sound. A careful look
at Figures 11 and 12 of Melosh's report reveals, however, that the patterns of
both uplift and strain for this model are extremely complex, as acknowledged
by Melosh, and neither observed strain nor observed uplift data confirm this
model in any detail. In fact, the regional pattern of landward tilting
reported by Ando and Balazs (1979) as well as other investigators is not pre-
dicted by Melosh's model. His model, for example, predicts seaward tilting at
the coastiine wnich is not observed. However, Melosh starts from the basic
premise that the secular strain variation interpreted by Savage and others
(1981) is correct, and as noted above, this basic starting point may be open
to question. Furthermore, even if tnis initial premise is correct, Melosh
assumes in his analysis that the plate interface dips at a constant angle of
17° eastward beneath the Cascade Range, whereas we have seen from geomet-
rical constraints that the initial angle of dip must De closer to 8.5°,
steepening gradually to pernhaps 40° beneath the Cascades as illustrated
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in Figure 1. This geometric complexity would likely change the results of his
modeling calculations. Finally, Melosh's analysis is only two-dimensional and
cannot account for possible three-dimensional complexities which most likely
exist in the strain field.

Arguments from Earthquake Focal Mechanism Studies

The geodimeter data of Savage and others (1981) suggesting ENE subduction-
related compression of the crust in the Seattle area (and NE compression in
the Hanford area east of the Cascades) are not easily reconciled with stress
orientation data obtained from fault plane solutions of upper-plate (North
America) earthquakes in the Pacific Northwest (cf. Crosson, 1972; Davis, 1977,
Figure 2R C-6; Rogers, 1979; Crosson, 1983; Yelin and Crosson, 1982; WNP-3
FSAR, 1982, Figure 2.5-29; Yelin, 1983). Such solutions characteristically
indicate an approximately north-south orientation for tne focal mechanism
determined P tectonic axis, which is widely believed to approximate the orien-
tation of the true principal compressive tectonic stress axis.

Yelin (1983) has proposed that the Seattle area focal mechanism data may indi-
cate partial plate coupling, but not enough to modify seismogenic stresses
produced by other modes of plate interaction (see paragraph below). This sug-
gestion, unfortunately, does not lead to a testable nypothesis. Alterna-
tively, Sbar (1983) proposes that strains releaseu by eartiquakes develop over
significantly longer periods of time than the geodimeter surveys of Savage and
others, and are probably more reliable for tectonic studies than strain mea-
surements taken from geodetic surveys of only a few years duration. The
latter, he believes, may record short-term strain fluctuations that are aver-
aged out during longer periods of pre-seismic strain accumulation. There are
strong theoretical reasons based on the work of McKenzie (1969) to utilize
only thrust or normal focal mechanism solutions when attempting to determine
the true azimuths of P or T axes from earthquake data. Some preliminary
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analysis (Crosson) indicates that when this principle is applied to the Puget
Sound data, an even more consistent picture of NS compression is obtained than
when all mechanisms are included. In particular, it is not justified to
utilize strike-slip events on presumed pre-existing fault planes to infer the
P axis direction since for these events, if tne true tectonic P axis is nearly
horizontal, it may lie anywhere within a 90° quadrant. More fundamental
research is clearly needed to fully explore the implications of McKenzie's
work .

[t can be argued that north-south compression in portions of the North
American plate east of the Cascadia subduction zone indicates a lack of coupl-
ing between that plate and the underlying Juan de Fuca plate with its N 50°
E direction of relative convergence. A number of workers (among them Crosson,
1972; Davis, 1977; Sbar, 1982) have proposed that the north-south compres-
sional field in the Pacific Northwest is a direct expression of transform
motion between the Pacific and North American plates, despite the presence
between them of the small, not Juan de Fuca plate in the offshore area. This
general line of reasoning may favor weak coupling and hence aseismic subduc-
tion of the Juan de Fuca plate, but there are several subsidiary questions
that complicate the picture.

There is an unfortunate absence of upper plate focal mechanism solutions in
the Oregon and Washington Coast Ranges above the shallow - dipping segment of
the subducted plate (one north-south compressional mechanism is known from an
onshore coastal earthquake west of Salem, Oregon; Denhlinger and others,
1970). Most fault plane solutions come from the Vancouver I[sland, Puget
Sound, and Columbia Plateau regions, with only scattered solutions from the
Cascade Mountains. Hence, the state of crustal strain, and by extrapolation
the upper plate stress field, is very poorly defined for critical coastal
areas in Washington and Uregon where tne guestion of a locked or aseismically
slipping plate interface is of greatest interest.

12



An apparent contradiction to the ubiquitous NS compression observed from upper
plate focal mechanism solutions in the Pacific Northwest is the recent recog-
nition of a 90 km-long, N 15° W trending crustal earthquake zone in south-
western Washington named the St. Helens seismic zone by Weaver and Smith
(1983). Focal mechanism solutions for earthquakes in the zone, including the
M= 5.5 Elk Lake earthquake (2/81), indicate right-slip along a plane oriented
practically NS, corresponding to a P axis which is oriented NE. Weaver and
Smith view this difference with the Puget Sound region as significant and
interpret the northeast-trending P axes as indicating a locked Juan de Fuca -
North America plate interface southwest of the St. Helens seismic zone,
although not necessarily extending as far to the west as the Coast Range. The
St. Helens zone itself is hypothesized to separate a western, locked plate
interface from a sliding interface to the east. In their interpretation,
right slip along the zone would be compatiole with intraplate strain due to
oblique (N 50° E) subduction of the Juan de Fuca plate beneath western
Washington -- assuming some degree of interplate coupling. Weaver and Smith
suggest on the basis of their focal mechanism data alone, that the St. Helens
zone is a manifestation of a previously unrecognized stress regime in the
Pacific Northwest. For reasons stated previously, we gquestion their assertion
that they are observing a fundamentally different stress regime in the St.
Helens region. If the St. Helens zone is reactivation of older faults
(possibly many faults rather than a single fault), then the analysis of
McKenzie (1969) tells us that the true P axis azimutn may lie virtually any-
where in the dilatational quadrants of the mechanisms presented by Weaver and
Smith. Thus the true P axis could range from slightly west of north to about
N 80° E, possibly entirely consistent witn the observations mace elsewhere
in the Pacific Northwest. Wnile we cannot rule out the model presented by
Weaver and Smith, a simpler model of uniform tectonic stress in the overlying
plate is also consistent with their observations.

Although it is intuitively appealing to assume that the upper plate tectonic
stress field should directly reflect subduction kinematics if the plates are

13



strongly coupled, with the direction of convergence coinciding with the P tec-
tonic axis, the actual situation is probably much more complex. Savage et al.
(1981), for example, have shown that due to oblique convergence and the
geometry of the North American plate margin, the theoretically predicted P
axis direction resulting from the N 50° £ convergence direction of the Juan
de Fuca and North American plates is actually N 70° E; i.e., there is a
tendency for the principal compressive stress axis to be rotated more ortho-
gonally to the plate margin relative to the oplique convergence direction.
Thus the actual discrepancy between the focal mechanism data (from Puget
Sound) and the convergence generated stress in the case of a locked zone is
70° rather than the expected 50°. This same effect, although of different
magnitude, should be observed at other zones where obligue subduction occurs
as well. Despite the fact that there is relatively little high quality data
in the literature comparing focal mecnanism determined stresses in the over-
lying plate with the stresses expected from seismogenic subduction (the Puget
Sound data may be the best available) cases of both agreement and disagreement
can be found. Nakamura and Uyeda (1980) have studied the stress trajectories
in overriding plates at subduction zones using data such as dike swarms, focal
mechanisms, volcanic rift zones, and faults. They conclude (p. 6427) "In the
front zone of convergence, compressional stress prevails usually, but its
strength varies greatly depending on several factors, including the age of the
oceanic plate, properties of the plate interface, absolute motions of tne
overriding plate, and the position of the trencn. Because of the nonrigidity
of the upper plate, the compressional stress is not directly transmitted far
into the plate, and sigma hmax decreases landward. When sigma Pax
becomes smaller than sigma v (vertical stress), it changes from sigma1 to
sigmaz.“ In New Zealand, Reyners (1980) found a great deal of consistency
between the P axis determinations from micro-earthquake analysis and the cur-
rent direction of coupled underthrusting. Results of a study by Chinn and
Isacks (1983) for the Peru Chile region also show essential agreement Detween
the convergence directions and the P axis determinations from focal mechanisms.
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On the other hand, the subduction of the Philippine Sea plate beneath the
Eurasian plate of southwestern Japan (Shikoku and Honshu) provides interesting
(and conflicting) data that bear on this topic. As mentioned in the preceding
section, great thrust-type earthquakes are generated along this plate inter-
face -- a behavior compatible with recurrent preseismic (or interseismic)
coupling between the two plates. Nakamura and Uyeda (1980, p. 6420, Fig. 6)
state that in the upper plate the “general trend of the sigma Hmax direction
is coincident with that of plate convergence (N 50 W)...." The direction of
plate convergence was determined largely from seismic slip vectors for
low-angle thrust events, including those of the great Tonankai (1944) and
Nankaido (1946) earthquakes along the plate interface. Ukawa (1982) disagrees
with their concusion about the parallelism of plate convergence and the direc-
tion of sigma "max in the upper plate. Relying on a large number (greater
than 50) of P-axis determinations from upper crustal eartnquakes (generally
less than 20 km deep), he concludes tnat compressional stress trajectories in
the upper, Eurasian plate are nearly east-west beneath eastern Shikoku Island
and adjacent parts of Honshu. They are thus (p. 550) “significantly deviated
... from the moving direction of the Philippine Sea plate relative to the
Eurasian plate." He attributes the east-west compression to the direction of
convergence between the Eurasian and Pacific plates, not to Eurasian-
Philippine Sea plate convergence. If Ukawa's analysis is correct, a N=§
orientation for the principal axis of compressive stress in the Pacific North-
west versus the NE-SW direction of Juan de Fuca/North American plate conver-
gence cannot be relied upon to indicate a lack of coupling along the plate
interface (since the Eurasian/Philippine Sea interface is clearly coupled to a
significant degree). The discrepancy which appears to exist for the Puget
Sound situation between the P axis orientation interpreted from earthquakes
and that predicted from a locked subducting interface is substantially larger
than the difference reported by Ukawa in southwest Japan.
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We have looked carefully at Ukawa's data in an attempt to ascertain the qual-
ity of the data upon whicn his conclusions depend. He presents detailed focal
mechanisms, including polarity plots, for 42 crustal (upper plate) earth-
quakes. Of these only 12 have thrust mechanisms which are reasonably well
constrained. Most of his mechanisms are strike slip, (reported also by
Shiono, 1977), and if they represent rupture on preexisting faults they may
not be representative of the present stress field. This suspic'on is
strengthened by the independent results of Nakamura and Uyeda (1980) in which
they discovered evidence for nearly EW P axis directions in the same region
based on geological evidence (faulting, and dikes), indicating that patterns
of present faulting may be controlled by geologically old structures. The
angular dispersion of Ukawa's compiete data set is approximately 90°, )
spread which encompasses both the Pacific-Eurasian and the Pnilippine-Eurasian
convergence directions (Ukawa's Figure 8). With only a 35° difference
between the two convergence directions, the ability of Ukawa's data in any
case to resolve this difference is open to question. An even more important
difference exists between the Pacific Northwest and Soutnwest Japan when con-
sidering foca! mechanisms -- that of the large earthquake seismicity. Shiono
(1977) has analyzed 56 earthquakes of magnitude 6 and greater which have
occurred since 1920 due to interaction of the Philippine and Eurasian plates.
He found that those along the Nankai trough were characterized by low-angle
thrusting consistent with the subduction of the Philippine plate. In the
Pacific Northwest, no such earthquakes have been observed.

Comparisons with other Subduction Zones

Given the uncertainties outlined above from geodetic and seismic data in
determining the character of the Juan de Fuca - North American plate inter-
action, comparisons with other subduction zones have become increasingly
important in attempts to assess the aseismic vs. "seismic gap" nature of the
Cascadia subduction zone. Such comparisons seem to be in the minds of NRC and
USGS reviewers of the WNP-3 project, as evidenced by the following Seismology
Review Questions 230.1 a, b, and c:
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The work by Ruff and Kanamori (1980) and others appears to support the
view that the subduction of the Juan de Fuca plate creates a potential for
large magnitude earthquakes in the subduction zone beneath WNP-3. In
addition:

a) Kanamori (1983) has published an equation relating the age of the sub-
ducting plate, convergence velocity, and the largest expected magnitude
event. Does this equation apply to the Juan de Fuca plate and if not, why
not? Alternatively are there other convincing models that allow the esti-
mation of the magnitude of subduction zone earthquakes under the site to
values lower than would be predicted by the Kanamori (1983) relationship?

b) Are there specific examples of aseismic subduction zones which share
the following features with the Juan de Fuca subduction zone: young Ssub-
ducted lithosphere, low convergence rate, shallow oceanic trench, low
free-air gravity anomaly, small variation in surface topography of the
subducted plate and, particularly complete seismic quiescense down to the
magnitude 5 ievel?

¢) Crustal uplift rates of approximately 2 mm/yr were observed in the
region from 120 to 220 km inland of the Nankai Trough for the 50 years
preceding the 1944, M = 8 Tonankai and 1946, M = 8.2 Nankaido earthquake.
Why shouldn't the crustal uplift and NE compressive strain reported by
Savage (1981) for western Washington be considered consistent with a
similar pre-seismic deformation? How is the Juan de Fuca subduction zone
any different from the subduction zone in the Nankai Trough and the sub-
duction zone associated with the Rivera plate?

The Ruff and Kanamori reference cited in the Review Question proposes that a
correlation exists on a worldwide basis between the maximum seismicity (M) of
convergent zones and two principle variables, the age of the subducting
oceanic lithosphere and the rate of plate convergence. According to their
analysis, increased seismic coupling (and hence, larger resultant seismic
events) occurs along zones where ocean lithosphere is young (hot and buoyant)
and convergence rates are high. Heaton and Kanamori (1984) conclude that Ruff
and Kanamori's global analysis for maximum earthquake magnitude (Mw) along
subduction zones is "well fit by the following relationship

Mw = -0,00889T + 0.134V + 7.96
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where T is the age of the subducting plate in millions of years, V is the con-
vergent rate in cm/yr, and the standard deviation of the observed Mw around
the predicted value is 0.4".

Inserting values appropriate to the Juan de Fuca plate (T = 10 - 15 m.y.,
their estimate.] and V = 3-4 cm/yr), this equation predicts a future great
earthquake along the Cascadia subduction zone with a maximum moment magnitude
of 8.3 + 0.5. Their plot of worldwide T vs. V relations is presented as
Figure 3. The strong coupling between the Juan de Fuca and North American
plates represented by a magnitude 8.3 earthquake is supported, they believe,
by additional relations: the shallow (10-15°) dip of the subducting plate
east of this “"trench", the "relatively subtle" topographic development of the
trench, the topographic smoothness of the Juan de Fuca plate (a "featureless
plain*), and, quite importantly to them, the absence of an active back-arc
basin in the Pacific Northwest. They further conclude that "if slip is
occurring aseismically on the shallow part of the subduction zone, then this
particular example would have to Dbe considered unique.* Heaton (1984)
believes the the Cascadia subduction zone resembles most closely in trench
bathymetry, seismic quiescence, and age of subducted plate the Nankai Trough
of southern Japan, the southern Chile trench, and perhaps, northern New
lealand and parts of Mexico.

Kanamori and Astiz (in press) have addressed the problem of whether Ruff and
Kanamori's empirical relation between T, V, and M' is valid for the Juan de
Fuca subduction zone, given the youtnfulness of the subducting plate and the
slow rate of convergence. Essentially, they conclude that it is, drawing upon
a large (Ms-7.7) earthquake that occured in 1983, along the western coast of
northern Honshu near its crustal boundary with the Sea of Japan. They

‘Analysis of magnetic anomalies of the Juan de Fuca plate (e.g., Atwater,
1970) and the results of 0SOP drilling (e.g., von Huene and Kulm, 1973)
indicate that the oldest unsubducted oceanic lithosprere in the plate is
only 8 to 10 million years old.
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interpret this event, the Akita-Oki (or Ninonkai Chuba) earthquake as the con-
sequence of the subduction of young (T = ca. 15 m.y.) oceanic crust eastward
beneath Honshu at a rate (V) of only 1.1 cm/yr. Using these T and V param-
eters the Ruff and Kanamori equation predicts a Mw = 8.0 event versus the
n' = 7.8 actually determined. Tiwus, Kanamori and Astiz conclude that the
“good agreement between the predicted and observed magnitudes suggests chat
the empirical relation is valid for subduction zones with very small T and V
such as the Juan de Fuca subduction zone." They further conclude that a H'
= 8.4 earthquake predicted by Heaton and Kanamori (1984) for the Juan de Fuca
subduction zone would, on the basis of other empirical relations and several
assumptions, have “a repeat time of 126 years if the slip at the plate bound-
ary is completely seismic; if only 30% of the plate motion is taken up Dy
seismic slip, it is 420 years."

As acknowledged by Kanamori and Astiz, there are two potential problems with
their analysis of the Akita-Oki earthquake and its implications for the Juan
de Fuca subduction zone: (1) the 1.1 cm/yr rate of convergence is speculative
peczuse it is based on a plate model that is controversial and not accepted by
all Japrnese tectonicists -- specifically that the earthquake represents sub-
duction of the Eurasian plate (Japan Sea and southwestern Honshu) beneath the
North American plate (northern Honshu); if this plate interpretation is not
correct, the rate of convergence between northern Honshu and the Sea of Japan
is not known; (2) there is some uncertainty as to which of two possible fault
planes derived from a well constrained focal mechanism solution should be
selected; one plane which dips 30° € s compatible with the subduction
model; the otner plane, which dips 60° W, is not. A much more serious
objection, however, is the fact tnat there is no well-developed cubduction
boundary dipping eastward beneath the island of Honshu. All of the data on
which Ruff and Kanamori (1980) base their relations among age of lithospnere,
convergence rate, and earthquake size are derived from zones with well
developed subduction boundaries. Convergence certainly exists near western
Japan based on the occurrence of several large thrust events (1940 Hokkaido,
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1964 Niigata, 1983 Akita-Oki). There is, however, no documentation of a well
developed east-dipping subduction zone or lithospheric slab beneath the island
of Honsnu. In fact, some good evidence suggests that west-dipping thrust
planes should be chosen for these events rather than east-dipping planes
(i.e., western Honshu may be thrusting beneath the Japan sea rather than vice
versa). The 1964 Niigata earthquake occurred between the island of Awashima
and the west coast of Japan about 200 km south of the Akita-Oki earthquake.
The island can be seen in Figure 1 of Kanamori and Astiz (1984) and the earth-
quake occurred almost exactly on the thrust boundary indicated in that
figure. Nakamura, et. al. (1965) studied ground deformation associated with
the 1964 earthquake. They found uplift of coastal terraces along the east
coast of the island combined with westward tilting. These crustal movements
are consistent witn a steeper west-dipping fault plane and inconsistent with a
shallow east-dipping plane.

Woodward-Clyde Consultants (1984) have prepared a comprenensive and detailed
comparison of the Cascadia (Juan de Fuca) subduction zone with 28 other zones
or segments in the Pacific, Indian, and Atlantic oceans. Comparisons are made
for 29 geologic, seismologic, geophysical, and kinematic characteristics of
subduction zones. Using these data the report attempts to assess the seismic
potential of the Cascadia (Juan de Fuca) subduction zone. Special attention
is paid to primary (T, V) and secondary parameters considered Dy Kanamori and
his colleagues (Ruff and Heaton) to indicate strong coupling of convergent
plate interfaces, including that between the Juan de Fuca and North American
plates. The WCC analysis provides a wealth of data and ideas regarding what
is known and what is not known about the subduction process. No attempt will
be made here to review this analysis, although specific aspects of it are
discussed below. The conclusion of their report is, however, worth stating
here (WCC, 1984, p. 19):
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“The comparative analysis shows that there is great uncertainty regarding
both the details of the subduction process in the Pacific Northwest and
the seismic potential of the Juan de Fuca subduction zone. The relation-
ship between specific subduction zone parameters and seismic potential is
often not definitive and comparisons between the Juan de Fuca and other
zones can be used to support alternative models. At present, tne classi-
fication of the Juan de Fuca plate as strongly or weakly coupled is inde-
terminate. The most direct evidence, which is the historical seismicity
data, strongly suggests that the zone has a low seismic potential."”

Arguments From The Concept of Seismic Gap

The patterns of seismicity, both historic and instrumental, displayed by the
Cascadia subduction zone provide arguments against the likelihood of a great
thrust earthquake at some future time along it. Among these arguments, each
of which is developed more fully below, are tne following: 1) the quiescence
within a seismic gap which preceeds a great earthquake differs distinctly from
the quiescence currently observed along the Cascadia subduction zone; 2) the
complete absence of a historic record of great earthquakes at any point along
the entire Cascadia suoduction zone differs from other subduction zones where
at least one great earthquake has occurred at some point along the zone in
historic time; 3) great thrust earthquakes are accompanied and preceded Dy
thrust earthquakes of moderate size (5<M<7); the complete absence of even a
single thrust earthquake of mederate size at any paint along the entire
Cascadia zone argues that any undertnrusting which takes place along this zone
does not occur seismically or by brittle failure; and 4) aseismic convergence
is not a phenomenon unique to the Cascadia zone.

1) Seismic gaps preceding great eartnquakes were identified precisely because

the quiescence within the pending rupture zone contrasted sharply to the
abundance of activity in adjoining areas of the larger zone. Every seismic
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gap selected by either Fedotov (1965), Mogi (1968) or Kelleher et al (1973)
was selected not because of quiescence alone, but rather because there existed
a zone of quiescence within a larger zone of activity. Thus an essential
feature of seismic gaps used to identify future earthquake locations has been
the strong patterns of seismic activity along other segments of the same
seismic zone. These statements apply to Doth subduction and strike-slip
boundaries.

As an example, there exists at the present time a virtual absence of any
seismicity along the "big bend" region of the San Andreas fault, northwest of
Los Angeles, wnich last ruptured in 1857. In fact, seismicity is so low that
deployment of sensitive portable instruments would probaply fail to even
detect or identify the location of the active San Andreas Fault. Nonetheless,
when viewed in a larger scale of the total seismic zone extending from the
Gulf of California to Cape Mendocino it is obvious that this probable seismic
gap is in fact defined by the abundance of activity in adjoining areas.

Figure 4 displays epicenters reported from both the USGS in central-northern
California (CALNET) and the Caltech network of southern California from 1971
to 1981. Notice the obvious gaps in activity along those segments of the San
Andreas that ruptured in 1857 and 1906. Notice, however, the strong seismic
activity along other segments of this same seismic zone. Vur interpretation
is that tectonic loading of a 300 km fault segment to the point of failure
requires some seismic indication of stress accumulation in adjoining areas.
Furthermore, these seismic indications (i.e., moderate size earthquakes) are a
response to the same tectonic stress field as the great shuck and thus should
display a simiiar type of focal mechanism. Thus, while there is no question
that quiescence may extend to extremely low levels in a seismic gap that pre-
cedes a great earthquake, there is also no question that seismic gaps have
consistently been characterized by moderate or neavy activity in adjoining
areas. To argue otherwise is to argue for a unique and abrupt discontinuity
in rock properties that exists on a regional scale.
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2) Tne Cascadia subduction zone has sufficient length (about 750-800 km) to
generate perhaps 4 great thrust earthquakes, each with a rupture length of
about 200 km. Yet there exists no historic record of a great earthquake at
any point along the thrust boundary. By contrast if any seismically active
subduction zone is examined for the past 150 years, there exists a record of
at least one great earthquake at some point along the boundary. Thus while a
single seismic gap may persist for 150 years or longer (i.e., the approximate
extent of the historic record of the Cascadia zone) the global seismic record
indicates that all segments along an active subduction boundary would not
remain quiescent simultaneously for a similar period.

Neither is it reasonable to argue that the entire Juan de Fuca boundary will
rupture during a single extraordinary earthquake. The greatest thrust earth-
quakes along various plate boundaries (e.g., 1960 Chile, 1964 Alaska, 1707
Southwest Japan, 1932 Western Mexico) have a maximum dimension of no more than
about 15% of the maximum plate dimension. There is no record whatever of a
single rupture along an entire plate boundary or even along any large fraction
(e.g., 40-50%) of a s‘~; 72 plate boundary.

3) Great thrust earthquakes do not occur in total isolation from lessor
thrust events. Even though the actual zone of a pending rupture may be quiet,
it is common to find tnrust-type events of moderate size in adjoining areas or
in other locations along the subduction zone. B8y contrast there is no record
of even a single thrust event in tne range 5<M<7 anywhere along the entire
Cascadia subduction zone. During the past several decades Dby comparison,
there is little difficulty finding thrust-type events of moderate size some-
where along any boundary which has experienced an historic great thrust
earthquake.

4) Aseismic convergence is not a unique phenomena and many examples can be

cited. The causes of aseismic convergence are arguable and probaoly varied.
The convergence zone, for example, between the South American - Antarctic
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Plates (i.e., Chile about 46°5 to 51°5) shows striking similarities with
the Cascadia zone including low convergence rate (2-3 cm/yr, Minster and
Jordan, 1978) subducting lithosphere much of it less than 10 my (Herron, et
al, 1977; Herron, et al, 1981) an absence of great historic earthquakes
(Lomnitz, 1970; Kelleher, 1972), an absence of known thrust-type focal
mechanisms (Forsyth, 1975) and a virtual absence of seismicity anywhere along
the boundary (Forsyth, 1975). Major differences are that both the South
American and Antarctic plates are far larger than the Juan de Fuca plate, and
lack an adjacent volcanic arc.

COMPARISON OF THE CASCADIA AND NANKAI TROUGH SUBODUCTION ZONES

Heaton and Kanamori (1984) believe tnat the Cascadia (Juan de Fuca) subduction
zone shares many features in common with seismically active zones that produce
great earthquakes (magnitudes greater than 8). In terms of T and V param-
eters, which they believe most control maximum seismic energy release, the
Juan de Fuca and Nankai Trough (S.W. Japan) subduction zones appear to be most
similar to each other (Figure 3). Thus the occurrence of the M=8 Tonankai
(1944) and M=8.2 Nankaido (1946) thrust-type eartnquakes along the latter zone
are called upon to support the case that the Juan de Fuca zone is currently in
a state of pre-seismic quiescence (as was experienced vefore the 1944 and 1946
Japanese events). As an aside, the repeat time for major earthquakes in the
Nankai-Shikoku area is approximately 120 years (Kanamori, 1977).

It is our opinion that the Heaton and Kanamori comparison of the Nankai and
Juan de Fuca subduction zones relies too much on inferred similarities in age
of subducted crust which in fact may differ by a factor of two or more (ca.
16-17 m.y., Kobayashi, 1984, and c.a. 8-10 m.y., respectively) and velocity of
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convergence (both said to be 3-4 cm/yr)z. and neglects other important dif-
ferences. Differences in age of subducting crust, possible differences in
rate of subduction, and differences in geological parameters discussed below
may well account for the absence of seismicity along the Juan de Fuca-North
American plate interface and strengthen the case for aseismic slip between the
two plates. Among the significant differences not treated by Heaton and
Kanamori are: (1) the configurations of the two subducting plates and the
presence (Cascade Range) versus the absence (S.W. Honshu) of subduction-
related arc volcanism; (2) the sediment-flooded Cascadia "trench" versus the
sediment-starved Nankai Trough.

Conf iguration of the Subducted Juan de Fuca and Philippine
Plates Beneath Western North American and Southwestern Honshu

As previously discussed, the subducted Juan de Fuca plate apparently dips
gently (ca. 10%) beneath the Washington continental margin for a distance of
approximately 250 km and to a depth of 30 to 35 km before plunging at a
steeper angle (up to 40°) beneath the Quaternary Cascade volcanic chain
(Figs. 1, 5A, 5C). No volcanic chain lies above the Nankai subduction zone on
the island of Honshu. Kanamori (1972) explained this relation by concluding
that subduction of the eastern Philippines plate (Shikoku Basin) beneath
Honshu was a very youthful event and that the downgoing plate has not yet
reachad levels deeper than 60 km (the lower 1imit of seismicity). Sachs
(1983), however, in reporting the work of otners (especially Hiranara, 1981),

2The rate of Eurasian-Philippine Sea plate convergence is not well constrained
because the Philippine Sea plate is bounded by two convergent boundaries and
lacks an internal connection to the world rift system. The 3.5 cm/yr rate is
a seismic slip rate derived from nistoric seismicity along the Nankai Trough,
but Kanamori (1977) acknowledges that the convergence rate (seismic plus
aseismic slip) could conceivably be as nigh as 9 cm/yr. Kanamori and Astiz
(in press) calculate that the ratio of seismic slip to total plate motion is
0.88 for the Nankai Trough, but admit that determination of tnis ratio fis
"very uncertain®,
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states that the top of the subducted plate appears to dip downward to a depth
of about 60 km below the island of Shikoku (ca. 175 km from the trench), but
then flattens horizontally beneath Honshu for an additional 280 km (Figs. 5A,
58). Thus tne two litnospheric plates (continental and subducted oceanic)
remain in contact, without an intervening asthenospheric wedge, for perhaps as
much as 450 km. Not only would this geometry account for the absence of an
active volcanic chain in southern Honshu, but it would help explain the
coupling represented by the periodic seismic history of the plate interface at
depths above 60 km. Thus, a physical basis for a possiole difference in
coupling between the two pairs of plates (Japanese and Pacific Northwest) is
available that goes beyond similarities in convergence rate and age of
subducted crust.

Sedimentation in the Juan de Fuca and Nankai “Trench" Areas

Heaton (1984) has stated that the trench bathymetry of the Juan de Fuca-North
American plate boundary compares closely with tne Nankai Trough. Figures 6
(Honshu) and 7 (Pacific Northwest) clearly indicate that there is no Dasis for
such a statement, nor can even a “relatively subtle" (Heaton and Kanamori,
1984) oceanic trench be detected off the coast of the Pacific Northwest. The
closed depression of the Nankai Trough (depths below 4400 m or 2400 fathoms)
is clearly defined on Figure 6, whereas no topograpnic depression is present
at the base of the Oregon and Washington continental slope (Fig. 7). The base
of this slope lies only half as deep (2300 m or 1200-1300 fathoms) as the
closed portion of the Nankai Trough.

The reasons for these pronounced topographic differences are due primarily to
differences in late Cenozoic sedimentational nistory along the two convergent
zones. The main Nankai Trough is described by Ludwig and others (1973) as a
depressed section of oceanic crust conformably overlain by a densely
stratified, northwestward-thickening wedge of sediments. According to these
authors (p. 2514) the "addition of turbidites nas increased the total sediment
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thickness in comparison with that in the adjacent (Shikoku) basin and has pro-
duced a narrow zone in which the sea floor is notably flatter than in the rest
of the trough.” On the basis of a seismic refraction profile Yoshii and
others (1973, Table 1, their Fig. 1) provide an estimate for total sediment
thickness in the main Nankai trough of approximately 0.76-0.86 km.
Terrigenous sedimentation appears not to be going on at present within the
trough. The floor of the sediment-containing trough now dips slightly towards
the base of the continental slope where the sediments become abruptly uplifted
and deformed. It is reported (Ludwig and others, 1973, p. 2515) that conti=-
nental slope ridges, presumably composed of deformed and accreted older sedi-
mentary rocks, “act as a dam that traps sediments transported by the many
rivers draining Japan ... and hence prevent the sediments from reaching and
fi1ling the main Nankai trough."

In marked contrast to the sediment-starved Nankai Trough are the impressively
large sediment accumulations of the Astoria and Nitinat deep-sea fans across
much of the floor of the Cascadia Basin (Fig. 7). Sediment thickness includ-
ing fan deposits at the base of the continental slope ranges up to 2.5-2.8 km
(Kulm, 1983). Even though Barnard (1978) estimates Pleistocene rates of sedi-
mentation within lower slope basins of 0.5 to 1 m/1000 years, he reports that
two-thirds of the total sediment derived from upper slope canyons during the
Pleistocene were routed by turbidity currents into the deep-sea fans of
Cascadia Basin. Scholl and Marlow (1974) estimate that the total volume of
these basinal turbidites is approximately 140,000 km3 and that all were
deposited within just the past 1.0 m.y. As described by Kulm (1983) the nhead
of the Nitinat fan along the base of the Washington continental slope is now
being deformed by plate convergence, but it seems evident that extremely nigh
rates of Quaternary sedimentation at least temporarily exceeded tne rate of
convergent tectonic processes and led to the filling and ourial of 2ny trench
that may have existed prior to one million years ago.
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Jacob and others (1977) were among the first to suggest that thick sedimentary
accumulations in trenches may impede, perhaps even abort, the subduction pro-
cess. Either might be accomplished by: (1) adding low density material to
the downgoing slab, thus making it more buoyant; and/or (2) by covering young
and relatively warm oceanic lithosphere in some trench areas and slowing its
cooling before it enters the subduction zone. The second process has been
described by Kulm (1983) as occuring along the Cascadia subduction zone.
Reasons why sediment burial of warm oceanic lithosphere might facilitate
aseismic subduction (rather than impede subduction as suggested by Jacob and
others) are developed below.

THE “UNIQUENESS" OF THE CASCADIA SUBDUCTION ZONE
AND THE CASE FOR ASEISMIC SUBDUCTION ALONG IT

Heaton and Kanamori (1984) have stated that "tne best examples of seismically
quiescent plate boundaries are ones that have experienced great earthquakes
but that could be considered as otherwise locked." If the Juan de Fuca plate
is being subducted aseismically then, they argue, the Juan de Fuca subduction
zone would have to be considered "unique". Philosopnically speaking, there is
nothing inherently wrong with uniqueness in nature. Practically speaking,
there are indeed reasons to consider the Juan de Fuca subduction zone as
unusual, 1f not “unique" -- apart from its remarkaple history of seismic
quicsccnc¢.3 Four factors combine to set the Cascadia zone apart:

(1) the extreme youthfulness (ca. 8-10 m.y.) of the oceanic plate being
subducted; none of the 21 subduction zones studied by Ruff and
Kznamori (1980) have younger 1ithospnere descending along them;

Istrictly speaking, the zone appears to have a close counterpart. As dis-
cussed above, it shares a number of similarities with the aseismic convergent
zone between the South American and Antarctic plates (ca. 469 - 5105),
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(2) the relatively slow (3.5 cm/yr) convergent rate; only 3 of the 21
subduction zones (Ruff and Kanamori, 1980) have slower rates;

(3) the existence of an active adjacent volcanic ar.; such arcs are
absent inland from the youthful (ca. 14 m.y.) subducting lithosphere
at the south end of the Chile trench between 43° and 46° S lati-
tude, and the youthfui (15-17 m.y.) subducting lithosphere along the

Nankai Trough; and

(4) the presence at this convergent plate boundary of the Pacific rim's
most voluminous Quaternary sediment “trench" accumulation (Scholl and
Marlow, 1974, Table 1) as measured in volume per length of trench
(the total volume of the southern Chile trench between 37° and
56° s 30% greater, i.e. 185,000 km3. but the trench is nearly
twice as long); two of the North American continent's greatest rivers
(the Columbia and the Fraser) have carried sediment to the subduction
site and the volume of that sediment was dramatically increased
during the last glacial period ending only about 10,500 years ago
(Barnard, 1978).

[t can be argued that the combination of factors (1), (2), and (4) == 1.e. the
slow subduction of a hot, sediment-flooded plate gives the Cascadia zone its
remarkably quiescent behavior. Why should a hot, sediment-laden plate subduct
quiescently? Firstly, because sediments above the subducting slab at the
buried “trench” will have higher temperatures than "normal" since they are
buried up to 2.8 km and rest on a pasaltic substratum that according to
calculations from heat flow data by McClain (1981) and Blackwell ana others
(1982) must be at temperatures of 200° C. or more. Such high temperatures,
@ither in the subducting sediments or the basaltic rocks beneath them may lead
to low-grade regional metamorphism and deformation Dby ductile, rather than
brittle processes. Subducted Eocene to middle Miocene marine sediments,
largely of terrigenous origin, are exposed Deneath folded, upended, and
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accreted Eocene Crescent volcanic rocks on the Olympic Peninsula. The highest
(and oldest) sedimentary rocks in this offscraped, accreted assemblage were
metamorphically recrystallized and penetratively deformed, presumably during
subduction about 29 m.y. ago (Tabor and Cady, 1978). The nighest metamorphic
grades in the Olympic core are of the prennite-pumpellyite facies, indicating
a temperature range of formation compatible with upper temperature estimates
(ca. 280° C) by McClain (1981) for the deepest sediments now being subducted
beneatn the continental margin.

Not only are sediments of the Cascadia Basin being heated to abnormally high
temperatures at the convergent Dboundary, but they are being impressively
dewatered near the slope-basin interface, presumably because of horizontally
induced stresses related to plate convergence and deformation at the outer
ridge. Kulm (1983) discusses this phenomenon at length. Sediments deformed
in the outermost marginal ridges at the base of the continental slope are
being mechanically consolidated. Their water content ranges between 17 and
30% (wet weignt) compared with 55 to 70% in similar, but undeformed sediments
of the Cascadia Basin. Dewatering has two pronounced mechanical effects --
the process must increase fluid pressure in the dewatered sediments and it
significantly lowers their shear strengths. Both factors could be expected to
contribute to aseismic slip along the plate interface if even a thin layer of
such hot, overpressured sediments are subducted.

Langston (1981) presents an interpretation of crustal structure Dbeneath tne
Oregon continental margin based on analysis of long-period teleseismic P waves
(Figure 8). He infers the existence at the plate interface beneath western
Oregon of a thick (ca. 10-15? km) low-velocity zone which separates higher,
older oceanic crust and upper mantle from younger, subducted oceanic
iithosphere, the latter with a depth of 40 km or more beneath Corvallis.
Langston postulates (p. 3863-64) that the low velocity 2zone contains
“melange-1ike materials pervasively sheared near the top and grading downwards
to largely undeformed subducting oceanic crust. The higher 'mixing zone' may
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contain an assortment of rock types including some trench sediments, oceanic
crust, and previous oceanic upper mantle." Along the same lines, Crosson
(1976) detected the apparent presence of a low velocity zone above the
transition to upper mantle velocities beneath the Puget Sound basin. This
zone lies at a depth of 30 to 40 km at that locality, coincides with a zone of
absence of small earthquake hypocenters, and lies geometrically above the
dipping zone of deep hypocenters which defines the Benioff zone in this
region. The upper mantle compressional wave velocity (Pn) in this region is
about 7.7-7.8 km/sec and appears to reflect the velocity of the upper mantle
in a relatively hot, subducted slab. This low velocity zone (Crosson, 1976)
fits both geometrically and seismically with a model of a plate boundary
consisting of partially metamorpnhosed and dewatered sediments and volcanics
which have been dragged into the subduction zone mechanically and which are
deforming plastically (aseismically) in response to the shear stresses at the
megathrust. Current work on velocity determination appears to be confirming
the reality of this low velocity zone, although this work 1is still in
progress. DOue to the lack of data, the presence of the low velocity zone has
not been confirmed elsewhere in western Washington. The work of Taber (1983)
would not be expected to reveal the presence of a low velocity zone due to his
use of first arrivals from surface sources.

Perhaps a similar zone of low-velocity (fluid pressurized?) materials also
lies along the top of the subducted Gorda plate (Figure 2). That seismically
quiescent interface separates upper and lower plates that seem to be
responding to the same stress regime, one responsible for strike slip
deformation in a north-south compressive regime. Tne interface zone, however,
although apparently experiencing the same stress regime, does not respond to
it in a brittle manner. In yet another example, very high fluid pressures in
undeformed sediments being subducted beneath the Barbados Ridge accretionary
wedge are credited (Westbrook and Smith, 1983) for permitting decoupling to
occur at the base of the thick accretionary prism and between the two plates.

The asefsmic nature of accreted wedge materials in forearc settings around the
world has been investigated by Chen and others (1982). They report that the
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accreted wedges (defined as composed of material clearly removed from the
subducted plate) of subduction zones deform aseismically. Materials of the
forearc marginal wedge can probably not be expected to accumulate significant
elastic strains, they conclude, because of their nigh water content and low
strength. Possibly, they suggest (p. 3688) “the mixture of soft, wet
sediments which are sheared off from the surface of the subducting slab behave
like plastic or viscous materials under compressive stresses.”

It is probably not inappropriate to consider most upper-plate rocks of the
Oregon and Washington continental margin (including those beneath the Coast
Ranges) as constituting a forearc marginal wedge (Figure 5C). A thick portion
of this accreted wedge is upturned steeply and exposed to view in the Olympic
Mountains. Recent cross-sections drawn through the Oregon and Wasnington
continental margins (Snavely and others, 1980, Figure 9 this paper: Snavely
and Wagner, 1982, Figure 10 this paper) imply the existance of comparable, but
shallower dipping imbrications of accretionary structures in those areas.
Taber and Smith (in press) comment on the general absence of seismicity in
accreted core sediments of the Olympic Mountains and ponder if deformation
there might not be occuring plastically.

Pavlis and Bruhn (1983) have recently examined thermal and mechanical aspects
of the evolution of forearc ridges and the accretionary prisms of off-scraped
lower-plate materials that lie between the ridges and their trenches. Their
research has particular significance to subduction tectonics in the Pacific
Northwest since the Cascadia (Juan de Fuca) zone was one of four zones
specifically analyzed in terms of rheological models. In a discussion
pertinent to accretionary prisms such as that along the continental margin of
Washington and Oregon (Fig. 5C) they state the following (p. 486):

“The calculated depth to the brittle-ductile transition varies with heat

flow from a depth of 20 km for a surface neat flow of 40 mu/m2 to less
than 10 km for heat flow of 60 mﬂ/mz. Thus w»e conclude that for the
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range of heat flow normally anticipated in tne subduction complex (40-50
d/uz). the rocks will transition from brittle to ductile at depths of
15'20 k- oooo.

They go on to state (p. 492, 494) that if a subduction “system is subjected to
anomalously high temperature conditions as the subduction complex grows ...
(e.g., if a ridge system encroaches on the trench), the base of the subduction
complex will increase in temperature, the viscosity of the ductile region will
be reduced, and the brittle to ductile transition may rise to relatively
shallow levels (10 km). As a result of this anomalous thermal regime, flow at
depth may become a significant factor .... the Cascade arc trench system may
be an example of this type ...."

Heat flow data from the Cascadia Basin eastward across the continental margin
has been summarized by Blackwell and others (1982) and Kulm (1983). Heat flow
values in the sediment-covered portions of the Cascadia Basin range between
100 to 300 uu/mz; those measured in sedimentary deposits of the lower
continental slone range from 40 to 142 uﬁ/mz (*a factor 2 to 3 higher than
those normally associated with the so-called 'cool’ forearch regions of the
world"; Kulm, 1983, p. 22). Heat flow determinations from the Washington and
Oregon Coast Range province are sparse, but several measurements are only
slightly below 40 mw/m’ (Kulm, 1983, Fig. 6.1; Blackwell, 1974). These
limited data suggest, if Pavlis and Bruhn are correct in their
interpretations, that a brittle-ductile transition would Tikely occur below
the Washington Coast Ranges at a depth of approximately 20 km. Indeed, most
upper-plate seismicity in this area and to the east (Crosson, 1983; Fig. 1)
does occur at depths less than 15-20 km. The anomalously hign heat flow
beneath tne lower continental slope would presumably produce a significantly
shallower brittle-ductile transition tnere.

Another possible direct indication of elevated temperatures in the Juan de
Fuca plate and its corresponding subducted extension Dbeneath the North
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American plate s the low Pn velocity found for western Washington. Pn
velocities are presumably low where the lithosphere is forming near spreading
ridge systems due to the high temperatures. As the lithosphere cools, shrinks
and becomes more rigid, Pn velocities should increase to maximum values in
excess of 8.0 km/sec. The value of 7.7 to 7.8 km/sec found beneath the Puget
Sound basin by McCollom and Crosson (1975) has since been confirmed by Crosson
(1976) and is being refined in a current study. Taber found that 7.9 km/sec
near the coastline south of tne Olympic Mountains was consistent with nis
travel time modeling. The only measurements that do not fit the general
picture of low Pn velocity (hence hot subducted lithosphere) in the Juan de
Fuca plate are those of Shor and others (1968) who found low Pn velocities
from the spreading ridge across the Cascadia Basin (7.7 = 7.9 km/sec) but
apparently encountered values as high as 8.1 km/sec beneath the continental
snelf. Vvalues this nign have not however Deen confirmed by later
investigators (e.g., McClain, 1981) and since Shor and others encountered
apparently rapidly thickening crust beneath the continental shelf, structural
effects may have distorted their interpretation.

It is possible in light of the studies by Chen and others (1982) and Pavlis
and Brunn (1983) that the aseismic behavior postulated by some for the Juan de
Fuca-North American plate interface might Jjustifiably be extended to major
portions of the accreted upper plate of westernmost North America in tne
pacific Northwest. If the special (accreted) character of the leading edge of
the upper plate is considered, then tne “unique" (aseismic?) behavior of the
plate boundary at its base may seem less inexplicable.

SEGMENTATION OF THE JUAN DE FUCA PLATE
BENEA 1 . ACIFIC NORTHWEST?

Until recently it nas been generally assumed that oceanic lithosnhere of the

Juan de Fuca plate is being (or has been) subducted as an unbroken slab along
its 750 km long nortn-south interface witn North America (Gorda=Nortn American
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and Explorer-North American plate interactions are not considered here).
However, several recent papers have proposed that tne Juan de Fuca plate is
segmented beneath the Pacific Nortnwest and that such segmentation influences
or controls upper plate volcanism and tectonics and the seismicity patterns in
both plates. The confirmation (or refutation) of a segmented subaucting plate
has obvious implications for the assessment of seismic risk in the Pacific
Northwest related to a potentially locked Juan de Fuca-North American plate
interface.

Barnard (1978) was among the first earth scientists to suggest that
upper-plate tectonics, specifically fold and thrust-fold patterns on the
continental slope west of Washington, might be influenced by differences in
the character of the subducting Juan de Fuca plate. He proposed that
deformational patterns on the lower slope change across a “rather narrow" N
50° E-trending zone that might be related to a parallel “offset" in magnetic
anomalies beneath the adjacent Cascadia Basin (A, Figure 11). Prounced
changes 1in continental slope topography (and, hence structure) also occur
along a parallel trend west of the Oregon coastline between 44° 30' and
45° N latitude (8, Figure 11; Kulm, 1983, Plates 2.0 and 2.3).

Hughes and others (1980) were pernaps the first to formally suggest that the
Quaternary Cascade volcanic chain was not continuous, but could be divided
into segments that presumably reflect segments in the underthrust Juan de Fuca
plate. Six segments with an average width of 175 km were def ined between Mt,
Garibaldd in British Columbia and Mt. Lassen in northern California (C, Figure
11). Segment boundaries were drawn parallel to the N 50° £ direction of
plate convergence and through the following volcanic centers (from north to
south): Mt. Garibaldi, Glacier Peak, Mt, Adams, the Three Sisters, Crater Lake
(Mt. Mazama), Mt. Shasta and the Medicine Lake Wignlands, and Mt. Lassen. The
boundaries were drawn to separate alignments of specific volcanics (e.g.
Garibaldi-Baker-Glacier Peak-Rainier-5t. Helens to the south) and without
regard to other upper plate structures, although segment voundaries drawn



through Mt. Adams and the Three Sisters coincide with deflections at the base
of the Oregon continental slope near 44° and 42° 20" N latitudes
respectively. None of the segment boundaries selected by Hughes and others
coincide with the zones, noted above, of topographic/structural change
observed on the Washington (Barnard, 1978) and Oregon (Kulm, 1983) continental
slopes (cf. Figure 11). The boundary drawn through Glacier Peak, lies
subparallel to, but 30 to 40 km north of, Weaver and Smith's (1983) line
delineating the southeastward limit of deep (presumably Tlower plate)
earthquakes in western Washington (D, Figure 11).

Mt. Rainier and Mt. Hood, two volcanoes neglected by Hughes and others (1980)
in delineating their segmented Cascade arc (and the underlying Juan de Fuca
plate), are selected by Weaver and Michaelson (1983) as coinciding with
northeast-striking boundaries that divide the Cascage arc into three zones
“related to changes in the geometry of the subducting plate" (E, Figure 11).
The contrasting interpretations of Hughes and others (1980) and Weaver and
Michaelson (1983) illustrate present uncertainties within the scientific
community about segmentation.

Briefly, Weaver and Michaelson regard the Rainier to Hood interval as a
transitional zone between a subducting plate that dips more shallowly to the
north (Washington and British Columbia) than to the south (Oregon). As a
consequence of dip variation they pelieve that the northern zone is
characterized by horizontal compression of the upper plate, whereas the
southern zone is one of extensional tectonics (at least within and gast of the
Cascade chain). Partial support for tneir hypothesized southward steepening
of the subducted Juan de Fuca plate comes from Riddihough's analysis of lower
plate geometry (1979) based on the modeling of regional gravity data. He
(Riddihough) concluded that deeper {i.e. more eastern) portions of the
subducted slab are progressively steeper to the south -- from about 20°

northeast of Vancouver Island to about 40° beneatn the southern Washington
Cascades (south of Rainier, north of St. Helens and Adams ).
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We know of no other data, however, that indicate additional steepening of the
subducted plate south of St. Helens and Adams. Averages of the “trench“-arc
distances for Rainier, Glacier Peak, and Baker (northern arc zone) and for
Hood, Jefferson, and the Three Sisters (southern arc zone) are suprisingly
similar -- 385 km to 355 km respectively. If a more-or-less common depth of
magma generation is assumed for the six volcanoes (an assumption that appears
valid, cf. Dickinson, 1975) then there appears to be little basis to conclude
that the subducted slab dips more steeply south of Mt. Hood than north of Mt.
Rainier. The Mt. Rainier-def ined northern boundary of their transitional zone
(Rainier to Hood) does not coincide with tne southern limit (Weaver and Smith,
1983) of deep seismicity in western Washington (Figure 11), thus providing
another basis for skepticism regarding the Weaver-Michaelson hypothesis. That
boundary does lie between a subparallel “offset" zone of magnetic anomalies in
the Cascadia Basin and the change in topography and structure of the Oregon
continental margin described above. Their southern (Mt. Hood) boundary
projects S 50° W to an area along the base of the continental slope (ca.
43° 20' N latitude) which corresponds to the southern limit of subduction of
the Juan de Fuca plate (as opposed to the Gorda plate to the south).

Because of conflicting interpretations on segmentation of the Cascade arc and
problems with both major models proposed to date (Hughes and others; Weaver
and Michaelson). the case for segmentation of the Juan de Fuca plate is not
clear. The most obvious change in lower-plate behavior is represented by the
northeast-trending cut-off of deep (greater than 35 km) Puget Trough
seismicity delineated by Weaver and Smith (1983) using Crosson's (1983) data.
The most important change in upper-plate deformational behavior, in our
opinion the northeast-trending southern limit of the continental slope ridge
and basin province (Kulm, 1983) off tne Oregon coast, does not coincide with
the change in intraplate seismicity within the subducting slab.

Finally, tnere is no clear correlation of eitner of tnese features (lower
plate seismicity; upper plate continental slope morphology) to either of the
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two major “offsets” separating oceanic crust of slightly different age in the
nonsubducted Juan de Fuca plate (F and G, Figure 11; Pavoni, 1966; Atwater,
1970; Hey, 1977).

If the subducting plate is segmented we are presently uncertain as to where
segment boundaries should be drawn. [f multiple segments are present then all
appear to share the same lack of seismicity along their interfaces with the
overlying North American plate. This is a situation that seems improbable to
us. As stated by Woodward-Clyde Consultants (1984, p. 13), if the subducting
plate is broken into segments ... each with its own geometry and behavior ...
it is unlikely that the entire plate boundary would rupture in one event.
With independent segments seismic activity should be more common. While one
segment was in a state of preseismic quiescence, adjacent segments might be
expected to display interseismic or postseismic activity. The preseismic
segment would be expected to display some form of anomalous activity such as
precursory swarms, foreshocks, clustering, or activity at segment boundaries.
However, none of these types of activity is observed. In this regard, the
observed quiescence of the Juan de Fuca subduction zones is even more striking
and suggests that it is not related to precursory phencmena but may reflect an
aseismic condition."”

CONCLUSIONS

We have attempted in this report to assess the nature of the »hysical
interaction between the Juan de Fuca and North American plai:s. Our
understanding of that interaction is complicated by the remarkably uiescent
nature, from the standpoint of seismicity, of the plate interface beneath
western British Columbia, Washington, and Oregor. Nevertheless, the very
youthful, presumably ongoing compressive deformation of marine sediments at
the base of the continental slope, is compelling evidence for present day
subduction of the Juan de Fuca plate beneath the continental margin. The
absence of interplate seismicity along the converging boundary can De
explained as the consequence of either steady, aseismic slip (or flow) or as
the consequence of the accumulation of ore-seismic elastic strain along a
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thoroughly coupled or Tlocked plate boundary. At the present time neither
geodetic data nor studies of fault plane solutions witnin the upper and lower
plates are able to resolve which of the two interplate kinematic alternatives
is correct.

Recently, comparative studies between the Cascadia (Juan de Fuca) subduction
zone and subduction zones elsewhere have Deen used to support the hypothesis
that the Juan de Fuca-North American plate boundary is strongiy coupled and
capable, wupon seismic release of energy stored along that boundary, of
producing a future great earthquake. We do not discount this possibility, but
we are strongly of the opinion that subduction zone comparisons relying
primarily on rate of plate convergence and age of subducting oceanic
lithosphere alone are overly simplistic. For example, although similarities
in these two parameters may exist between the aseismic Cascadia and the
seismogenic Nankai Trougnh subduction zones (our skepticism as to the closeness
of similarity has been expressed above), significant differences exist between
these two zones that have heretofore received little attention. Among these
differences are the configuration of the subducted oceanic plate beneath Japan
and the Pacific Northwest, the absence of a volcanic arc in Japan, and the
vastly different quantities of terrigeneous sediments supplied to the "trench"
between the two pairs of plates in late Cenozoic time.

We believe that the non-seismic nature of the boundary between the Juan de
Fuca and North American plates may be indicative of aseismic subduction
related to three factors that set the Cascadia subduction zone apart from
others: (1) the extreme youthfulness of the subducting Crust; (2) tne
relatively slow rate of convergence; and (3) the burial of the offshore plate
boundary beneath the most voluminous late Cenozoic sedimentary accumulation
(per km of trenchj to be found around the Pacific Ocean rim. Aseismic
subduction may be the combined consequence of (1) an elevated thermal state
for subducted and accreted materials (basaltic crust and/or overlying
sediments), and (2) hignh fluid pressures in subducted terrigeneous sediments
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generated by their dewatering at the offshore plate interface (buried base of
continental slope) and below the thick accreted forearc wedge. Most portions
of the upper plate beneath the continental slope, shelf and Washington-Oregon
Coast Ranges are part of a mid- to late Cenozoic accreted wedge. Wedges of
this type are characteristicaily aseismic, a phenomenon that may put the low
seismicity of upper plate areas west of the Puget trough and Willamette Valley
in a clearer perspective.

We have reviewed recent suggestions that the subducting Juan de Fuca plate is
internally segmented, but no compelling evidence yet exists in our opinion to
support these suggestions. If, the plate is indeed broken into multiple
segments, each with its own geometry and behavior, then the observed seismic
quiescence of the entire Cascadia subduction zone may reflect a fundamental
mode of aseismic underthrusting above all segments.

Finally, the case for aseismic subduction of the Juan de Fuca plate is
enhanced when comparisons are made between the Cascadia zone and other
convergent zones characterized by “"seismic gaps". Seismic gaps are just that,
gaps along seismically defined, hence seismically active plate boundaries.

It cannot be effectively argued, we believe, that the entire Juan de
Fuca/North American plate boundary is locked. No great thrust earthquakes
have ever ruptured an entire plate boundary (10 to 15% rupture is common) and
great thrust earthquakes do not occur in total spatial and temporal isolation
from lesser thrust events. The absence of any historical thrust events in tne
range 5 M 7 along the entire Cascadia zone clearly sets it apart from the
strongly seismogenic convergent zones witn whicn it is increasingly, and we
believe, mistakingly, being compared.
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FIGURE 11: Map of the Pacific Northwest showing lineaments postulated Dy vancus workers. Dashed ine west of coast s Dase of con-
tinental siope. See text for discussion of lineaments as follows: A (Bamard, 1978); 8 (Kuim, 1883); C (Mughes and others, 1980); O
(Weaver and Smith, 1983); E (Weaver and Michaeison, 1983y, F and G, zones of “offset’”’ in offshore magnetic anomaiies (Pavoni, 1966;
Atwater, 1970). NSOE arrow indicates relative onentation of inferred North Amenc..i~juan de Fuca piate convergence. Cascade voicances
are from north 10 south: G = Garbaikdl B « Baker. GP = Glacier Peak; R = Raner; SH = St. Helens: A = Adams; H = Hood: J = Jef
terson: TS « Three Sisters; N = Newberry; CL = Crater Lake (Mazama); M = McLoughlin: S « Shasta; L = Lassen.
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