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Redbook Conference on the
Geological, Geophysical, and Tectonic Setting
of the Cascade Range

L.J. Patrick Muffler(l), Craig S. Weaver(z), and David D. Blackwell(3)

The Cascade Range is an active volcanic arc that is formed by the
continuing subduction of the Juan de Fuca plate system beneath North
America. Understanding of the Cascade Range and its tectonic setting is not
only of broad scientific interest, but also is important for the assessment
of geothermal resources and the evaluation of volcanic and seismic hazards.

The past decade has seen increasing attention to the study of the
Cascade Range by a wide range of disciplines; these studies have been
conducted at scales ranging from individual volcanic centers to the entire
range. Integration of these studies into a comprehensive regional
understanding, however, has lagged. 1In part this is because much of the
work initiated over the past decade was original to the Cascade Range, and
individual investigators tended to concentrate on reduction and analysis of
their own data rather than seeking collaboration. Furthermore, research
efforts in the Cascades have tended to be isolated by artificial
disciplinary barriers separating geologists, geophysicists, geochemists, and
hydrologists.

The need for understanding the regional aspects of the Cascade Range is
particularly important to the USGS Geothermal Research Program. Although
identified geothermal resources in the Cascade Range are modest, substantial
undiscovered geothermal resources have been inferred, owing primarily to the
favorable volcanic and tectonic setting but also to the high regional heat
flow known to exist along the Cascade Range. Consequently, a multiyear,
multidisciplinary program of studies to refine the geothermal resource
estimates of the Cascade Range is a major objective of the USGS Geothermal
Research Program. By far the smallest and easiest part of this effort is a
new inventory of known hydrothermal convection systems. Much larger and far
more difficult is the estimation of the geothermal resources yet to be
discovered. Since the forseeable economic climate appears unlikely to allow
the drilling of numerous deep holes, the magnitude of the undiscovered
geothermal resources can be addressed only by supplementing the sparce
available drill-hole information with a comprehensive analysis of the
tectonic, geophysical, volcanic, and hydrologic setting of the Cascade
Range.

As a first step in the integration of a wide spectrum of regional
geological, geophysical, and geochemical investigations into a comprehensive
understanding of the Cascade Range, the USGS Geothermal Research Program
sponsored a Conference on the Geological, Geophysical, and Tectonic Setting
of the Cascade Range, in Monterey, California, on 01-04 December 1988. The
geographic scope of the conference was the Cascade Range as a whole, from

1 .
U.S5. Geological Survey, MS 910, 345 Middlefield Road, Menlo Park, CA 94025

2 u.s. Geological Survey, Geophysical Program, AK-50, University of
Washington, Seattle, WA 98195

3 Department of Geology, Southern Methodist University, Dallas, TX 75275
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Northern California through Oregon and Washington to British Columbia. The
intellectual scope was as broad and interdisciplinary as possible, with
participants representing the fields of geology, heat flow, seismology,
igneous petrology, hydrology, electromagnetic geophysics, magnetics, water
geochemistry, gravity, paleomagnetism, and tectonics. The conference was
organized around three major themes:

* Variations in tectonics, geophysical signature, and magmatism along

the length of the Cascade volcanic arc.

* Relationship of the Cascade Range to the subduction tectonics to the

west and to the continental tectonics to the east.

* Controls on the location, composition, and rates of magmatism in the

Cascade Range.
The 35 attendees were almost equally divided between USGS scientists and
scientists from other research institutions, including universities, other
federal agencies, state agencies, Canada, and Japan.

This Redbook contains nearly all the presentations made at the 01-04
December 1988 Conference in Monterey. We do not intend or imply that it 1is
the final word on the Cascade Range. Instead, its purpose is to release
promptly the material presented at the December 01-04 Conference to other
concerned 1investigators and to the public. Accordingly, we have mnot
attempted to edit the contributions, even lightly. It is our plan, however,
that each of the authors will revise his/her Redbook contribution in view of
the other contributions and that the resultant papers will form the nucleus
of a reviewed and edited special section of the Journal of Geophysical
Research, hopefully to be published within the year.

viii
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PALEOMAGNETIC ROTATIONS AND THE CENOZOIC TECTONICS
OF THE CASCADE ARC, WASHINGTON, OREGON, AND CALIFORNIA

by Ray E. Wells

U.S. Geological Survey
345 Middlefield Road, MS 975
Menlo Park, California, 94025

ABSTRACT

Paleomagnetic results from Cenozoic (62-12 Ma) volcanic rocks of the Cascade arc and adjacent
areas indicate that moderate to large clockwise rotations are an important component of the tectonic
history of the arc. High quality paleomagnetic evidence from Eocene to Miocene rocks indicates
that the arc and forearc regions have undergone distributed dextral shear rotation that increases
westward toward the coast. Oblique subduction of the Juan de Fuca plate is the likely driving
force for the simple shear rotation, which is accommodated in the upper crust by strike-slip
faulting. The Mount St. Helens seismic zone is an active manifestation of the process of simple
shear rotation. Dextral shear probably obscures a subequal contribution to arc and forearc rotation
that is driven by intraarc or backarc extension. This rotation is suggested by the average
southward increase in continental margin rotations into the region outboard of the Basin and
Range. The apparent eastward migration of the volcanic front for successively younger arc
volcanic rocks in the rotated arc terrane implies that the frontal arc has been migrating westward in
front of a zone of extension since Eocene time. The westward migration of bimodal Basin and
Range volcanism since 16 Ma may be tracking westward rotation of the frontal arc and growth of
the Basin and Range in its wake.

INTRODUCTION

The Pacific Northwest has been a zone of convergence between North America and oceanic
plates of the Pacific basin throughout much of Cenozoic time (Atwater, 1970; Engebretson and
others, 1985). Abundant, high quality paleomagnetic results from 62-12 m.y. (million year) old
rocks of the forearc, arc, and backarc indicate that large clockwise rotations (15-80°) have occurred
in western Oregon and Washington, and that rotations increase with age and with proximity to the
coast (Figure 1). For any given time interval, forearc strata are rotated the most, arc rocks have
intermediate rotations, and backarc rocks are rotated the least. The rate of clockwise rotation has

been about 1.3°/m.y. for most of Cenozoic time, with no indication of a hiatus (Beck and Plumley
1980; Bates and others 1981).

Several plate tectonic models have been proposed to explain the clockwise rotations,
including: 1) rotation of an oceanic Coast Range microplate during its oblique collision with North
America in Eocene time (Simpson and Cox, 1977; Magill and others, 1981); 2) dextral shear
rotation of the continental margin throughout Cenozoic time, driven by northward-moving oceanic
plates to the west (Beck, 1980; Wells and others, 1984; Engebretson and others, 1985); and 3) late
Cenozoic microplate rotation of the arc and forearc in front of intracontinental extension in the
Basin and Range region (Magill and Cox, 1980; Magill and others, 1981). Dextral shear and
extension were probably the most important contributors to tectonic rotation (Figure 2). Collision



rotation was small because most of the rotation can be shown to postdate onlap of continental shelf
sedimentary units onto the Coast Range oceanic basement (Wells and Heller 1988).

Volcanic rocks of the Cascade arc are part of the rotated terrane, according to the
paleomagnetic studies. On average, Oligocene and lower Miocene rocks of the Western Cascades
(30-20 Ma) are rotated clockwise about 18-30° and middle Miocene rocks (15-12 Ma) about 12-15°
(Beck and Burr, 1979; Bates and others, 1981; Magill and Cox, 1981; Beck and others, 1986;
Wells and others, in press). Both rigid plate and small block rotation mechanisms have been
proposed to explain the paleomagnetic results. The purpose of this paper is to review the relevant
paleomagnetic data in light of recent advances in our understanding of Cascade arc structure and
volcanic history. The tectonic implications for Cascade arc development may be substantial. For
example, rigid plate rotation of the arc and forearc region implies major extension behind the arc
front (i.e. - within and behind the arc) and westward migration of the arc front with time. Volcanic
sequences on the migrating plate should have equivalent but less rotated sequences left as remnant
arcs behind the active volcanic arc, if analogies with western Pacific arcs are valid (Karig, 1971;
see also Hamilton, 1988 for recent review). Alternatively, simple dextral shear rotation in the arc
requires no linkage between rotation and extension, but it does imply the existence of mesoscale
structures to accommodate small block rotations.

This paper will present evidence for both dextral shear and extension-driven rotation in the
arc and will suggest first order correlations between rotation domains, regional Cascade structure
and position of the volcanic front through time.

DEXTRAL SHEAR IN THE ARC

Paleomagnetic Evidence

The widespread, originally flat lying flows of the Miocene Columbia River Basalt Group
provide an excellent structural datum across the arc and are useful for studying post-middle
Miocene Cascade deformation (Beeson, this volume; Sherrod and Pickthorn, this volume). At
least 20 flows travelled down an ancestral Columbia River drainage, across the Cascade arc and
into the forearc. Several flows made it to the Pacific Ocean. Some flows, such as the Pomona
Member and the flows of Ginkgo, have distinctive lithologic, chemical, and paleomagnetic
signatures that permit tracking of individual flows over great distances. These flows are ideal
rotational-strain markers and allow paleomagnetic traverses within a single flow to be made normal
to the convergent margin.

Paleomagnetic results from closely spaced sites in the flows of Ginkgo and in the Pomona
Member show a progressive westward increase in tectonic rotation from the relatively stable central
Plateau to the coast, a distance in excess of 200 km (Figure 3). Sheriff (1984), Reidel and others
(1984), and Wells and Heller (1988) interpreted these trends as good evidence for post-12 Ma
dextral shear distributed across the forearc and arc on some intermediate scale. Rotating blocks are
larger than a paleomagnetic site (102 m), but must be considerably smaller than the width of the
rotated region (102 km), because differential rotations can be measured over distances of less than
10 km. Wells and England (1988) have examined post-15 Ma deformation of the Pacific
Northwest convergent margin in the context of simple continuum mechanical models. They
successfully modelled the observed pattern of rotations by applying a north-directed simple dextral
shear to the western edge of a thin, viscous sheet behaving according to a power law rheology.
The model implies that rotation in the Pacific Northwest is a surface manifestation of non-linear
viscous flow in the lithosphere above an obliquely subducting oceanic plate.

Similar trends of decreasing rotation inboard from the coast can be seen in paleomagnetic results
from older arc and forearc volcanic sequences when plotted against longitude (Figure 3). Both
Oregon and Washington data are plotted together because results from any one latitudinal region
are scarce. Some bias is introduced by this because Oregon is slightly west of Washington. Each
rotation value represents the average of many paleomagnetic sites collected throughout a formation
and so tends to average out local structural perturbations. However, plotting results

2
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Figure 1. Tectonic rotations of rock units, in degrees, slightly modified from Grommé and others
(1986); shaded sectors indicate 95% confidence limits on rotations. WASHINGTON: BP -
Eocene volcanic rocks at Bremerton-Port Ludlow (Beck and Engebretson, 1982); BH - Eocene
Crescent Formation, Black Hills (Globerman and others, 1982); WH - Eocene Crescent
Formation, Willapa Hills (Wells and Coe, 1985); GV - upper Eocene Goble Volcanics (Beck and
Burr, 1979; Wells and Coe, 1985); PO - Miocene Pomona Member, Saddle Mountains Basalt
(Magill and others, 1982) OV - upper Eocene and Oligocene Ohanapecosh Formation of Bates and
others (1981); SN - Miocene Snoqualmie and Grotto batholiths (Beske and others, 1973); SP -
Eocene Sanpoil Volcanics (Fox and Beck, 1985). OREGON: TV - Eocene Tillamook Volcanics
(Magill and others, 1981); EI - Eocene intrusions (Beck and Plumley, 1980); OI - Oligocene
intrusions (Beck and Plumley, 1980); SV - Eocene Siletz River Volcanics (Simpson and Cox,
1977); TF - Eocene Tyee Formation (Simpson and Cox, 1977); RB - Paleocene basalt at Roseburg
(Wells and others, 1985); YB - upper Eocene Yachats Basalt (Simpson and Cox, 1977); WCI,
WC2 - Oligocene and Miocene volcanic rocks of the western Cascade Range (Magill and Cox,
1980); CF - Eocene and Oligocene Clarno Formation (Grommé and others, 1986); CB - Miocene
Columbia River Basalt Group and Steens Basalt (SB) (Mankinen and others, 1987);
CALIFORNIA: KM - Upper Cretaceous Hornbrook Formation (Mankinen and Irwin, 1982);
SN - Late Cretaceous Sierra Nevada batholith (Frei and others, 1984). WC3 - Oligocene and
Miocene volcanic rocks of the western Cascade Range (Beck and others, 1986).
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RIEDEL SHEAR

Figure 2. a) Schematic model of dextral shear rotation along western North America (Beck,
1980). Circles may be considered representations of the vorticity in a viscously deforming
lithosphere (eg. McKenzie and Jackson, 1983), rather than the actual shape of rotating blocks.
Fault patterns that accommodate the rotation in the upper crust may be some variant of that shown
in the inset (see Garfunkel and Ron, 1985). b). Rigid plate rotation of western Oregon and
Washington in front of an extending region, with extension decreasing to the north. Active arc acts

as a tectonic boundary between extended terrane and rotating block. Modified from Magill and
others (1982).
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together from units in a 10-15 m.y. time window adds some uncertainty to the trends because
differntial rotation could have occurred during the long interval.. Nevertheless, the same
progressive increase in rotation toward the coast is seen in all of the older sequences, indicating
that regional dextral shear has been an important rotation mechanism throughout Cenozoic time.

Structural and Seismological Evidence

Combined paleomagnetic and structural studies in the Coast Range of southwest
Washington have demonstrated that small basement structural blocks are bounded by faults and
have undergone differential clockwise rotations of between 20 to 65° (Wells and Coe, 1985).Wells
and Coe also noted that horizontal slickensides are ubiquitous on exposed fault surfaces throughout
the forearc region, and that fault patterns locally appear to be Riedel shears, which can
accommodate clockwise rotation in regions of dextral shear (Figure 2). Similar domains of
rotation and fault patterns may exist in the Cascade arc, but the difficulties of correlation in Cascade
volcanic stratigraphy and the lack of detailed mapping may preclude recognition of structures
accommodating local rotation. Lineament analysis of the Oregon Cascade arc suggests numerous,
potential faults for accommodating rotations, but few of the linear features have been related to
actual faults (Venkatakrishnan and others, 1980). In most of the western Cascades, the dip of
strata is gentle, and evidence for substantial faulting is rare (eg., Smith and others, 1982).
However, dike trends in the western Cascades are unusual and trend northwest (Sherrod, 1986;
Sherrod and Pickthorn, this volume), seemingly at odds with north-trending normal faults along
the present day High Cascades. Perhaps they represent intrusions into faults, which had strike-slip
displacement, and therefore could have accommodated some dextral-shear rotation.

In southwest Washington, the pattern of seismicity following the eruption of Mount St.
Helens in 1980 indicates that significant dextral slip can occur in the Cascade arc. Weaver and
Smith (1983) have defined a 90 km-long St. Helens seismic zone that trends northwest and passes
beneath Mount St. Helens. Dextral slip on the zone is indicated by first motion studies of the Elk
Lake earthquake swarm of 1981 and the northwest trend of the aftershocks. Weaver and Smith
(1983) suggested that consistency between the northeast trending P axes of the earthquakes, the
contraction direction based on geodetic measurements (071°),and the plate convergence direction
(050°) implies locking of the forearc region to the obliquely subducting oceanic plate. This is
exactly what is required to drive clockwise rotations in the upper plate. The dextral shear-driven
paleomagnetic rotations might be considered the long-term integral of the coupling between the
obliquely subducting oceanic plate and the overlying arc and forearc regions.

ARC ROTATION BY INTRACONTINENTAL EXTENSION

Several workers have suggested that Cenozoic extension in the Basin and Range province
has contributed substantially to clockwise rotation of western Oregon and Washington (Simpson
and Cox, 1977; Magill and Cox, 1981; Magill and others, 1981, 1982). In this model, the
thermally elevated Basin and Range region would exert a ridge-push force against the southern part
of the Cascade arc and forearc in Oregon, and cause it to rotate clockwise around a fixed point
north of the expanding region. A similar mechanism has been invoked to explain rotation of Japan
during Miocene opening of the Japan Sea. Otofuji and others (1985) have shown that clockwise
rotation of southern Honshu and counterclockwise rotation of northern Honshu can be explained
by fan-shaped spreading in the Sea of Japan and resultant pivoting of the arc in front of the
expaﬁding region. This intracontinental rifting may be analogous to Cenozoic rifting in the Pacific
Northwest.




60r 15-12 Ma | 30-20 Ma
CRBG |
Ol

40t i
%)
i ®
i ol
G20
w
a
z
o b.
" 80 i
}<_< 45-32 Ma RB 57-45 Ma
O Sv
fc TF
w H
2
<
< 1 TWH
O
O
-
O

C

10 1236 1210
WEST LONGITUDE

123°

-

Figure 3. East-west profiles of rotation against longitude for Pacific Northwest units grouped by
age; unit symbols as in Figure 1 except CRBG which is Miocene Columbia River Basalt Group.
Shaded area represents location of High Cascade axis. Figure slightly modified from Wells
(1988).



Figure 4. Simplified map of Cascade structure, modified from King and Beikman (1974), Sherrod
(1986), and Smith (in press). Heavy solid lines are faults, ball on down thrown side; light dashed
lines are fold axes. Rotated regions lie outboard of extensional arc, and northern boundary of
rotated region is a zone of strong deformation, possibly marking pivot zone of rotating "Willamette
plate." Inset shows presumed outline of rotated plate. Triangles represent major Quaternary
volcanoes: MB = Mt. Baker, GP = Glacier Peak, MR = Mt. Rainier, SH = Mt. St. Helens, MA =
Mt. Adams, MH = Mt. Hood, MJ = Mt. Jefferson, TS = Three Sisters, NB = Newberry Crater,
CL = Crater Lake, MS = Mt. Shasta, LA = Mt. Lassen, ML = Medicine Lake.
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Paleomagnetic Evidence

Direct paleomagnetic evidence supporting rotation in front of an expanding Basin and Range
province is obscured by the effects of superimposed dextral shear, as discussed earlier. Ideally, an
east-west paleomagnetic traverse across the convergent margin should show a stepwise drop in
rotation at the trailing edge of the outboard, rotating plate. The paleomagnetic data is permissive of
a stepwise decrease in rotation near the Cascade axis, but the "tectonic overprint" of dextral shear
does not allow recovery of a unique extensional component of rotation from east-west traverses
(Figure 3). Although rotation due to extension is not resolvable on east-west profiles, the
southward increase in rotation from western Washington into Oregon may be related to Basin and
Range extension. On average, late Eocene and Oligocene units of western Oregon are rotated
about 20° more than equivalent units in western Washington. The only substantial difference in
plate geometry between Oregon and Washington is the existence of the Basin and Range province
inboard of the Oregon segment of the convergent margin. The greater rotation of the Oregon
segment probably reflects a component of Basin and Range extension.

Rotation Domains and Arc Structure

Magill and others (1982) proposed that the High Cascade arc is the present eastern boundary
of the coastal rotating block, which they called the Willamette plate (Figure 4). They envisioned
the High Cascades to be the zone of accommodation between the rotating plate and the extending
backarc region (Figure 2). Discontinuous axial grabens along the High Cascades, which seem to
merge eastward with Basin and Range structures, and the abundance of basalt and basaltic andesite
along the High Cascade axis define the western limit of the extended terrane. The northern extent
of the rotated region seems to correlate rather well with the northern limit of extension and young
(0-5 Ma) basaltic volcanism in the Cascade arc (Figure 4). North of Mount Rainier, Tertiary rocks
of the Cascade Range are essentially unrotated (Beck, 1980), and the structure of the arc is quite
different. Pre-Tertiary crust is widely exposed and volcanic rocks are volumetrically insignificant
(Ludke and Smith, 1982). The boundary between rotated and unrotated areas is essentially
coincident with the boundary between a compressional arc segment to the north and an extenional
arc segment to the south. It is marked by abundant folds in Eocene to Miocene volcanic and
sedimentary sequences and by transverse faults, roughly parallel to the Olympic-Wallowa
lineament (Figure 4; see Smith, in press for a recent compilation). This structural "knot" may mark
compression and shearing around the pivot point at the northern edge of the rotating Willamette
plate.

At the southern end of the arc, clockwise rotation in Oligocene rocks of the Western
Cascades appears to be less than the 30° observed in equivalent rocks of Oregon and Washington.
Paleomagnetic results of Beck and others (1986) indicate about 18° of rotation for volcanics (33-23
Ma) exposed along the Klamath River near Copco Reservoir. The outcrop pattern of Western
Cascade volcanic rocks in northern California trends about 335°, about 20° west of the present
western Cascade trend in Oregon, and suggests that bending of the arc may have occurred.

Tectonic Rotation and Migration of the Volcanic Front

The present-day axis of Cascade volcanism lies east of the volcanic front that was active
during Oligocene and Miocene time (e g. Peck and others, 1964). One might ask whether this
represents eastward migration of the volcanic front or westward migration of the rifted arc in front
of a zone of interarc extension (Figure 5). The southwest trend of Miocene plutons in the Western
Cascades along with paleomagnetic evidence for clockwise rotation in the Western Cascades
suggest to me that westward migration of the rifted arc is most likely. In fact, the clockwise shift
of the Western Cascade pluton alignment with respect to the present volcanic axis is about 15°,
close to observed rotations for Miocene rocks in the Western Cascades (Beck and others, 1986,
Wells and others, in press and unpublished data).



Figure 5. Distribution of Cenozoic volcanic belts of the Pacific Northwest convergent margin,
grouped according to age (modified from Guffanti and Weaver, 1988; Smith, in press; King and
Beikman, 1974; and Wells and others, 1984). Line indicates approximate location of volcanic
front for each belt, number in circle indicates paleomagnetically-determined clockwise rotation of
volcanic belt in degrees. Dots in western Cascades of Oregon are mid-Tertiary plutons.

9



]
15 Ma

####### 46°

42°

|

120°

Figure 6. 15 Ma reconstruction of Cascade arc and northwest Basin and Range based on
paleomagnetic data (modified from Wells and Heller, 1988 and Guffanti and Weaver, 1988).
Miocene arc restores neatly up against western limit of 10-16 Ma volcanism (shaded) defined by
Guffanti and Weaver (1988), after removing 12° of rigid plate rotation about pivot point "P".
Closeness of fit does not allow for pre-15 Ma crust beneath the High Cascades, although space
would be available if accounting was made for post-15 Ma Basin and Range extension to the east.
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The volcanic front, or western limit of flows and intrusions, is shifted progressively westward for
early Oligocene volcanic rocks and also for Eocene arc volcanic rocks. (Figure 5). If we include
contemporaneous Coast Range forearc(?) volcanic rocks (which interfinger with arc-derived
detritus) in our determination of the volcanic front, then we obtain a sequence of westward-
stepping, progressively more clockwise rotated magmatic belts that merge northward into the
unrotated terrane of the north Cascades (Figure 5). This pattern implies that the frontal arc has
been migrating westward since Eocene time, with its trailing edge successively off-lapped by
younger volcanic sequences, each of which is split by successive episodes of intraarc rifting. The
rotating frontal arc would always have been the western limit of extension, similar to what we see
today in the southern Cascade arc.

This geometry of a migrating extensional front implies that remnant arc volcanic rocks
should be distributed across eastern Oregon in the wake of the rotating terrane. The westward
migration of Basin and Range volcanism since 16 Ma (MacLeod and others, 1976, McKee and
others, 1983, Guffanti and Weaver, 1988) may, in fact, be tracking the westward migration of the
arc (Figure 5). Reconstructions of the rotated arc at 15 Ma closely approach the western limit of
10-16 Ma volcanism indicated by Guffanti and Weaver (1988) and suggest a relationship between
westward migrating backarc volcanism and clockwise rotation of the frontal arc (Figure 6). A
similar argument might be made for the Eocene and Oligocene volcanic rocks of the present back-
arc region, but the distribution of these rocks is poorly known beneath the cover of younger
volcanic rocks. However, a broad isostatic residual gravity low behind the southern arc (Blakely
and Jachens, this volume) may represent these older volcanic accumulations.

SUMMARY

Paleomagnetic results from Cenozoic volcanic rocks of the Cascade arc and surrounding
regions indicate that clockwise tectonic rotations are an important part of the tectonic evolution of
the arc. Quality paleomagnetic evidence indicates that the forearc and arc have undergone dextral
shear rotations which become larger to the west. These rotations are apparently driven by oblique
subduction of the Juan de Fuca plate and are accommodated in the upper crust by local faulting,
similar to the St. Helens seismic zone.

These dextral shear rotations probably mask coastal rotation driven by intraarc or backarc
extension, which is suggested by the average southward increase of coastal rotations into areas
outboard of the Basin and Range. The progressive westward-stepping volcanic front in
successively older rocks of the rotated arc terrane implies that the frontal arc block has been
migrating westward in front of a zone of extension since Eocene time. The westward migration of
Basin and Range volcanism may be tracking the rotation of the frontal arc.
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Volcanism, Isostatic Residual Gravity, and Regional
Tectonic Setting of the Cascade Volcanic Province

RICHARD J. BLAKELY AND ROBERT C. JACHENS
U. S. Geological Survey, Menlo Park, California

ABSTRACT

A technique to automatically locate boundaries between crustal blocks of disparate densities was applied
to upward-continued isostatic residual gravity data. The boundary analysis delineates a narrow gravitational
trough that extends the length of the Quaternary volcanic arc from Lassen Peak in northern California
to Mount Baker in northern Washington. Gravitational highs interrupt the trough at two localities: a
northwest-trending high in southern Washington and a northeast-trending high between Mount Shasta and
Lassen Peak. The latter anomaly is one of a set of northeast-trending anomalies that, within the Quaternary
arc, appear related to volcanic segmentation proposed previously on the basis of spatial and compositional
distributions of volcanoes. These northeast-trending anomalies extend hundreds of kilometers northeast of
the Quaternary arc, are caused by sources in the upper crust, and in some cases are related to exposed
pre-Tertiary rocks. Segmentation models invoke geometric characteristics of the subducting plate as the
primary factor controlling location and chemistry of volcanism, and these northeast-trending gravity sources
also may be a product of disturbance of the upper crust by the subduction process. More likely, the gravity
sources may reflect upper crustal structures, possibly relicts from earlier accretionary events or more recent
crustal deformation, that have actively influenced the spatial location of more recent volcanism. Much of the
Pliocene and Quaternary volcanism of the Cascade arc has concentrated on or near contacts between crustal
blocks of disparate density. These contacts may promote the ascension of magma to the earth’s surface.

INTRODUCTION

Volcanisin associated with orogenic belts has been a part of the Pacific Northwest since at least the
Mesozoic era, but the narrow Cascade volcanic arc of today, extending from northern California to British
Columbia, is a relatively modern feature of the continental margin. The Cascade volcanic province is often
divided into two parts on the basis of age and volcanic style. Calc-alkaline volcanic rocks of the Western
Cascade Range (Figure 1) erupted from late Eocene to Miocene time in a broad zone across much of western
Oregon and Washington. The volcanic arc narrowed markedly during Pliocene and Quaternary time to form
the distinctive High Cascade volcanoes of today (Figure 1). The Quaternary arc, generally less than 75
km wide, extends over 1100 km from southeast of Lassen Peak in northern California to Mount Garibaldi
in British Columbia. The Cascade volcanic province is clearly a consequence of subduction of the Juan de
Fuca, Gorda, and Explorer plates beneath North America, although various aspects of subduction are not
well displayed: there is no pronounced trench offshore, no clearly defined Benioff zone along most of the arc,
and relatively little volcanism during historic time [McBirney and White, 1982].

Various authors have proposed plate-plate interactions to explain geological and geophysical variations
along the length of the Cascade Range. Rogers [1985)], for example, suggested that regional tectonism changes
from slightly compressional in Washington to slightly extensional in Oregon because of the orientation of
the convergent margin. Weaver and Michaelson [1985] divided the northern Cascades into three segments
based on distribution of earthquakes and Cenozoic volcanism. More recently, Guffanti and Weaver [1988]
have studied the spatial, temporal, and compositional distribution of volcanoes and proposed a five-segment
model for the Cascade Range.

The application of gravity measurements to the Cascade volcanic province has had a long history [e.g.,
Pakiser, 1964; LaFehr, 1965; Blank, 1968; Thiruvathukal et al., 1970; Couch et al., 1981, 1982; Williams
and Finn, 1985; Blakely et al., 1985]. Variation in density between volcanic ejecta, flows, and underlying
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Fig. 1. Generalized geologic map of the Cascade volcanic province and surrounding
areas of the Pacific Northwest. Modified from Walker and King [1969], Weissenborn-
[1969], and Grommé et al. [1986]. Letters refer to major volcanoes: B, Mount Baker;
G, Glacier Peak; R, Mount Rainier; SH, Mount St. Helens; A, Mount Adams; H,
Mount Hood; J, Mount Jefferson; TS, Three Sisters; N, Newberry Crater; C, Crater
Lake; M, Mount McLoughlin; S, Mount Shasta; ML, Medicine Lake; L, Lassen Peak.

basement rocks causes distinctive regional gravity anomalies that can be used to learn about the distribution
of mass in and beneath the volcanic terrane. Specifically, aspects of the structure of underlying basement
rocks, the petrology and lithology within the volcanic terrane, and the tectonic setting of the entire province
can be inferred from gravity data. Such studies are most powerful when used concomitantly with other
geophysical, geological, and geochemical information.

The Cascade volcanic province contains many regional structural features of sufficient size to be detected
by gravity techniques. Thayer [1936], for example, proposed that an eastward-facing, north-trending scarp,
which he termed the “Cascade fault,” forms the structural boundary between the Western and High Cascades
in Oregon. Movement along the Cascade fault raised the older Western Cascades at least 600 m relative to
the eastern block and was followed by initiation of High Cascade volcanism to the east which largely buried
the surface expression of the fault. Allen [1966] proposed a second north-trending fault, down-dropped to
the west, parallel to and ~30 km east of the Cascade fault. The resulting inferred graben includes Mount
Hood, Mount Jefferson, Three Sisters, and Crater Lake; south of Crater Lake, the trend of the graben swings
southeast to exclude Mount McLoughlin [Allen, 1966]. Couch et al. [1981, 1982] examined residual gravily
data from the Cascade Range and found a narrow, north-trending gravitational minimum that extends from
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the Columbia River to nearly the Oregon-California border. They proposed that this minimum delineates
a major fracture or brecciated zone. The gravitational minimum is generally coincident with the graben of
Allen [1966], but it lies west of Mount Jefferson and Three Sisters.

Blackwell et al. [1982] noted a correlation between Bouguer gravity gradients and high conductive heat
flow gradients roughly 35 km west of the Three Sisters at latitude 44°N. They interpreted the correspondence
between Bouguer anomalies and heat flow in this region to reflect a north-south zone of hot, partially molten
material at a depth of about 10 km beneath the High Cascades and extending west to the location of high
heat-flow and gravity gradients. However, part of the Bouguer gradient in this region is caused by proximity
to the continental edge and by the presence of deep crustal masses that compensate the topographic edifice
of the Cascade Range. Bouguer anomaly values do show a slight correlation with measured heat flow values,
but residual values, calculated by subtracting a regional field from the Bouguer anomaly, are not statistically
correlated [Ingebritsen et al., this volume].

Ingebritsen et al. [this volume] suggested that anomalous heat flow in the Western Cascade Range
near latitude 44°N. is caused by a narrow, spatially variable intrusive zone, and that the heat flow anomaly
expands laterally at shallow depths due to ground-water flow. The Quaternary Cascade arc has virtually no
conductive near-surface heat flow, whereas older rocks display anomalously high conductive and advective
heat flow. The analysis of Ingebritsen et al. [this volume] indicated that anomalous near-surface heat flow
arises from ground-water circulation that sweeps heat advectively from the young rocks to the old. Any
deeper thermal anomaly is essentially confined to the Quaternary arc; laterally extensive magmatic sources
of the type envisioned by Blackwell et al. [1982] are not required.

The gravity field of the Pacific Northwest reflects significant crustal structures that have influenced the
location of modern-day volcanic activity. It was noted earlier [Blakely et al., 1985] that major volcanoes south
of Mount Jefferson are located along the margins of regional gravity depressions. The gravity depressions
were interpreted as reflecting structural depressions; volcanoes are focused near the edges of these depressions
presumably because bounding faults and fractures have promoted ascension of magma to the surface. In this
paper, we investigate the spatial relation between Pliocene and Quaternary volcanism and regional gravity
data throughout the Cascade volcanic province in the United States and compare that relationship with arc
segmentation and heat-flow observations.

METHOD

The gravity method is well-established as a tool to delineate regional geologic features. In this paper,
we are interested particularly in regional aspects of the middle and upper crust and, therefore, want to elimi-
nate long-wavelength anomalies related to isostatic compensation of topographic loads and short-wavelength
anomalies caused by local density variations. These problems are treated by an isostatic correction and by
upward continuation, respectively.

Isostatic Residual

The Bouguer anomaly includes long-wavelength components caused by deep sources that isostatically
support topographic loads. These regional anomalies are especially prominent in mountainous regions and in
regions near continental borders and tend to obscure anomalies caused by lithotectonic variations in the crust.
Regional anomalies can be removed by subtracting long-wavelength surfaces estimated from the Bouguer
anomaly. Regional fields are often calculated by polynomial fitting [Coons et al., 1967] or by wavelength
filtering {Kane and Godson, 1985] of the Bouguer anomaly, but these techniques suffer from the fact that
they eliminate all wavelengths longer than some threshold, whether or not they are related to topographic
features. In particular, long-wavelength anomalies due entirely to lateral variations in crustal density will be
eliminated by these techniques.

An isostatic correction is our prefered method for eliminating regional anomalies in the western United
States [Simpson et al., 1983, 1986]. Digital topographic models are used to calculate the shape of the crust-
mantle interface consistent with the Airy-Heiskanen model for local isostatic compensation; the gravitational
effect of this interface is calculated and subtracted from the Bouguer anomaly to produce an isostatic residual
anomaly. The isostatic residual data used in this paper were calculated from the Gravity Anomaly Map of
the United States [Godson and Scheibe, 1982; Society of Ezploration Geophysicists, 1982]. These same data
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were used previously to prepare an isostatic residual map for the conterminous United States [Simpson et
al., 1986, plate 1}.

The Airy model assumes purely local isostatic compensation, which may not be entirely appropriate
for areas of regional stress and distributed tectonic and thermal phenomena like the Pacific Northwest.
Although the Airy model is undoubtedly oversimplified, the isostatic correction that it provides is very
long in wavelength [Simpson et al., 1986, Figure 6], and minor differences provided by other models will
not greatly affect our conclusions. Moreover, McNutt {1980] studied the isostatic response of continental
lithosphere to topographic loads and concluded that local compensation dominates regional compensation
in the western U. S.

Upward Continuation

Figure 2 shows isostatic residual gravity anomalies continued upward to 10 km above the earth. Upward
continuation is a transformation of anomalies measured at one level into those that would be observed at a
higher level. Upward continuation tends to smooth all wavelengths, but shortest wavelengths are attenuated
more rapidly than long wavelengths [Blakely, 1977]. Because anomalies increase in wavelength with increasing
dimensions of and increasing distance from the source, upward continuation emphasizes anomalies due to
regional, deep structures at the expense of smaller, shallower sources.

Consider, for example, an anomaly caused by a spherical mass located at depth z below the survey
elevation. Upward continuation by height Az attenuates the anomaly by a factor

A= [z -i-zAz]2

and A is clearly dependent on the depth z of the mass. Upward continuation by 10 km attenuates the
anomaly of a 1-km-deep sphere by a factor of 0.008 but attenuates the anomaly of an identical sphere at
10 km depth by only 0.250. A similar relation holds for more complicated masses: upward continuation
attenuates anomalies due to shallow sources more than anomalies due to deep sources.

Upward continuation requires no assumptions about the distribution of crustal densities beneath the
survey area. However, assumptions are required about the manner in which crustal density continues beyond
the limits of the gravity survey; incorrect assumptions can cause large errors in anomalies located near the
edge of the survey. Our starting grid covers the entire conterminous United States. Therefore, we were able
to extend our “survey” well beyond the limits shown in Figure 2, perform: the upward continuation, and then
trim the survey back to the limits of Figure 2, virtually eliminating the possibility of errors near the edges
of our survey.

Boundary Analysis

A technique [Blakely and Simpson, 1986] for automatically locating the edges of gravity sources was
applied to the upward-continued isostatic residual gravity data. The method is a two-step procedure. First,
the magnitude of maximum horizontal gradient is calculated. Anomaly gradients tend to be steepest over
the edges of gravity sources. Consequently, the horizontal-gradient calculation transforms gravity anomalies
into maxima that approximately overlie boundaries between regions with disparate density [Cordell, 1979].
Second, maxima in the horizontal gradient are automatically located and plotted [Blakely and Simpson,
1986], which results in sinuous sequences of dots that represent density boundaries. Figure 3 shows the
application of this technique to the residual gravity data of Figure 2.

VOLCANOES

The distribution of volcanic vents can be a better indicator of regional volcanism than either the lateral
extent of eruptive products or the distribution of major stratovolcanoes or composite centers [Smith and
Luedke, 1984]. Vent location, composition, and age were digitized by Guffanti and Weaver [1988] from maps
compiled by Luedke and Smith [1981, 1982]. Figure 4 shows the distribution of volcanoes in the Cascade
Range calculated from digital vent locations.
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Fig. 2. Isostatic residual gravity continued upward 10 km. Contour interval 5
mGal. Hachures directed toward gravitational minima. Stipple pattern indicates
<-25 mGal. Dots indicate major volcanoes; see Figure 1 for labels.

Guffanti and Weaver [1988] discussed in detail the spatial, temporal, and compositional distribution of
Cascade vents and divided them into five segments shown in Figure 4: (1) the isolated stratovolcanoes of
northern Washington, (2) the wide zone of dominantly basaltic vents from Mount Rainier to Mount Hood,
(3) the narrow zone of andesitic vents from south of Mount Hood to the Oregon-California border, (4) the
broad zone that includes Mount Shasta and Medicine Lake volcano, and (5) the spatially isolated Lassen
Peak area. The west-northwest-trending belt of vents of the High Lava Plains (Figure 1) forms a sixth
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Fig. 3. Automatically calculated boundaries between mass densities. Size of circle
proportional to steepness of horizontal gradient.

segment outside of the Cascade arc. The relationship between isostatic residual gravity (Figure 2}, volcanic
vents (Figure 4), and proposed segmentation will be discussed subsequently.

DiscussioN

A prominent gravitational depression is visible along most of the Cascade Range (Figure 2). The trough
extends from the Lassen Peak area to the Washington-Oregon border where it is interrupted by a northwest-
trending gravity ridge in southern Washington. The trough continues in northern Washington, although
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Fig. 4. Location of volcanoes younger than 5 Ma. Vents were tallied in overlapping
cells 0.5 degrees on each side. Stippled area encloses cells with at least one vent.
Numbers refer to segments discussed by Guffanti and Weaver [1988].

its relationship with the Cascade arc is less obvious. A less pronounced gravity ridge trends northeast and
separates the Lassen Peak gravity low from the trough that extends from Mount Shasta to the Washington-
Oregon border. With the exception of two groups of volcanoes, all Pliocene and younger vents (Figure 4)
lie within or on the edge of the gravitational depression (Figure 2). The exceptions are the cluster of vents
in southern Washington and extreme northern Oregon, including Mount St. Helens and Mount Adams, and
the chain of vents of the High Lava Plains of central Oregon.

The gravitational depressions of the Cascade arc are bounded on the west by one of the largest positive
anomalies in North America [Simpson et al., 1986]. This positive anomaly is caused in part by mafic igneous
rocks of the Coast Ranges in Oregon and Washington [e.g., Finn, this volume] and by mafic and ultramafic
rocks of the Klamath Mountains in southern Oregon and northern California [e.g., Griscom, 1980] (Figure
1), but part of the anomaly may be caused by isostatic effects. An isostatic residual gravity map for the
whole of North America [Simpson et al., 1988] shows a broad positive anomaly west of the trench (and west
of Figure 2) thal corresponds with a fore-trench bulge in bathymetric data. This offshore anomaly may
indicate loading and flexing of the Juan de Fuca plate by the North American plate. Similar but larger
bulges are seen at other subduction zones, such as south of the Aleutian Islands [ Watts et al., 1976] and west
of Central America. If the offshore anomaly is caused by loading and flexing of the Juan de Fuca plate, then
the plate probably has sufficient strength to support the overriding North American plate to some extent,
thereby contributing to the large positive anomaly over the Coast Ranges.
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A broad region with generally subdued anomalies lies east of the gravitational depression. The region
is interspersed with a series of northeast-trending anomalies. Riddihough et al. [1986] interpreted the most
prominent of these northeast-trending anomalies, the steep gradient trending northeast from central Oregon
to extreme southeastern Washington (Figure 2), as reflecting a buried connection between pre-Tertiary rocks
in the Blue Mountains with similar rocks in the Klamath Mountains; its present northeast orientation is
presumably the result of clockwise rotation of a Jurassic-age, north-south transform fault or continental
margin.

The gravitational depression over the Cascade volcanic province is not an artifact of the data reduction.
A density of 2.67 g/cmn® was assumed for all rocks above sea level in order to comipute both the Bouguer
and isostatic correction, and this density may be too high for typical Cascade volcanic rocks [ Williams and
Finn, 1985]. We recomputed the upward-continued, isostatic residual map using densities of 2.43 and 2.28
g/cm3. The latter density is unreasonably small, but provides a limiting case. The regional depression was
preserved in both cases, and we conclude that the gravitational trough is not a result of our selection of an
improper density for the Cascade Range.

Spatial Relation of Density Boundaries and Volcanism

Figure 5 shows our interpretation of isostatic residual gravity data in the northwestern United States.
Boundaries between areas of disparate density were interpreted from Figures 2 and 3 with particular attention
to north-trending features associated with the Cascade arc and northeast-trending features subparallel to
the Blue Mountain-Klamath Mountain lineament [Riddikough et al., 1986].

The long, north-south boundary (Figure 5, location a) in western Oregon, southern Washington, and
northern California lies near the western limit of the Western Cascades. It reflects the difference in density
between the volcanic rocks of the Western Cascades and the more mafic igneous rocks of the Coast Ranges
and Klamath Mountains.

The Quaternary arc in Oregon and northern California (Figure 5) sinuates within and along the edge
of the gravity trough. From 43°30° to 45°N., Quaternary volcanism has concentrated very close to the
eastern edge of the trough. South of 43°30’N., Quaternary volcanism has concentrated near the center of
the trough. Moreover, nearly all major volcanic centers lie very near a gravitational boundary. Mount St.
Helens, Mount Adams, Mount Hood, Mount Jefferson, Three Sisters, Crater Lake, Medicine Lake volcano,
Mount Shasta, and Lassen Peak all lie within 10 km of a density boundary. Mount Rainier and Mount
Baker lie approximately 20 km from a boundary. Newberry Crater is the only major volcanic center of the
Quaternary arc that is not near a density boundary. Gravity anomalies in the Cascade volcanic province
reflect geologic boundaries between blocks of disparate density; apparently these boundaries are foci for the
ascension of magma to the surface within the Quaternary arc [Blakely et al., 1985].

Segmentation

Guffanti and Weaver [1988) proposed on the basis of spatial, temporal, and compositional distribution
of volcanoes that the Cascade arc is divided into five segments (Figure 4). As summarized in Figure 6, the
gravity data are consistent with much of their interpretation. The best agreement between gravity data and
their proposed segmentation occurs in the Mount Shasta and Lassen Peak area. The residual gravity low
over Lassen Peak is part of a more regional northeast-trending depression (Figure 6, region A). Within the
Quaternary arc, the southern boundary of region A agrees precisely with the southern limit of segment 5
(Figure 4; Figure 5, location b), but the gravity boundary extends nearly 400 km northeast of Lassen Peak,
across the northwestern corner of Nevada and nearly into southeastern Oregon. It extends northeast well
beyond the majority of young vents, although basaltic vents appear associated with the gravity boundary
as far east as the Nevada-California border. The gradients of the anomaly indicate that its source is in the
upper crust. In Nevada, this abrupt gradient has been interpreted by McKee et al. [1989] as the northwestern
limit of pre-Cenozoic basement rocks.

A northeast-trending gravity high (Figure 6, region B) separates the gravitational depressions over
Mount Shasta and Lassen Peak. Within the Quaternary arc, the gravity high corresponds closely with the
boundary between segments 4 and 5 (Figure 4; Figure 5, location c), but the gravity high extends over 400
km northeast of Mount Shasta. The steepness of the gravity gradients indicate that the source is located in
the upper crust [Griscom, 1980; Blakely et al., 1985]. Moreover, Zucca et al. [1986] interpreted a shallow
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Fig. 5. Interpretation of boundary analysis. Bold, hachured lines indicate bound-
aries between regions of disparate density as interpreted from Figures 2 and 3.
Stippled area indicates lateral extent of young volcanic vents (Figure 4). Capital
letters and associated dots are major volcanoes; see Figure 1 for volcano names.

Lowercase letters indicate features discussed in text.

“basement” high from seismic refraction data in the vicinity of Medicine Lake which corresponds spatially
with region B (Figure 6). The basement high is approximately 40 kin wide in the north-south direction and

is buried approximately 1 km below sea level; the basement has a seismic velocity of 6.2-kin/sec.
Similar to region A, the gravity depression over Mount Shasta (Figure 6, region C) continues at least
400 km to the northeast. The northern limit of region C within the Quaternary arc corresponds only roughly
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Fig. 6. Relation between gravity boundaries and segmentation. Contour and
stippling same as Figure 2. Bold lines are structural contacts interpreted from
Figures 2, 3, and 5. Dotted line is the eastern edge gravitational expression of the
Klamath Mountains, Coast Range, and Puget Sound. Large dots indicate major
volcanoes; see Figure 1 for labels.

with the boundary between segments 3 and 4 (Figure 4). Guffanti and Weaver [1988] considered segment 3
to continue from the California-Oregon border to just south of Mount Hood. The gravity data suggest that
other segments (Figure 6, regions D and E) may exist north and south of the Three Sisters on strike with
the gravity lineations over the Blue Mountains, as suggested by Riddihough et al. [1986].

A northwest-trending gravity high (Figure 6, region G) is located within segment 2, includes most of
the vents of segiment 2, and separates the Oregon-California gravity depressions from similar depressions in
Washington. Region G is enigmatic for several reasons. It is the most pronounced high in an otherwise
reasonably continuous gravity trough that extends the full length of the Cascade Range in the United
States. It includes the only vents of the Cascade arc that do not lie within or near the edge of a gravitational
depression. It trends northwest, whereas most gravitational features crossing the Cascade arc trend northeast.
Nearly all large-magnitude earthquakes of the Cascade arc have occurred within this enigmatic gravity feature
[ Weaver, this volume).

The relation between volcanic activity and gravily anomalies is confused in northern Washington partly
because of the very pronounced minimum over the Puget Sound area. This minimum probably is caused by
thick accretionary deposits related to subduction of the Juan de Fuca plate [Simpson et al., 1986]. Stuart
[1961] estimated the thickness of the sedimentary deposits to be greater than 12 km assuming a density



contrast with surrounding Eocene volcanic rocks of 0.2 g/cm3. In spite of the complex gravity anomalies in
this region, the southern boundary of segment | (Figure 4) corresponds closely with the southern boundary
of region I (Figure 6).

Northeast-trending gravity anomalies in eastern Oregon, southeastern Washington, northeastern Cali-
fornia, and northwestern Nevada appear related to segmentation of the Cascade arc proposed by Guffanti
and Weaver [1988]. Segmentation at other convergent margins [e.g., Carr et al., 1973, 1974] is defined by
longitudinal changes in distribution of epicenters, dip of the Benioff zone, and distribution of andesitic vol-
canoes. These longitudinal changes are explained by fundamental structures of the descending lithosphere,
such as tear faults that affect the dip of the subducting slab and shift the axis of volcanism perpendicular
to the trench. The Cascade arc, however, has very little seismicity and no pronounced Benioff zone, and
Guffanti and Weaver [1988) relied primarily on the spatial and compositional distribution of volcanoes to
define Cascade segmentation.

The relation between northeast-trending gravity anomalies and Cascade segmentation, and the fact
that the anomalies are approximately parallel to motion of the Farallon plate relative to North America
[Engebretson et al., 1985), suggest that the sources of these anomalies are also related to presently subducting
lithosphere. Several factors argue against this explanation. First, many of the gravity gradients are too steep
to be caused by sources in the lower crust or below, and at least some of the gravity boundaries are caused in
part by structural features that crop out. For example, the southern boundary of region A (Figure 6) is the
northern limit of exposed pre-Tertiary basement [McKee et al., 1989], and Riddithough et al. [1986] interpreted
the gravity anomaly that trends northeast from central Oregon to extreme southeastern Washington (Figure
2) to be caused in part by exposed pre-Cenozoic rocks of the Blue Mountains. Seismic refraction data indicate
that region B is caused by sources within a few kilometers of the earth’s surface. It is difficult to imagine a
causal connection between the emplacement of these upper crustal rocks and present-day subduction of the
oceanic plate.

Second, geologic and paleomagnetic evidence indicates that rocks associated with the northeast-irending
gravity anomalies have been in their present orientation since the early part of the Tertiary. The Blue
Mountains province is an accreted island arc terrane of pre-Tertiary age [Hamilton, 1978; Dickinson and
Thayer, 1978]. Upper Jurassic to Lower Cretaceous granitic and high-temperature metamorphic rocks within
the Blue Mountains province have rotated 60° £29° clockwise relative to the stable craton [ Wilson and Coz,
1980]. However, andesitic and volcaniclastic rocks of the nearby Clarno Formation, mostly of Eocene age,
have rotated only 16° +10° clockwise [Gromme et al., 1986], and the Columbia River Basalt Group of middle
Miocene age has not rotated significantly [Choinere and Swanson, 1979; Hooper et al., 1979; Rietman, 1966;
Watkins and Baksi, 1974]. Rotation of the Blue Mountains province, therefore, was largely completed prior
to eruptions of the Clarno Formation and entirely completed by the end of Columbia River Basalt eruptions
[Gromme et al., 1986].

Hence, the northeast-trending gravity anomalies are not related to modern-day subduction of the Far-
allon plate, and their relationship with Cascade segmentation may be coincidental. Alternatively, segmen-
tation of the Quaternary arc may be influenced by the upper-crustal, pre-Tertiary structures that cause the
northeast-trending anomalies. These structures predate the Quaternary volcanism and may extend beneath
the Quaternary arc. As discussed previously, the location of volcanism appears partially controlled by crustal
structures that are reflected in gravity data, and Cascade segmentation may be influenced by similar effects.

Gravity and Heat Flow

Blackwell et al. [1982] noted a correlation between Bougner gravity and heat flow gradients located
roughly 35 ki west of Three Sisters volcanoes at about 44°N. They interpreted the correlation to reflect a
widespread, mid-crustal magmatic heat source at this location, elongated north-south and extending west
well into the Western Cascade Range. Ingebritsen et al. [this volume] disagreed on the basis of a detailed
heat-budget analysis and interpreted the near-surface heat flow to reflect advective transfer of heat from a
narrow magmatic source no wider than the Quaternary arc itself.

Figure 5 (location d) shows a density boundary located roughly 40 km west of Three Sisters at 44°N.,
which seems to support the interpretation of Blackwell et al. [1982]. Other explanations for the density
boundary are possible, however. For example, the density boundary may reflect a geologic contact rather
than a thermal discontinuity. The juxtaposition of rocks of disparate density along a north-south fault, as
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described in the same location by Sherrod [1986], may account for the gravitational gradient near 44°N.

CONCLUSIONS

Gradients in isostatic residual gravity data define boundaries between crustal blocks of disparate density
that are related to the volcanic development of the Cascade Range. Our results are consistent with previ-
ous ideas about segmentation of the Cascade arc [Guffanti and Weaver, 1988], but deciphering the causal
relationship between crustal density and segmentation is not straightforward.

Segmentation models commonly invoke geometric characteristics of the subducting plate as the pri-
mary factor controlling location and chemistry of upper-crustal volcanism. Like volcanoes, the gravitational
boundaries are upper crustal in origin, and perhaps they also are a product of disturbance of the crust by the
subduction process. More likely, the density boundaries may reflect upper-crustal structures that predate the
Cascade arc and have influenced the spatial location of volcanism. The array of linear anomalies extending
hundreds of kilometers northeast of the Cascade Range supports the latter hypothesis. At leasi one of these
anomalies, extending northeast from central Oregon to southeastern Washington (Figure 2}, appears related
to segmentation within the Cascade arc but is caused by exposed pre-Tertiary rocks of the Blue Mountains
province far from the arc. These rocks were in their present orientation by the middle Miocene and are not
related to modern-day subduction of the Farallon plate. Moreover much of the Pliocene and Quaternary
volcanism has concentrated on or near the contact between crustal blocks of disparate density. Apparently,
these contacts promote the ascension of magma to the earth’s surface.
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DETAILS OF CRUSTAL STRUCTURE IN THE CASCADE RANGE AND SURROUNDING
REGIONS FROM SEISMIC AND MAGNETOTELLURIC DATA

William D. Stanley, *Gary S. Fuis, and *Walter D. Mooney
Box 25046, MS964, Denver Federal Center, Denver , CO
*345 Middlefield Road, Menlo Park, California

ABSTRACT

Several long seismic and magnetotelluric profiles have been completed across the Cascade
Range and surrounding geologic provinces in California, Oregon and Washington in recent
years. These measurements have been made along coincident transects in some locations and
independent interpretations made from the two data sets. Joint geologic interpretation of the
two data sets provide constraints on the nature of the crust not available from either data set
alone. Joint analysis of coincident MT and seismic refraction data from northern California
along a transect crossing the Klamath Mountains, High Cascades, and Modoc Plateau indicates
that (1) in the Klamath Mountains, complex layering caused by stacked oceanic plates and
subduction complexes is reflected as both velocity, and to a lesser extent, resistivity
variations; (2) the structure of Medicine Lake volcano appears as an intrusive buildup and (3)
a low velocity layer interpreted to dip upwards to the east under the Modoc Plateau coincides
with the top of a deep crustal conductor. Magnetotelluric and seismic refraction determined
structure of the Newberry volcano is very similar to that of Medicine lake, except that the
volcano occurs near of thickening of the 6.4-6.5 km/s seismic layer and on the east side of a
structural trough indicated on the MT data. A long north-south seismic refraction profile
along the axis of the high Cascades in Oregon indicates a constant depth to the 6.5 km/s
velocity layer and several orthogonal, east-west MT profiles indicate a pervasive deep crustal
conductor occurring in the top of this velocity unit. This relationship of the crustal conductor
and the 6.4-6.5 km/s velocity unit was observed for all of the coincident data in northern
California and Oregon in the region from the High Cascades volcanoes eastward.
Magnetotelluric surveys in Washington reveal that accretionary structures in the southern
Cascades may control seismicity and volcanism. Comparison of seismic refraction and
magnetotelluric data from the Columbia Plateau reveal that large depths to the deep crustal
conductor may be due to mafic lower crustal rocks delineated by the seismic model. Analysis
of various mechanisms for producing the deep crustal conductor in the Cascades region leads
to a model with additive conductivity enhancing factors of metamorphic based carbon-mineral,
partial melt, and hydrous films in a region of the crust where ductile behavior occurs at the
top of the 6.4-6.5 km/s velocity layer.

INTRODUCTION
Crustal scale seismic refraction and magnetotelluric (MT) data have been obtained along
several transects as part of a comprehensive study of the Cascade Range volcanoes under the
U.S.G.S. Geothermal Research, Department of Energy and other programs. In this paper we
discuss newly developed refinements of structural models for the Cascades and surrounding
regions made possible by utilizing combined geologic interpretation of the MT and seismic
data, and in some instances, gravity and magnetic data. The objectives for this combined study
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of regional geophysical data from the Cascade Range and surrounding regions are to:

(1) Summarize pertinent velocity and and geoelectrical information from the region

(2) Ilustrate combined contraints on crustal physical properties

(3) Address the key question of the significance of a deep crustal conductor as it relates

to mid-crustal temperatures

(4) Relate types of structures interpreted from the geophysical data in the Cascades to

those in surrounding regions and to observed seismicity and location of volcanic
centers :

Examples of the combined geophysical survey data available include a long east-west
transect in northern California (GG’, fig. 1) with coincident seismic and MT data which is the
most complementary measurement profile using these two techniques. A long north-south
refraction experiment in the Oregon Cascades from Crater Lake to Mt. Hood crosses several
east-west MT profiles. A previously interpreted, detailed refraction experiment across the
Newberry volcano region (Catchings and Mooney, 1988) has been combined with MT and other
electromagnetic sounding data (Fitterman and others, 1988) for refinement of crustal structures
in eastern Oregon. MT surveys by Stanley and others (1987) in the southern Washington
Cascades-Columbia Plateau are combined in the present paper with refraction studies of the
Columbia Plateau by Catchings and Mooney (1988), of the Coast Range of Washington by Taber
(1986), and gravity-magnetic modelling of the Coast Range of Washington by Finn (1988) to
derive a broad structural profile through Washington. Several MT models of the Klamath
Mountains of northern California, Coast Range of Oregon and Washington, and of Vancouver
Island are compared and an accretionary model for the suture zone between the Coast Range
and Cascades is developed. A main focus of the paper is development petrological model for
the occurrence of a deep crustal conductor that occurs within a 6.4-6.5 km/s seismic layer in
the Cascades and its significance to heat flow and seismicity.

CASCADE RANGE SETTING

The Cascades Range of northern California, Oregon, and Washington includes a belt of
mostly Miocene volcanic centers (McBirney, 1978) known as the western Cascades (WC) and
another north-south alignment of Quaternary volcanos known as the High Cascades. The core
rocks of the North Cascades are composed of crystalline and high grade metamorphic rocks
that were amalgamated through accretionary processes in early Mesozoic time (Misch, 1966).
The Quaternary volcano belt has been formed by subduction processes as the Juan de Fuca
plate is consumed beneath North America. The Western Cascades and High Cascades were
formed in the later stages of four volcanic and plutonic episodes that swept across the
present Pacific Northwest (fig. 2). At about 70 Ma, magmatism was centered in the region of
the Idaho batholith, then migrated eastward across Montana and subsequently swept back to
Idaho by 50 Ma (Heller and others, 1987). During the latter part of this interval the northwest
trending Challis volcanic belt formed prior to migration of the volcanic activity into Oregon
(where volcanic units of the mixed sedimentary-volcanic Clarno Formation were erupted at
about 45 Ma). Similar volcaniclastic units of the John Day Formation were laid down in
present Oregon over the interval 35-20 Ma. In northern Washington, the westward shift of the
arc began earlier than in Oregon and comagmatic plutonism in the North Cascades has been
documented. Arc magmatism has been restricted to the Cascade Range of Washington-Oregon-
California for the past 35 Ma. The apparent wider sweep of magmatism in Oregon than in
Washington has been interpreted by Heller and others (1987) as due mostly to greater amounts
of subsequent extensional movement in Oregon (fig. 2). In the backarc region, Micoene to
Recent volcanic flows of basaltic to rhyolite composition cover the High Lava Plains (HLP, fig.
1) and Basin and Range portions of eastern Oregon; and also in the backarc, Miocene basalts
fill an apparent rifted oceanic basin in the Columbia Plateau (CP).

Most of the Quaternary volcanoes occur on a nearly north-south line from Lassen Peak
in northern California to Mt. Hood in Oregon. In Washington, the pattern of volcanoes is
more complex, being not nearly so linear as in Oregon and California; in addition, Quaternary
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volcanic flows are limited to the area near the main stratovolcanoes. Other volcanic centers
associated with the High Cascades are located to the east of the main trend of volcanoes; for
instance, Medicine Lake (ML) and Newberry (NB) volcanoes are located some tens of km east
of the main chain. Guffanti and Weaver (1988) have plotted spatial-temporal distributions of
approximately 4000 volcanic vents formed since 16 Ma in the Cascades. Guffanti and Weaver
(1988) interpret that Basin and Range volcanism migrated west to the Cascade arc from 5-10
Ma in a process they term "impingement". These authors also interpret that:

(1) Basaltic volcanism east of Cascade Range continued in the past 5 Ma in the

northeastern California Modoc Plateau where impingement is not yet complete.

(2) In central Oregon where the High Lava Plains intersect the Cascade arc, impingement

approximately coincides in time with the commencement of extension-related
volcanism and development of a graben in the High Cascades between Three Sisters
and Mount Jefferson.

Guffanti and Weaver (1988) divide the Quaternary volcano belt into six segments.
Segments one and two include the northern Washington and southern Washington volcanoes
which are separated by a gap of 90 km. They correlate the Washington volcanoes with a
segment of the subducting Juan de Fuca plate which has the least average dip over the length
of the magmatic arc. The narrow, NS trending belt of predominantly andesitic vents in
Oregon constitutes a third segment, which Guffanti and Weaver point out is adjacent to the
seismically quiet portion of the subduction zone. They interpret the narrowness of the volcano
belt in Oregon as indicating steep dip in the subducting plate. Guffanti and Weaver group
Mount Shasta and other extreme northern California volcanoes in segment four and the
southernmost Cascades volcanoes near Lassen Peak as segment five and suggest that these
segments are distinctive in differing ages of the Juan de Fuca and Gorda North plates,
amounts of subcrustal seismicity and plate geometry. Stanley (1982b) argued that east-west
MT profiles from the Cascades indicated largely thrust type structures in Washington on
segments one and two and partially in segments 4 and 5, whereas segment 3 in Oregon is
characterized by extensional structures. Segment 6 encompasses the northwest-southeast belt
of vents of the High Lava Plains in Oregon.

The development of the Pacific Northwest during the period prior to formation of the
magmatic arc is poorly understood, but Dickinson and Thayer (1978) have defined a Mesozoic
arc-trench system preserved in the present Blue Mountains region of Oregon (fig. 2). Nilson
(1985) has theorized the existence of a late Cretaceous sedimentary basin on the flank of the
Klamath Mountains province (fig. 2). The Klamath Mountains province consist of a system of
complex, thrusted accretionary units of Paleozoic and Mesozoic age (Irwin, 1977). Hamilton
(1969) interprets that the Sierra Nevada and Idaho batholith were once connected, but have
been separated by Basin and Range extension. Later stages of this extension are indicated in
figure 2. A marine sedimentary basin (SWCC, fig. 2) is interpreted by Stanley and others
(1987) to have developed prior to accretion of a major seamount complex (Siletzia). This
marine sedimentary system is believed to include the MacIntosh, Raging River (Buckovic, 1979),
and other formations found in the Puget and Chehalis basins (fig. 2). A system of syn- and
post-accretion sedimentary basins (Tyee Fm., etc) developed in the present Coast Range region
of Oregon and Washington. Fritts and Fisk (1985) interpret that an incipient rift developed in
the present Columbia Plateau (fig. 2, upper) in late Cretaceous, eventually leading to a
thermally subsiding basin that filled with voluminous Miocene flood basalts.

HEAT FLOW, MAGMA PRODUCTION AND GEOTHERMAL RESOURCES

The Cascades Range contains voluminous Quaternary volcanic rocks and it is hypothesized
that a large geothermal resource may reside beneath the surface of these volcanic flows
(Muffler, 1987). Heat flow values in the Oregon High Cascades from Mount Jefferson to
Crater Lake typically exceed 100 mw/m2 (Blackwell and Steele, 1984) at the western margin
of the High Cascades and remain high throughout most of southeastern Oregon and
northeastern California. Heat flow in the Washington Cascades volcanoes is not as high as
that in the remainder of the High Cascades to the south. The temperature gradients over
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most of the high heat flow area in Oregon are greater than 50°C/km. Blackwell and others
(1982) have modelled the heat flow data in Oregon, south of Mt. Jefferson (fig. 1), with a
tabular magma accumulation at depths of 7-10 km. The depth to the Curie isotherm (about
570° C) in approximately the same area is estimated to be 9 km (Connard and others, 1983).
In contrast to Blackwell and others (1982) model of an extensive magma accumulation
underneath the Cascades, detailed study of earthquakes at Mount St. Helens by Scandone and
Malone (1985) and Shemeta and Weaver (1986) suggest that magmatic bodies associated with
the Cascades volcanoes may be small. Weaver and his co-workers argue that only a thin
conduit of 100 m diameter may comprise the magmatic plumbing at Mt. St. Helens. Below a
depth of 8 km they estimate the possible magma storage to be less than 2 km in diameter and
less than 4-5 km in vertical extent. If these assumptions were applied to the central Oregon
Cascades, they would be in conflict with Blackwell’s models which calls for large volumes of
molten rock at depths of 7-10 km.

Stanley (1982,1983,1984) discussed the role of partial melting in producing a deep crustal
conductor at a depth of 12-20 km in the Cascades, but did not present any firm conclusions.
This conductor occurs over much of Oregon and northern California east of the boundary of
the western and High Cascades. It is important to determine, if possible, the relationship of
this deep crustal conductor to heat flow and magma occurrences, and consequently, the
geothermal resources of the Cascades. We will attempt to place further constraints on its
nature in this paper.

INTERPRETATION OF MT AND SEISMIC DATA

The seismic refraction profiles have been interpreted by a combination of ray-tracing and
synthetic seismogram methods as described in Catchings and Mooney (1988), Zucca and others
(1986), and Mooney (1988). MT soundings were interpreted using combinations of one-
dimensional (layered) and two-dimensional geoelectrical models derived with iterative forward
and generalized inversion computer programs. We will not discuss the derivation of the models
in detail in this paper, but instead focus upon the possible geologic constraints placed upon
the crust in the Cascades by the two different geophysical data sets. We show that, in some
instances, the direct comparison of the two data sets and integration of gravity and magnetic
data allow valuable refinement of the individual models. This integration has been somewhat
completed for the Newberry volcano study (Fitterman and others, 1988), but even there an
optimum model that satisfies all of the data sets has not been derived.

The ability to interpret lithology from the MT and seismic data sets is dependent upon
our understanding of the electrical and acoustic properties of rocks under the temperatures
and pressures encountered in the Cascade Range and surrounding region. A short discussion of
rock properties is essential to provide a background for statements concerning lithological
correlations of various MT and seismic models in this paper. Regarding electrical properties,
it is well known that electrical resistivity varies over an extremely large dynamic range, with
common rock resistivities ranging from 1 ohm-m to 10,000 ohm-m. Commonly rock forming
minerals at surface pressures and temperatures are normally very resistive, with the exception
of metallic minerals and graphitic carbon, which are very low in resistivity. For most rocks,
resistivity is controlled by fluids in pore spaces or intergranular coatings in an ionic
conduction process rather than solid electronic conduction through the mineral matrix. This
ionic controlled resistivity is a function of salinity of the pore fluids, temperature, and
pressure and is important for sedimentary and other rocks with connected porosities of greater
than a few tenths of percent. The effect of temperature is to increase ionic mobility and
decrease resistivity and is at a maximum at temperatures around 200-250°C. As porous rocks
are buried to depths greater than a few km, porosities are decreased due to lithostatic loading
until they normally become highly resistive. This process is complicated in shales, however,
because ionic conduction in shales occurs in trapped water in layered clays and zeolites; as a
result, the resistivity of shales will be low (1-20 ohm-m) and more constant as normal porosity
decreases. As shales are metamorphosed, both porosity and layered clays are destroyed, but
resistivities can be maintained at a low value due to formation of carbonaceous or iron
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mineral films along fissile planes in the metashales. Intrusive rocks have minor porosity and
thus are normally very resistive, typically in the range of 500-20,000 ohm-m. Fracture porosity
and intense alteration of intrusive rocks can lower their resistivity well below this range in
some instances. Volcanic rocks normally can have significant porosity, but also have very high
resistivities when unaltered and pore waters are very fresh, as tends to be the case with
volcanic rocks. As volcanic rocks increase in age, the formation of layered clays and zeolites
dramatically increase their resistivity so that typical values for tuffaceous rich (tuff alters
very fast) flows and volcaniclastic rocks of Tertiary age in the Cascades is less than 20 ohm-
m. Metamorphism of crustal rocks beyond zeolite facies generally increases resistivities;
although, as mentioned for shales, low resistivities may be maintained until any carbonaceous
or metallic minerals films are destroyed. As temperatures and pressures increase, melting or
anatexis of the rocks may occur and this leads to decrease in resistivity of the rocks by up
to two orders of magnitude due to ionic conduction in the melt.

Seismic compressional velocities in crustal rocks vary over a much narrower range than
do resistivities, typically ranging from 2-8 km/s for the crust, with a narrow range of 4-7.5
km/s observed for basement and deep crustal rocks in the Cascade region. Velocity for
Tertiary sedimentary rocks in the area are in the low end of this range, normally 3 km/s or
less. Compressional velocities for volcanic rocks are highly variable, but are believed to fall in
the range from 3-5 km/s in the Cascade region. The velocity of intrusive rocks is influenced
by the proportion of quartz to mafic minerals in the rocks, with felsic rocks such as granite
having velocities of 5-6 km/s and intermediate to mafic intrusive rocks ranging higher than
6.3 km/s. The average velocity of crustal rocks is generally accepted to be 6 km/s. The
compressional velocity of crustal rocks generally increases with depth along with a well
defined relationship to density (Birch, 1961) and decreases with temperature. The increase in
density with depth may be offset starting a some depth by the increase in temperature. This
temperature controlled negative velocity gradient has been cited as the possible cause of some
interpreted low velocity zones in the crust (Meissner, 1983). Development of mid-crustal
zones of hydrofractures from release of high-pressure metamorphic water may also cause
lowered velocities. For instance, Hall and Ali (1985) state that 0.5% fracture porosity can
cause compressional velocities to be lowered by 10%.

Because of the different controls over resistivity and compressional velocities, we do not
expect complete agreement between the MT and seismic refraction models that we studied.
However, in general the two data sets derive similar models for shallow crustal features and
coincide to a certain extent for some mid-crustal features. It is the analysis of the
coincidence or variance in the models and attendent scrutiny of constraints on lithology that
make the exercise we attempt in this paper significant. However, this analysis represents only
a first step and does not include a re-evaluation of the uniqueness of the individual models.
We will not discuss at length the uncertainty of the individual models, but it should be
pointed out that the MT models normally have the minimum number of model parameters
required to fit the data. The seismic models discussed normally have a large number, typically
eight, which may not be a minimum parameter set. In some instances, we discuss the seismic
interpretations in a simplified manner by combining model layers. The uncertainties for a
given depth or resistivity or seismic velocity cannot be satifactorally quantified, but are
typically large with a typical lower limit of possibly 20%, except for special situations such as
for very accurately determined surficial layers or extremely thick, uniform subsurface units.
Accuracies in the MT models are influenced by data quality, selection of strike direction,
static shifts (Sternberg and others, 1988) and limited geometry of the model among other
factors. Refraction models are similarly limited by data quality, accuracy of event arrival
picks, style of record correlation (Mooney, 1988), effects of low-velocity layers, multiples, and
other factors. The possibilities for extracting optimum models from combined MT and seismic
refraction-reflection models have not been commonly exploited and to this date we have not
accomplished much along these lines for the data discussed in this paper.

CHARACTERISTIC STRUCTURES OF THE OREGON CASCADES
We begin with a discussion of the Oregon Cascades because the overall pattern of
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structure in this part of the volcanic belt is somewhat simpler than that in northern
California and Washington. Interpretation of four east-west (fig. 1) MT profiles
(Stanley,1982;1984) indicated that the geoelectrical structure of the Oregon Cascades could be
approximated with a four layer sequence consisting of (from the surface down):

(1)A resistive layer (150-1500 ohm-m) of .5 to 2 km thickness representing Quaternary
volcanic flows.

(2) A conductive layer (4-30 ohm-m) of 1 to 4 km thickness that is made up of Tertiary
felsic volcanic flows, ash sheets, sedimentary rocks and volcaniclastics. Locally,
such as on the margins of the Blue Mountains, this conductive unit may include
some Cretaceous sedimentary rocks.

(3) A resistive layer (>100 ohm-m) that represents the upper part of the crust; comprised
of pre-Tertiary accreted crustal units and intrusive materials from subduction
related magmatic activity.

(4) A conductive zone (2-20 ohm-m) at depths of 12-25 km; this zone has been generally
thought to represent a combined effect of temperatures greater than 500°C and
small percentages of free water. Other possibilities for the causes of this conductive
zone will be discussed at length in this paper.

An example of a typical one-dimensional MT model section was derived for profile DD’
(fig. 1) across the Cascades as shown in Figure 3a. A two-dimensional model that better fits
the low-frequency parts of the MT data is shown in figure 3b. In these models layer no. 2
thickens beneath the axis of the High Cascades. The increased thickness of layer no. 2 near
the axis of the High Cascades is expressed on other profiles in Oregon and northern California
and may be indicative of subsidence initiated by outpouring of the Quaternary volcanic pile.
Alternately, the thickening of layer no. 2 may be an outward stepping structural graben caused
by continued extension of the crust. The High Cascades volcanoes are interpreted to be
located within a shallow graben by McBirney (1978), but Smith and Taylor (1983) prefer to
limit the graben to the central Oregon Cascades. Extension is very much in evidence in the
Oregon Cascades, with many north-south trending normal faults associated with the central
graben, as well as northwest trending normal faults that extend into the Cascades from the
Basin and Range province.

The deep crustal conductor (DCC, layer no. 4) on this section occurs at depths of about
12-15 km. Temperature gradients in this part of Oregon are approximately 55°C/km (Blackwell
and Steele, 1983); even though these gradients cannot be extrapolated through the crust,
conservative calculations of deep geotherms along the lines followed by Lachenbruch and Sass
(1978) for the Basin and Range indicate that temperatures should be well over 500°C at depths
of 15 km. It certainly would be reasonable to expect that the low resistivities could be caused
by partial melting at these depths. The rise in the deep crustal conductor under
soundings 4 and 5 on profile DD’ is believed to be real, although the westward pinchout of
layer 2 on this section and others makes for equivocal models.

A more detailed look at the local structure where the conductor is shallower is provided
by profiles completed in the Breitenbush Hot Springs area (fig. 5), which is near the contact
between the High and Western Cascades. Breitenbush Hot Springs is one of several hot springs
areas that are located on the approximate contact between the High and Western Cascades. A
geothermal exploration well (Sunedco Hole, fig. 5) indicated that temperatures of 130° C are
found at a depth of 1700 m. The Breitenbush Hot Springs area has been proposed as a deep
continental drilling site (Priest and others, 1987). On the one-dimensional interpretation of
MT profiles BR1 and BR2 (fig. 6) a shallow zone with resistivities of 2-20 ohm-m (mostly <6
ohm-m) represents a highly altered section of Oligocene-Miocene volcanics that may have been
a Holocene hydrothermal system. The resistive area west of sounding 7 on profile BR2 is
thought to be a Tertiary pluton. The depth to the deep crustal conductor is from 7 to 18 km
beneath this area and although the variations along this profile may not be significant due to
the limitations in the modelling process, the predominately shallow depths to the conductor
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are. A detailed MT profile from the Oregon coast to the High Cascades (location denoted by
"EM" in fig. 1) has been completed as part of a large electromagnetic survey funded by the
National Science Foundation (EMSLAB Group, 1988). This eastern end of the EMSLAB profile
approximately overlaps our Breitenbush MT profiles and the central part of MT profile DD’.
Wannamaker and others (1989) describe a two-dimensional model for the EMSLAB MT profile
which indicates a deep crustal conductor under the Cascades similar that determined from our
data. Under the Western and High Cascades this conductor is presented in the Wannamaker
and others (1989) model as a horizontal feature at depths of 25 km beneath the Western
Cascades and about 10 km underneath the High Cascades. These two regions for the deep
crustal conductor are joined by a rise of the conductor top surface to as shallow as 5 km in
the Breitenbush area. Wannamaker and others (1989) doubt that this deep crustal conductor
underneath the Cascades results primarily from silicate melt in large volume, but rather from
hydrothermal fluids and the cumulative alteration attending repeated intrusion and
crystallization.

Interpretation of the north-south refraction profile in Oregon (fig. 1) by Leaver and
others (1986) provided a velocity structure with eight major layers (fig. 4). It should be noted
that the velocity in each layer is not constant, but the velocity function consists of a linear
gradient within each individual layer. The first layer, with a thickness of 1.3 km and velocity
of 2.9-3.0 km/s corresponds approximately to the MT model layer no. 1 interpreted to be made
up of Quaternary volcanic flows. Seismic layer no. 2 extends to about 3.4 km depth with a
velocity of 4.7-4.8 km/s. We assume that this layer represents the Tertiary sedimentary and
volcanic rocks beneath the surface Quaternary flows and corresponds approximately to MT
model layer no. 2 (fig. 3a). Seismic layers no. 3 and 4 encompass velocities of 6.0-6.1 and 6.3-
6.4 km/s and depths down to 11 km. These units approximately correspond to MT model layer
no. 3 and are thought to represent pre-Tertiary sedimentary and metamorphic crust.

Probable lithology for this pre-Tertiary crust in the region of MT profile DD’ may be
Jurassic metasedimentary rocks and accreted-arc, metavolcanic rocks similar to those found in
the Blue Mountains of Oregon (fig. 1). The western extent of the fossil subduction zone in the
Blue Mountains is not known, but if the crust beneath the central part of profile DD’ has not
been totally distended and reconstructed, it is reasonable to assume that accreted units similar
to those found in the Blue and Klamath Mountains may form the upper part of the sub-
volcanic basement. If the crust had been totally rifted apart and reconstructed, this probably
would have involved a rise of mafic material from the mantle, causing large gravity and
velocity highs as demonstrated by Catchings and Mooney (1988) for the Columbia Plateau and
other rifted areas. The extended crust of the Cascades may have been modified in a manner
similar to that in the Basin and Range where Lachenbruch and Sass (1978) proposed crustal
adjustment by magmatic underplating and possible dike injection. Cretaceous sedimentary
rocks probably do not make up a large part of this basement, because MT soundings and well-
logs (Sternberg and others, 1988) in the Blue Mountains show that these Cretaceous units are
quite conductive (10-40 ohm-m). Also, acoustic velocities of the Cretaceous shales and
sandstones would be expected to be lower than those observed in seismic layers no. 3 and 4.
This zone undoubtedly also contains Tertiary and Quaternary intrusive rocks, but the overall
extent of such intrusive bodies cannot be determined from the MT and seismic data.

The next major unit on the seismic model, layer no. 5, has a velocity of 6.5-6.6 km/s and
extends from 11 km to 27 km depth. Layer no. 5 represents the mid-crust beneath the
Cascades and the MT data indicate that DCC occurs within the upper part of this seismic unit.
A seismic layer of 7-7.1 km/s (layer no. 6) forms the lower crust on the model from Leaver
and others (1986) at depths of 27-44 km. The Moho is represented by the strong velocity
gradient layer (layer no. 7) at depths of 44-46 km, underlain by mantle velocities of greater
than 7.7 km/s. Regional earthquake travel times were used by Leaver and others (1986) to
refine the mantle velocities and crustal thickness.

CRUSTAL STRUCTURE EAST OF HIGH CASCADES
Detailed geoelectrical and seismic studies have been done in the area of Newberry
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volcano (fig. 7) in east central Oregon (Fitterman and others, 1988; Catchings and Mooney,
1988). The seismic refraction profile extended from just west of Newberry volcano to east of
the Brother’s Fault zone that bounds the Blue Mountains on the south side. The Brother’s
Fault is a possible strike slip fault system (Lawrence, 1976) that forms the northern boundary
of Basin and Range structures in Oregon. MT profile EE’ crosses the High Cascades and ends
just east of Newberry volcano. Measurements across the western end of the profile were
made at widely spaced intervals, but more detailed surveys were conducted around Newberry
volcano. The MT surveys at Newberry were combined with other geoelectrical soundings made
using time domain electromagnetic (TDEM) and direct current (DC) methods as described in
Fitterman and others (1988). MT profile EE’ (fig. 7) did not extend into the High Lava Plains
east of Newberry as did the refraction experiment, but another MT profile, FF, did extend
well into the Basin and Range. Newberry volcano appears to represent the eastern edge of
Cascades volcanism and is at the leading edge of a propagating volcanic-extensional front (fig.
7) trending southeast to northwest from the Basin and Range (Macleod and others, 1976).

The interpretation of the western part of MT profile EE’ (fig. 8b) indicates a well
developed structural trough along the axis of the High Cascades volcanoes similar to that on
profile DD’(fig. 3). Blakely and others (1985) have noted an expression of this trough in
upward continued gravity data. It would be worthwhile to jointly invert the MT and gravity
data to remove the effect of the trough on the gravity field in order to investigate deeper
anomalies, but we have not done this yet. Newberry volcano forms a resistive high on the
pre-Tertiary basement with a relief of about 2 km. In general, the same generic four-layer
model discussed above for the central Oregon Cascades fits the local Newberry data with
minor modifications. Lake sediments and volcanic fill in the central part of the volcanic
crater require a more conductive first layer of about 80-180 ohm-m in the MT-TDEM model
(fig. 9). Excellent constraints are provided on the resistivity of the first and second MT
model layers in the Newberry volcano because of extensive TDEM and DC soundings. The
geoelectrical structure in the upper 2-3 km from the MT and TDEM soundings are compared
with the surface of the subvolcanic structure (5.6 km/s layer) as determined from the seismic
refraction profile (fig. 8a) of Catchings and Mooney (1988) in figure 9. Agreement between
the two EM methods is excellent, especially in light of the fact that there was no attempt
made to jointly interpret the two data sets. The sub-volcanic basement surface as determined
independently from the MT and seismic refraction data shows some major discrepancies. The
basement high on the seismic refraction model is much narrower and shallower than on the
MT interpretation. Modelling of the gravity data (Williams and Finn, 1985) seems to support
the width and depth of the basement high from the MT model over the narrow structure
interpreted from the refraction data. The gravity data appear to mimic the MT derived
basement surface except for the minor minimum on the gravity profile underneath the center
of the Newberry caldera. This gravity minimum is probably caused by the low density fill and
lake sediments in the crater (Williams and Finn, 1985) as also evidenced by the low
resistivities in the MT and TDEM first layer.

The resistive first layer in the MT and TDEM models corresponds to unaltered
Quaternary volcanic flows as discussed in Fitterman and others (1988). The base of this
resistive upper layer is largely controlled by a zone of layered clay formation below the water
table and not by a basic lithological boundary. Thus, the electrical boundary should not
necesarily be the same as a layer boundary on the seismic model. This is in fact the case,
since the first major seismic layer (fig. 8a) is interpreted to be almost 2 km thick and has a
velocity of 4.1 km/s. A slightly higher velocity layer (4.7 km/s) was used for the second unit
on the seismic model. This unit is comparable to 4.7-4.8 km/s velocities used in the central
Oregon refraction model by Leaver and others (1986). The base of the 4.7 km/s layer on the
Newberry refraction profile approximately corresponds to the base of the 5-20 cohm-m MT
model layer (layer no. 2). The presence of conductive Cretaceous sandstones and shales on the
southern flank of the Blue Mountains mentioned earlier suggests that part of the 4.7 km/s and
5-20 ohm-m units could contain such sedimentary rocks, especially to the east of Newberry,;
however, there is no conclusive evidence in the MT or seismic data to confirm this possibility.
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A thin 1.60 km/s layer is noted at the surface in the refraction model and Catchings and
Mooney correlated this unit primarily with lake beds in the Newberry area and alluvium
elsewhere.

The seismic refraction model (fig. 8a) for Newberry includes units of 5.6-6.2 km/s that
comprise the pre-Tertiary upper crust and correspond roughly to units of 100-750 ohm-m in
the MT model (layers no. 3). As was discussed for the central Oregon Cascades, these units
are possibly Jurassic and older subduction complex sedimentary rocks, ophiolites, and accreted
arcs of the fossil subduction zone found in the Blue Mountains.

A mid-crustal layer of 6.5 km/s thickens under Newberry volcano in the preferred seismic
model. A lower crustal unit of 7.4 km/s is underlain by upper mantle velocities of 8.15 km/s
at a depth of 37 km. Catchings and Mooney suggest that the interpreted thickening of the
7.4 layer is related to the extensional formation of a basin just east of Newberry volcano.
They envision that magmatic underplating may have played a role in maintaining relatively
thick (37 km) crust despite large amount of crustal extension in the region of Newberry.

The regional MT model for profile EE’ (fig. 8b) indicates that the deep crustal conductor
occurs at depths of about 15-17 km west of Newberry. Soundings in the near vicinity of
Newberry were difficult to interpret regarding depths to this conductor because of the
resistive structure directly under Newberry at depths of 2-4 km. For soundings just west of
Newberry, the depths to the deep conductor appears to be somewhat shallower, or about 12-
15 km. Comparison of depths to the DCC on both EE’ and FF’ suggests that a median value
for its depth is about 15 km, with some deepening on the eastern end of FF’ in the Oregon
Basin and Range. Regardless of sounding to sounding variations that may largely reflect model
limitations, the conductor appears to occur in the mid-crust about where velocities of 6.5 km/s
have been interpreted, in a manner analogous to the central Oregon High Cascades. None of
the MT data for profiles EE’ and FF" were taken with long enough recording times to see
through the deep conductor, but selected soundings on the west end of profile DD’ did sense
the bottom of the conductive layer. If a resistivity of 1-3 ohm-m is assumed for the
conductor, the thickness must be at least 5 km; higher resistivites will permit proportionately
thicker conductors. It is our assumption that the conductor occurs largely within the 6.4-6.5
seismic layer for geologic reasons that we will subsequently discuss.

NORTHERN CALIFORNIA SEISMIC AND MT PROFILE
The most satisfactory profile for combined interpretation of crustal refraction and MT
data across the Cascades is the joint MT-seismic profile in northern California (GG’, fig. 1)
that extends east-west from the Klamath Mountains province, across the High Cascades and
Modoc Plateau and onto the Basin and Range (fig. 10). The main east-west seismic refraction
profile was interpreted by constructing velocity models using perpendicular, crossing profiles
that roughly parallel the geologic strike as discussed in Zucca and others (1986).

Klamath Mountains Section

In contrast to the profiles discussed above that were completely located on volcanic
terranes, the northern California MT-seismic profiles start on complex, accreted units of the
Klamath Mountains. The Klamath Mountains province is composed of several lithotectonic
belts that are largely bounded by thrust faults. From west to east these belts are: a western
Jurassic, western Paleozoic and Triassic belt (Irwin, 1966, 1981), a central metamorphic belt,
and an eastern belt of sedimentary and volcanic rocks of forearc and arc affinities ranging in
age from Middle Jurassic to Ordovician. A large sheet of ultramafic rocks (Trinity ultramafic
body) crops out over a broad area in the east-central Klamath Mountains. Mt. Shasta appears
to be located on the suture joining the Klamath province to the pre-accretion continental
margin. The age of accretion is not known but late Cretaceous basin sediments of the
Hornbrook Formation (Nilson, 1985) lap on the northern edge of the Klamath Mountains, thus
accretion must have occurred prior to late Cretaceous.

The preferred seismic refraction model for the Klamath section of profile GG’ (Zucca and
others, 1986) consists of 8 layers as indicated in figure 11c. The authors used three low
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velocity layers in the model (layers 3,5, and 7) in an attempt to reproduce large amplitude
secondary arrivals and oather more subtle parts of the travel-time curves in synthetic
seismograms. The 7.0 km/s unit was derived from an unreversed segment of the travel time
curve and was interpreted to be loosely constrained because phases beyond the critical point
were poorly observed. On the Klamath crossing line, only the reflection from this basal unit
was clearly observed.

The MT model for the Klamath Mountains region indicates a 190 ohm-m unit that
correlates with outcrops of the Trinity ultramfic body. The base of the ultramafic unit on the
refraction was interpreted by Fuis and others (1987) to be the bottom of the 6.5 km/s layer.
Fuis and others correlated magnetic models for the Trinity ultramafic body computed by
Griscom (1977) with the seismic refraction model and Blakely and others (1985) interpret the
aeromagnetic data to indicate that the ultramfic units extend underneath Mt. Shasta. The
velocity model (fig. 11d) beneath the Trinity ultramafic sheet was interpreted by Fuis and
others in the following manner with the aid of laboratory measurements of sample velocities:

o the 6.7 km/s layer was correlated with the central metamorphic belt

o a low velocity zone beneath the 6.7 km/s unit is correlated with the Stuart Fork

Formation (Davis and others, 1980) and with the upper sedimentary and volcanic
sequence of the North Fork terrane of Ando and others (1983)

o the velocity step to 7.0 km/s was tentatively correlated with the ophiolitic basement

of the North Fork terrane or the Hayfork Bally meta-andesite

The MT model for the Klamaths is somewhat simpler for the section beneath the Trinity
ultramafics. The 20-60 ohm-m units have a resistivity range possibly suggestive of
metasedimentary rocks containing mildly carbonaceous and/or pyritic foliation plane coatings,
thus we correlate this unit with the metasedimentary part of the Stuart Fork.Formation.
These rocks have been intruded by a Mesozoic pluton where resistivities of 1100 ohm-m are
indicated. This pluton was not directly observed on the seismic data, but postulated by Fuis
and others (1987) from nearby outcrops on either side of the seismic line. The 300 ohm-m unit
just east of the pluton may be comprised of thermally metamorphosed Stuart Fork Formation
units which outcrop near the sounding location. Units of 110-200 ohm-m west of the pluton
and at depth beneath the Trinity ultramafics are correlated with hornblende and mica schists
(Salmon Group) and the ophiolitic part of the North Fork terrane. The 600 ohm-m unit just
west of Mt. Shasta may represent a minor intrusive body associated with the suture zone
between the Klamath province and the pre-accretion margin.

Of major interest for the Klamath section of the MT-seismic profile is the conductive
layer that forms the base of the MT model (fig. 11a). Data recording was not long enough to
enable detection of the base of this conductor, but if a median for the range of 10-20 ohm-m
is used for the intrinsic resistivity of the conductor, then it’'s minimum thickness must be
about 10 km. Deep, east-dipping conductors have been found below the central Oregon Coast
Range in the EMSLAB MT study (EMSLAB group, 1987), under the Coast Range of Washington
by Stanley and others (1987), and under Vancouver Island by the Canadian Lithoprobe group
(Clowes, 1987). In the Oregon, Washington, and Vancouver Island occurrences of this dipping
conductor the rocks are interpreted to be Tertiary subduction complex rocks that have been
thrust beneath the oceanic basalts and other units in the coastal ranges region. Blake and
Jones (1986) suggest that late Cretaceous sedimentary rocks of the western Franciscan
Formation have been thrust beneath the Klamath Mountains province in their study area to
the southwest of the MT-seismic profile. We believe that this tectonic model. is the most
probable one for the east-dipping conductor beneath the main part of the Klamath Mountains.
The seismic model involves a poorly constrained 7.0 km/s layer in about the position of the
conductor in the central and eastern part of the Klamath profile section. However, it must be
noted that a low velocity layer of 6.6 km/s was placed above this basal unit. Strong wide-
angle reflections in the true-amplitude record section indicated the need for the 6.6 km/s low
velocity zone in the refraction model, but the model is extremely equivocal with regard to the
velocity and thickness of this layer and the actual depth to the basal 7.0 km/s layer. We
propose that the original interpretation by Zucca and others (1986) for the refraction data
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could be modified by simulation of the east-dipping conductor on the MT model; this would be
accomplished by increasing the thickness of the 6.6 km/s low-velocity layer and and requiring
the 7.0 km/s interface to dip to the east. This augmentation of the refraction model would
better fit the MT and geologic model.

Cascades and Modoc Plateau Sections

The section of the MT-seismic profile across the volcanic terranes of the Cascades and
Modoc Plateau (fig. 11a) is much simpler than that from the Klamath Mountains. Quaternary
volcanic flows are represented by the thin, resistive (<1 km thick, >100 ohm-m) surface layer
on the MT data. The refraction model (fig. 11¢) utilizes velocities of 3.5 km/s for both the
Quaternary volcanic flows and underlying, assumed Tertiary volcanic and sedimentary rocks. A
highly variable surficial layer on the refraction model is believed to be lake sediments and
alluvium. A 5-20 ohm-m second layer on the MT model and a 3.5-5.4 km/s layer on the
refraction model appear to be largely the same geologic unit. These units on the MT and
seismic models are believed to be geologically similar to MT and seismic layers for the central
Oregon Cascades, Newberry, and eastern Oregon Basin and Range and High Lava Plains
discussed above. Namely, this geologic unit probably consists of extensive Tertiary volcanic
flows, ash falls, ash laden sedimentary rocks, and other volcaniclastics; however, minor
amounts of Cretaceous sedimentary strata may be found in this model horizon.

The high resistivity bump at Medicine Lake volcano (fig. 11a) is also indicated on the
refraction model (5.7 km/s). We interpret that this resistive, high velocity structural feature
underneath Medicine Lake is an intrusive buildup very similar to that under Newberry volcano
in Oregon. Williams and Finn (1985) have made a similar interpretation based upon gravity
and magnetic models.

The sub-volcanic upper crust underneath the Cascades and Modoc Plateau is represented
on the refraction model by a 6.1-6.3 km/s layer extending to depths of 6-14 km. The mid-
crust is denoted by a 6.4 km/s layer above a fixed depth (25 km) 7.0 km/s layer. This final
layer is based upon a 7.0 km/s moveout observed in the record sections, but because this
event was not observed on a reversed record, its velocity and dip are uncertain. Additional
late arrivals were postulated to represent mantle at depths of either 36 or 45 km, but the
possibility that these arrivals were multiples of a shallower event could not be ruled out.

East of Medicine Lake the upper and mid-crustal velocities were interpreted by Zucca
and others (1986) to be separated by a thin (1.5 km) low velocity layer (6.0 km/s) that dips to
the west. This low velocity layer must be considered as highly conjectural in regard to
velocity or thickness, although its existence is strongly suggested by wide-angle reflections.
However, it is interesting to note that the deep crustal MT conductor also dips westward
underneath the Modoc Plateau. The conductor occurs approximately within the top of the
mid-crustal seismic layer (6.4 km/s); this is consistent with the position of the conductor in
relation to refraction models in central and eastern Oregon.

Fuis and others point (1987) out the similarity of the velocity-depth curve for the Modoc
line to those from the Sierra Nevada and Gabilan Range. Velocities below a depth of about 3-4
km were demonstrated to be quite similar, but a low-velocity zone such as that at a depth of
6-14 km on the Modoc Plateau model was not used to fit the Sierran or Gabilan Range data.
Strong similarities also exist between the Modoc model and Basin and Range velocity models,
but thicker low-velocity layers were selected for the Basin and Range models. Fuis and others
prefer the geologic interpretation that the Modoc Plateau is underlain by granitic and
metamorphic rocks similar to those of the Sierra Nevada and Gabilan Ranges. Surface
exposures of granitic rocks in the Sierra and Gabilan Ranges have velocities of 6.0-6.2 km/s.
However, the rocks in the upper crustal unit under the Modoc Plateau may not be Sierran
granites, because the main trend of the Sierran batholith occurs well to the east of the Modoc
Plateau (Smith and others, 1971).

Zucca and others (1986) interpret that the 6.4 km/s layer is composed of either
intermediate composition crystalline rocks or metamorphic rocks of amphibolite or granulite
facies. Velocities compiled for samples of these metamorphic rocks (Christensen, 1982) ranges
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between 6.4 and 7.0 at pressures of 4-6 Kbar (12-18 km). By considering the significant
reduction in velocity due to increased temperatures, this range for the Modoc Plateau would

likely be approximately 6.3-6.9 km/s which would be compatible with the refraction model. The
authors discount the possibility that the Modoc Plateau is underlain by a rift filled with new
crust as proposed by Blake and Jones (1977) and Hamilton (1978) because such rifts are
normally compensated by shallow, high velocity mafic rocks. MT surveys in rift areas such as
the Snake River Plain, show that the deep crustal conductor occurs deeper than 20 km where
the crust has been reconstructed through mafic compensation (Stanley, 1982). Other rifts,

such as the Rio Grande Rift (Jiracek, 1983) have both shallow conductors and seismic low
velocity layers in addition to high velocity lower crustal regions. Thus, the general picture

with rifts regarding MT and seismic models is not uniform. It seems clear that there is no

strong evidence in the geophysics for a rift under the Modoc Plateau; however, there is good

support, both in the geology and geophysics, for the strong overprint of Basin and Range
structures on the Modoc Plateau. We suggest that the west to east rise in the deep crustal
conductor is evidence for this increased thermal input. High heat flow values in the Modoc
Plateau (Mace and others, 1985), a shallow MT deep conductor, and large density of northwest
trending normal faults all suggest that the crust beneath the Modoc Plateau is highly
extensional.

Zucca and others (1986) and Fuis and others (1987) suggest that the Modoc Plateau may
be a composite of the roots of several magmatic arcs. Hamilton (1988) has reviewed the deep
crustal lithology of exposed island arc crust and finds that examples from west-central Idaho
and the North Cascades consist of upper and mid-crustal zones of crosscutting mafic and
intermediate plutons above isotopically primitive amphibolitic, tonalitic, and trondjemitic
gneisses, with the amphibolites becoming increasing garnetiferous or pryroxene-bearing with
depth. A classical exposed 40 km exposed section of island arc crust in Pakistan is
interpreted by Hamilton to contain stocks and small batholiths in the upper and middle crust
that grade from low greenschist through lower and upper amphibolite to garnet amphibolite
facies. The lower crust of this section consists of mafic granulites and mafic plutonic rocks.
In light of this crustal characterization we suggest in figure 11d that the 6.1-6.3 km/s zone in
the Modoc Plateau consists of crosscutting plutons rocks of intermediate composition, the 6.4
km/s layer represents amphibolitic gneisses at temperatures above 500°C, and the 7.0 km/s
lower crustal section consists of mafic granulites and mafic plutonic rocks. With the
increased temperatures under the Modoc Plateau water would be released from amphibolites,
possibly fluxing partial melts and creating other changes in the rock matrix at depths
coincident with the deep crustal conductor and the dipping low velocity zone. We will discuss
this petrologic model in detail later.

STRUCTURE OF THE WASHINGTON CASCADES

Extensive magnetotelluric surveys have been completed in the southern Washington
Cascades as described in Stanley and others (1987). Stanley (1984) also provided a deep
electrical model for the northern Columbia Plateau. Although Catching and Mooney (1988) have
studied the central Columbia Plateau (fig. 12) with refraction profiling, no active refraction or
reflection profiles have been completed across the Washington Cascades. Taber (1983) studied
the Olympic Peninsula and part of the Coast Range with earthquake travel-time analyses and
Taber and Lewis (1986) studied the Washington continental margin east of Gray’s Harbor with
a refraction profile that used offshore shots and onshore quarry blasts. Finn (1988)
constructed detailed gravity and magnetic models for a long profile through southern
Washington along Taber and Lewis’ refraction line and Stanley’s (1984) MT profile through the
southern Cascades and Columbia Plateau.

Stanley and others (1987) found that a conductivity anomaly first detected by Law and
others (1982) consisted of an east dipping conductive package they termed the southern
Washington Cascades conductor (SWCC) shown in figure 14a. The extent of this conductivity
anomaly is indicated in the contour map of fig. 12 along with significant magnetic anomalies
that were used to postulate a geologic model for the MT results. The conductive package was
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interpreted to be a possible late-Cretaceous to early-Eocene forearc basin-accretionary prism
system (fig. 2) that was sutured against and under the pre-Eocene North American continent
by accretion of a major seamount complex, Siletzia ( partially outlined by magnetic highs (S)
and (T) in figure 12). Other possibilities for the conductive rocks were considered, including
altered volcanic flows, thick continental sedimentary rocks, and graphitic/pyritic rich pre-
Mesozoic rocks. However, based upon correlation of shallower parts of the conductor with
outcrops of Eocene marine and transitional marine rocks, the lithology preferred for the MT
model is that of a marine sedimentary rock complex in the suture zone. Important
relationships of the conductive SWCC units with strike-slip seismicity and possible influence
over the location of Mt. St. Helens were also discussed.

Other features indicated in the MT model for profile AA’ are an intrusive body (Goat
Rocks pluton) east of Mt. Rainier, the Chehalis Basin, and details of the northern part of the
Columbia Plateau. On the Columbia Plateau the MT model indicates up to 3.3 km of surface
basalts of the Columbia River Basalt Group (CRBG) overlying about 3 km of conductive units
interpreted to be comprised largely of Tertiary continental sediments rich in tuffaceous clasts.
Seismic refraction profiling by Catchings and Mooney (1988) provides other details about the
deep crust and mantle underneath the Columbia Plateau. Key features of their model for the
Columbia Plateau region are shown in figure 13a. Catchings and Mooney used their 260 km
long NE-SW trending profile (fig. 1) to interpret that the central part of the CP is covered by
3-6 km of flows of the CRBG. The CRBG was interpreted to cover a variable accumulation of
sedimentary rocks assigned to a model low-velocity layer (5.0 km/s) up to 5 km thick. The
remainder of their seismic model included an upper crustal layer of 6.1-6.3 and an assumed
mafic, mid-crustal layer of 6.8 km/s. A high velocity (7.5 km/s) layer forms the lower crust
starting at depths of 25 km underneath the deepest part of the central basin of ‘the CP, the
Pasco Basin. Catchings and Mooney interpret their model to represent evidence for
continental rifting that was compensated for by a lower crustal rift pillow.

The deep conductive zone that dips to the east under the western Columbia Plateau may
not be directly associated with the SWCC, but instead may be caused by the same petrological
factors or physical processes behind the deep crustal conductor in the Oregon-California High
Cascades and in the eastern Oregon-northeastern California Basin and Range and Modoc
Plateau. It is tempting, however, from a simplistic, plate-tectonic standpoint to connect the
two conductors (SWCC and western CP). Note, however, that no deep conductor occurs in the
lower crustal 6.8 km/s layer as it does in the 6.4-6.5 km/s lower crustal units in Oregon and
California. This indicates lithologies, temperatures, or other physical conditions under the
Columbia Plateau that are different from the Cascades in Oregon and California.

In addition to profile AA’, profile CC’ (fig. 12) provided important information on
structures in the western Washington area. A two-dimensional model of data from CC’ is
indicated in figure 14 reproduced from Stanley and others (1987). On this profile SWCC units
were interpreted to be a highly compressed version of similar rocks on profile AA’. In
addition. Siletzia rocks were observed to be underlain by conductive units interpreted to be an
underplated Tertiary subduction complex like that in the Olympic Mountains and mapped under
Vancouver Island by the Lithoprobe experiments (Clowes and others, 1987).

The geophysical data along the transect AA’ allow us to construct an geological section
for our interpretation (fig. 13b). This transect coincides with DNAG transect C-3 (Cowan and
Potter, 1987). In this geological schematic we show Siletzia, as the major component of the
Coast Range, being underplated by post-Eocene subduction complex units. This interpretation is
somewhat a composite of the west end of MT profiles AA’ and CC’ and unpublished MT data.
Gravity and magnetic modelling of this section of the profile by Finn (1988) shows that the
section directly beneath conductive rocks must have relatively high densities (>2.9), indicating
the underplated unit is highly metamorphosed and may consist of a minor component of
sedimentary units, but mostly of dense and possibly altered ophiolites.

In the Cascades the SWCC forms a major part of the upper crust, possibly underlain by
oceanic crust and overlain by thick, post accretion volcanic flows that covered the region
starting at 40-25 Ma (figure 2). Seismicity that defines the SHZ zone of Weaver and Smith
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(1983) and source magmas for Mount St. Helens are interpreted to be coincident with the
suture between Siletzia and the SWCC. Narrow magma bodies are indicated ascending along the
SHZ at the western boundary of this suture in a manner envisioned by Scandone and Malone
(1985). Mount Rainier is interpreted to have developed on the pre-Eocene suture between the
SWCC complex and older units of the continent.

STRUCTURE OF THE COAST RANGE IN OREGON AND WASHINGTON

The Coast Ranges in Oregon and Washington are largely comprised of Tertiary forearc
sedimentary rocks underlain by Eocene basalts of Siletzia (fig. 2). In addition to the long MT
profile across the Cascades and Columbia Plateau in Washington discussed above, Stanley and
others (1987) discuss the comparison of their profile CC’ (which crosses part of the Olympic
Peninsula and Coast Range) with Canadian Lithoprobe program MT models from Vancouver
Island. Figure 15 shows (A) the Lithoprobe MT model from Vancouver Island (Clowes, 1987);
(B)a composite MT model from this paper across the Washington Coast Range; (C) the MT
model of the Coast Range in central Oregon from the EMSLAB experiment (EMSLAB Group,
1988); and the MT model for the Klamath Mountains from this paper. In this schematic we
have shown only details down to an interpreted deep conductor. The inferred edge of
Wrangellia in (A) and Siletzia in (C) from aeromagnetic data are also indicated. The
Lithoprobe model utitlizes constraints provided by deep reflection data across Vancouver
Island; the structure beneath Vancouver Island is envisioned to be somewhat analogous to that
of the Klamath Mountains with a stack of lithotectonic plates that decrease in age with depth.
A late Paleozoic-early Mesozoic oceanic plateau, Wrangellia (Jones and others, 1984) is
underlain by subthrust Metchosin basalts (part of Siletzia terrane), core rocks of the Olympic
Mountains subduction complex, and other underplated oceanic sedimentary and plate rocks. It
should be noted that the scales on the figure are somewhat variable, but the similarity in
structure for the various models is very evident, with a reasonably consistent style for the
conductive part of the subthrust units. However, thrusting of possible late Cretaceous (western
Franciscan) rocks under the Klamath block and Olympic subduction complex rocks (Tertiary)
under the north edge of Siletzia appears to be occurring at somewhat shallower depths than
the thrusting of sedimentary rocks beneath the main core of Siletzia in Oregon and beneath
combined Siletzia- Wrangellia terrane on Vancouver Island. This may be due to a larger depth
of shearing underneath thicker parts of Siletzia in Oregon and Wrangellia than underneath the
thinner Klamaths and northern part of Siletzia just south of the Olympic Peninsula. Monger
(1988) has postulated that both continental plateau and island arc complexes are generally
sheared along horizontal planes during accretion. In other words, generally only the upper
parts of accreted units may be welded to the continent, whereas the lower surfaces may
actually be subducted. This could easily be envisioned for a stack of relatively thin
accretionary plates such as that found in the Klamath Mountains. Massive oceanic rift-
seamount complexes like those in the core of Siletzia and the huge Wrangellia terrane (oceanic
plateau) may have sheared at larger depths, maintaining a greater thickness of primary
accreted material.

LOCATION OF EOCENE SUTURE IN THE CASCADES

The Eocene suture which is interpreted to be located in the area of the SWCC in
Washington has not been located elsewhere along the Cascades to the south. The suture
between the Klamath Mountains and continental crust underneath the Cascades.in northern
California is clearly located near Mt. Shasta as indicated in the MT and seismic profiles
through this region. However, this suturing took place prior to late Cretaceous and may be
steeply dipping as suggested by the seismic refraction model and interpretation of Blakely and
others (1985) that Trinity ultramafic rocks extend underneath Mt. Shasta. Consideration has
been given as to where the suture zone between Siletzia and pre-Eocene crust occurs in
Oregon. The very simplistic structures indicated in east-west MT profiles across the High
Cascades provide that the suture zone probably does not occur in the region of the
Quaternary volcanoes. The more probable occurrence of the suture is within the Tertiary arc
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which is defined by the Western Cascades volcanic field. The eastern edge of Siletzia basalts
in central Oregon can be somewhat discerned in aeromagnetic and gravity data and we suggest
that the suture occurs about as indicated in figure 15; the Tertiary volcanoes may have filled
this suture in central Oregon. Downwarps evidenced in the Chehalis and Willamette Basins may
be a result of compressive deformation of the leading edge of Siletzia during final
accretionary closure. Coastal Basins such as the Tyee, Astoria, and Grays Harbor Basin formed
on the west side of the central core of Siletzia.

NATURE OF THE MID-CRUST IN THE CASCADES
The seismic and MT interpretations discussed above allow us to speculate about the
nature of the mid-crust in the Cascades. As we have mentioned previously, knowledge of the
lithology and physical state of the rocks at depths of 10-25 km is crucial to accurate
assessment of geothermal, seismicity, and volcanic hazards potentials. The one phenomenon
that is essential to understand in this regard is the presence of a deep electrical conductor
within the region. It has been demonstrated that this conductor is generally located within
the mid-crust at depths of 12-20 km where seismic velocities are 6.4-6.5 km/s and higher.
However, there are some noteable variations in the depth. These variations are not considered
to include the underthrusting conductor found in the Coast Range-Klamath Mountains-
Vancouver Island models. The important departures of depths to the DCC from a general
value of 12-20 km in the Cascades and surrounding region are:
(1) very shallow DCC on the western margin of the High Cascades, near the contact with
the western Cascades
(2) shallowing of the DCC under the Modoc Plateau in correlation with the determined
dip of a low velocity zone at the top of the mid-crustal velocity layer of 6.4-6.5
km/s
(3) large depths to a DCC under the Columbia Plateau

Previous models for the DCC in the western U.S. have mainly involved the effects of
either free water and temperatures of over 500°C or of simply partial melt fractions. Stanley
(1977) discussed the role of temperature and water in terms of the conductor in the Snake
River Plain; Wannamaker (1987) calculated possible percentages of fluxed melt in the Basin and
Range and its role in the conductor; Jiracek (1983) advocated a trapped zone of free water
beneath a brittle-ductile transition in the Rio Grande rift to explain a deep crustal conductor
underneath the rift, in opposition to the interpretation by Hermance and Pedersen (1980) that
the deep rift conductor was caused by magma. Stanley (1988) has advanced arguments for
some deep crustal conductors in low heat flow areas being caused by carbon/metallic mineral
films in metamorphosed shales. Duba (1985,1988), pointed out the role of a carbon in the
crust and mantle as a possible factor in deep MT conductors. Stanley and others (1988b)
interpret regional conductors in the Alaska Range that extend from depths of as shallow as 3
km to over 20 km to be massive sections of underplated Mesozoic flysch with 3-5% high grade
carbonaceous material in fissile plane coatings.

Clowes and others (1987) interpret the east-dipping conductor under Vancouver Island to
be the result of saline fluids filling the pore spaces of interbedded sediments and basalts of
the upper oceanic crustal layers that have been underplated. The effect of saline or other
pore waters begins to decrease at upper crustal depths and temperatures above about 250° C
due to mixed phase fluid development. At mid-crustal depths (12-15 km) any free water
becomes significant if temperatures are greater than 500° C because of its ability flux granitic
melts. The development of mid-crustal magma and its ability to stope upwards through the
crust and remain molten is highly dependent on the amount of water in the melt.

Recent work on mid-lower crustal rocks illustrate the fact that large amounts of water
accompany metamorphic events. Russian workers (Feldman, 1976) have postulated the role of
trapped mid-crustal zone of water in development of deep crustal conductors. The formation
of granulites is accompanied by considerable amounts of hydrous fluid, possibly in equilibrium
with carbon dioxide and methane (Fyfe and others, 1978). Hoisch (1985) used occurences of
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wollastonite (calcite+quartz=wollastonite+CO>) in the Big Maria Mountains of Southern
Califronia to demonstrate that huge volumes of water have flowed through the mid-crust as
these rocks were metamorphosed at temperatures of 360-600°C. Free water in the Cascades
may have originated in the generation of granulites from amphibolite grade metamorphic rocks
in the lower crust as they were heated in the Quaternary by Cascades arc magmatism and
Basin and Range thermal overprinting.

Fournier (this volume;written comm., 1988) has discussed the role of crustal fluids
and high pore pressures in the deep crust. He points out that release of fluids from deep
crustal rocks may hydrofracture, or disaggregate (Fyfe and others, 1978) host rocks when the
released fluid pressure, Py, is greater than the confining pressure, Pg plus the tensile strength
of the rock (usually much smaller than the lithostatic pressure in the deep crust). He points
out that release of high pressure fluids may lead to several key effects:

o When least principal stress is horizontal, the released fluids act to hydrofracture the
deep crustal rocks along horizontal planes that concentrate the fluids..

o If rocks overlying a zone of fluid release are semipermeable, then reverse osmosis due
to steep pressure gradients may cause the residual fluid to become more saline with
time, contributing to an increase in electrical conductance. Non-dehydrating rocks
above reacting ones can form the impermeable or semipermeable zone (Fyfe and
others, 1978).

o The effect of thin horizontal films of high pore-pressure fluids in hydrofractured
laminations would be exhibited at the shallowest depth where competent rocks are
being subjected to compressive stress and especially pronounced where heating to
temperatures in excess of 350-400° C has occurred.

Fyfe and others (1978) provide a comprehensive analysis of the role of high pressure
fluids in propagating fractures through the crust and details on the characteristic pulses of
water generated in metamorphic dehydrations. They point out that a basic amphibolite
contains water in hornblendes and biotite, with hornblende frequently making up 50% of the
rocks volume and containing 2% weight water; thus a typical amphibolite could release 1% of
its total weight in dehydration water. The higher grade amphibolite facies dehydrate into
granulite facies producing the anhydrous minerals garnet-plagioclase-pyroxene. Partial melting
frequently occurs before complete dehydration, and because of the great affinity of water for
a silicate melt-phase, the hydrous fluids may be effectively tranported to higher levels of the
crust as the silicate magmas stope upward. Fluids and gases not soaked up by the silicate
magmas work their way upward through vertical microfractures and by grain boundary
migration until an impermeable zone is reached or until the pressure of the fluids is
significantly greater than the lithostatic pressure, Pj. If P is the maximum stress component,
then the fluids will disaggregate or hydrofracture the rocks horizontally until enough volume
is created to accomodate the released fluids and gases. The overlying impermeable zone may
simply be the non-dehydrating metamorphic rocks, a change in lithology, or the ductile
transition as envisioned by Eaton (1980) and Jiracek and others (1983), since mylonitic
texturing is normally found at this level. The impermeable zone will be effective in limiting
the vertical migration of fluids until the expanding width of the horizontal fractures
effectively creates a network of vertical fractures. In addition, upwardward stoping magmas
may disrupt the impermeable zone and purge the ponded water. Such horizontal fractures may
contain a mixture of hydrous fluids, partial melts, and mobilized graphitic or metallic mineral
films, It is possible to envision how this process could create a highly conductive zone in the
deep crust.

We suggest that the petrological processes outlined above explain the deep conductor in
the Cascades and has important implications to tectonic problems, such as limiting brittle
behavior in the crust. Normal brittle to ductile transitions in deep crustal rocks are produced
by the effect of pressure and temperature, but a horizontal network of microfractures would
simulate ductile behavior and effectively depth-limit seismicity due to extensional stress.
Seismicity in active tectonic regions typically has a sharp depth limit. For instance,
earthquakes in the Basin and Range of Nevada (Eaton, 1980), in Haicheng, China and Greece
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(Meissner, 1986) have a depth cutoff at about 15 km (Eaton, 1980)!; in the Rio Grande rift
(where heat flow is similar to that of the High Cascades), the cutoff is about 13 km (Sanford
and others, 1979); in the Coso, California geothermal area the cutoff is about 7 km (Meissner,
1986); and in the Yellowstone, Wyoming area it is only about 4-5 km (R. B. Smith, personal
comm). Earthquakes in the Oregon Cascades are very rare, but more frequent in the northern
California Cascades. A regional depth limit for events in the latter area is about 15 km
(written comm., C. S. Weaver, 1988). In the Columbia Plateau, seismicity extends to somewhat
larger depths of about 20-25 km. The depth limits for seismicity in northern California and
the Columbia Plateau are very crudely equivalent to the depth of the DCC, thus a brittle-
ductile transition could conceivably cap a zone of horizontal hydrofractures in the region
discussed in this paper.

These concepts are portrayed in the cartoon of figure 16. Ideas from Lachenbruch and
Sass (1978) and Hamilton (1988) on mafic underplating of the crust are utilized. Hamilton
(1988, oral comm.) suggests that mafic magmas pond at the base of the crust and partially fill
extensional gaps, but mainly generate silic magma that actually transport the heat upward
through the crust. In our model, this heat dehydrates amphibolite grade metamorphic rocks,
fluxes additional silicate melts, and releases water internal and external to the melts at higher
crustal levels. When an impermeable zone is encountered and Pi<Pg, then a system of
horizontal fractures is formed that may fill with fluids, including partial melt, and may be
coated with mobilized graphitic carbon and sulfide minerals. The metamorphic scaling for this
cartoon comes from considering the temperature profile and facies data of figure 17 modified
from Fyfe and others (1978). We selected a specific temperature profile shown by the dashed
line that coincides with the 50°C/km profile down to the point where the wet granite solidus
curve is intersected (13 km, 650°C) and was assumed to be nearly isothermal with a gradient
of about 10°C/km where the granitic partial melts and liberated fluids transfer the heat
upwards (depths of 13-21 km). Finally, the temperature profile was selected to be 20°C/km in
the granulitic, dehydrated zone from 24-40 km. Below 35 km temperatures approaching 1000°C
are interpreted to exist and mafic magmas fill extensional zones in the deep crust. Mafic
partial melts and underplating mafic intrusions may floor the crust as envisioned by Hamilton
(1988).

The process indicated in figure 16 may sweep upward with time as a heating cycle
advances in accreted terranes such as that of the Cascades region. For steeper temperature
gradients than assumed in this figure, the zone of partial melting and horizontal fracture
development will occur shallower and the vertical sequence of metamorphic facies will be
depth compressed. This effect may be the cause of shallowing of the deep crustal conductor
in the Modoc Plateau and along the boundary of the High Cascades and Western Cascades
where thermal inputs from the base of the crust may be considerably higher than in the
remainder of the region. Late-stage mafic intrusions at Medicine Lake and Newberry volcano
may be occurring in largely dehydrated upper and mid-crust, thus the crustal conductor is not
conspicuously shallow near these volcanoes. In the Columbia Plateau the larger depth to the
crustal conductor may be related to both the lower heat flow in the Plateau and the
probability that the deep crust in this region consists of mafic rocks. Mafic rocks have a
higher temperature of formation of partial melt in the presence of water than more silicic
rocks. In addition, the lower crust under the Plateau may not have bound metamorphic water,
limiting the water of dehydration available for upward migration.

SIGNIFICANCE OF DEEP CONDUCTOR MODEL TO GEOTHERMAL REGIME

We hypothesize that the DCC mapped at average depths of 12-15 km in the Cascades is
related to a zone of hydrous fluid and partial melt in horizontal hydrofractures beneath an
impermeable layer. The partial melt component is called for by probable high temperatures at
this depth. Waff (1974) and Shankland and Waff (1977) have developed a theoretical model to
simulate the effect of melt distributions on electrical resistivity. Hermance and Pedersen (1980)
have extended these author’s analysis by modifying a well known relationship (Archies Law)
for pore fluid conduction to include the effect of a melt component. Such analyses show that

47



connected melt components amounting to about 2% of the rock produce resistivities of about
20 ohm-m and 25% connected melt produces resistivities of about 2 ohm-m, representing the
approximate range of resistivities interpreted for the DCC in the Cascade MT interpretations.
Of course, with the presence of free water in horizontal fractures, as well as partial melt, the
actual percentage of melt could be much smaller. These assumptions imply that the volume of
magma present as partial melt in the Cascades is very limited above a depth of 12-15 km.
Although it could be argued that the extensive mid-crustal magmatic heat source proposed by
Blackwell and Steele (1983,1985) is compatible with the MT data if placed somewhat deeper
than they interpret, such an extensive magma accumulation would not be compatible with the
seismic refraction data; a significant low-velocity zone would be required for such a feature.
Interpretation of the long refraction profile of Leaver and others (1986) indicated in figure 4
indicates that such a low velocity region is not required by the data. The velocity and
resistivity structure hypothesized in the model of figure 15 implies some crustal petrological
control over the DCC; this assumption diminishes the possibility that the DCC is caused by a
large scale magma accumulation.

An excellent analogy for the MT, refraction, and heat flow results from the Cascades can
be found in the Rio Grande rift of New Mexico and Colorado. Heat flow in the rift is
comparable to that in the Oregon Cascades, exceeding 100 mw/m2. Excellent shear wave and
compressional seismic reflection and refraction data are available from the central New Mexico
part of the rift, where mid-crustal magma has been postulated by Sanford and others (1979).
The postulated magma accumulation occurs at a depth of about 20 km as evidenced in COCORP
P-wave reflection data as a series of bright reflections. These reflections occur very near the
so-called Conrad discontinuity where velocities increase from about 5.8 to 6.5 km/s. Analysis
of shear wave reflection data from microearthquakes by Rinehart and others (1979) indicate
that the postulated magma body is contained just beneath the brittle uppermost crust (above
the 6.5 km/s layer) and consists of very low fractions of partial melt. This analysis closely
corresponds to our hypothesized petrologic model for the Cascades. In fact, both the high
reflectivity and shear wave reflection data from the Rio Grande rift could be explained by a
zone of hydrofracturing with a combination of hydrous fluids and partial melt. Similar zones
of mid-crustal high reflectivity have been correlated with trapped metamorphic water (for
instance,in the Alps, Pfiffner and others, 1988). MT interpretations in the Rio Grande rift by
Jiracek (1983) and Hermance and Pedersen (1980) show somewhat divergent depths (10-20 km)
to a deep crustal conductor because of very complicated resistivity structures in the thick,
conductive rift clastics at the surface, but it is possible that the DCC in the Rio Grande rift
coincides with the zone of high reflectivity at the top of the 6.5 km/s layer.

This discussion of the Rio Grande rift geophysics tends to support our interpretation of
limited amounts of partial melt suggested by the petrologic model of figure 16. Future studies
in the Cascades should focus upon obtaining high quality compressional and shear velocity
information to study the mid-crust. Microearthquakes are rare in the Oregon Cascades, but
attempts should be made to study the shear wave information from any events available and
specific wide-angle reflection-refraction studies should be done to study the mid-crust. Such
seismic geophysics and additional high-resolution electromagnetic studies combined with better
heat flow sampling are necessary to determine the nature of the deep crust in the Cascades
and the extent of geothermal resources. These studies could be employed most effectively to
study the region of the High Cascades-Western Cascades boundary in Oregon where the DCC
becomes shallow.

SUMMARY AND CONCLUSIONS
Our review of MT and seismic profiles in the Cascades and surrounding regions has been
employed to develop new geologic models based upon the combined information. The MT data
show a well defined structural trough in the central Oregon Cascades as thickening of layer
no. 2 of a generic four-layer model that effectively simulates most of the Oregon and
California High Cascades, High Lava Plains, and Basin and Range. MT data in the central
Oregon High Cascades shows that a deep crustal conductor normally found at depths of 12-15
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km in the Cascades become somewhat shallower in the region near the boundary of the High
Cascades and western Cascades. This was demonstrated with detailed profiles in the
Breitenbush Hot Springs area. In the central Oregon Cascades and elsewhere in Oregon and
northern California, the deep crustal conductor occurs in the upper part of a seismic layer of
6.4-6.5 km/s velocities. Coincident MT and seismic refraction models for Newberry crater in
east-central Oregon indicate an intrusive buildup with clear indication on both sets of data, as
well as on gravity data.

Comparison of MT and seismic refraction models for a long, east-west profile in northern
California reveals complex structures in the Klamath Mountains with equally complex
resistivity, velocity, gravity, and magnetic signatures. Mount Shasta is interpreted to be
located near a suture zone between the Klamath Mountains complex and pre-accretion crust
beneath the Cascades. The Modoc Plateau is interpreted to be a highly extensional zone with
high sub-crustal heat input, but not a major rift zone with completely reconstructed crust.

Previously interpreted MT profiles through southern Washington and the Columbia Plateau
of eastern Washington were discussed along with interpretations of a Columbia Plateau seismic
refraction model. A combined geological model based upon these geophysical data and
magnetic and gravity data were interpreted to indicate a direct correlation of seismicity and
volcanism with the suture zone between a major seamount system (Siletzia) and an forearc-
accretionary prism complex (SWCC) against the pre-Eocene continental margin.

Comparison of mapped deep electrical structures in the Coast Ranges-Klamath Mountains-
Vancouver Island regions of the Pacific Northwest shows similar styles of underplating
occurring in these regions and the possible location of the main Eocene suture resulting from
accretion of Siletzia. This suture may have acted to localize Oligocene-Miocene volcanism in
Oregon and Quaternary volcanism in the Mount St. Helens region, while the suture between
the Klamath Mountains and the pre-accretion margin constrained the location of Mount Shasta
in northern California.

Several mechanisms for producing the regional deep crustal conductor in the Cascades
and elsewhere were discussed and concepts proposed by Fournier (1988) and Fyfe and others
(1978) on the role of high-pressure fluids in hydrofracturing the mid-crust were entertained.
It was interpreted that an additive effective in the reduction of resistivities may be produced
in the area of the deep conductor, with graphitic-metallic mineral films in metamorphic rocks
enhanced by hydrous and partial melt fluids contained in horizontal fracture planes. This zone
is interpreted to represent the lower limit of normal fault penetration and an effective lower
depth limit to seismicity. Anomalous shallow depth to the deep conductor appears to correlate
with areas of highest heat flow in the central Oregon Cascades, but we believe the
geophysical interpretations do not favor a large accumulation of magma at depths of 7-10 km
as postulated by Blackwell and Steele (1983,1985) to explain the heat flow data.
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FIGURE CAPTIONS

Figure 1-Geological index map of Cascades Range and surrounding region showing location of
MT (long-short dashed) and seismic (diagonal dashed) profiles. Geological base modified
from Wells and others (1986). EM=EMSLAB MT profile; VI=Vancouver Island, BK=Mount
Baker, GL=Glacier Peak, S=Seattle, PB=Puget Basin, GH=Grays Harbor Basin, Sp=Spokane,
RN=Mount Rainier, SH=Mount St. Helens, AD=Mount Adams, WB=Willamette Basin,
HD=Mount Hood, JF=Mount Jefferson, NB=Newberry volcano, TY=Tyee Basin, CL=Crater
Lake, MD=Modoc Plateau, ML=Medicine Lake volcano, SA=Mount Shasta, HN=Hornbrook
Formation, HLP=High Lava Plains.

Figure 2-Paleogene tectonic reconstruction modified from Heller and others (1987).
SCF=Straight Creek Fault, ID=Idaho Batholith, KM=Klamath Mountains, GH=Grays Harbor
Basin, WB=Willamette Basin, PL=Puget Lowland basin, BM=Blue Mountains, FA=Farallon
Plate, NA=North American Plate, KU=Kula Plate, HN=Hornbrook Formation,
MC=Maclntosh-Raging River marine Eocene Formations, SWCC=southern Washington
Cascades conductor. Major extension vectors are indicated by bold arrows. Contours
represent successive volcanic fronts. :

Figure 3-(a)Layered MT model for profile DD’ (fig. 1). Triangles are MT sounding locations.
(b)Two-dimensional model for profile DD’ which was constructed to fit low frequency
part of MT data sensitive to deep crustal conductor.

Figure 4-Interpretation of seismic refraction profile between Mt. Hood and Crater Lake in the
Oregon Cascades (fig. 1). Numbers in the model are interpreted velocities in
kilometers/second (km/s). The position of the top of the MT deep crustal conductor is
indicated by the dot pattern. In the lower part of the figure the seismic refraction model
is plotted along with a generic MT model which is the basis for starting models for most
of the Oregon and California Cascades region. It should be noted that the layers are not
constant velocity, but represent linear gradients within each layer.

Figure 5-Index for central and northern Oregon Cascades showing the location of MT profile
BB", DD’, BR1, and BR2, DOE-Chevron drill hole (4000 feet TD), SUNEDCO drill hole
(9500 feet TD), and several hot springs.

Figure 6-MT models for Breitenbush Hot Springs profiles BR1 and BR2.

Figure 7-Oregon index map modified from MacLeod and others (1988). Location of Oregon MT
(diagonal dashed) and seismic (bold dashed) profiles are shown, along with the location of
the Klamath Blue-Mountain lineament of Riddihough and others (1984). The.isochrons for
a propagating volcanic front that migrated from the Basin and Range northwestward to
the area of Newberry volcano is reproduced from MacLeod and others (1988).

Figure 8-(a) seismic refraction model for Newberry-Brother fault zone profile; (b) MT layered
model for profile EE’ (¢) MT layered model for profile FF’ (fig. 7).



Figure 9-Detailed MT and TDEM layered models of Newberry, surface of seismic model 5.6
km/s layer (bold dashed line), and gravity data (lower figure) from Williams and Finn
(1984). Numbers in electrical model are resistivities in chm-m, dashed line is top of MT
layer no. 2 (conductor), and solid line in approximately the same depth range is TDEM
determined top of conductive layer. Numbers directly below these two lines are
resistivities of upper part of the conductive layer determined from the TDEM inversions
and numbers just above the line represent the MT electrical basement surface are
resistivities of the conductive, second layer from the MT inversions.

Figure 10-Geological index map for northern California MT and seismic profiles GG’ (fig. 1)
reproduced from Fuis and others (1987). Numbers correspond to shotpoint locations and
triangles are location of MT soundings.

Figure 11-(A) Layered model for MT profile GG’ (fig. 10); numbers in model are resistivities in
ohm-m (B) Observed (solid) and calculated (dashed) gravity data reproduced from Fuis
and others (1987) based upon density blocks added to refraction model and assignment of
densities to seismic velocity units (C) seismic refraction model from Zucca and others
(1986); numbers in model are velocities in km/s; cross-hatched regions are low-velocity
section interpreted from seismic data; layer boundaries dashed where uncertain; dot
pattern for Modoc Plateau section represent approximate position of deep crustal
conductor from MT model (D) geologic interpretation of combined MT and seismic data.

Figure 12-Index map of Washington showing location of MT profiles AA’ and CC’, as well as
the seismic profile of Catchings and Mooney (1988). Other details include earthquake
epicenters supplied by C. S. Weaver, conductance contours and magnetic anomalies from
Stanley and others, (1987).

Figure 13- (A) MT model for profile AA’ (fig. 12) modified from Stanley and others (1987)
including more recent data in the Chehalis Basin and the refraction model for the Pasco
Basin portion of the refraction model from Catchings and Mooney (1988) across the
Columbia Plateau. (B) Interpretive geological cross-section for profile AA’ transect, but
including a composite with the western end of the profile CC’ model (fig. 14). SHZ=St.
Helens seismic zone defined by Weaver and Smith (1983). _

Figure 14-Two-dimensional interpretation of MT profile CC’ reproduced from Stanley and
others (1987).

Figure 15-Schematic of MT models for (A) Lithoprobe experiment (modified from Clowes (1987)
. (B) western Washington from this paper and Stanley and others (1987) (C) EMSLAB
experiment modified from EMSLAB Group (1988) (D) Klamath Mountains MT model from
this paper

Figure 16-Cartoon illustrating a crustal framework for the deep crustal conductor involving
dehydration of amphibolite grade metamorphic rocks and a localized zone of horizontal
hydrofracturing or disaggregation. Earthquakes in the brittle part of the crust are
indicated by the symbols in the upper 12 km. Velocities from the northern California
seismic model (figure 11) are indicated along the left portion of the figure and proposed
lithology along the right margin. The metamorphic-temperature profiles assumed are
indicated in figure 17.

Figure 17-Approximate location of metamorphic mineral facies based upon experimental data
for different temperature-depth profiles reproduced from Fyfe and others (1978). The
temperature profile assumed in our figure 16 is shown by the heavy dashed line.
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Figure 7-Oregon index map modified from MacLeod and others (1988). Location of Oregon MT
(diagonal dashed) and seismic (bold dashed) profiles are shown, along with the location of
the Klamath Blue-Mountain lineament of Riddihough and others (1984). The isochrons for
a propagating volcanic front that migrated from the Basin and Range northwestward to
the area of Newberry volcano is reproduced from MacLeod and others (1988).
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Figure 10-Geological index map for northern California MT and seismic profiles GG’ (fig. 1)
reproduced from Fuis and others (1987). Numbers correspond to shotpoint locations and
triangles are location of MT soundings.
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SEISMICITY OF THE CASCADE RANGE AND ADJACENT AREAS

Craig S. Weaver
U.S. Geological Survey
Geophysics Program AK-50
Univeristy of Washington
Seattle, Washington 98195
(206) 442-0627

INTRODUCTION

The Cascade Range of the Pacific Northwest represents a unique opportunity to
examine the relation of regional seismicity to volcano-tectonic processes because, com-
pared to most subduction-related volcanic arcs, relatively good seismic network cover-
age exists for much of the arc. Throughout the entire range, seismic network coverage
since 1960 has been sufficient to allow a nearly complete catalog of earthquakes
greater than magnitude 4 to be compiled; much of the range has been monitored down
to magnitude 2.5 since 1975. Further, in Washington seismicity has been monitored
east of the Cascade Range since 1969, allowing the variations in earthquake activity to
be mapped from the frontal arc region into the backarc.

In this paper I have taken advantage of recent compilations and reviews of the
seismicity distribution of Washington, Oregon and northern California. For Washing-
ton and Oregon, Yelin [submitted] reviewed helicorder records to produce a
comprehensive list of earthquakes greater than magnitude 3.5; this catalog is thought to
be complete since 1960 at the magnitude 4 level for all of Oregon and Washington.
Three papers in the Decade of North American Geology volume, Neotectonics of
North America, provide a thorough introduction to the seismicity of the region:
Ludwin et al. [1989] summarized the general pattern of earthquakes in Washington and
Oregon, and Uhrhammer [1989] and Hill et el. [1989] provided discussions of the
seismicity of northern California.

I have drawn the seismicity catalogs for this paper for the Oregon and Washing-
ton portion of the Cascade Range from that used by Ludwin et al. [1989]. The data
for northern California is taken from the catalogs maintained by the USGS in Menlo
Park. I have combined these data sets to focus on the seismicity of the Cascade Range
and the relation between the volcanic arc and surrounding geological provinces.

This range-wide focus results in three conclusions. First, there are variations in
the seismicity within the range that suggest that the range can be divided into five seg-
ments. These segments are nearly congruent with the five segments of Guffanti and
Weaver [1988] who subdivided the range based on the distribution and composition of
late Cenozoic volcanic vents. Second, the distribution of earthquakes in the Cascade
Range tends to mimic the distribution of earthquakes in the backarc regions that are
adjacent to the arc; there is apparently little influence of subduction tectonics on the
distribution of crustal earthquakes within most of the range. The only exception to
this observation is in the South Cascades of Washington, where the distribution of
earthquakes is continuous from the frontal arc region to the backarc. Third, seismicity
outlines a major crustal block in the southern Washington Cascade Range, and I inter- *
pret this block as the linking element between a potential for arc volcanism that arises
from the subducting plate geometry and regional crustal tectonics. I conclude by sug-
gesting that the subduction potential, crustal tectonics and crustal blocks may form the
fabric for volcanism everywhere within the Cascade Range, and speculate on this
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fabric in Oregon and northern California where there is much less seismicity than in
southern Washington.

VARIATIONS OF THE SUBDUCTION AND GEOLOGICAL SETTING

The volcanic arc of the Cascade Range is generally accepted as being related to
the subduction of the Juan de Fuca plate beneath North America. Throughout most of
the Cenozoic, the Pacific Northwest has been a zone of convergence [Atwater, 1970],
but geological mapping within the Cascade Range indicates that volcanism has been
discontinuous through this time. The current Cascade Range began developing within
the last 8 Ma, after a hiatus of volcanism of several million years that extended over
most of the current range [McBirney, 1978; Luedke and Smith, 1981; 1982; Smith and
Luedke, 1984].

Because most volcanic arcs occur over the area where subducting plates reach a
depth of 100-150 km [e.g., Gill, 1981], the position of arc volcanism is related to the
geometry of the subducting plate. The geometry of the Juan de Fuca plate system is
complicated by the tendency of the main Juan de Fuca plate to develop smaller sub-
plates (i.e., the Explorer and Gorda plates) with independent motions and by the
change in the orientation of the margin off the Washington coast (Figure 1). These
complications are partly reflected in the geometry of the plate beneath the position of
the Cascade arc. Benioff zone earthquakes have not been detected everywhere within
the subducting plate, so the position of the plate at a depth of 60 km has been inferred
only beneath Washington, northernmost Oregon, and a portion of northern California
(Figure 1). The most prominent feature in the Juan de Fuca plate geometry is the
upward arch beneath the Puget Sound basin, landward of the change in margin orienta-
tion [see Weaver and Baker, 1988). North of this arching, the Juan de Fuca plate dips
to the northeast, whereas to the south, the plate dips east-southeast beneath
southwestern Washington (Figure 1,2). Because of the relation between plate depth
and arc volcanism, a major change in plate geometry is expected in the area lacking
Benioff zone earthquakes near the Oregon-California border. There projecting the
known position of the plate at a depth of 60 km northward leads to an improbably
shallow depth of the plate beneath Mount Shasta.

To the west, most of the Cascade Range is bounded by sedimentary and marine
volcanic complexes of Miocene to Eocene age that have been accreted to the North
American continent [Cady, 1975; Snavely, 1988]. These older rocks have been
covered by Quaternary sediments in the Puget Sound basin and the Willamette trough
[Tabor, 1972; Cady, 1975]. Beneath southwestern Washington and northernmost Ore-
gon, geological mapping and regional electrical conductivity studies indicate that these
complexes form an east-dipping sequence that continues beneath the western margin of
the Cascade Range [Stanley et al., 1987]. In central Oregon, both recent mapping in
the Western Cascades and the conductivity structure suggest that the Tertiary units
here are nearly flat-lying and continue eastward beneath at least the western flank of
the Cascade Range [Sherrod, 1987; W. D. Stanley, personal communication, 1988]. In
northern California the western margin of the Cascade Range is bounded by the pre-
Cenozoic Klamath Mountains province that includes the early Paleozoic Trinity
ultramafic sheet. The Klamath Mountain complex forms an east-dipping imbricate
sequence that abuts directly the modern Cascade Range in the vicinity of Mount Shasta
(Figure 1). Pre-Cenozoic rocks are also mapped south of Lassen Peak as both the
iz}izr.gely sle)dimentary Great Valley sequence and the granitic rocks of the Sierra Nevada

igure 1).

East of the Cascade Range, a series of high lava plateaus bounds the range from
Lassen Peak as far north as the Three Sisters-Mount Jefferson area. During the late
Cenozoic, these plateaus have been characterized by extensional tectonics, with the
development of north-south striking normal faults and largely basaltic' volcanism
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[Christiansen and McKee, 1978]. North of the Brothers fault zone, the tectonic style
east of the Cascades changes in the Columbia Plateau, which contains extensive
Miocene volcanism of the Columbia River basalt group, but little geological evidence
of post-Miocene extensional tectonics. Finally, the most striking break in the geology
of the Cascade Range is that between the pre-Eocene complex of the North Cascades
of Washington and the rest of the range to the south, where most of the basement
rocks of the Cascade arc are covered by late Cenozoic volcanics. The North Cascades
are adjacent to the largely pre-Cenozoic Okanogan Highlands, although this region
experience extensive reworking of the crust by both compressional and extensional
processes as late as the Eocene [Potter and others, 1986; Sanford and others, 1988].

Within this larger structural fabric, and approximately above the position where
the subducting Juan de Fuca plate system reaches a depth of about 100 km, are the
late Cenozoic volcanic vents (approximately younger than 5 Ma) of the Cascade arc
(Figure 2). Between Mount Shasta and Mount Hood these vents define a narrow belt
approximately 30-50 km in width except where the basaltic volcanism along the High
Lava Plains joins the volcanic arc (Figure 2). On both the north and south ends of the
narrow belt, the distribution of vents changes. To the north between Mount Hood and
Mount Rainier, the zone of vents broadens to about 150 km but the distribution of
vents is less dense. In the pre-Eocene rocks of the North Cascades the distribution of
volcanic vents is limited, confined to the vicinity of the stratovolcanoes Mount Baker
and Glacier Peak. To the south in California, the area of vents widens near both
Mount Shasta and Lassen Peak compared to the very linear distribution in Oregon, and
the Lassen area is spatially separated from the continuous distribution to the north.
Based on this distribution, Guffanti and Weaver [1988] suggested that the range could
be divided into the five segments shown in Figure 2.

Despite the variations of the volcanic vent distribution and the changes in the
geological setting of the backarc region, a recent estimate of crustal thickness (Figure
3) concluded that the crust beneath the Cascade Range is everywhere thick, on the
order of 40-46 km [Mooney and Weaver, 1989]. Beneath the North Cascades rela-
tively sparse seismic refraction date suggests a crustal thickness of about 40 km
[Rohay, 1982]; beneath the western Oregon Cascades a reversed refraction line found
crustal thicknesses between 40 and 46 km [Leaver et al., 1984]. Detailed crustal stu-
dies in the Mount Shasta and Medicine Lake area did not observe mantle arrivals on
the refraction lines, but Zucca et al. [1986] concluded that the crust must be about 40
km thick based on the lower crustal velocity structure that was resolved and the con-
straint of no observed Pn arrivals.

RANGE-WIDE PERSPECTIVES OF SEISMICITY

The most striking aspect of the distribution of all known earthquakes detected
since 1960 that are greater than magnitude 4 is the concentration of these events in
western Washington and off the northern California coast (Figure 4). As noted by
Ludwin et al. [1989], in Washington most of the events of magnitude 4 and greater in
the Puget Sound region are within the subducting Juan de Fuca plate, whereas in
southern Washington all of these events are within the crust. As is evident in Figure 4
all of the crustal earthquakes greater than magnitude 5 in the Cascade Range are
located in southern Washington. The only other crustal earthquakes greater than mag-
nitude 5 have been in the Basin and Range province of southeastern Oregon (Figure
4), where a swarm of earthquakes occurred in 1968. Clearly along most of the Cas-
cade arc few earthquakes greater than magnitude 4 have been detected.

~ The earthquakes plotted in Figure 4 were not screened for the quality of the loca-
tion, and many of the events occurring before 1970 have very poor depth control.
Therefore, in Figure 5 I have screened the events in Figure 4 with the criteria that
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hypocentral errors be less than 5 km, at least 6 stations were used in the solutions, and
that the RMS of the traveltime residuals be less than 0.35 seconds. These standards
are also applied to all subsequent data sets in this paper; most hypocenters have statis-
tics much better than these minimum criteria. In addition to the magnitude 4 and
greater events that meet the quality standards, I have added events greater than magni-
tude 2.5 recorded since 1975 that meet the above criteria and plotted the resulting
catolog in Figure 5. In Figure 5 earthquakes greater than 30 km deep are plotted as
squares; nearly all of these deeper events are within the Juan de Fuca or Gorda plates
beneath North America. The exceptions are obscurred by the shallower events in the
central Puget Sound basin.

Adding the well-located but smaller magnitude events sharpens the variations in
the distribution of seismicity along the strike of the Cascade Range. Once again, the
onshore activity is clearly greatest in western Washington. However, there are impor-
tant details. First, the North Cascades are seismically quite, with all of the well-
located earthquakes being west of the stratovolcanoes Mount Baker and Glacier Peak
(Figure 5). The crustal events (circles in Figure 5) are confined to the region between
the Olympic Mountains and the stratovolcanoes in the North Cascades. These crustal
events have a sharp cutoff that strikes nearly west-east in southern Puget Sound (Fig-
ure 5). Second, in southern Washington the St. Helens zone (SHZ) described by
Weaver and Smith [1983] is prominent. Although there is an hiatus of activity east of
the SHZ, it is apparent that seismicity continues a in broad zone from the area
immediately west of the SHZ into the Columbia Plateau of southeastern Washington
(Figure 5). Third, most seismicity ends just south of Mount Hood. Although the por-
tion of the range from Mount Hood south to Mount Shasta has only been monitored
continouous for two years (1980-1982), very few earthquakes at any magnitude were
observed [Kollman, 1984]. In 1987 the University of Washington re-installed a sparse
monitoring network on the eastern flank of the central Oregon Cascade Range between
Mount Jefferson and Newberry Volcano and during the past year very few earthquakes
have been detected within this area. Fourth, the number of earthquakes increases near
the California border, and the number of events increases again near Lassen Peak (Fig-
ure 5).

It is apparent from comparing Figures 2 and 5 that there are similarities between
the apparent divisions in the seismicity distribution and the segmentation of the Cas-
cade Range based on the distribution and composition of volcanic vents. Segment 1 of
the vent distribution consists of the region north of Glacier Peak, and this is the region
where the range is seismically quite. Segment 2 was defined between Mount Rainier
and Mount Hood, and this is the most seismicallly active area within the range. The
seismically quite portion of the range in Oregon south of Mount Hood is congruent
with segment 3. Finally, the relatively sparse seismicity near the Mount Shasta area
encompases segment 4 and the somewhat higher apparent rate of seismicty near Lassen
Peak corresponds to segment 5 of the vent distribution model.

The relation between the seismicity in the subducting Gorda and Juan de Fuca
plates and the volcanic arc can best be observed by plotting cross sections drawn per-
pendicular to the strike of the volcanic arc. Because there are few earthquakes located
within the subducting de Fuca plate, most studies of the plate geometry include events
of smaller magnitude than 2.5. In the next three figures I have added events located
since 1980 that are greater than magnitude 1.5 and at depths below 30 km and events
that are greater than magnitude 2.0 at depths above 30 km. These additions are res-
tricted to Washington and northernmost Oregon and northern California where the
seismic network is dense enough to allow these smaller magnitude events to be rou-
tinely located. In both areas the details of the seismicity pattern remain essentially the
same as that shown in Figure 5.
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In Washington, there are again few earthquakes in the North Cascades; virtually
all of the crustal events are west of the stratovolcanoes (Figure 6). The west-east
cutoff in crustal events is more pronounced in southern Puget Sound and earthquakes
within the Juan de Fuca plate (squares in Figure 6) are more widely distributed
beneath the Coast Range than with the smaller magnitude cutoff used in Figure 5.
Again, very few earthquakes locate east of the SHZ, but by including the smaller mag-
nitude crustal events the continuous nature of the activity across the southern Washing-
ton Cascade Range is more apparent. Similarly, there are few changes in the distribu-
tion in northern California (Figure 7). Crustal earthquake activity is largely confined
to the eastern Great Valley and Lassen Peak. In the Klamath Mountains the shallow
earthquakes (circles) have hypocentral solutions that satisfy the selection criteria out-
lined above, but are not judged to be as well constrained as the crustal events closer to
Lassen Peak where the seismic network is more dense.

The orientation and extent of each cross-section shown in Figure 8 is indicated on
Figures 6 and 7. Beneath Washington a comparison of hypocentral depths with
seismic refraction models of the continental margin indicates that the Benioff zone
earthquakes fall below the Moho of the subducting plate [Taber and Smith, 1985]. I
have used this observation to sketch the position of the Moho for the subducting
plates.

There are both differences and similarities between the cross sections plotted here
and previously published sections. Figure 8a differs from previous cross sections
drawn for the region [e.g., Weaver and Baker, 1988; Ludwin et al., 1989] in that it is
perpendicular to the volcanic front and excludes the more dense distribution of crustal
earthquakes in central Puget Sound. Figure 8b reproduces a portion of a longer sec-
tion shown by Mooney and Weaver [1989], whereas Figure 8c has not been plotted
previously. Finally, Figure 8d is similar to a section plotted by Mooney and Weaver
[1989], but is narrower in width than similarly oriented sections by Cockerham [1983]
and Walter [1986].

The two sections across Washington (Figure 8a & b) have well-defined Benioff
zones, extending from the coast landward to the western edge of the Cascade Range.
Although no Benioff zone earthquakes have yet been located beneath the position of
the large stratovolcanoes, projecting the dip of the located earthquakes downward
results in an estimate of the plate depth of about 100 km. It is clear from the sparsity
of hypocenters beneath northern Oregon (Figure 8c) that not enough Benioff zone
events have been located to unambiguously define the subducting plate geometry.
Beneath northern California the deep activity again defines a Benioff zone that appears
to increase dip near the coast (Figure 8d). However, the details of this distribution are
much less clear than those in Washington, probably because of a sparser seismic net-
work and large uncertainties in the velocity model.

The crustal earthquake distribution shows large differences among the four sec-
tions. In northern Washington the crustal activity begins at the eastern edge of the
Olympic Mountains, and most of the westerly earthquakes are in the mid crust,
between 20-30 km (Figure 8a). Eastward toward the Cascade Range hypocentral
depths shallow, largely confined to the more normal crustal range of near surface (a
few kilometers) down to about 20 km. Everywhere except in the center of the Puget
Sound basin, the maximum seismogenic depth is about half the crustal thickness.

In southern Washington the crustal earthquakes are concentrated near Mount St.
Helens; because of the angle of the projection (see Figure 6) the SHZ is elongated
across the section. West of Mount St. Helens there are some deeper crustal events, at
depths similar to those found in the western Puget Sound basin. East of Mount St.
Helens the earthquakes arch upward, with only shallow events (<10 km) recorded
beneath the central Cascade Range. Further east in the Columbia Plateau earthquakes
are scattered as deep as about 20 km (Figure 8b).
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Although there are few events in northern Oregon, the developing pattern is simi-
lar to southern Washington. Deep crustal events (15-25 km) are located near Portland,
and the maximum earthquake depth apparently shallows beneath the Cascade Range to
less than 20 km. Events as deep as 20 are located east of the Cascade Range in the
adjacent Columbia Plateau.

The distribution of crustal events in northern California is similar to that of north-
ern Washington. Crustal events are largely confined between the middle of the Great
Valley and the volcanic arc (Figure 8d). Across this active region the maximum
seismogenic depth is about half the estimated crustal thickness.

CRUSTAL BLOCKS IN THE SOUTHERN WASHINGTON CASCADES

From the above discussion, it is clear that the southern Washington Cascade
Range is the most seismically active portion of the range. In addition, it is also the
only portion of the range where major arc-related stratovolcanoes are well displaced
east of the central axis of largely mafic volcanism that extends from Mount Shasta to
Glacier Peak (Figure 2). Not only are the stratovolcanoes Mount Rainier and Mount
St. Helens 25 and 60 km to the west of the central trend of major cones, but the distri-
bution of basaltic vents broadens as well (Figure 2). This broadened distribution of
basaltic vents has an abrupt northwestern boundary between Mount Adams and Mount
Rainier (Figure 2); few late Cenozoic basaltic vents exist north of this lineation.

It is very likely that the enhanced seismicity, the distribution of major volcanic
centers, and the northern limit to basaltic volcanism are all the result of the presence
of a major crustal block in the southern Washington Cascades. Regional conductivity
studies [Stanley, 1984; Stanley et al., 1987] have identified a major conductivity high,
referred to as the Southern Washington Cascade Conductor (SWCC) that is approxi-
mately bounded by Mount Rainier, Mount Adams, Goat Rocks, and Mount St. Helens
(Figure 9). Aeromagnetic lows follow the strike of the eastern and western edges of
the conductivity anomaly, and approximately bound the southern edge [Stanley, 1984;
Stanley et al., 1987]. The SHZ is coincident with the western edge of the conductivity
anamoly and the western aeromagnetic low.

In addition to the earthquakes along the SHZ, all earthquakes greater than magni-
tude 4.0 that have reliable locations (Figures 5 & 7) in the southern Cascade Range of
Washington and all three earthquakes greater than magnitude 5 since 1960 have
occurred along the interpreted boundary of the conductor. Thus virtually all of the
seismic moment released since 1960 in the southern Washington Cascades has been at
or near the boundary of the SWCC. Earthquake focal mechanisms for the events
greater than magnitude 5 are nearly pure strike-slip solutions, and the preferred fault
plane for each of these mechanisms strikes approximately parallel to the local direction
of the conductor boundary (Figure 9). I interpret these seismicity observations as indi-
cating that the SWCC acts as a coherent crustal block, concentrating regional seismic
activity along the boundaries. The concentration of all of the larger magnitude earth-
quakes along the boundaries of the conductor indicates that regional shear is being
accommodated nearly completely there, as opposed to within the block where only a
few smaller magnitude events are located (compare Figures 5, 7 & 9).

Although previous studies [Weaver and Malone, 1987; Stanley et al.,, 1987] have
emphasized the relation between the SHZ and the SWCC, it is apparent that the rela-
tion between the SWCC and the SHZ is essentially observed throughout the entire area
bounded by the major volcanic centers. The crustal block represented by the conduc-
tor apparently has such coherent boundaries with the surrounding crust that the vol-
canic centers at Mount Adams, Goat Rocks, Mount Rainier, and Mount St. Helens
have been firmly anchored to the surrounding tectonic framework, presumably by the
style of localized crustal extension described for Mount St. Helens [Weaver et al.,
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1987]. At the same time, the coherency of the block has allowed only a few scattered
basaltic vents to reach the surface within the body itself.

The preferred interpretation of Stanley et al. [1987] for the SWCC is that it
represents a marine forearc basin that has been highly compressed as the Coast Range
block to the west has been forced eastward by convergence at the subduction zone.
Although somewhat uncertain, as the body responsible for the conductivity anomaly is
not exposed at the surface, the interpretation of a compression-dominated basin may
explain why the SWCC has been able to form such a sharp boundary to basaltic vol-
canism.

The details of how structural and tectonic elements combine to control volcanism
along the edges of the conductor have previously been described for Mount St. Helens
[Weaver and Malone, 1987; Weaver et al., 1987]. The volcano is located at the inter-
section of a series of northeast-striking volcanic vents of late Quaternary age and older
linements. Both sets of features are approximately parallel with the inferred northeast
direction of the regional maximum principal stress [Weaver and Smith, 1983]. These
structural trends continue beneath Mount St. Helens, where they are defined by earth-
quake hypocenters that are interpreted as being on a northeast-striking fault [Weaver et
al., 1987]. The actual location of Mount St. Helens occurs where these structural
trends intersect the SHZ; there the SHZ shows a small dextral offset that has a
geometry favorable for local crustal extension.

The congruence of the geophysical and geological observations in the southern
Washington Cascade Range presents a particularly impressive case for the importance
of crustal blocks and faults interacting with contemporary regional tectonic stresses to
control Quaternary volcanism. As is apparent from the distribution of late Cenozoic
vents (Figure 2), volcanism has occurred over a wide area of southern Washington, but
I propose that longevity at a particular volcanic center is related to the ability of the
crust to localize (anchor) crustal extension. The data available from Mount St. Helens
indicates that this firm anchoring will occur only if a favorable fault (or block boun-
dary) geometry exists that will allow the development of local crustal extension. If, as
has been argued for southwestern Washington, the crust is dominated by horizontal
compression, then it may be difficult for new volcanic centers to initiate, leading to the
long-lived centers apparent today in the southern Washington Cascades.

DISCUSSION

The presence of a relatively well-identified crustal block in the southern Washing-
ton Cascade Range suggests that there is a three-way relation (Figure 10) that forms
the fabric for arc volcanism. First there is the potential for arc volcanism that arises
simply from the position of the Juan de Fuca plate. From the cross section for south-
ern Washington (Figure 8b), it is clear that the western limit of the volcanic vents,
including Mounts Rainier and St. Helens, is near the position where the minimum
depth of arc-related volcanism, ultimately derived from the presence of the descending
plate, would be expected. The second element is the driving stresses for regional cru-
stal tectonics. In southern Washington Weaver and Smith [1983] have suggested that
the region is subject to a maximum horizontal compressive stress that is directed
northeast. They suggested that the origin of this stress was the Juan de Fuca-North
American plate interface. The third, and critical linking element, that controls the
location of major stratovolcanoes, limits the basaltic volcanism, and provides the boun-
daries for regional shearing, is the crustal block identified as the SWCC.

I have schematically shown these interactions in Figure 10. For simplicity, I have
used arrows to show the link between the three variables, designated "S, T, and B" for
subduction, crustal tectonics, and crustal blocks, respectively. Ideally, the weight of
the lines linking the "S, T and B" corners would be varied to reflect changing
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interactions along the volcanic arc.

In southwestern Washington, there is clearly a strong influence of subduction on
both the T and B variables. As noted above, subduction is viewed as the cause of the
regional tectonic stress (T). Subduction is responsible for accreting the former forearc
basin to the North American continent and for compressing the basin in its current
position, thus the strong influence of S on B. Finally, the interaction between the
SWCC and regional tectonics is documented by the earthquakes along the boundaries
of the block and the anchoring of the major stratovolcanoes, thus the strong T-S link
shown in Figure 10.

This simple scheme may thus be useful in attempting to explain the differences in
the Cascade Range that the recent segmentation model of Guffanti and Weaver [1988]
has described. Of course, application of the "S-T-B" relation described throughout the
range will involve being able to define the blocks using data other than seismicity. In
the North Cascades of Washington, for instance, there is very little seismicity. Thus, I
suggest that here the appropriate block may be the limit of the pre-Cenozoic rocks;
with the late Cenozoic centers then occurring within rather than on the boundaries of
the block. The lack of seismicity within the North Cascades suggests that the contem-
porary subduction tectonics has little influence on this block, thus an "S-T-B" diagram
might have a weaker link between "S" and "T" than that shown for the southern Wash-
ington Cascades.

In Oregon and northern California, it is possible that the matrix of density boun-
daries inferred by Blakely et al. [1883] could be associated with the block idea sug-
gested here. As in the North Cascades, there appears to be only a spatial link between
"S" and "T" in the Oregon and northern California portion of the range. On the other
hand, if the density boundaries correlate with actual normal faults (buried by subse-
quent volcanism), then the T-B connection may be quite strong, as these faults likely
would represent the widespread extensional processes found in the backarc region.
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Figure 10: S~B-T triangular relation described in text. T represents
crustal tectonics, B crustal blocks, and S subduction.
Links between the three elements may vary as noted in text.
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Quaternary extrusion rates from the Cascade Range,
northwestern United States and British Columbia

David R. Sherrod and James G. Smith
U.S. Geological Survey, Menlo Park, California 94025

ABSTRACT abruptly along the length of the volcanic arc. The
The Quaternary extrusion rate and style of eruption ~ Quaternary rate north of Mount Rainier is about 0.21
for the Cascade Range of the Pacific Northwest changes km3/km/m.y.; in southern Washington and northern
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Oregon as far south as Mount Hood, the rate is about
1.6 km3/km/m.y. In contrast, the rate is 3 to 6
km3/km/m.y. in central Oregon and 3.0 km3/km/m.y.
in northern California. For central Oregon, short- and
long-term Quaternary extrusion rates have not varied
significantly over intervals as short as 0.25 m.y.

Volcanic style changes at different latitudes than
rate. Volcanic style at the ends of the arc is character-
ized by volcanism focused near isolated intermediate to
silicic central volcanoes. These central volcanoes are
~30 percent of the total volcanic production along the
arc. Mafic volcanic fields partly ring some central vol-
canoes, more so in the south than in the north, but they
contribute less volume than central volcanoes along a
corresponding length of arc. In contrast, diffuse
volcanism characterizes the middle of the arc, a 260-km-
long segment in central Oregon stretching from north of
Mount Jefferson to south of Mount Mazama.
Numerous overlapping mafic shields and a few central
volcanoes have built a broad ridge.

Quaternary extrusion rate correlates closely with
regional heat flow. That part of the arc in Washington
and Oregon where extrusion rate is greater than 1.6
km3/km/m.y. lies within the 70-mW/m? regional heat-
flow contour. Different extrusion rates likely indicate
zones of differing heat input. Contrasting volcanic
style may signify diffuse versus focused heat sources or
crustal changes in permeability to ascending magma
along the arc. Both extrusion rate and volcanic style
may be significant in the search for exploitable
geothermal energy.

INTRODUCTION

In igneous-related geothermal systems, the rate of
upper crustal magmatism is an important component of
the shallow-level heat budget. Although the balance
between volcanism and intrusion is difficult to assess,
the extrusion rate may be a first-order approximation of
the overall rate of magmatism.

Until the middle 1980's, reliable estimates of vol-
ume, timing, and extrusion rate for the Cascade Range
volcanic arc of the United States could not be made for
lack of sufficient isotopic ages and detailed geologic
maps from which to draw the necessary stratigraphic and
structural details. Our rate calculations are based on
volumes measured while constructing 1:250,000- and
1:500,000-scale geologic compilation maps of the
Cenozoic volcanic rocks of the Cascade Range in
Washington, Oregon, and California (Smith, 1987, in
press-a, in press-b; Sherrod, 1987; Sherrod and Smith,
1989). These maps are not merely reworkings of
previously published data but instead rely largely on

newly published and unpublished mapping and radio-
metric determinations completed since 1980.

We report here some surprising conclusions about
the rates and volumes of Quaternary volcanism in the
Cascade volcanic arc. In comparing different parts of
the volcanic arc from British Columbia to California,
we find that the extrusion rate changes abruptly along
the arc's length, diminishing by an order of magnitude
northward from Mount Rainier across a zone that
matches an apparent seismic boundary suggested by
Weaver and Michaelson (1985). Consequently, arc
segments north and south of this boundary may have
different resource potential for igneous-related geother-
mal energy.

GEOLOGIC SETTING

The Cascade volcanic arc reaches from British
Columbia to northern California. It parallels the Pa-
cific coastline and convergent margin between the North
American and Juan de Fuca plates (fig. 1). In northern
Washington and British Columbia, the arc lies 300 to
400 km east of the margin and is built largely upon
lower Eocene and preTertiary sedimentary and crystalline
rocks. In northern California, Oregon, and southern
‘Washington, the Quaternary Cascade arc lies 250 to 300
km east of the convergent margin and is built upon up-
per Eocene and younger volcanogenic rocks.

In Washington, the most important components of
Quaternary Cascade volcanism are the Indian Heaven and
southern part of the Simcoe volcanic fields and six
composite stratovolcanoes (Mount Baker, Glacier Peak,
Mount Rainier, Goat Rocks, Mount Adams, and Mount
St. Helens). In the Oregon part of the arc, Quaternary
volcanic rocks form a continuous outcrop belt (High
Cascades) that extends from Crater Lake northward to
near Mount Hood (fig. 2). The northern and southern
parts of Oregon have only a few small, discrete volcanic
centers. In California, Quaternary volcanic rocks are
areally extensive in a roughly triangular area whose
corners are formed by Mount Shasta, Medicine Lake
volcano, and Lassen Peak.

In the following discussion, the extrusion rate is
normalized to cubic kilometers per kilometer of arc
length per million years (km3/km/m.y.). Except for
low-density air-fall tephra, we did not adjust volumes of
different eruptive products to dense-rock-equivalent
magma; all volumes are shown as 1 or 2 significant
figures. Thus the calculated extrusion rates are only
approximate. However, as even these approximate rates
differ by close to an order of magnitude for different
segments of the arc, we predict our conclusions will not
be modified greatly as more detailed mapping,
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geochronology, and refined volume calculations become
available.

Quaternary volcanism in northern Washing-
ton and southern British Columbia: Volume
and extrusion rate

Quaternary volcanogenic rocks are not volumetri-
cally abundant in this segment of the Cascade Range,
which contains Mount Baker, Glacier Peak, Mount
Garibaldi, and a few basalt flows and cinder cones be-
tween Glacier Peak and Mount Rainier. All known
Quaternary volcanic rocks were erupted less than 1 Ma;
volcanic rocks 1 to 2 Ma are unknown (table 1). This
distribution suggests that volcanic production in this arc
segment is episodic over intervals less than one million
years. Volumes for some volcanoes are published. For
others we estimated volumes by conventional methods,
either subdividing the volcano into approximate regular
geometric solids or using a planimeter to measure areas
at successive elevations (Church, 1981).

The present cone of Mount Baker and underlying
Pleistocene volcanoes erupted 72 km3 of mainly an-
desite flows during the last 700 ka. The summit forms
an impressive snow-covered peak over 3,200 m high,
but the volcano is perched on a high bedrock ridge and
thus its volume is much less than its summit elevation
would suggest. A few flank flows, volcanic debris
flows and tephra layers contribute less than 2 km3 to
the total volume. The next stratovolcano south along
the arc, Glacier Peak, also sits on a bedrock ridge. The
main cone, comprising dacite domes and short flows,
contains only 6 km3 of lava (Tabor and Crowder, 1969;
R.L. Christiansen, U.S. Geological Survey, written
commun., 1987). However, vigorous explosive activ-
ity resulted in deposition of about 20 km3 of down-
stream debris- and pyroclastic-flow deposits (Beget,
1982) and about 3.4 km3 of downwind tephra (reduced
to an equivalent volume of dacite magma) (Porter,
1978).

A few cinder cones and short basalt flows between
Glacier Peak and Mount Rainier account for 1.3 km3 at
most. The Mount Garibaldi volcanic field in southern
British Columbia has a volume of approximately 26
km3 (Mathews, 1958).

The Quaternary extrusion rate for the Cascade arc in
northern Washington and southern British Columbia is
~0.21 km3/km/m.y. (volume = 130 km?3; length from
Mount Garibaldi to line A-A' (see figure 1) of Weaver
and Michaelson (1985) = 310 km). Because all known
volcanic deposits in this segment are younger than 1
Ma, the rate for the last million years is twice the Qua-
ternary rate or ~0.42 km3/km/m.y.
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Washington and Oregon, generalized from Smith (in
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tic-flow deposits from Glacier Peak and Mounts
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Table 1. Amount of material extruded in Washington and southern British Columbia during the Quaternary period.
Only tephra corrected to an equivalent volume of magma. Dash indicates no volcanic activity. All volumes and to-

tals rounded to two significant figures.

Volcano or field name

Volume (km3)

0to1Ma 1t02 Ma
1. Mount Garibaldi, B.C. 26 -
2. Mount Baker 72 -
3.  Glacier Peak 29 —
4. Mafic flows between Glacier Peak and
Mount Rainier 1.3 -

total for northern Washington segment 130 -
5. Mount Adams 210 -
6. Small volcanoes north and south of

Mount Adams 10 49

7. Mount Rainier 140 -
8. Goat Rocks volcano 10 30
9. Homblende andesite near Goat Rocks 15 -
10. Basaltic shields north of Goat Rocks 20
11. Mount St. Helens 79 -
12. Indian Heaven volcanic field 34 27
13. Small volcanoes in southern Washington 7 3.8
14. Mount Hood 50
15. Small volcanoes in northem Oregon 5 5

total for southern Washington-

northern Oregon segment 380 11

Quaternary volcanism in southern Washing-
ton and northern Oregon: Volume and
extrusion rate

Quaternary volcanism in southern Washington and
northern Oregon contrasts in style and timing with vol-
canism in segments of the range to the north and south.
Mafic and intermediate Quaternary volcanic vents are
common. Andesitic and dacitic activity is concentrated
at five stratovolcanoes: Mount Adams, Mount Rainier,
Mount St. Helens, Goat Rocks, and Mount Hood.
Goat Rocks is the only stratovolcano with rocks older
than 1 Ma. Quaternary basaltic activity is found pri-
marily in the Tumac Mountain area (20 km southeast of
Mount Rainier), the Indian Heaven volcanic field,
basaltic fields peripheral to Mount Adams, and in nu-
merous, small isolated volcanoes located in the area be-
tween Vancouver, Wash., Mount St. Helens, Indian
Heaven, and Mount Hood. Many vents in these areas
erupted 1 to 2 Ma. However, in contrast to central
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