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Tectonics and Seismicity of the Southern Washington Cascade Range 

b y  W.  D. S tan ley ,  S. Y. Johnson ,  A. I. Q am ar ,  C. S. W e a v e r ,  and  J. M. W i l l i am s  

Abstract Geophysical ,  geological, and seismicity data are combined to develop 
a transpressional strain model  for the southern Washington Cascades region. We use 
this model  to explain oblique fold and fault systems, transverse faults, and a linear 

seismic zone just  west of  Mt. Rainier known as the western Rainier zone. We also 
attempt to explain a concentration of  earthquakes that connects the northwest-trend- 
ing Mount  St. Helens seismic zone to the north-trending western Rainier zone. Our 
tectonic model  illustrates the pervasive effects of  accretionary processes, combined 
with subsequent transpressive forces generated by oblique subduction, on Eocene to 

present crustal processes, such as seismicity and volcanism. 

Introduction 

The southern Washington Cascades contains Mt. Rain- 
ier, the most massive of the volcanoes in the Cascade Range 
magmatic arc (Fig. 1). Mr. Rainier is part of the triangle of 
large stratovolcanoes in southem Washington that includes 
Mount St. Helens and Mt. Adams. Mount St. Helens expe- 
rienced a cataclysmic eruption in 1980 and is apparently 
younger than Mt. Rainier and Mt. Adams, both of which 
exhibit more rounded profiles than the pointed, pre-1980 
Mount St. Helens. Mt. Rainier towers above the highly pop- 
ulated Puget Sound region to the west and the possibility of 
future eruptions of Mt. Rainier is an important geologic haz- 
ard that needs to be fully evaluated. 

There is also the possibility for damaging earthquakes 
in the Mt. Rainier region, and accurate tectonic models are 
needed to evaluate the potential for such hazards. Our goal 
in this article is to develop a testable tectonic model required 
to understand seismicity patterns observed in the southern 
Washington Cascade Range, such as linear belts of seismic- 
ity associated with Mount St. Helens [St. Helens zone (SHZ), 
Fig. 1] and in the area west of Mt. Rainier [western Rainier 
zone (WRZ), Fig. 1]. We conclude in this report that seis- 
micity is driven by transpressive deformation related to 
oblique subduction. Transpression and transtension (San- 
derson and Marchini, 1984) have been described as a com- 
bination of simple shear and pure shear and "are reasonable 
kinematic models for areas of oblique plate interaction" 
(Teyssier et  al., 1995). Transpression occurs with a large 
normal component of subduction, and transtension occurs 
with a small normal component of subduction. 

Understanding the WRZ and the SHZ is important to 
assessment of earthquake hazards in the region and in eval- 
uation of geologic hazards posed by Mt. Rainier. Part of the 
research for this article was stimulated by the selection of 
Mt. Rainier as a Decade Volcano for the 1990s (Swanson et  

al., 1992) by the International Association of Volcanology 
and Chemistry of the Earth's interior. 

Geology of  Western Washington 

The Puget Sound region and the western flank of the 
Cascade Range in southwestern Washington occupy a com- 
plex tectonic setting along the margin of two distinct crustal 
blocks. Crust in the eastern block beneath the southwest 
Washington Cascades is composed of Mesozoic and older 
accreted terranes, volcanic arcs, and underplated magmatic 
rocks. This older accreted crust is well exposed in Washing- 
ton's North Cascades (Fig. 1) but plunges southward below 
Tertiary volcanic rocks in the southern Cascades; the south- 
ernmost exposures of these basement rocks occurs in the 
Rimrock inlier southeast of Mt. Rainier (Miller, 1989). This 
basement complex was cut by numerous dextral strike-slip 
faults during a transtensional deformation event in the Eo- 
cene when several pull-apart basins formed. Master faults 
include the Straight Creek fault (Vance and Miller, 1981; 
Tabor et  al., 1984) and the hypothetical Puget fault 
(Johnson, 1984, 1985). Volcanoes of the Cascade Range 
(Fig. l) represent the magmatic arc associated with post-40 
Ma subduction of the Juan de Fuca plate and its predeces- 
sors. 

Basement in the Coast Range block to the west, which 
we refer to as Siletzia (after Irving, 1979), consists of middle 
Eocene marine basaltic rocks (Fig. 1). In western Washing- 
ton, the formation name for the basaltic rocks is the Crescent 
formation. These rocks are believed to have formed in a 
continental-margin rift setting (Wells et  al., 1984; Snavely, 
1987; Babcock et  al., 1992), possibly associated with a hot 
spot or leaky transform system. In southwest Washington, 
this volcanic basement is exposed along the southern part of 
the Olympic Peninsula and in the Black Hills and Willapa 
Hills (Fig. 1). Elsewhere in the Coast Range, it forms the 
basement for Tertiary forearc basins. Gravity and magnetic 
data (Finn, 1990; Finn et  al., 1991; Finn, 1995) indicate that 
the dense, highly magnetic mafic rocks of Siletzia consist of 
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Figure 1. Simplified geological map of western Washington showing volcanoes and 
earthquakes (small circles). Earthquakes are well-located events from the University of 
Washington catalog for the period t984 to 1994. The box in the center of the figure is 
an area of detail utilized in Figures 3, 7, 8, and 10. SHZ = St. Helens seismic zone; 
WRZ = western Rainier seismic zone; GRZ = Goat Rocks zone; RI = Rimrock inlier 
of Jurassic-Cretaceous basement rocks; BH = Black Hills; WH = Willapa Hills; SCF 
= Straight Creek fault; LRF = Leech River fault; SWF = southern Whidbey Island 
fault; SF = Seattle fault; DMF = Devils Mountain'fault; DAF = Darrington fault. The 
bold arrow inboard from the subduction zone trace (trench) represents the approximate 
convergence vector between the Juan de Fuca plate and the North American plate 
(Engebretson et al., 1985). 

many discrete blocks, with the largest occupying the central 
Coast Range of  Oregon (Fig. 2). Wells and Coe (1985) in- 
terpret that the mafic blocks in southwestern Washington are 
bounded by northwest- and west-striking thrust faults that 
formed in response to the north-directed component of  
oblique subduction. Paleomagnetic studies (Wells et  al., 

1984) indicate that most Siletzia blocks have been rotated 
clockwise, both collectively and individually, by a combi- 
nation of  dextral shear (related to block-bounding faults) and 
basin and range spreading (Wells and Coe, 1985; Wells and 
Heller, 1988). Pratt et  al. (1994) interpret that a "Puget Low- 

land" thrust sheet cuts the volcanic basement of  the Coast 
Range volcanic province and that a decollement occurs at 
the base of  the volcanic basement. They interpret that the 
numerous Siletzia blocks evident on the gravity and mag- 
netic data (Fig. 2) and discussed earlier by Wells and Coe 
(1985) are all part of  large thrust sheet with the blocks "pop- 
ping up" along thrust faults rooted in the regional decolle- 
ment. We infer from the gravity and magnetic data (Fig. 2) 
that there is considerable variation in the thickness of  the 
mafic complex from Oregon into Washington. Tertiary sed- 
imentary basins may have formed where north-south con- 
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Figure 2. Bouguer gravity anomalies in western Washington and northwestern Or- 
egon, taken from data supplied by C. Finn (written comm., 1995), showing the blocklike 
character of Siletzia crust in the Pacific Northwest Coast Ranges. Highs are values 
primarily greater than 10 milligals, and lows are values generally less than - 2 0  mil- 
ligals. Dashed contours are interpreted depths to the top of the subducting Juan de Fuca 
plate from Crosson and Owens (1987), with the 70-kin contour extrapolated by us from 
their 30-, 40-, 50-, and 60-km contours. A buttress is formed by the bend in the sub- 
duction zone and the location of pre-Tertiary basement in the North Cascades and 
Vancouver Island. R = Mt. Rainier; SH = Mount St. Helens; EB = Everett Basin; SB 
= Seattle Basin; TB = Tacoma Basin; GB = Grays Harbor Basin; CB = Chehalis 
Basin, AB = Astoria Basin; BH = Black Hills; WH = Willapa Hills; Nil = Nehalem 
Hills. The bold arrow is the approximate current direction of subduction of the Juan 
de Fuca plate and the subduction zone trench trend is shown by the thrust symbol. 

traction acted to downwarp the thinner portions of  the mafic 
complex or where faulting produced tectonic subsidence. 

The group of  Siletzia blocks is apparently moving 
northward along a broad, distributed dextral shear zone 
along the eastern flank of  the Coast Range province into the 
northem Puget Sound region where they encounter a buttress 
(Fig. 2) formed by pre-Tertiary basement in Vancouver Is- 
land and the North Cascades. The dashed contours in Figure 
2 represent depths to the top of  the subducting Juan de Fuca 
plate and a bend in the subduction zone noted by Crosson 
and Owens (1987). The combined effect of  the buttress and 

the bend in the subduction zone is to jam up the mafic blocks 
in the Puget Sound area. 

This article describes a portion of  the broad boundary 
zone between the pre-Tertiary and Coast Range basement 
blocks in the southwest Washington Cascades. Stanley et al. 
(1992, 1994) interpret that much of  this area is underlain by 
a thick upper Cretaceous to middle Eocene sedimentary 
complex. The evidence for this sedimentary complex is a 
large, buried, high-conductivity feature called the southern 
Washington Cascades conductor (SWCC, Fig. 3). The upper 
part of  the interpreted sedimentary complex is thought to 
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Figure 3. Details of southern Washington Cas- 
cades area showing simplified geology (modified 
from Walsh et al., 1987), outline of southern Wash- 
ington Cascades conductor (SWCC), geological-geo- 
physical profile AA', and two magnetotelluric (MT) 
profiles JJ' and HH'. MA = Morton anticline; BC = 
Bear Canyon; CR = Carbon River anticline; SM = 
Skate Mountain anticline; SHZ = St. Helens zone; RI 
= Rimrock inlier. 

have been deposited in an Eocene pull-apart basin system 
(Stanley et  al., 1992, 1994; Johnson and Stanley, 1995) par- 
tially contemporaneous with the Siletzia basalts. Deeper sec- 
tions of the SWCC along its eastern margin may be related 
to an accretionary prism/forearc basin complex. 

The broad boundary zone and the area underlain by the 
SWCC experienced significant Oligocene to present defor- 
mation. This deformation includes extensive northwest- 
trending fold sets and thrusts (Fiske et  al., 1963; Gard, 1968) 
concentrated in two significant anticlinal structures: the Car- 
bon River-Skate Mountain anticline and the Morton anti- 
cline (Schasse, 1987; Walsh et  al., 1987), which reflect a 

broad history of strain-related uplift. These anticlines are 
complex structural arches on which Oligocene and younger 
volcanic rocks have been uplifted and eroded, exposing Eo- 
cene sedimentary rocks; their development probably reflects 
the integrated effects of mostly contractional strain. The 
more numerous, smaller anticlines and synclines that paral- 
lel, cross, and are superimposed on these structural arches 
represent the effects of incremental strain, as discussed later 
with our models (see section entitled Tectonic Model for the 
Southern Washington Cascade Range). 

The combined Carbon River-Skate Mountain anticline 
is traceable by outcrops of Eocene sedimentary rocks, an 
aeromagnetic low (Stanley et  al., 1987) caused by thinning 
of the volcanic rocks, and by seismicity trends that we dis- 
cuss below. Folded Eocene sedimentary rocks in the Carbon 
River anticline typically dip 60 ° or more, and overturned 
beds are common. Gard (1968) recognized two fault sets in 
the anticline: (1) high-angle reverse and normal faults that 
strike north-northwest and parallel fold axes and (2) normal 
faults that cross the north-northwest fold axes at an oblique 
angle (30 ° to 40 ° ) and postdate the fold-parallel faults. These 
younger normal faults were observed to trend east-northeast 
and offset Pleistocene glacial deposits in some instances. 
Tight folding and steep faulting are also evident in industry 
seismic data obtained from the Carbon River anticline, in- 
cluding the northward extension of the structure beneath the 
Puget Lowland (Stanley et  aL, 1994; Johnson et al., 1994). 
Both the fold-parallel faults and the younger fold-oblique 
normal faults hav e as much as 300 to 500 m of displacement• 
Several andesite dikes, sills, and plugs of probable Miocene 
age intrude the Carbon River anticline and are mostly 
aligned parallel to the strike of the anticline (Walsh et  al., 

1987; Schasse, 1987). Formation of structures within the an- 
ticlines may have begun in latest Eocene or Oligocene (Fiske 
et  al., 1963; Gard, 1968; Buckovic, 1974) and has continued 
to present, as indicated by the current seismicity. The west- 
ern Rainier seismic zone (WRZ) is centered on the north- 
trending portion of the Carbon River-Skate Mountain anti- 
cline. 

The Morton anticline is a complex structural arch along 
the western margin of the SWCC (Fig. 3). It has been studied 
extensively as a possible hydrocarbon play by Stanley et  al. 

(1994) and Johnson and Stanley (1995). Surface outcrops 
and interior fold axes suggest that the Morton anticline has 
been highly deformed by transpressive forces since initial 
formation. The southern 40% of the surface expression of 
the anticline trends approximately N30°W (Fig. 3; Walsh et  

al., 1987; Johnson and Stanley, 1995), but the northern 60% 
of the surface trends N30°E. Stanley et  al. (1994) interpret 
that this variation in azimuth results from increased contrac- 
tion of the deformable SWCC complex in the northern por- 
tion of this zone. The area west of the Morton anticline is 
underlain by middle to upper Eocene Northcraft formation 
volcanic rocks (Fig. 3) and is coincident with a large gravity 
(Fig. 2) and magnetic anomaly. The gravity anomaly (Fig. 
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2) extends southeastward from the Black Hills outcrops 
(Fig. 1) of Crescent basement. 

Portions of the structural zone occupied by the SWCC 
are now seismically active in response to oblique subduc- 
tion. The Mount St. Helens seismic zone (SHZ) of Weaver 
and Smith (1983) is apparently coincident with the contact 
between the SWCC on the east and the mafic Coast Range 
(Siletzia) basement (Stanley et al., 1992) on the west (Fig. 
3). This coincidence is important for three reasons. First, it 
indicates that crustal block boundaries, perhaps established 
in early to middle Eocene, may play an important role in 
present fault motions. Second, the crustal-block hypothesis 
and the strain models that we outline in this article provide 
additional information for estimating credible maximum 
earthquake magnitudes along the SHZ; events as large as M 
6.5 may be possible on the SHZ (Weaver and Shedlock, 
1992). Third, lacking known surface faults of Quaternary 
age along the SHZ, the geophysical data allow estimates of 
seismic hazards to be constrained by a regional structural 
model. 

Seismicity of Western Washington 

The distribution of earthquakes in western Washington 
is complex and includes events in the subducting Juan de 
Fuca plate and the crust, as illustrated in Figure 4. The cross 
sections show seismicity in two east-west swaths, one be- 
tween 46 ° and 47 ° latitude and the other between 47 ° and 
48 ° (Fig. 1). The events within the Juan de Fuca plate (Fig. 
4) define the geometry of the Benioff zone beneath western 
Washington (Crosson and Owens, 1987; Weaver and Baker, 
1988). 

The cross sections of Figure 4 show that crustal seis- 
micity in western Washington is concentrated in the Puget 
Sound and Cascades region at depths of less than 25 km. In 
a later section of this article, selected cross sections reveal 
that along steep fault zones in western Washington, crustal 
earthquakes are distributed between the near-surface and 20 
to 25 km. Away from steep fault zones, the earthquakes are 
concentrated in the 15- to 25-kin-depth range. The maximum 
depths of crustal earthquakes in the region west of the Cas- 
cade Range occur at the approximate base of Siletzia crust, 
as interpreted from MT soundings, gravity and magnetic 
models, and seismic-reflection/refraction data (Finn, 1990; 
Stanley et aL, 1987; Clowes et aL, 1988). 

The concentration of crustal earthquakes at 15- to 25- 
km depths may be related to several factors. One factor may 
be instantaneous strain generated within the lower part of 
Siletzia crust as it slides over material beneath it in the lower 
crust. Geologic studies in the Olympic Peninsula (e.g., Tabor 
and Cady, 1978) and geophysical interpretations (Stanley et 
al., 1987; Clowes et al., 1988) suggest that the lower crust 
beneath Siletzia in western Washington and southern Van- 
couver Island consists of underplated Eocene and younger 
sedimentary rocks and slices of oceanic crust. Such imbri- 
cated sedimentary and oceanic rocks have very low hori- 
zontal shear strength; thus, it is not likely that Siletzia sliding 

over these underplated rocks produces the concentration of 
seismicity at depths of 15 to 25 km away from active steep 
faults. A decrease in depths to the bottom of crustal seis- 
micity between Puget Sound and the Olympic Peninsula core 
(Fig. 4 upper) likely reflects the east-dipping thrust contact 
between thick post-Eocene marine sedimentary rocks in the 
Olympic complex and peripheral Siletzia mafic rocks (Fig. 
1). 

Other factors may control the depth limits and concen- 
tration of crustal earthquakes. The thermally controlled, brit- 
tie-ductile transition may be a factor in limiting seismicity 
depths, especially on the east end of the cross sections of 
Figure 4 in the Cascade Range where heat flow is high. Max- 
imum depth to crustal earthquakes decreases to the east near 
the Cascade Range. Bending stresses in the lower part of 
Siletzia blocks may also play a role in concentrating earth- 
quakes in the 15 to 25-kin depth range. Additionally, ser- 
pentinization or other metamorphic processes stimulated by 
fluids released from the underlying subduction complex may 
also contribute to the concentration of earthquakes in the 
lower parts of the Siletzia mafic crust (depths of 15 to 25 
km). Serpentinization is a hydration reaction that decreases 
density (from 3.3 gm/cm 3 in peridotite to 2.65 gm/cm 3 in 
serpentinite), increases volume (O'Hanley, 1992), and re- 
leases heat, since the reaction is strongly exothermic (Fyfe 
et al., 1978). Any such volume changes would lead to strain 
in the lower parts of Siletzia mafic crust and could generate 
earthquakes. Serpentinization within the lower parts of Sil- 
etzia may be occurring only if the mafic flow units are un- 
derlain at depth by ultramafic crust. If Siletzia was formed 
by superposition of an offshore pull-apart structure with a 
leaky transform or hot spot, as postulated by Wells et al. 
(1984), then mantle-derived ultramafic rocks may comprise 
the lower parts of this crustal complex. 

Previous studies have noted pronounced differences in 
the spatial distribution of crustal earthquakes in northwestern 
and southwestern Washington (Stanley, 1984; Ludwin et al., 
1992; Weaver et al., 1990). In northwestern Washington, 
crustal events are confined to the area between the eastern 
Olympic Peninsula and the Quaternary volcanoes in the Cas- 
cade Range (Fig. 1), with very few earthquakes located far- 
ther east in the North Cascades. Intense earthquake activity 
in the Puget Sound region diminishes rapidly south of Ta- 
coma (Fig. 1). This change may be related to increased strain 
in the Paget Sound area caused by the bend in the subduction 
zone and the buttressing effect discussed earlier. 

The most significant characteristic of seismicity in the 
region of the major volcanoes of the southern Washington 
Cascades is the presence of two north- to northwest-trending 
linear zones of seismicity. The most prominent is the St. 
Helens zone (SHZ, Figs. 1 and 3), where events as large as 
magnitude 5.5 have recently occurred (Weaver and Smith, 
1983). A second zone of seismic activity is located just west 
of Mt. Rainier (Fig. 1), originally referred to by Thompson 
(1989) as the west Rainier seismic zone and renamed the 
western Rainier zone (WRZ) by Weaver et al. (1990). Mo- 
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Figure 4. Seismicity sections along swaths from 46 ° N to 47 ° N (lower) and from 
47 ° N to 48 ° N (upper) compiled from University of Washington catalog for 1970 to 
1992. On each section, one bold line delineates the approximate top of the subducting 
Juan de Fuca plate as mapped by seismicity, and the shallower bold line is located 
approximately at the maximum depth for crustal seismicity within the overriding North 
American plate. 

tion on the SHZ is predominantly dextral slip (Weaver and 
Smith, 1983). Motion on the WRZ is more complex (see 
focal mechanisms of Fig. 10 discussed in the section on De- 
tails of Seismicity in the Southern Washington Cascades) 
but also mostly dextral slip in character. Yelin and Patton 
(1991) have suggested that sparse seismicity near Portland 
(Fig. 1) may be occurring on two nearly parallel fault zones 
(the Portland Hills fault zone and the Frontal fault zone), but 
these zones are poorly defined by the available hypocenters 
in comparison to the SHZ and WRZ. Beyond these previously 
interpreted seismic zones, other linear patterns are suggested 
by the regional seismicity. For example, a discontinuous 
alignment of epicenters extends north-northwest from Goat 
Rocks (Fig. 1), an eroded, former Pliocene volcano southeast 

of Mt. Rainier. For the purposes of this article, we refer to 
this zone as the Goat Rocks zone (GRZ). 

Geophysical  Studies in the Southern 
Washington Cascades 

The geophysical setting of Mt. Rainier and other vol- 
canoes of the Cascade Range in southern Washington was 
discussed by Stanley (1983) in terms of the contractional 
style of the Washington Cascade Range, in contrast to the 
extensional style of the Oregon and northern California Cas- 
cade Range. Evidence for this contrasting style is different 
types of faulting, regional magnetotelluric (MT) models, and 
the distribution of basaltic volcanic rocks associated with 
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extension. MT surveys in the southern Washington Cascade 
Range (Stanley et al., 1987) delineated the SWCC (Fig. 3), 
which was first detected with sparse geomagnetic array mea- 
surements (Law and Booker, 1983). Detailed geomagnetic 
array studies by Egbert and Booker (1994) confirmed the 
general structure of the SWCC as determined from MT sur- 
veys and extended knowledge about regional conductivity 
structures in western Washington. 

Lees and Crosson (1990) compiled tomographic images 
using local earthquakes in western Washington and found a 
pseudohorizontal, low-velocity body that thickened to 16 km 
just west of Mt. Rainier. We interpret that this low-velocity 
body corresponds to the SWCC. Lees and Crosson (1990) 
also mapped a low-velocity body beneath Mt. Rainier at 
depths of 9 to 25 km. They suggested that the low-velocity 
body beneath Mt. Rainier might be a magma chamber, but 
we interpret MT models from near Mt. Rainier to show con- 
ductive rocks of the SWCC in this depth range (discussed 
later in this section); therefore, the low velocities mapped at 
mid-crustal depths near Mt. Rainier may be related to sedi- 
mentary units of the SWCC. 

Finn (1990) modeled gravity and magnetic data for 
western Washington and interpreted the eastern boundary of 
Siletzia as corresponding to a north-south striking gravity 
gradient passing through Mount St. Helens and Seattle, 
Washington. New detailed geologic mapping and geophys- 
ical studies being done as part of the CASCADIA project 
(CASCADIA Working Group, 1993), seismic reflection 
(Stanley et al., 1994), gravity and magnetic maps (Finn et 
al., 1991; Finn, 1995), and MT sounding data (Stanley et al., 
1987, 1994) can be combined with seismicity cross sections 
to study the boundaries and extent of the important crustal 
blocks in the southern Washington Cascades. 

Stanley et aL (1994) compiled a geological/geophysical 
and seismicity cross section (Fig. 5) across the southern 
Washington Cascade Range (profile AA', Fig. 3), using 
well-log and surface geological information combined with 
industry and Department of Energy (DOE) seismic-reflection 
and MT data (Stanley et al., 1994). Stanley et aL (1992, 
1994) interpret that the SHZ (Fig. 5) coincides with the basic 
crustal contact between the Eocene mafic rocks of Siletzia 
(Crescent formation) and sedimentary rocks of the SWCC 
with underlying basement to the east. Although no wells in 
the basin have penetrated to basement rocks, Crescent for- 
marion can be traced on seismic-reflection data from out- 
crops in the western part of the Chehalis Basin (Stanley et 
aL, 1994; Johnson and Stanley, 1995). The sequence of 
Oligocene-Miocene volcanic flows of the Ohanapecosh and 
Stevens Ridge formations (Walsh et al., 1987) in the Cas- 
cade Range is interpreted on the cross section to range up to 
5-km thick and is underlain by middle to upper Eocene, non- 
marine strata of the Puget Group (Stanley et  al., 1992, 1994; 
Fig. 5). The SWCC low-resistivity rocks are nearer the sur- 
face in the area of the Skate Mountain anticline, the Carbon 
River anticline, the Morton anticline, and Bear Canyon 
(Figs. 3 and 5), where Eocene nonmarine to marginal-marine 

strata crop out (Stanley et aI., 1994; Johnson and Stanley, 
1995). To the east, the reflection data suggest a broader ex- 
tent of the pre-Tertiary basement complex (Fig. 5) that is 
exposed in the Rimrock inlier (RI, Figs. 1 and 3). The seis- 
mic-reflection data also reveal details of basin structure, fold 
sets, and faults within the SWCC region (Stanley et al., 
1994). 

As part of the research for this article, we completed 
two MT profiles, JJ' and HH' (Fig. 3), to investigate details 
of structure across the WRZ and in the Mt. Rainier area. The 
MT data from profiles JJ' and HH' were modeled using a 
modified version of the two-dimensional inversion program 
developed by Smith and Booker (1991). The inversion mod- 
els (Fig. 6) derived after 50 or more iterations were simpli- 
fied by grouping the model resistivities into four ranges. The 
MT data are sensitive to features outside the ends of the 
profiles, and the models are required to extend beyond the 
actual data spatial limits; therefore, we have shown parts of 
the model some distance from the ends of the actual data. 
However, the resolution of the model beyond the actual data 
decreases rapidly beyond the ends of the profile. For in- 
stance, on the model for profile HH', the western margin of 
the SWCC is well located because it occurs within the sound- 
ing profile; however, the eastern limit of the SWCC beyond 
the end of the profile data is poorly resolved. 

MT models in Fig. 6 show important structures in the 
Mt. Rainier region. The 1- to t0-ohmmeter units correspond 
to the SWCC. The western boundary of the conductive rocks 
on both MT profiles corresponds to the western margin of 
the Carbon River anticline, but the eastern boundary on pro- 
file HH' is poorly defined because of a lack of MT stations. 
North of profile HH', the eastern boundary of the SWCC is 
near the eastern margin of the Carbon River anticline (Fig. 
3; Stanley et al., 1994; Schasse, 1987). Preliminary analysis 
of an MT profile acquired in 1994 shows that the region just 
north of Mt. Rainier is composed of high-resistivity rocks 
inferred to be predominantly Miocene plutons. 

On section JJ' (Fig. 6), the conductive SWCC units dip 
very steeply beneath Mt. Rainier and appear to merge with 
a deeper conductive zone on the east end of the profile. The 
deeper conductive zone n~ay be an extension of the conduc- 
tive sedimentary units as indicated or analogous to a hori- 
zontal, mid-crustal, conductive zone found elsewhere in the 
Cascade Range (Stanley et al., 1990). Stanley et al. (1990) 
have interpreted this zone to be related to a mid-crustal re- 
gion of fluids derived from prograde metamorphism caused 
by high-heat flow. The bottom of the SWCC is not accurately 
constrained by the MT data on profiles HH' and JJ' because 
at the lowest frequencies measured the conductive complex 
was not always penetrated. Unpublished lower-frequency 
soundings completed south of the Mt. Rainier area along the 
seismic profiles were used to model the thickness shown on 
the geological/geophysical cross-sectional of Figure 5. The 
model of profile JJ' (Fig. 6) is similar in appearance to the 
MT and seismic models along profile AA' further south 
(Fig. 5). 
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Cascades region (from Stanley et al., 1994). Rectangles are hypocenters (projected 
normal to profile) from University of Washington catalog (1970 to 1992) for a 0.2 ° 
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Details o f  Seismicity in the Southern 
Washington Cascades 

Our analysis of seismicity patterns in the southern 
Washington Cascades started with the best geophysical/geo- 
logical cross section available to us, represented in Figure 
5, based on detailed gravity/magnetic, seismic reflection, 
MT, and geologic mapping data. Hypocenters for earth- 
quakes from the University of Washington catalog for 1970 
to 1992 in a swath of 0.2 ° centered on profile AA' were used 
to study details of local faults (Fig. 5). Hypocenters were 
projected onto the section along lines perpendicular to pro- 
file AA'.  The detailed seismicity plot of Figure 5 reveals that 
the narrow, vertical zone of seismicity associated with the 
SHZ slightly to the southeast noted by Weaver and Smith 
(1983) is not characteristic of the seismicity on profile AA'.  
Instead, most of the seismicity at the projected location of 
the SHZ is concentrated at depths of 15 to 25 km in a com- 
plex distribution. 

Another concentration of hypocenters is located just 
east of the axis of the Skate Mountain anticline, aligning 
with an east-dipping thrust fault interpreted from DOE re- 
flection data (Fig. 5). These earthquakes delineate the south- 
ern extension of the WRZ (Fig. 1). The upper plate of the 
thrust fault includes a thick syncline of Ohanapecosh vol- 
canic rocks, Puget Group sedimentary units, and Jurassic- 
Cretaceous basement (containing probable Miocene intru- 
sions). On the west, the lower plate consists of near- 
horizontal Puget Group sedimentary rocks, underlain by the 
thick, east-dipping marine sedimentary complex associated 
with the SWCC, and underlying basement. 

The seismicity concentration in the Goat Rocks area 
(Figs. 1 and 5) continues northward with poor definition to 
the region east of Mt. Rainier. The location of this concen- 
tration of seismicity on section AA' is quite evident and most 
of the earthquakes are shallow, representing mainly right- 
lateral slip in the basement rocks (focal mechanisms are 
shown in Fig. 10). 

We also analyzed the distribution of seismicity along 
the detailed MT profiles JJ '  and HH'  across the Carbon 
River-Skate Mountain anticline and WRZ. We projected 
seismicity within 0.15 ° swaths centered on the individual MT 
profiles onto the models (Fig. 6). A distinct grouping of 
earthquakes occurs at depths of 2 to 8 km on profile HH'.  
This grouping occurs in the axis of the Carbon River anti- 
cline and may be related to internal faults as discussed ear- 
lier; however, the seismicity coincides with interpreted plu- 
ton in the MT model (outlined by the bold shaded line). 
Strain may therefore be concentrated on the margins of the 
mechanically rigid pluton contained within more compliant 
sedimentary rocks. Most of the earthquakes projected onto 
MT section JJ' were located within the axial part of the Car- 
bon River anticline, suggesting that either strain within the 
anticline is highest in the axis or that physical conditions and 
faults within the axis facilitate strain release. 

Overall seismicity in the southern Washington Cascade 
Range region was studied using earthquakes from the Uni- 
versity of Washington catalog for the years 1980 to 1994 
(Fig. 7). Epicenters of well-located (A or B location quality, 
as defined in Ludwin et  al., 1994) earthquakes from the cat- 
alog are plotted in Figure 7 and as horizontal depth slices in 
Figure 8. The narrow rectangles in Figure 7 indicate swaths 
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for detailed cross sections of  seismicity (shown in Fig. 9). 
Selected focal mechanisms are shown in Figure 10. 

Figure 7 reveals dense seismicity along the SHZ and a 
lower concentration of  events associated with the WRZ. The 
WRZ appears to continue well north of  Mt. Rainier. Many 
earthquakes on the SHZ were associated with fault move- 
ment after the 1980 eruption of  Mount St. Helens and after- 
shocks of  the M 5.5, 1981 Elk Lake earthquake that occurred 
15 krn north of  Mount St. Helens. The SHZ becomes less 
distinct north of  the Cowlitz River near an east-northeast 
band of  earthquakes evident in the 12- to 20-km-depth range 
(Fig. 8). The east-northeast concentration of  earthquakes 
may represent a transfer of  strain between the SHZ and the 
WRZ. We refer to such a feature as a stepover after Aydin 
and Nur (1985) and Biddle and Christie-Blick (1985). Other 
references use the term overstep in the same context. 

The vertical seismicity zonation at depths of  about 20 
km in Figure 9 (slices X1 to X5) is absent north of  the ste- 

pover zone (the stepover is in slice X5) between the SHZ 
and the WRZ. Besides the SHZ to WRZ stepover zone, there 
also appears to be a northeast-trending seismicity zone that 
extends southwest from the Portland area to the SHZ. The 
earthquakes in this zone are concentrated at a mean depth of  
about 18 km (bold lines on slices X1, X2, and X3; Fig. 9). 
These earthquakes are apparently related to localized strain 
in a block of  Siletzia basement, which is in contact with the 
SWCC along the SHZ. Figure 9 indicates that the SHZ is 
primarily a vertical feature near Mount St. Helens (slice X2) 
and on the depth slice X1 to the south; however, the SHZ 
appears to have a steep westward dip on slice X3 (and Fig. 
5) and may merge with the concentration of  earthquakes at 
about a depth of  18 km in the lower part of  Siletzia. 

Seismicity near Mt. Rainier is concentrated southwest 
and west of  the volcano and beneath the summit (Figs. 8 and 
9). The small magnitude, shallow earthquakes beneath the 
summit may be caused by a variety of processes: loading of  
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the summit region by ice and volcanic rocks; glacier ice 
movements; rock, ice, and debris landslides; slip on shallow 
faults in the volcanic edifice; and hydrothermal or magmatic 
activity (Weaver and Malone, 1979; Weaver et  al., 1990). 
Although important for geologic hazards assessments, these 
events are less related to regional tectonics, and we concen- 
trate on the seismic zones west and southwest of the volcano. 

The largest concentration of earthquakes in the WRZ 
occurs along the axis of the Carbon River anticline (Figs. 7 
through 9). These earthquakes were located at depths of 2 
to 15 km (Fig. 9), placing them within the Puget Group and 
SWCC assemblage (Figs. 5 and 9). The WRZ was also studied 
by Thompson (1989), using a magnitude 4.1 event in July 
1988 (Fig. 10) and aftershocks. The focal plane solution for 
the mainshock (Fig. 10) indicates thrusting in a northeast- 
trending fault. This solution is supported by aftershocks 
(Thompson, 1989) that were located primarily near a plane 
that strikes N44°E and dips N72°W. Thus, unlike the SHZ, 
where focal mechanisms show dominantly dextral strike slip 
on northwest-trending faults, seismicity on the WRZ shows 

evidence of fault segments that cross-cut the main strike-slip 
fault zone. This complexity is also indicated in the geologic 
mapping by Gard (1968). 

There is a grouping of thrust-type focal mechanisms 
west-southwest of Mt. Rainier (Fig. i0). Seven of the thrust 
mechanisms indicated in Figure 10 occur either within the 
stepover zone that connects the SHZ to the WRZ or at the 
intersection of the stepover with the WRZ. Another four 
thrust mechanisms are near the north end of the SWCC where 
another northeast-trending concentration of earthquakes oc- 
curred (Fig. 7). It is important to note that the stepovers from 
the SHZ to the WRZ and at the north end of the WRZ have 
"releasing bend" geometry in the dextral fault system (Gui- 
rand and Seguret, 1985) and would be expected to be sites 
of extension, rather than contraction. We provide an expla- 
nation for this paradox in the next section. 

Seismicity that clusters near a thrust fault under the 
Skate Mountain anticline outlined in seismic reflection data 
(Fig. 5) is also shown on cross section X3 (Fig. 9). We infer 
that the thrust fault was reactivated in a dextral-slip mode 
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Figure9 .  Cross sections of seismicity 
along swaths X1-X6 of Figure 7. No vertical 
exaggeration except for topography (2:1). SK 
= Storm King earthquake; WRZ = Western 
Rainier zone; SHZ = St. Helens zone; SM = 
Skate Mountain anticline; CR = Carbon River 
anticline; GRZ = Goat Rocks zone; MA = 
Morton anticline. Bold solid fines on west ends 
of X1 to X4 are interpreted lower surfaces of 
Siletzia. Simplified interpreted MT cross sec- 
tions that show the configuration of the SWCC 
have been projected onto cross sections X3 to 
X5. The locations of the boundaries of the 
SWCC on other seismicity cross section as de- 
termined from distributed MT soundings are 
shown by the vertical lines. 

and probably continues northward in the area of  cross sec- 
tions X4, X5, and X6 within the WRZ, where it has rotated 
to a more vertical attitude by increased horizontal contrac- 
tion to the north. This increased horizontal contraction was 
interpreted previously by Stanley et al. (1992, 1994) from 
apparent convergence of  the Morton anticline with the Car- 
bon River anticline and from increased thickness and re- 
duced horizontal extent of  the SWCC complex from south to 
north (Fig. 9). 

A magnitude 4.9 earthquake occurred in 1988 (SK, Fig. 
9) with a hypocenter  at a depth of  18 km near the stepover 

zone between the SHZ and WRZ (delineated by events with 
hypocenters from depths of 12 to 20 Km). The Storm King 
event had very few aftershocks, and none were greater than 
magnitude 2.5. The mainshock location (Fig. 9) of  the Storm 
King event shows that it occurred along the margin of the 
SWCC. The focal mechanism for the Storm King earthquake 
is consistent with either sinistral slip on an east-dipping, 
northerly striking fault plane or dextral slip on a north-dip- 
ping, east-striking plane (Fig. 10). The spatial distribution 
of  aftershocks for the Storm King event is not adequate to 
decide which fault plane is appropriate. The compound tran- 
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spressional model we discuss in the next section favors the 
east-striking plane. 

Tectonic Model  for the Southern Washington 
Cascade Range 

Evidence for Transtension and Transpression 

Most of the tectonic features of the southern Washing- 
ton Cascade Range can be related to the effects of Eocene 
transtension and post-Eocene transpressional deformation. 
The driving force for Eocene transtension was rapid oblique 
convergence of Pacific basin plates below western North 
America (Engebretson et al., 1985). Oblique convergence 
continued at lower rates from the Oligocene to the present. 
The transition from transtension to transpression is not easily 
related to changes in plate convergence vectors and therefore 
probably reflects the interaction of oblique convergence and 
continental margin, regional-to-local structure and kinemat- 
ics. There is abundant evidence in the continental margin 
from Washington to Alaska for transcurrent deformation 
(Eisbacher, 1985). Beck et al. (1993) have provided an el- 
egant model to explain this type of deformation utilizing the 
effect of buttressing and subduction zone bending as por- 
trayed in Figure 2. In the analysis of models in this section, 
we will invoke a local force direction that is small with re- 
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gard to interior margin domains without requiring the sub- 
duction vector to have a small angle to the continental plate. 

The Carbon River-Skate Mountain and Morton anti- 
clines provide the most obvious evidence of transpressional 
deformation but with numerous smaller-scale folds and 
faults concentrated in and across these features (Walsh et al., 
1987). Transpressional deformation is not limited to the re- 
gion that we discuss in detail in this article, but it is evident 
in most of southwestern and west-central Washington. The 
unique characteristics of transpression in the study area are 
the subject of our models, and we infer that these unique 
characteristics are largely determined by a very thick, de- 
formable sedimentary section of the SWCC and related 
boundary conditions. 

Transpressional Strain Modeling 

Simple transpressional strain models can be useful to 
illustrate some important elements of expected deformation. 
First, some assumptions and terms need to be clarified. Most 
simple mathematical and physical modeling involves ho- 
mogeneous strain (Fig. 1 la), but there is clear indication of 
inhomogeneous strain in the study area that we deal with in 

unsh'ained s~te homogeneous inhomo~eneous 
strain strain 

( A )  HOMOG~IEOUS AND INHOMOGBqEOUS STRAIN 

simple extension pure shear slmpie shear 

(B) FINITE STRAIN IN TWO DIM E)iSlONS 

Figure 11. Explanation of terminology used in the 
text. Diagrams were modified from Ramsay (1967). 
(a) Difference between homogeneous and inhomo- 
geneous strain. (b) Distinction between simple exten- 
sion, pure shear, and simple shear with the light gray 
box representing the undeformed state, and the open 
rectangles (and parallelogram) representing the de- 
formed state. 
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our model of the area. Strain clearly operates in three di- 
mensions in real geology, with lithostatic loading and other 
forces providing a vertical component. However, most of 
the transpressive deformation in the study area can be mod- 
eled with two-dimensional strain (Fig. 1 lb). Pure shear and 
simple shear (Fig. 1 lb) are definitions of the manner in 
which specific translations give rise to the state of strain. In 
our case, we will model the strain effects from the normal 
and transcurrent forces of oblique subduction. 

Two of numerous possibilities for modeling the shears 
involved in t_ranspression are shown in Figure 12. The dark 
gray unit cubes represent rigid blocks that experience pure 
shearing (defined in Fig. 1 lb) from the normal component 
of oblique subduction. The light gray unit volume prism rep- 
resents a deforming zone between the two rigid blocks that 
undergoes simple shearing (defined in Fig. 1 lb) from the 
transcurrent (or wrench) component of oblique subduction 
(Harland, 1971). Figures 12b and 12c account for changes 
in the strain ellipsoid under the imposed shears by lateral 
escape and vertical escape, respectively. For transpression, 
a -  i < 1; for transtension, a -  1 > 1; and for classical wrench 
faulting (Sanderson and Marchini, 1984), a-1 = 1. In ad- 
dition to the volume distortion caused by the shearing, other 
effects are observed at the surface of a physical model (Rich- 
ard and Cobbold, 1990) or the Earth (Sanderson and Mar- 
chini, 1984). These effects typically involve the formation 
of en-echelon fold and thrust belts and extensional features 
(extending shears and normal faults) that parallel the direc- 
tions of minimum and maximum compression (o- 3 and trl), 
respectively. Strike-slip faults also develop or coincide with 
thrust faults (Sanderson and Marchini, 1984). Harland 

(1971) demonstrated that the fold-thrust belts form an angle 
with the simple shear direction but rotate into parallelism as 
the pure shear strain compresses the deforming zone. The 
rate at which this occurs is dependent upon the model (or 
real Earth); in Figure 12b, the approach to parallelism would 
naturally occur more rapidly than in Figure 12c because of 
elongation of the fold axes. 

The simple models of transpression in Figure 12 illus- 
trate two possible assumptions about boundary conditions, 
both of which involve constant volume for the deforming 
zone. Other more realistic assumptions could be made. Ti- 
koff and Teyssier (1994) utilize partitioned displacement, or 
independent regions within the deforming zone, to model 
the southern California San Andreas and Great Sumatran 
faults. When sedimentary rocks are involved in the deform- 
ing zone, one could also model the strain using tectonic vol- 
ume loss (reduction of porosity). Dias and Ribeiro (1994) 
have demonstrated distortion matrices for the latter and other 
interesting styles of transpression. 

The timing of development of transpressional folding 
and faulting has been studied with sand box experiments 
(Richard and Cobbold, 1990; Richard et al., 1991; Pinet and 
Cobbold, 1992). These experiments indicated early formed 
folds that tightened and rotated clockwise (for dextral shear), 
with thrust faults developing within the folds. The folds and 
faults developed parallel to the direction of minimum com- 
pression (tr3). Thrust faults were subsequently converted to 
strike-slip faults as contraction continued. The latest-stage 
features observed were normal faults and shear zones that 
developed parallel to the direction of maximum compression 
(a~). This pattern of folding and faulting fits the geologic 
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(A) INITIAL BLOCK MODEL 

(B) LATERAL ESCAPE 

(C) VERTICAL ESCAPE 

Figure 12. Models for transpression modi- 
fied from Sanderson and Marchini (1984). (a) 
Initial model with a unit deformable block 
(light gray) between two unit rigid blocks (dark 
gray). The left rigid block undergoes pure 
sheafing, and the deforming block undergoes 
simple sheafing. The second rigid block (dark 
gray) is fixed or has one-half the shear com- 
ponent of the first block. Diagonal distortion of 
the unit deforming zone is assumed to be con- 
stant volume and can be accommodated by lat- 
eral escape (b) or vertical escape (c). The dis- 
torted strike length of the unit deformable 
block is a, and the distorted dip length is a -1. 
For transpression, a -I < 1; for transtension, 
a-  1 > 1; and for pure shear, a-  ~ = 1 (wrench- 
ing). Folds, thrusts (sawteeth on hanging wall), 
and extensional features form, dependent on 
material properties and boundary conditions. 
These features are shown superimposed on (b), 
independent of the lateral escape. Parameters 
al and a 3 are the directions of local maximum 
and minimum compression. 
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observations of Gard (1968) in the Carbon River anticline 
area and our broader observations based on geologic, seis- 
micity, and geophysical data from the SWCC region. 

A Compound Transpressional Strain Model 

The tectonic features in the southern Washington Cas- 
cades are most conveniently explained using a compound 
transpressional model involving three domains, as shown in 
Figure 13. Domain 1 represents the mafic blocks of Siletzia 
to the west of the SWCC and other unknown, rigid crustal 
components; domain 2 represents the early pull-apart basin 
complex of the SWCC; and domain 3 represents the pre- 
Eocene continental margin of the North American plate. 
When the transcurrent angle, th, was small in early to middle 
Eocene, the mafic complex of Siletzia may have formed in 
a near-margin pull-apart system, possibly added by coinci- 
dence with a hot spot or leaky transform system (Wells et 
al., 1984). It is important to note that the transcurrent direc- 
tions shown are the local force directions and may not cor- 
respond to the plate-motion vector azimuth. In Figure 13a, 
domain 2 may have been bounded to the west by the by- 

pothesized Puget (Johnson, 1984, 1985) fault and to the east 
by a southern extension of the Straight Creek fault (Fig. 1). 

The model (Fig. 13) assumes a free boundary condition 
at the north ends of domains 1 and 2 during the transten- 
sional episode. The North American plate (domain 3) is fixed 
in both (A) and (B) stages of the model. In the transpression 
stage (B), we assume a fixed boundary condition at the north 
ends of domains 1 and 2. The backstop of pre-Tertiary base- 
ment complexes to the north, coupled with a bend in the 
subduction zone (Fig. 2), is a factor in our assumption of a 
fixed boundary condition. The fixed boundary is likely a 
distributed feature of the Puget Lowland; for example, John- 
son et al. (1994) suggest that thrusting on the Seattle fault 
(Fig. 1) accommodates much of the northward displacement 
in the region of domains 1 and 2 in our model. 

We interpret that tectonic escape of one or more blocks 
of domain 1 is required to produce the increased horizontal 
contraction of the SWCC (domain 2) on the north. This in- 
creased horizontal contraction is the largest obvious evi- 
dence of inhomogeneous strain (Fig. 1 lb) in the study area. 
The increased contraction in the north half of domain 2 in 
Fig. 13b causes increased clockwise bending of the north 
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Figure 13. A transtensional-transpressional model developed to explain tectonic 
features of the southern Washington Cascades. (a) Transtensional stage in which do- 
main 1 (dark gray) is composed of discrete rigid blocks that represent Siletzia and other 
unknown basement units; domain 2 (light gray) represents a deformable zone assumed 
to be a pull-apart basin complex; and domain 3 (hatch pattern) is rigid, fixed, and 
represents the late Cretaceous margin of the North American Plate. (b) Transpressional 
stage in which tectonic escape is incorporated. The angle between the direction of the 
total force vector and the continental margin is th. R = Mt. Rainier; G = Goat Rocks 
(dashed triangle indicates former volcano); A = Mt. Adams, S = Mt. St. Helens; M 
= Morton anticline; C = Carbon River-Skate Mountain anticlines; RR = Raging 
River anticline. 
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ends of the Morton and Carbon River-Skate Mountain an- 
ticlines. We also schematically show the approximate loca- 
tion of the Raging River anticline and associated structures 
in the Black Diamond-Tiger Mountain area (Vine, 1969) to 
the north of the SWCC where transpressive deformation has 
occurred (Johnson et  al., 1994) but where the thick section 
of sedimentary rocks in the SWCC does not occur. The lack 
of this thick sedimentary section may be due to greater base- 
ment uplift and erosion in the Black Diamond-Tiger Moun- 
tain region. 

The escape of blocks of domain 1 may be the primary 
cause of the stepover in seismicity between the SHZ and the 
WRZ. The increased horizontal contraction at the north end 
of domain 2 acts to merge two divergent strike-slip zones of 
Fig. 13a into the single strike-slip fault zone along the north- 
ern domain 2 to 3 boundary in Fig. 13b. Thus, components 
of strike slip along the western margin of domain 2 are forced 
to transfer into the interior of the domain, through activation 
of fold-parallel reverse or thrust faults (in the Carbon River- 
Skate Mountain anticlines) and in stepovers. We also con- 
sidered the possible role of interior block rotation in domain 
2 as a mechanism for development of this stepover and for 
the focal mechanism of the Storm King earthquake. Nich- 
olson et aL (1986) have demonstrated the role of block ro- 
tation between two strike-slip zones in producing stepovers 
in the southern California San Andreas region. However, 
most of the evidence appears to us to require the model we 
present in Fig. 13b, where block rotation of the interior region 
(domain 2) between the two strike-slip faults is not a factor. 

The focal mechanisms of Figure 10 indicate thrust so- 
lutions for several events in the stepover region between the 
SHZ and WRZ and several at the north end of the SWCC 
(domain 2). These thrust focal mechanisms and a stepover 
inferred near the north end of the SWCC (Fig. 8d) may be 
related to the blocking effect of the fixed boundary condition 
at the north end of domains 1 and 2. With this fixed bound- 
ary, there is no way to accommodate northward-directed 
shear in the northern part of domain 2. The fold-oblique 
thrust faults shown in domain 2 are shown to agree with the 
computed east-northeast thrust focal mechanisms (Fig. 10) 
that occur in the SHZ to WRZ stepover zone and the stepover 
zone near the north end of the SWCC. 

Northeast-trending extensional features (normal faults 
and shear zones) are indicated in Fig. 13b to honor results 
from model studies and geologic observations by Gard 
(1968) for these late-stage tectonic developments. Other ef- 
fects of late-stage deformation can be observed in diver- 
gence of the azimuths of small folds from the azimuths of 
the main anticlines. Many small folds in the study area trend 
counterclockwise from the main anticlinal azimuths (Walsh 
et aL, 1987). This is characteristic of the effect of transpres- 
sion in dextral slip regimes. Sanderson and Marchini (1984) 
show that the latest-formed folds will honor the incremental 
strain at the moment of folding, resulting in a pattern of 
folding with early, major folds at some angle to the margin 
of the deforming zone and with gentle, minor folds on their 
shallow-dipping limbs at a higher angle to the margin. They 

cite field examples from Ireland, Oklahoma, and England 
for this behavior. 

Location of the Main Volcanoes 

The locations of Mount St. Helens, Mt. Adams, and Mt. 
Rainier may be influenced by middle Eocene to present tec- 
tonic boundaries schematically shown in the model of Figure 
13b. The SWCC (domain 2), an inferred thick section of 
marine sedimentary rocks, is trapped between basement 
rocks of the late Cretaceous margin (domain 3) and the ac- 
creted mafic complex of Siletzia (domain 1). Mt. Rainier is 
located on or near the inferred late Cretaceous continental 
margin. Although the Rimrock inlier is the only surface out- 
crop constraining the location of the late Cretaceous conti- 
nental margin in the area (Fig. 3), interpretations of MT and 
seismic-reflection data (Figs. 5 and 6) can be used to esti- 
mate the location more precisely. The deeper, easternmost 
parts of the SWCC (Figs. 5 and 6) are interpreted to be late 
Cretaceous to Eocene accretionary sediments that have been 
thrust beneath the late Cretaceous continental margin. The 
resistive units overlying the SWCC complex beneath Mr. 
Rainier on the MT model for profile JJ' (Fig. 6) may be 
largely composed of Oligocene-Miocene intrusive rocks, but 
the steep boundary between highly resistive and more con- 
ductive rocks just west of Mt. Rainier is interpreted to be 
near the western edge of the late Cretaceous margin (domain 
3). Mt. Adams and Goat Rocks volcanoes are also located 
on or near the late Cretaceous continental margin. Mount St. 
Helens is located on the contact between the Siletzia block 
(domain 1) and the SWCC sedimentary complex (domain 2). 
The simplest process that would explain this interpreted lo- 
cation of volcanoes on block boundaries is the enhanced 
ability of magma to make it to the surface along these ac- 
tively slipping, weak structural boundaries. Small releasing 
bends in the slip zones may allow for extension that facili- 
tates the access for magma. 

Summary  

We have developed a transpressional model to explain 
important tectonic features of the southern Washington Cas- 
cade Range. The model is based on geological information, 
seismicity patterns, and geophysical data, such as MT, grav- 
ity, magnetic, and seismic-reflection surveys. Seismicity in 
a zone west of Mt. Rainier is concentrated along reactivated 
reverse faults within the Carbon River-Skate Mountain an- 
ticline system that formed in sedimentary rocks of the SWCC 
and overlying volcanic rocks. Some earthquakes in the WRZ, 
like those in the July to August 1988 earthquake sequence, 
are concentrated around inferred inhomogeneities within the 
SWCC sedimentary assemblage, such as intrusive bodies. 
Other earthquakes are interpreted to be associated with 
northeast-trending blind thrusts. Transpression is apparent 
in the north-northwest-trending fold sets, fold-parallel re- 
verse faults and strike-slip faults, fold-oblique normal and 
reverse faults, and the apparent compressive convergence of 
the Morton and Carbon River anticlines. A stepover mani- 
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fested by seismicity in the 12 to 20-kin-depth range connects 
the SHZ and WRZ, and another appears to be located near 
the northern part of the Carbon River anticline. A stepover 
region may also exist between the Portland Hills fault zone 
in the Portland area and the SHZ. Our compound transpres- 
sional model is conceptual in design, but with detailed in- 
formation on strain rates in the southern Washington Cas- 
cades region, a full computational model of this concept 
could be tested. Physical models may also be useful for fur- 
ther understanding of this complex region. 

Details of block structure and appropriate strain models 
could be utilized to refine estimates of the magnitude of 
earthquakes likely to be generated in fault zones such as the 
SHZ and the WRZ. In order to place regional seismicity of 
the southern Washington Cascade Range in a broader frame- 
work, we have outlined several factors that may explain the 
concentration of earthquakes at depths of 15 to 25 km typical 
of western Washington. 

Acknowledgments  

We wish to thank Barbara Samora and other staff members of Mt. Rainier 
National Park for assistance during field work in Mt. Rainier National Park. 
John Booker, University of Washington, supplied the RRI inversion soft- 
ware that we used in inverting the MT data. Ray Wells, USGS, provided a 
great deal of insight into the tectonics of the Oregon and Washington Coast 
Ranges and other geological details. Don Swanson, USGS, provided im- 
portant information on fault details in the southern Washington Cascade 
Range. Carol Finn, USGS, provided much assistance in gravity, magnetic, 
and other interpretations in this article. Ralph Haugerud and Tom Pratt, 
USGS, provided extensive critical reviews of the manuscript. Steve Malone 
and Robert Crosson, University of Washington, provided assistance in util- 
izing the University of Washington earthquake catalog. Funding for the 
seismic-reflection profiles and much of the regional MT survey data was 
provided by the Morgantown Energy Technology Center of the Department 
of Energy. 

References 

Aydin, Atilla and Amos Nur (1985). The types and role of stepovers in 
strike-slip tectonics, in K. T. Biddle and Nicholas Cristie-Blick (Ed- 
itors), Strike-slip Deformation, Basin Formation, and Sedimentation, 
Society of Economic Paleontologists and Mineralogists Special Pub- 
lication 37, pp. 35-44. 

Babcock, R. S., R. F. Burmester, E. C. Engebretson, and A. Warnock 
(1992). A rifted origin for the Crescent basalts and related rocks in 
the northern Coast Range volcanic province, Washington and British 
Columbia: J. Geophys. Res. 6799-6821. 

Beck, M. E., Jr., Constanza Rojas, and Jose Cambrano (1993). On the nature 
of buttressing in margin-parallel strike-slip systems, Geology 21,755- 
758. 

Buckovic, W. A. (1974). The Cenozoic stratigraphy and structure of a por- 
tion of the west Mt. Rainier area, Pierce County, Washington, Mas- 
ter's Thesis, University of Washington, Seattle, 123 pp. 

Biddle, K. T. and Nicholas Christie-Blick (1985). Glossary-strike-slip de- 
formation, basin formation, and sedimentation, in K. T. Biddle and 
Nicholas Cristie-Blick (Editors), Strike-slip Deformation, Basin For- 
mation, and Sedimentation, Society of Economic Paleontologists and 
Mineralogists Special Publication 37, pp. 375-386. 

CASCADIA Working Group (1993). Regional Lithospheric Studies of the 
Pacific Northwest: A Five Year Science Plan to the Deep Continental 
Studies Program of the U.S. Geological Survey, Ray E. Wells, Co- 
ordinator. 

Crosson, R. S. and T. J. Owens (1987). Slab geometry of the Cascadia 
subduction zone beneath Washington from earthquake hypocenters 
and teleseismic converted waves, Geophys. Res. Lett. 14, 824-827. 

Dias, R. and A. Ribeiro (1994). Constriction in a transpression regime: an 
example in the Iberian branch of the lbero-Armorican arc, J. Struct. 
GeoL 16, 1543-1554. 

Eisbacher, G. H. (1985). Pericollisional strike-slip faults and synorogenic 
basins, Canadian Cordillera, in K. T. Biddle and Nicholas Cristie- 
Blick (Editors), Strike-slip Deformation, Basin Formation, and Sed- 
imentation, Society of Economic Paleontologists and Mineralogists 
Special Publication 37, pp. 265-282. 

Egbert, G. D. and J. R. Booker (1994). Imaging crustal structure in south- 
western Washington with small magnetometer arrays, J. Geophys. 
Res. 98, 15967-15986. 

Engebretson, D. C., Allan Cox, and R. G. Gordon (1985). Relative motions 
between oceanic and continental plates in the Pacific Basin, Geol. 
Soc. Am. Special Paper 206, 59 pp. 

Finn, Carol (1990). Geophysical constraints on Washington convergent 
margin structure, J. Geophys. Res. 95, no. B12, 19533-19546. 

Finn, C., W. M. Phillips, and D. L. Williams (1991). Gravity anomaly and 
terrain maps of Washington, U.S. Geological Survey, Geophysical 
Investigations Map GP-988. 

Finn, Carol (1995). Preliminary merged aeromagnetic map of northwestern 
Washington, U.S. Geol. Surv. Open-File Rept. 95-212, scale 
1:250,000. 

Fiske, R. S., C. A. Hopson, and A. C. Waters (1963). Geology of Mt. 
Rainier National Park, Washington, U.S. Geol. Surv. Profess. Paper 
444, 93 pp. 

Fyfe, W. S., N. J. Price, and A. B. Thompson (1978). Fluids in the Earth's 
Crust: Developments in Geochemistry Series, Elsevier Scientific, New 
York, 388 pp. 

Gard, L. M., Jr. (1968). Bedrock geology of the Lake Tapps quadrangle, 
Pierce County, Washington, U.S. Geol. Surv. Profess. Paper 388-B, 
pp. B1-B33. 

Giuraud, M. and M. Seguret (1985). A releasing solitary overstep model 
for the late Jurassic-early Cretaceous (Wealdian) Soria strike-slip ba- 
sin (Northern Spain), in K. T. Biddle and Nicholas Cristie-Blick (Ed- 
itors), Strike-slip Deformation, Basin Formation, and Sedimentation, 
Society of Economic Paleontologists and Mineralogists Special Pub- 
lication 37, pp. 159-175. 

Harland, W. B. (1971). Tectonic transpression in Caledonian Spitzbergen, 
Geol. Mag. 108, 27-42. 

Irving, E. (1979). Paleopoles and paleolatitudes of North America and spec- 
ulations about displaced terranes, Canadian J. Earth Sci. 16, 669- 
694. 

Johnson, S. Y. (1984). Evidence for a margin-truncating transcurrent fault 
(pre-Late Eocene) in western Washington, Geology 12, 538-541. 

Johnson, S. Y. (1985). Eocene strike-slip faulting and nonmarine basin 
formation in Washington, in K. T. Biddle and Nicholas Cristie-Blick 
(Editors), Strike-slip Deformation, Basin Formation, and Sedimen- 
tation, Society of Economic Paleontologists and Mineralogists Spe- 
cial Publication 37, pp. 283-302. 

Johnson, S. Y., C. J. Potter, and J. M. Armentrout (1994). Origin and evo- 
lution of the Seattle fault and Seattle basin, Washington, Geology, 22, 
71-74. 

Johnson, S. Y., C. J. Potter, J. M. Armentrout, J. J. Miller, C. A. Finn, and 
C. S. Weaver. The southern Whidbey Island fault, and active structure 
in the Puget Lowland, Washington, submitted to Geol. Surv. Am. Bull, 

Johnson, S. Y. and W. D. Stanley (1995). Eocene paleogeography of the 
Morton anticline area, southwestern Washington, in A. E. Fristsche 
(Editor), Cenozoic Paleogeography of the Western United States--ll: 
Pacific Section, Society of Sedimentary Geology, book 75,291-309. 

Law, L. K., D. R. Auld, and J. R. Booker (1980). A geomagnetic variation 
anomaly coincident with the Cascade volcanic belt, J. Geophys. Res. 
85, 5297-5302. 

Lees, J. M. and R. S. Crosson (1990). Tomographic imaging of local earth- 
quake delay times for three-dimensional velocity variation in western 
Washington, J. Geophys. Res. 95, no. B4, 4763-4776. 



18 W.D.  Stanley, S. Y. Johnson, A. I. Qamar, C. S. Weaver, and J. M. Williams 

Ludwin, R. S., C. S. Weaver, and R. S. Crosson (1992). Seismicity of 
Washington and Oregon, in Neotectonics of North America, DNAG 
Volume CSMV-I. 

Ludwin, R. S., A. I. Qamar, S. D. Maline, C. Jonientz-Trisler, R. S. Crosson, 
R. Benson, and S. C. Moran (1994). Earthquake hypocenters in Wash- 
ington and northern Oregon, 1987-1989, and operation of the Wash- 
ington regional seismograph network, Washington Division of Ge- 
ology and Earth Resources Information Circular no. 89. 

Miller, R. E. (1989). The Mesozoic Rimrock Lake inlier, southern Wash- 
ington Cascades: implications for the basement of the Columbia em- 
bayment, Geol. Soc. Am. Bull 101, 1289-1305. 

O'Hanley, D. S. (1992). Solution to the volume problem in serpentization, 
Geology 20, 705-708. 

Pinet, N. and P. R. Cobbold (1992). Experimental insights into the parti- 
tioning of motion within zones of oblique subduction, Tectonophysics 
206, 371-388. 

Nicholson, C., L. Seeber, P. Williams, and L. R. Sykes (1986). Seismicity 
and fault kinematics through the eastern Transverse Ranges Califor- 
nia: block rotation, strike-slip faulting, and low-angle thrusts, J. Geo- 
phys. Res. 91, 4891-4908. 

Pratt, T. L., S. Y. Johnson, C. J. Potter, and W. Stevenson (1994). The 
Puget Lowland thrust sheet, Geol. Soc. Am. Annu. Meeting Program 
with Abstracts, 26, p. 187. 

Ramsay, J. G. (1967). Folding and Fracturing of Rocks, McGraw-Hill, New 
York, 568 pp. 

Richard, P. and P. Cobbold (1990). Experimental insights into partitioning 
of fault motions in continental convergent wrench zones, Annu. Tec- 
tonics IV, 35--44. 

Richard, P., B. Mocquet, and P. R. Cobbold (1991). Experiments on si- 
multaneous faulting and folding above a basement wrench fault, Tec- 
tonophysics, 188, 133-141. 

Sanderson, D. and R. D. Marchini (1984). Transpression, J. Struct. Geol. 
6, 449--458. 

Schasse, H. W. (1987). Geologic map of the Mr. Rainier quadrangle, Wash- 
ington, Washington Div. Geol. Earth Resources Open-File Rep. 87- 
16, 27 pp., map scale 1:100,000. 

Smith, J. T. and J. R. Booker (1991). Rapid inversion of two- and three- 
dimensional magnetotelhiric data, J. Geophys. Res. 96, 3905-3922. 

Snavely, P. D., Jr. (1987). Tertiary geologic framework, neotectonics, and 
petroleum potential of the Oregon-Washington continental margin, in 
E. W. Scholl, A. Grantz, and J. G. Vedder (Editors), Geology and 
Resource Potential of the Continental Margin of Western North 
America and Adjacent Ocean Basins, Beaufort Sea to Baja California, 
Circum-Pacific Council for Energy and Mineral Resources, Earth Sci- 
ence Series, vol. 6, pp. 305-335. 

Stanley, W. D. (1983). Regional electrical structures in the Cascades and 
their significance in geothermal and volcano hazards assessment, 
American Geophysical Union Fall Meeting, Program and Abstracts, 
p. 79. 

Stanley, W. D. (1984). Tectonic study of the Cascade Range and Columbia 
Plateau in Washington based upon magnetotelhiric soundings, J. Geo- 
phys. Res. 89, 4447-4460. 

Stanley, W. D., C. A. Finn, and J. L. Plesha (1987). Tectonics and con- 
ductivity structures in the southern Washington Cascades, J. Geophys. 
Res. 92, no. B10, 10179-10193. 

Stanley, W. D., W. D. Mooney, and G. S. Fuis (1990). Deep crustal struc- 
ture of the Cascade Range and surrounding regions from seismic re- 
fraction and magnetotetluric data, J. Geophys. Res. 93, 19419-19438. 

Stanley, W. D., W. J. Gwilliam, Gary Latham, and Keith Westhusing 
(1992). The southern Washington Cascades conductor--a previously 
unrecognized thick sedimentary sequence? Am. Assoc. Petroleum 
Geol. Bull. 76, 1569-1585. 

Stanley, W. D., S. Y. Johnson, and V. F. Nuccio (1994). Analysis of deep 
seismic-reflection and other data from the southern Washington Cas- 
cades, U.S. Geol. Surv. Open-File Rept. 94-159. 

Swanson, D. A., S. D. Malone, and B. A. Samora (1992). Mt. Rainier: a 
decade volcano, EOS 73, no. 16, 177-185. 

Tabor, R. W. and W. M. Cady (1978). Geologic map of the Olympic Pen- 
insula, Washington, U.S. Geol. Snrv. Map 1-994, scale 1:125,000. 

Tabor, R. W., V. A. Frizzell, Jr., J. A. Vance, and C. W. Naeser (1984). 
Ages and stratigraphy of lower and middle Tertiary sedimentary and 
volcanic rocks of the Central Cascades, Washington: application to 
the tectonic history of the Straight Creek fault, Geol. Soc. Am. Bull. 
95, 26-44. 

Teyssier, C., B. Tikoff, and M. Markley (1995). Oblique plate motion and 
continental tectonics, Geology, 23, 447-450. 

Thompson, K. I. (1989). Seismicity of Mt. Rainier--a detailed study of 
events to the west of the mountain and their tectonic significance, 
unpublished Master's Thesis, University of Washington. 

Tikoff, B. and C. Teyssier (1994). Strain modeling of displacement-field 
partitioning in transpressional origins, J. Struct. Geol. 16, 1575-1588. 

Vance, L A. and R. B. Miller (1981). The movement history of the Straight 
Creek fault in Washington state, in J. W. H. Monger (Editors), The 
Last 100 Years (Mid-Cretaceous to Holocene) of Geology and Min- 
eral Deposits in the Canadian Cordillera, Geological Association of 
Canada, Cordilleran Section Programme and Abstracts, 39-41. 

Vine, J. D. (1969). Geology and coal resources of the Cumberland, Hobert, 
and Maple Valley quadrangles, King County, Washington, U.S. Geol. 
Surv. Profess. Paper 624, 67 pp. 

Walsh, T. J., M. A. Korosec, W. M. Phillips, R. J. Logan, and H. W. Schasse 
(1987). Geologic map of Washington-Southwest quadrant, Washing- 
ton Department of Natural Resources, Olympia, Washington. 

Weaver, C. S. and S. D. Malone (1979). Seismic evidence for discrete 
glacier motion at the rock-ice interface, J. Glaciol. 23, no. 89, 171- 
184. 

Weaver, C. S. and S. W. Smith (1983). Regional tectonic and earthquake 
hazard implications of a crustal fault zone in southwestern Washing- 
ton, J. Geophys. Res. 88, 10371-10383. 

Weaver, C. S. and G. E. Baker (1988). Geometry of the Juan de Fuca plate 
beneath Washington and northern Oregon from seismicity, Seism. 
Soc. Am. Bull. 78, 264-275. 

Wells, R. E., D. C. Engebretson, P. D. Snavely, Jr., and R. S. Coe (1984). 
Cenozoic plate motions and the volcano-tectonic evolution of western 
Oregon and Washington, Tectonics 3, 275-294. 

Wells, R. E. and R. S. Coe (1985). Paleomagnetism and geology of Eocene 
volcanic rocks of southwest Washington--implications for mecha- 
nisms of tectonic rotation, J. Geophys. Res. 90, 1925-1949. 

Wells, R. E. and P. L. Heller (1988). The relative contribution of accretion, 
shear, and extension to Cenozoic tectonic rotation in the Pacific 
Northwest, Geol. Soc. Am. Bull 100, 325-338. 

Wells, R. E. and C. S. Weaver (1992). Rotating crustal blocks and big 
earthquakes in western Oregon and Washington, Geol. Soc. Am. Ab- 
stracts with Programs 24, 89. 

Yelin, T. S. and H. J. Patton (1991). Seismotectonics of the Portland, Or- 
egon area, Bull Seism. Soc. Am. 81, 109-130. 

U.S. Geological Survey 
Box 25046, MS964 
Denver Federal Center 
Denver, Colorado 80225 

(W.D.S., S.Y.J., J.M.W.) 

Geophysics Program, AK-50 
University of Washington 
Seattle, Washington 98195 

(A.I.Q.) 

U.S. Geological Survey at Geophysics Program, AK-50 
University of Washington 
Seattle, Washington 98195 

(C.S.W.) 

Manuscript received 7 February 1995. 


