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[11 A new model of the subducted Juan de Fuca plate beneath western North America
allows first-order correlations between the occurrence of Wadati-Benioff zone earthquakes
and slab geometry, temperature, and hydration state. The geo-referenced 3D model,
constructed from weighted control points, integrates depth information from earthquake
locations and regional seismic velocity studies. We use the model to separate earthquakes
that occur in the Cascadia forearc from those that occur within the underlying Juan de Fuca
plate and thereby reveal previously obscured details regarding the spatial distribution of
earthquakes. Seismicity within the slab is most prevalent where the slab is warped beneath
northwestern California and western Washington suggesting that slab flexure, in addition

to expected metamorphic dehydration processes, promotes earthquake occurrence within
the subducted oceanic plate. Earthquake patterns beneath western Vancouver Island are
consistent with slab dehydration processes. Conversely, the lack of slab earthquakes
beneath western Oregon is consistent with an anhydrous slab. Double-differenced relocated
seismicity resolves a double seismic zone within the slab beneath northwestern California
that strongly constrains the location of the plate interface and delineates a cluster of
seismicity 10 km above the surface that includes the 1992 M7.1 Mendocino earthquake.
We infer that this earthquake ruptured a surface within the Cascadia accretionary margin
above the Juan de Fuca plate. We further speculate that this earthquake is associated with a
detached fragment of former Farallon plate. Other subsurface tectonic elements within the
forearc may have the potential to generate similar damaging earthquakes.

Citation: McCrory, P. A., J. L. Blair, F. Waldhauser, and D. H. Oppenheimer (2012), Juan de Fuca slab geometry and its relation
to Wadati-Benioff zone seismicity, J. Geophys. Res., 117, B09306, doi:10.1029/2012JB009407.

1. Introduction

[2] The oceanic Juan de Fuca (JdF) plate underthrusts
the continental North American plate along the Cascadia
subduction boundary. Convergence rates along the plate
boundary range from 30 mm/y at its southern end to 45 mm/y
at its northern end [Wilson, 1993], driving earthquake
occurrence within the two tectonic plates as well as prehis-
toric earthquake occurrence along the plate interface. An
accurate map of the Cascadia subduction boundary beneath
northern California, Oregon, Washington, and southern
British Columbia is essential for assessments of these earth-
quake sources.

[3] Most active subduction boundaries have ubiquitous
background earthquakes which illuminate the geometry of
the subduction margin. For these subduction boundaries,
spatial and temporal earthquake patterns allow examination
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of variations in dynamic subduction processes. Such studies
are able to use Wadati-Benioff zone (WBZ) seismicity to
map the location of the subducted oceanic plate (slab) by
assuming that the uppermost WBZ earthquakes occur within
slab crust 6 to 10 km thick.

[4] The Cascadia subduction boundary lacks widespread
earthquakes in both the forearc region of the North American
plate and in the subducting Juan de Fuca plate. In particular,
WBZ seismicity occurs mainly in three areas: at shallow
depths beneath western Vancouver Island and beneath
northwestern California, and at intermediate depths beneath
Strait of Georgia—Puget Sound (Figure 1). Furthermore,
WBZ seismicity rarely extends deeper than 40 km. While
valuable, these earthquakes are not sufficient to map the
geometry of the entire plate boundary. The scarcity of
earthquakes impedes our ability to track subduction pro-
cesses typically associated with seismicity, such as dehy-
dration and densification of the subducting oceanic plate,
pathways and barriers to movement of geo-fluids released
during dehydration, and three dimensional (3D) structural
complexities within both the forearc and the subducting
plate. Thus, for Cascadia, constructing a laterally continuous
3D model of the subducting plate requires integration of
active and passive source seismic velocity data and seismic
reflection data with WBZ seismicity.
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Figure 1. Location map showing uneven distribution of epicenters interpreted to be Wadati-Benioff earth-
quakes beneath the Cascadia subduction boundary colored by depth range. Earthquakes compiled from
ANSS (1975-2009) and CNSN (1985-2009) catalogs based on Juan de Fuca slab model shown in
Figure 4a. Transverse Mercator projection, WGS 84 standard parallel —128°, centered at 46.8°, —128°,

with standard parallel rotated 3° clockwise of vertical (plate boundaries from Wilson [2002]).
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Table 1. Data Types, With Citations, Used to Constrain Depth to Juan de Fuca Slab Model

Data Type

Reference

Network seismicity

Crosson and Owens [1987], Graindorge et al. [2003], Hyndman et al. [1990],

Nedimovic¢ et al. [2003]

ANSS Catalog, CNSN Catalog
hypoDD seismicity
Active source velocity models

This study

Cassidy and Waldhauser [2003], (http://www.ldeo.columbia.edu/~felixw/NCAeqDD/200812/)
Beaudoin et al. [1998], Brocher et al. (1994; 1996 unpublished data),

Calvert et al. [2003, 2006], Clowes et al. [1987], Creager et al. [2002],

Flueh et al. [1998], Gerdom et al. [2000], Graindorge et al. [2003],

Henstock and Levander [2003], Hyndman et al. [1990], Keach et al. [1989],
Nedimovi¢ et al. [2003], Parsons et al. [1999], Pecher et al. (1996 unpublished data),
Preston et al. [2003], Ramachandran et al. [2005, 2006], Tréhu et al. [1994]

Passive source velocity models

Audet et al. [2010], Bostock et al. [2002], Calvert et al. [2011], Cassidy [1995],

Cassidy and Waldhauser [2003)], Crosson and Owens [1987], Harris et al. [1991],
Michaelson and Weaver [1986], Nabelek et al. [1993], Nicholson et al. [2005]

Resistivity profiles

Kurtz et al. [1986]; Wannamaker et al. [1989]

1.1. Previous Work

[s] Fliick et al. [1997] constructed a generalized model of
the Cascadia plate boundary down to 50 km depth in order
to examine strain accumulation and release along the sub-
duction boundary. Their model is based, in part, on seismic
velocity structure depicted in four active source transects.
McCrory et al. [2006] subsequently updated the Fliick et al.
model and extended it down to 90 km based, in part, on
seismic velocity structure derived from two more recent
regional, active source experiments: SHIPS in the Strait of
Georgia—Puget Sound region and MTJ in northern Cali-
fornia. Slab depths derived from these experiments were
supplemented with hypocenters recorded by the Northern
California Seismic System (NCSS) and the Pacific North-
west Seismic Network (PNSN), newly acquired vertical-
incidence, multichannel seismic reflection (MCS) profiles,
wide-angle seismic reflection and refraction profiles, and a
resistivity profile. McCrory et al. [2006] constructed a geo-
referenced plate boundary model in order to examine 3D
spatial and temporal earthquake patterns occurring within the
slab and overlying forearc. More recently, Audet et al. [2010]
constructed a model depicting the depth to the JdF slab sur-
face between 20 and 40 km in order to examine episodic
tremor and slip (ETS) phenomena. The Audet et al. model is
based primarily on S wave amplitude perturbations derived
from analysis of teleseismic receiver function data.

1.2. Motivation for Update

[6] We build on these previous results with additional
hypocenter data and seismic velocity models to construct a
more detailed model of JdF slab geometry beneath the Cas-
cadia subduction margin. The previous McCrory et al. [2006]
model was constructed by modifying the Fliick et al. [1997]
model where additional depth information was available.
The current version contours depth control points with no
inherited slab geometry, a significantly different modeling
approach warranted by a substantial increase in available
depth information. In particular, a new catalog of double-
differenced (hypoDD) hypocenter relocations for northern
California [ Waldhauser and Schaff, 2008] (http://www.ldeo.
columbia.edu/~felixw/NCAeqDD/200812) allows us to
supplement previous depth control data and better resolve
slab geometry at the southern end of the Cascadia subduction
zone. Slab geometry had been poorly defined and overly

simplified in the Mendocino triple junction (intersection of
Pacific, North American, and JdF plates) region owing to its
complex tectonic structure. In particular, network-located
hypocenters formed a diffuse cloud, obscuring the subduc-
tion interface between the upper and lower plates. The sub-
stantial catalog of relocated NCSS earthquakes in northern
California (1984-2008; http://www.ldeo.columbia.edu/~
felixw/NCAeqDD/200812) enables us to map slab geometry
in this complex region more accurately. Furthermore, our
new model incorporates an additional 7 years of network
seismicity data of particular importance in Oregon,
Washington, and British Columbia where seismicity is
notably sparse.

[7] Whereas no new active source experiments have been
conducted since our previous model was constructed in 2003,
the newer seismic velocity studies we have incorporated
into this model employ more advanced modeling schemes
than were previously available. In the Vancouver Island-
Washington region, we utilize several two- and three-dimen-
sional P wave seismic velocity models which simultaneously
invert teleseismic and regional earthquakes with re-processed
active source data (Table 1). Slab geometry is complicated in
this region and these more comprehensive studies supplement
and, in some cases, supplant previous models of seismic
velocity structure.

[s] By offering a straightforward means to separate WBZ
earthquakes from forearc earthquakes, the new model pro-
vides a valuable tool not only for examination of spatial and
temporal seismicity patterns within the slab and the overlying
forearc, but also for investigation of parameters that promote
or suppress the occurrence of earthquakes, slow-slip events,
and non-volcanic tremor. Furthermore, this model provides
an updated reference surface for new research based on
Cascadia GeoPRISMS investigations.

2. Methods

2.1. Data Used in New Model

[v] With our focus on spatial and temporal earthquake
patterns, we rely primarily on WBZ hypocenters to map the
location of the slab. Where these data are sparse such as
beneath Oregon or poorly located such as offshore, we rely
on published profiles of seismic velocity structure to map
slab depth, supplemented with marine seismic reflection
profiles.
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[10] In our analysis we consider the Cascadia subduction
boundary to be located at the top of JdF igneous crust (top of
Layer 2), but this may not be entirely accurate. For some
subduction zones the interface where relative plate motion is
concentrated may reside in accreted or subducted oceanic
sediments above the slab or span a shear zone (e.g., Sumatran
subduction interface [Dean et al., 2010]). Thus, the JdF slab
surface may diverge from the actual subduction interface by a
few kilometers.

[11] We have constructed two JdF slab models from 37
hypocenter profiles (19 from Advanced National Seismic
System (ANSS) earthquake catalog; 2 from Canadian
National Seismograph Network (CNSN) earthquake catalog;
2 that cross the Canada-U.S. border and combine CNSN and
ANSS earthquake data; 14 from hypoDD relocations of
NCSS earthquake data), 52 P wave velocity profiles (derived
from wide-angle seismic reflection or refraction data, or from
vertical-incidence, MCS data) including 5 unpublished pro-
files, 9 S wave velocity or amplitude perturbation profiles and
2 single points (derived from teleseismic receiver function
data), and 2 resistivity profiles (Table 1; locations shown in
Figures S2, S4, and S5 in the auxiliary material)." We utilize
35 years (1975-2009) of recorded earthquakes from the
ANSS catalog, filtered to be consistent with the 25 years
(1984-2008) of relocated NCSS catalog earthquakes. Spe-
cifically, we retained earthquakes recorded at a minimum of
6 stations, with locations having a maximum RMS of 0.5 s,
between depths of 0150 km and ranging in magnitude from
0 to 7+. In addition, we eliminated events whose formal
vertical (depth) error was 10 km or greater (Figure 2). The
formal error estimates provided in network catalogs likely
underestimate the true location error, especially for areas
with sparse network seismograph coverage. Similar station,
RMS, and vertical error data were not available for the
25 years (1985-2009) of CNSN data utilized in this study.
For CNSN data, all events were incorporated into two
Canadian and two cross-border Canadian-U.S. profiles.

[12] P wave velocity data generally do not resolve
subduction-related features deeper than 50 km [e.g.,
Ramachandran et al., 2006]. Where the slab is deeper such as
beneath Puget Sound, we rely on a few velocity profiles
derived from very wide-angle refraction data. Vertical-
incidence seismic reflection data are generally restricted to
depths shallower than 40 km [e.g., Nedimovié¢ et al., 2003].
These marine seismic reflection profiles are typically suffi-
cient to map the slab surface beneath the continental shelf.
However, the older profiles do not typically delineate the
plate interface beneath the continental slope owing to the
difficulty of resolving complex seismic structures within
the overlying accretionary prism [e.g., Hyndman et al., 1990]
with MCS data acquired from relatively short hydrophone
streamers (<3 km) and processed with older imaging meth-
odology. Where vertical-incidence seismic reflection profiles
are lacking, we pin the location of the oceanic plate at 5 km
depth where it enters the trench and interpolate a smooth
curve arc-ward. This generalized estimate includes water
depth plus the thickness of sediment overlying the slab and
has an uncertainty of about 1 km.

! Auxiliary material data sets are available at ftp://ftp.agu.org/apend/jb/
2012jb009407. Other auxiliary material files are in the HTML.
doi:10.1029/2012JB009407.
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[13] Models based on S wave data generally depict velocity
perturbations about a specified mean value rather than actual
velocities. Some of these velocity models can extend quite
deep, deeper than 100 km along some profiles (e.g., Bostock
et al. [2002]; albeit with constant dip extrapolated below
60 km). Profiles depicting S wave amplitude perturbations
resolve subduction-related features between 20 and 40 km
depth [Audet et al., 2010].

[14] For hypocenter profiles we generally infer the top of
the JdF slab to be near the upper surface of WBZ seismicity.
For P wave velocity profiles we infer the top of the slab to be
7 km above the sharp velocity gradient interpreted as the
Mohorovici¢ discontinuity (Moho) within oceanic litho-
sphere [Clowes et al., 1987; Nedimovic¢ et al., 2005]. S wave
velocity studies generally interpret a thin low velocity layer
(LVZ) to be slab crust and we map the top of the slab along its
upper surface. The top of the slab in resistivity profiles is
correlated with the base of a thin dipping conductor inter-
preted to represent fluids trapped above the slab surface [e.g.,
Wannamaker et al., 1989]. Depth control derived from
the entire set of 102 profiles (plus 2 points) results in about
800 data points, dense in some locations, sparse in others
(Figure 3). These points are geo-referenced in terms of lati-
tude, longitude, and depth with respect to sea level. Even
with this large data set, mapping the slab surface remains
challenging owing to the uneven distribution of depth control
and discrepancies in depth assignments between various
publications.

[15] The variability of depth assignments between adjacent
points in regions with dense depth control is problematic.
These discrepancies occur even between contemporaneous
studies modeling similar data sets. To address this variability
we developed a scheme that assigns weights to control points
based on data uncertainties associated with delineating the
slab location (Table S1 in the auxiliary material). Seismicity
data are generally given the highest weight since we specif-
ically use the model to examine seismicity patterns, consis-
tent with how many slab models around the Pacific Rim have
been constructed [e.g., Gutscher et al., 2000b; Reyners and
Eberhart-Phillips, 2009; Hayes et al., 2012]. Active source
data are generally given the next highest weight since these
are the next most abundant data set and serve to complement
the seismicity data where earthquakes are sparse. S wave
profiles based on passive source data are generally given a
lower weight as depths derived from these data tend to
diverge significantly from both the seismicity and active
source data, causing large ‘ripples’ or corrugations in the iso-
depth contours. Thus, the weighting scheme results in a
de facto choice between seismic velocity models.

2.2. Modeling Approach

[16] We used two different methods to construct slab
geometry. The first method employed hand contouring of
weighted control points (Figures 4a and 4b) an approach
similar to our previous model [McCrory et al., 2006]. This
version was designed primarily as a tool to separate earth-
quakes above and below the slab surface, and thus conforms
closely to apparent warps and buckles in the slab.

[17] The second method employed polynomial splines of
the same set of weighted control points to calculate the
location of the slab surface. The computer-generated version
was partly intended to serve as a check for subjectivity in the
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Figure 4. (a) Map showing hand-contoured model of the Juan de Fuca slab surface (see text for description)
and seismicity (ANSS, 1975-2009; CNSN, 1985-2009) located beneath the modeled surface. Solid lines
denote depth contours in 10 km increments, long dashed lines denote supplemental depth contours in 5 km
increments; short dashed lines denote interpolated contours where control points are more than 50 km apart.
Note that Wadati-Benioff zone seismicity mainly occurs in regions where slab model arches along strike.
(b) Map showing hand-contoured model the Juan de Fuca slab surface and seismicity located in the Cascadia
forearc above the slab surface. (c) Map showing smoothed polynomial spline version of slab model. Solid
lines denote depth contours in 10 km increments; long dashed lines denote supplemental depth contours in
5 km increments; short dashed lines denote extrapolated contours. (See Figure 1 for base map notes.)

7 of 23

B09306



B09306 MCCRORY ET AL.: JDF SLAB GEOMETRY AND WBZ SEISMICITY B09306

52°

Queen Charlotte

(b) NORTH AMERICA

48°

PACIFIC

JUAN DE FUCA
PLATE

a4°

SEISMICITY ) cascadeare

Magnitude Depth, km i ’%volcanoes
1.0 o <10 poTE

o 10s " :
2.0

@ 20s
30 - @ 30s $ __OR

® 40s N CA
4.0 (6] IS

@® 50s S

(&)

50 O @ 60s

@ 70s B
6.0

@ 80s
7.0 O 90s

40 K Mendocino transfory, fau
fossil i
0 100 200 300 km subduction zone
San Andreas fault /
-132°

-130°

-128° 126°

T
-124° -122° -120°

[e{Vp) 2010 Jul 15 11:29:12

Figure 4. (continued)

8 of 23



B09306

MCCRORY ET AL.: JDF SLAB GEOMETRY AND WBZ SEISMICITY

B09306

Queen Charlotte

Fault

. NORTH AMERICA

-120°

PLATE

fossil

subduction zone
-126°

San Andreas fault

300 km
-128°

-130°

o
o
<

[e\Vpd 2010 Aug 19 13:14:43

BLOCKMEDIAN -110m -T0.05 -W; SURFACE -T0; GRDIMAGE -E75; GRDCONTOUR -S5; JDF CONTROL POINTS v.26

Figure 4. (continued)

9 of 23



B09306

hand-generated version. For example, the kink in slab con-
tours just south of Puget Sound persists in the computer-
generated version of the slab (Figure 4c), thus cannot be
attributed to subjective contouring of the depth control
points. Likewise, the flat slab beneath northern California
persists in the computer-generated version.

[18] The computer-generated slab model is based on a
10 min grid constructed from the geo-referenced control
points and contoured using the GMT Surface script [ Wessel
and Smith, 1998] which interpolates and grids clustered,
noisy, 3D data using Green’s functions for splines-in-tension
to reduce artifacts [Wessel and Bercovici, 1998]. We con-
ducted dozens of polynomial spline modeling runs, varying
parameters and subsets of data to ascertain their effects on the
shape of the slab surface. Although the final GMT version
replicates the general shape of the hand-contoured version, it
also contains obvious distortions owing primarily to the
uneven distribution of data points (Figure S1 in the auxiliary
material). Therefore, we constructed a third version derived
from the GMT contours that smoothes these distortions
to provide a simplified contour map of the slab (compare
Figures 4c and S1 in the auxiliary material) suitable for
investigations which require a simpler surface to model
strain, stress, ETS, and other phenomena associated with the
Cascadia subduction boundary.

2.3. Comparison With Previous Model

[19] Our new slab model differs from the previous one in a
number of key areas (Figure 5a). We only extrapolate con-
tours of the new hand-contoured model for 50 km past
available depth control and we indicate where contours are
interpolated between widely spaced (>100 km) control
points. These two refinements are most noticeable for
northern Vancouver Island where previous contours had
been extrapolated with uniform dip northward from control
points beneath central Vancouver Island. Now we are able to
rely on a hypocenter profile and on a teleseismic receiver
function profile [dudet et al., 2010] to provide improved
constraints on slab depths to 40 km. In this region the new
model (Figure 5a) depicts somewhat steeper dips at slab
depths above 35 km (yielding downward shift <5 km) and
slightly less steep dips at slab depths below 35 km (yielding
upward shift <5 km). Depth control remains sparse at the
northern end of the subduction system.

[20] The arch in the slab beneath British Columbia and
Washington covers the same general area as the previous
model, but has a somewhat different shape (Figure 5a). Our
new model depicts the shallower slab (<40 km slab depth)

MCCRORY ET AL.: JDF SLAB GEOMETRY AND WBZ SEISMICITY
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with a less pronounced arch and the deeper slab with more
complex shape based on dozens of new data points from
active source, passive source, and hypocenter profiles.

[21] Slab contours beneath northern Oregon are little
changed between models (Figure 5a) as little new data were
available to refine slab geometry in this area. Likewise,
shallow slab contours (<30 km) beneath southern Oregon are
little changed. The deeper Oregon contours, while depicting
somewhat less steep slab dips than our previous model,
remain entirely interpolated between sparse depth control
points.

[22] Shallow slab contours (<40 km) beneath northern
California are substantially different from our previous
model (Figure 5a) based on dozens of new control points
from hypoDD profiles. Deeper contours are little changed
from our previous model in this region as little new data were
available to refine slab geometry. In sum, the new hand-
contoured slab model refines the slab shape in regions where
substantial new data are available and indicates where inter-
polation occurs. Unlike the hand-contoured version, the
computer-generated version does not truncate contours
beyond where depth control is available. This version extra-
polates continuous contours down to 90 km for ease of use
in modeling studies.

3. Sources of Uncertainty From Wadati-Benioff
Zone Earthquakes

3.1. Network Velocity Models

[23] We use hypocenter locations as the primary data
source to infer the location of the top of the slab in those
regions where seismicity is available. However, these hypo-
center locations have uncertainties associated with them
owing to uneven seismograph station coverage (Figure 2)
and the one-dimensional (1D) velocity models used by
regional networks to locate earthquakes. In particular, coastal
and offshore events often have poor depth resolution
(Figure 2) owing to the lack of offshore station control. In
addition, the JdF slab mantle forms a dipping high velocity
layer with respect to overlying crustal rocks whereas 1D
velocity models inherently assume horizontal velocity chan-
ges. Thus, where the slab is shallow in the coastal and off-
shore areas, 1D velocity models can shift events somewhat
deeper than their actual location [e.g., Taber and Smith,
1985] and conversely where the slab is deep such as under
Puget Sound, these models can shift events shallower than
their actual location [e.g., Creager et al., 2002]. Together,
these two biases would tend to flatten apparent slab dip.

Figure 5. (a) Map comparing new hand-contoured model of depth to the Juan de Fuca slab surface denoted by blue lines to
previous version [McCrory et al., 2006] denoted by thin black lines (see text for discussion; Figure 4a for explanation of the
line styles for the new contours). For 2006 model, solid lines denote 10 km depth contours; dashed lines denote supplemental
5 km contours. Note that the new model depicts greater geometric complexity than previous one. (b) Map comparing new
hand-contoured model of the Juan de Fuca slab surface to the version constructed by Audet et al. [2010] for depth contours of
20, 30, and 40 km. Blue lines denote our contours; thin black lines denote Audet et al. contours; inverted triangles denote
control points for Audet et al. contours. Note the marked divergence between about 45° and 49°N, where the Audet et al.
model is up to 10 km shallower than our model beneath the Olympic Peninsula and southernmost Vancouver Island.
(c) Hypocenter profiles E05, F06, and FO9 (with 60 km swath width) depicting location of the Audet et al. slab surface (see
Figure 5b for profile locations). Audet et al. slab surface denoted by dashed dark gray line; location of the slab crust based on
hypocenter data (this study) denoted by thick light gray line; inverted brown triangle denotes location of trench axis; inverted
blue triangle denotes location of coastline; inverted triangles denote depth control points for Audet et al. model (see Figure 3).
ANSS hypocenters (1975-2009) colored by depth error (see Figure 2 for explanation). (See Figure 1 for base map notes.)
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[24] The Cascadia forearc also has large lateral velocity
contrasts associated with juxtaposition of deep sedimentary
basins having relatively slow velocities (e.g., the Seattle
basin) and accreted oceanic terranes having relatively fast
velocities (e.g., the Siletz-Crescent terrane). For example,
joint 3D seismic velocity studies and earthquakes relocations
in the Vancouver Island—Puget Sound region result in verti-
cal shifts in hypocenter locations up to 3 km and lateral shifts
up to 1 km [e.g., Ramachandran et al., 2006]. To date no
systematic relocation of PNSN or CNSN earthquakes, based
on a comprehensive regional 3D velocity model, has been
undertaken. Therefore, we use CNSN and PNSN catalog
locations cognizant that individual hypocenter depth uncer-
tainties may be up to 3 km larger than network error calcu-
lations indicate. Uncertainties offshore Oregon are likely
even larger. Williams et al. [2011] relocated two seismicity
clusters offshore central Oregon using the #ypoDD method
which shifted hypocenters up to 13 km shallower (with
respect to ANSS locations). Their relative locations are much
improved, yet the absolute locations may still have substan-
tial uncertainties owing to the lack of permanent seismograph
stations west of the clusters (see RMS plot in their Figure 5).
The GeoPRISMS OBS deployment planned for this area
should reduce location uncertainties when integrated with
regional data.

[25] The NCSS catalog has been relocated (1984-2008)
using the hypoDD method [Waldhauser and Schaff,
2008] (http://www.ldeo.columbia.edu/~felixw/NCAeqDD/
200812), so relative locations in northern California are
much improved, and we use these earthquake locations when
mapping the location of the slab. Although systematic bias in
the original NCSS starting locations is not specifically cor-
rected for in the DD catalog, absolute DD locations can still
be better than those of the corresponding network solutions.
This is particularly true in areas with good station coverage,
but less so in areas where complex velocity structure or
sparse station coverage may introduce such bias.

3.2. Rheological Models

[26] Another source of uncertainty with respect to con-
straining the location of the slab stems from varying
assumptions about where seismicity occurs within the slab.
For the discussion below, we define WBZ seismicity as
“shallow” if it occurs where the top of the slab is above 40 km
depth, “intermediate” if it occurs where the top of the slab is
between 40 and 60 km depth and “deep” if it occurs where
the top is below 60 km depth. Some studies place shallow
WBZ seismicity mainly in the uppermost mantle of the
slab [e.g., Preston et al., 2003; Nedimovic¢ et al., 2003;
Ramachandran et al., 2006], whereas others place shallow
seismicity mainly within slab crust [e.g., Hyndman et al.,
1990; Graindorge et al., 2003; Henstock and Levander,
2003]. Furthermore, some studies place intermediate seis-
micity within uppermost slab mantle [e.g., Parsons et al.,
1999; Zhao et al., 2001], whereas others place WBZ inter-
mediate seismicity in lower slab crust [e.g., Preston et al.,
2003]. HypoDD relocated seismicity beneath eastern Van-
couver Island depicts earthquakes within both upper crust
and uppermost mantle at intermediate depths [Cassidy and
Waldhauser, 2003].

[27] Rheological models [e.g., Kirby, 1995; Hacker
et al., 2003a, 2003b] suggest that WBZ seismicity generally
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shifts from oceanic mantle to oceanic crust as a slab descends
owing to both temperature- and pressure-dependent meta-
morphic reactions [e.g., Kirby, 1995; Peacock et al., 2002;
Preston et al., 2003]. Specifically, mantle earthquakes cor-
relate with antigorite or chlorite dehydration within hydrated
mantle rocks when temperatures reach approximately 600°C.
In simple terms, mantle earthquakes are primarily attributed
to geo-fluids released during dehydration as serpentinite (i.e.,
hydrated mantle rock) transforms back to peridotite [e.g.,
Hacker et al., 2003b]. This metamorphic reaction increases
pore pressure which reduces effective normal stress [e.g.,
Scholz, 1998] and, thereby, promotes brittle reactivation
of pre-existing faults [e.g., Kirby et al., 1996; Peacock et al.,
2002; Hacker et al., 2003Db].

[28] Crustal earthquakes are primarily attributed to a sim-
ilar process, but in their case, geo-fluids are released during
dehydration and densification of basalt and gabbro when they
transform to eclogite. The densification and transformation
of basalt or gabbro to eclogite occurs at pressures of 1.3—
2.0 GPa in the Cascadia subduction system, corresponding to
depths of 40-60 km [Peacock et al., 2002; Hacker et al.,
2003b]. Thermal models of the Cascadia subduction system
that include the cooling effects of hydrothermal circulation
within JdF crust [Cozzens, 2011] suggest that eclogite
transformation begins at slab depths of 40-45 km, corre-
sponding to pressures of 1.25-1.35 GPa (and a temperature
of ~510°C) similar to simpler thermal models.

[20] If these rheological models are correct, then where
only a single zone of WBZ seismicity can be discerned in
Cascadia, the zone may depict a somewhat flatter slab dip
than actually exists as hypocenters shift from oceanic mantle
to oceanic crust with depth. Moreover, if there are areas
where slab seismicity occurs mainly in the mantle, but has
been incorrectly assumed to be concentrated in the crust, the
actual slab surface could be as much as 5 km shallower.
Conversely, if there are regions where slab seismicity occurs
mainly in the crust, yet has been incorrectly assumed to be
concentrated in the upper mantle, the actual slab surface
could be as much as 5 km deeper.

[30] Although mantle and crustal dehydration processes
are both driven by changes in temperature and pressure as
well as fluid content, they occur somewhat independently.
Under some rheological regimes the dehydration fields
overlap, resulting in mantle and crustal earthquakes occur-
ring at similar slab depths, yielding double seismic zones
(DSZ). The Hacker et al. model [2003b] predicts that in slabs
with stacked layers of seismicity, the upper seismic zone
shifts downward from upper to lower crust (i.c., from basalt
to gabbro) as the slab descends. The lower seismic zone shifts
upward from uppermost mantle toward the Moho with
increasing slab depth. Such shifts result in the two zones
pinching together and converging on the Moho with depth.
If this model is accurate, DSZ seismicity may resolve a
somewhat steeper apparent slab dip if the upper layer were
assumed to define the plate interface, but in fact shifted
downward from upper to lower crust with depth.

[31] Beneath Vancouver Island, Cassidy and Waldhauser
[2003] found that WBZ earthquakes delineated a DSZ
at intermediate slab depths. Through a combination of P and
S wave velocity models, seismic reflection profiles, and
hypoDD relocations of earthquakes in the CNSN catalog,
their study constrained the upper seismic zone to upper crust
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and the lower zone to uppermost mantle separated by an
aseismic layer about 5 km thick, inferring a slab thickness of
6—7 km. Narrow aseismic layers separating seismic zones
have been observed elsewhere, such as in the Nazca plate,
where the upper seismic zone also occurs in upper crust and
the lower zone occurs in uppermost mantle [Rietbrock and
Waldhauser, 2004]. In addition, both studies observed that
the largest magnitude WBZ earthquakes occurred just
beneath the Moho. Where a DSZ can be mapped below
northern California, we use the Vancouver Island observa-
tions to constrain the location of the slab.

3.3. Scheme for Handling Discrepancies Between
Data Sets

[32] The DSZ beneath northern California, first detected by
Smith et al. [1993], is key to our efforts to constrain the depth
of the JAF slab. Wang and Rogers [1994] attributed the upper
seismic zone to brittle fracture of upper crust and the lower
seismic zone to brittle fracture of uppermost mantle, sepa-
rated by a layer of aseismic ductile lower crust. We interpret
the narrow aseismic layer beneath northern California as
spanning the lower crust and Moho, and infer the JdF slab
surface (top of Layer 2) to be approximately 6—7 km above
the Moho [Clowes et al., 1987; Cassidy and Waldhauser,
2003; Nedimovi¢ et al., 2005].

[33] The hypoDD relocations of NCSS catalog earthquakes
allow us to map the full extent of the DSZ (Figure 6a) beneath
northern California. In particular, these hypocenters delineate
a shallow DSZ from about 15 to 30 km depth (corresponding
to a slab top from ~10-25 km depth), separated by a narrow
aseismic layer. Since the relative uncertainties of these relo-
cations are a few hundred meters or less, the approximately
4 km thick aseismic layer should be resolvable, allowing us
to discriminate between a double and a single zone of seis-
micity. The two seismic zones beneath northern California
appear to merge downward into single zone that spans the
entire crustal thickness (Figure 6a), although depth uncer-
tainties associated with deeper hypocenters do not allow us to
confirm this. This apparent single zone of seismicity extends
to a depth of about 45 km (Figures 4a and 6a).

[34] These hypocenter patterns are consistent with obser-
vations of seismicity beneath the Tokai region of south-
western Japan, where a DSZ in the young Philippine Sea
plate (<25 Ma [Miiller et al., 2008; Lin, 2011]) can be
resolved from about 30 to 45 km depth (corresponding to a
slab top from ~20-35 km depth), separated by an aseismic
layer about 7 km thick [Matsubara et al., 2008]. In contrast,
the seismic zones that make up the DSZ in the colder, thicker
Pacific plate beneath northeastern Japan (>120 Ma [Miiller
et al., 2008]), found between depths of 50 to140 km, are
separated by an approximately 40 km thick aseismic layer
[Hasegawa et al., 1994; Igarashi et al., 2001], which is not
particularly useful for constraining the location of the Moho.

[35] JdF seismicity is often too sparse or poorly located for
us to resolve a posteriori whether it occurs in slab mantle
or crust. In such regions, we extrapolate NCSS AypoDD
observations. We assume that the bulk of the seismicity
within the shallower updip portion of the slab occurs in
uppermost mantle rocks and is associated with temperature-
dependent serpentinite dehydration [e.g., Peacock et al.,
2002; Hacker et al., 2003b; Preston et al., 2003]. We
assume the largest magnitude WBZ earthquakes occur in
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uppermost mantle, since it represents the strongest element
within oceanic lithosphere [Cassidy and Waldhauser, 2003].
With sparse network coverage near the coast, the locations of
these larger events are likely to be better resolved than the
smaller events which sometimes appear as scattered hypo-
centers above the mapped slab surface (e.g., Figure S3; pro-
file E0S, E06 or EO8 in the auxiliary material). Our goal is to
provide the most accurate model possible, rather than distort
the slab surface to capture relatively poorly located micro-
seismicity. This approach results in a few small events that
are likely WBZ earthquakes, falling above the mapped slab
surface. We capture these smaller events in our WBZ earth-
quake catalog by employing a 2.5 km high envelope above
the slab surface in ArcGIS when separating earthquakes that
occur above or below the hand-contoured surface.

4. Sources of Uncertainty From Seismic
Velocity Models

4.1. Velocity Uncertainties

[36] Discrepancies in JdF slab depths derived from avail-
able seismic velocity models are minimal beneath Oregon
and northern California. Beneath Vancouver Island and
Washington, depths derived from various active source
models are generally consistent, but can differ up to 5 km
in a few locations. As described above, we address these
discrepancies through a weighting scheme on the basis of
the comprehensiveness of the modeling effort.

[37] Between depths of 2040 km beneath Washington and
Vancouver Island, a slab model based primarily on passive
source, converted S wave phases [Audet et al., 2010] depicts
JdF crust up to 10 km shallower than models based on active
source, P wave velocities (Figures 5b and 5c¢). This dis-
crepancy may simply stem from P wave and S wave data
resolving different aspects of the same seismic velocity
structure.

[38] The location of the slab inferred from teleseismic
receiver function data [e.g., Audet et al., 2010] is based on
a LVZ with the approximate thickness of oceanic crust and
the approximate velocity of hydrated oceanic crust [e.g.,
Hyndman, 1988], and placing the slab surface along the top
of the LVZ. Whereas, the location of the slab inferred from
wide-angle refraction data is based on mapping a sharp
P wave velocity gradient as the oceanic Moho, and placing
the slab surface 6—7 km above this boundary [e.g., Preston
et al., 2003]. Similarly, the location inferred from MCS
reflection data is based on mapping the Moho reflection
approximately at the base of a thick reflection package as the
oceanic Moho and, again, placing the slab surface 67 km
above this reflector [e.g., Nedimovié et al., 2003]. Audet et al.
[2010] attribute the deeper slab location in P wave models to
those models not accounting for 20% lower than expected
velocities in and below a LVZ. With the passive and active
source studies relying on different data sets, and employing
different parameters and modeling schemes, the <10 km
variability may simply reflect model uncertainties as Audet
et al. [2010] suggest.

4.2. Structural Uncertainties

[39] Alternatively, the passive and active studies may be
identifying different tectonic elements thereby labeling
entirely different structures as the JdF slab. In particular, the

15 of 23



B09306 MCCRORY ET AL.: JDF SLAB GEOMETRY AND WBZ SEISMICITY B09306
PROFILE C02-C02’ (supercedes McCrory et al., 2006, line A1) « W-E transect starting at 40.4°N & 125.5°W
w E
0 L | '. ". n I. | | | |
R e -
20
g 40 - -
(]
€
2
X 60 -
wl @ [
] no vertical exaggeration
100 L T T T 1 T
0 50 100 150 200 250 300
Kilometers
E
0 L L ! L L ——
) 2
2ot
20 BSO8R
.8 Q- L
2 40 A ) ) 2
£
2
* 60 -
(b) °
80 I
| B 2071 Mar 11 15:57:56] no vertical exaggeration |
100 L | T T T T 1 U
0 50 100 150 200 250 300
Kilometers

Figure 6. (a) Profile showing double seismic zones (DSZ) beneath northern California based on NCSS
hypoDD hypocenter locations (1984-2008; http://www.ldeo.columbia.edu/~felixw/NCAeqDD/200812).
A 20 km wide swath is projected onto the plane of the C02 profile line (see Figure 5b for profile loca-
tion). See Figure 5c for an explanation of the symbols. The DSZ extends about 90 km east from trench axis.
Note the seismicity cluster about 10 km above the modeled slab surface. This cluster includes the main
1992 M7.1 shock and associated aftershocks (see text for discussion). Main shock denoted by red star.
Hypocenters colored by depth error. This profile is in the same location as the Oppenheimer et al. [1993,
Figure 2a] profile, but the swath width of their profile was 40 km. (See auxiliary material for additional
profiles.) (b) Profile showing first-motion mechanisms with magnitude >2.5 (1975-2009; from Northern
California Earthquake Data Center (NCEDC) mechanism catalog) within 10 km of the C02 profile line.
Main shock denoted by mechanism with blue compressional quadrants. HypoDD seismicity (1984-2008;
http://www.ldeo.columbia.edu/~felixw/NCAeqDD/200812) is denoted by open red circles. Note that this

profile is oblique to the direction of fault rupture.

presence of a detached fragment of Eocene oceanic
lithosphere in the Vancouver Island—Washington forearc
[McCrory and Wilson, 2010; Wilson and McCrory, 2010]
complicates correlations between seismic velocity structures
and tectonic elements. Many regional studies distinguish two
stacked dipping units (i.e., the so-called E- and F- layers of
Hyndman et al. [1990] and Cassidy and Waldhauser [2003])
with oceanic crustal velocities beneath southern Vancouver
Island and the Strait of Juan de Fuca. These studies correlate
the deeper F-layer with the JdF crust and the shallower
E-layer with either a stranded fragment of oceanic crust or a
wide shear zone located at the top of the subducting oceanic
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crust. Audet et al. [2010] only resolve the shallower E-layer,
and thus correlate this layer with JdF crust. We need to
consider whether the depth discrepancies may simply reflect
the depths of different tectonic elements.

[40] The LVZ beneath western Washington may not be
restricted to hydrated oceanic crust. Calvert et al. [2011]
suggest that the LVZ here likely represents hydrated lower
continental crust at the base of the overlying forearc because
the LVZ diverges significantly from the slab Moho with
depth, inconsistent with an interpretation that it represents
oceanic crust. Calvert et al. [2011] attribute the LVZ to fluid-
saturated sedimentary rocks scraped from the top of the
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subducting slab. Calkins et al. [2011] attribute the LVZ to
hydrated lower continental crust as well, but postulate that
the lower crust may be hydrated by fluids released from the
JdF slab.

[41] Finally, the shallower slab depicted in the Audet et al.
[2010] model implies that WBZ seismicity observed beneath
southern Vancouver Island and Washington is occurring in
oceanic mantle several kilometers below the Moho and that
none is occurring in oceanic crust (Figure 5c). Such a pattern
would conflict with well-studied subduction zones such as
Nankai where WBZ seismicity occurs close to the oceanic
Moho in both P wave and S wave models [e.g., Hirose et al.,
2008]. Similarly, a Washington slab location based on
P wave models places WBZ seismicity in close proximity to
the Moho (Figure 5c) consistent with Nankai. Beneath
northern California, where the Audet et al. model and ours
depict similar slab depths (Figures 5b and 6a), and where slab
depth is well constrained by double seismic zones, WBZ
seismicity is also concentrated near the Moho.

4.3. Scheme for Handling Discrepancies Between
Data Sets

[42] Questions about whether the Audet et al. [2010] model
maps JdF crust beneath Vancouver Island and Washington or
instead maps overlying Eocene oceanic crust [McCrory and
Wilson, 2010; Wilson and McCrory, 2010] and underplated
material, respectively, precludes our using their depth con-
straints where large discrepancies occur. We do utilize depth
constraints derived from Audet et al. [2010] profiles across
northern Vancouver Island where few depth constraints are
available and the possibility of subsurface oceanic fragments
is unlikely.

[43] Examination of the basis for these discrepancies is
critical to quantifying uncertainties and improving the accu-
racy of slab models by determining whether or not these
differences reflect different assigned parameters, different
data sets, different modeling schemes, or different tectonic
elements. This issue could be investigated by development of
integrated Vp, Vs, and Vp/Vs models for the Cascadia sub-
duction margin similar to those available for the Nankai
subduction system beneath southwestern Japan [e.g., Hirose
et al., 2008; Matsubara et al., 2008, 2009; Uchida et al.,
2009] and the Hikurangi subduction zone beneath New
Zealand [Reyners and Eberhart-Phillips, 2009]. For Nankai
and Hikurangi, comprehensive seismic velocity and attenu-
ation (Op) models yield no such discrepancies in slab depths.

5. Observed Slab and Forearc Earthquake
Patterns

[44] Most WBZ earthquakes beneath British Columbia
occur offshore the west coast of Vancouver Island from 50 to
48°N. These earthquakes track a shallow section of slab
where its depth ranges from 15 to 30 km (Figure 4a). Forearc
earthquakes occur as isolated clusters above the WBZ where
slab depths range from 10 to 30 km. Some forearc clusters
form linear trends that may illuminate faults such as the
NW-SE trending cluster that crosses the Washington coast-
line near Makah Bay (Figure 4b). This particular cluster
may illuminate an offshore extension of the Calawah fault
although it overlies a similar trend in slab earthquakes, sug-
gesting a more complicated tectonic setting.
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[45] WBZ earthquake locations shift abruptly from shallow
to intermediate depths between Vancouver Island and
Washington. From the Strait of Georgia to the south end of
Puget Sound, (49-47°N), most WBZ earthquakes occur at
slab depths ranging from 30 to 50 km. Interestingly, models
of geodetic coupling along the Cascadia subduction fault
depict a sharp increase in coupling [McCaffrey, 2009]
where the WBZ shifts from shallow to intermediate depths,
perhaps indicating a change in rheology along the subduction
boundary.

[46] The shift in location of forearc earthquakes is less
abrupt. Nonetheless, forearc epicenters outline a fairly sharp
western edge, situated above the 40 km slab contour
(Figure 4b), and continue eastward to the edge of our slab
model at the Cascade Arc. WBZ and forearc epicenters
overlap between slab depths of 40—50 km. The WBZ earth-
quakes also occur within the updip portion of the slab, while
forearc earthquakes overlie downdip portions of the slab.
Clustered forearc events in western Washington have been
previously correlated with arc-related shear zones and
mapped crustal faults.

[47] WBZ earthquakes are almost nonexistent from about
47°N south to the Oregon border at 42°N. Two small clusters
occur at shallow slab depths (15-20 km) offshore central
Oregon. These clusters may not be slab events as relocations
by Williams et al. [2011] shift them upward to the slab
interface and accretionary prism. A band of forearc epi-
centers occur from 47°N south to 45°N. These earthquakes
occur above slab depths of 45-70 km and are primarily
attributed to arc-related shear zones and mapped crustal
faults. The distribution of earthquakes in Oregon yields no
spatial correlations between slab and forearc epicenters.

[48] An abrupt shift from almost no earthquakes to abun-
dant shallow WBZ earthquakes begins at about 42°N and
continues south to 40°N. These earthquakes occur at slab
depths ranging from 5 to 35 km. Interestingly, there is a sharp
cutoff to WBZ earthquakes, approximately 30—40 km north
of the slab edge (Figure 4a). Forearc earthquakes occur from
42 to 39°N and overlie the entire width of our slab model.
However, they are noticeably less abundant where slab
depths range from 25 to 50 km. Forearc earthquakes are most
prevalent from the trench east to where the slab reaches a
depth of about 22 km, suggesting a link between processes
that promote slab and forearc events in this area. A few
forearc clusters above the south end of the slab (Figure 4b)
likely illuminate nascent northern extensions of San Andreas
fault traces.

6. Relationship Between Slab Geometry
and Earthquake Occurrence

[49] The release of geo-fluids during metamorphism of the
subducting oceanic plate can promote earthquake occurrence
within the slab by increasing pore pressure, thereby reducing
effective normal stress so as to enable unstable (stick-slip)
frictional sliding in material that would otherwise flow in a
stable sliding manner [e.g., Kirby, 1995; Scholz, 1998].
However, the lack of a continuous band of WBZ epicenters
along the Cascadia subduction system suggests that typical
metamorphic processes are not sufficient to trigger earth-
quakes in inferred brittle layers within the JdF slab.
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[s0] Our slab model can be used to investigate whether
additional stress from plate flexure associated with warping
may promote WBZ earthquake occurrence [cf. Choy and
Kirby, 2004]. For example, the distribution of slab epi-
centers indicates that WBZ seismicity occurs mainly beneath
northern California and western Washington where the slab
appears to be warped or buckled (Figure 4a). Conversely,
where slab dip appears to smoothly increase with depth
beneath Oregon, few WBZ earthquakes have been recorded.
The earthquake clusters offshore central Oregon are attrib-
uted to an additional stressor [Williams et al., 2011], namely
seamount relief on the plate surface, consistent with the
hypothesis that geometric complexity promotes the occur-
rence of small earthquakes.

6.1.

[5s1] A distinct band of shallow WBZ epicenters occurs
along the west side of Vancouver Island, north of 48°N. This
section of slab does not appear to be warped, ruling out slab
flexure as a primary factor promoting earthquake occurrence.
Available thermal models suggest that conditions conducive
to upper mantle earthquake occurrence begin at a slab depth
of about 22 km, consistent with observations. Although off-
shore locations are not well constrained, this northern band of
earthquakes occurs at the depth range predicted for upper
mantle events in the slab. Shallow WBZ earthquakes in this
band are most prevalent near the Nootka fracture zone
(Figure 4a) where focal mechanisms indicate E-W tension
associated with shear along the fracture zone [Wada et al.,
2010]. Although we lack well resolved slab geometry in
this region, this earthquake pattern suggests that internal
deformation of the JdF plate near the fracture zone promotes
earthquake occurrence. Crustal slab earthquakes are most
abundant between slab depths of 20-30 km (see Figure S3;
profiles E08, FO1, and F02 in the auxiliary material), too
shallow for a basalt-to-eclogite transformation driven pri-
marily by increased pressure.

Western Vancouver Island

6.2. Western Washington

[52] The slab beneath western Washington forms a fairly
broad arch, extending about 250 km along strike and 250 km
downdip, with a somewhat sharp kink bounding the south
side. WBZ earthquakes are concentrated between slab depths
of 30-50 km (Figure 4a), with upper mantle earthquakes
generally extending farther updip than crustal earthquakes
[Preston et al., 2003] consistent with thermal models for
Cascadia [Peacock et al., 2002; Hacker et al., 2003b;
Cozzens, 2011]. The largest WBZ earthquakes, including the
2001 M6.8 Nisqually earthquake, are restricted to the
southern edge of the arch, suggesting that stress (and strain)
may concentrate along the slab kink [McCrory et al., 2003].
Earthquakes along the kink reach depths of more than 80 km,
by far the deepest earthquakes observed within the JdF slab,
suggesting as well that this structure promotes brittle
behavior to greater depth. Thus, the arched slab geometry
beneath western Washington is associated with an expected
WBZ seismicity pattern, except for the kink which seems to
concentrate stress, thereby promoting recurring, larger mag-
nitude events.

[s3] Forearc earthquakes are most prevalent above the
slab arch (>40 km slab depth; Figure 4b). Earthquake
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focal mechanisms indicate that forearc events are primarily
responding to N-S-directed contraction within the forearc
[Ma et al., 1996; Cassidy et al., 2000] rather than stresses
directly attributable to slab geometry.

6.3. Northern California

[54] The slab beneath northern California contains a
warped section which extends northward about 150 km along
strike from the Mendocino triple junction and about 130 km
downdip (Figure 4a). The slab is concave-down from the
trench to approximately 20 km depth. Then its curvature
reverses to become concave-up between 20 to 25 km depth,
before reversing again to become concave downward below
25 km depth (Figure 6a). WBZ earthquakes are concentrated
in this warped section between the trench and a slab depth
of 30 km.

[55] No thermal model is available for this portion of the
Cascadia subduction zone. If we apply thermal models for
Vancouver Island [Hacker et al., 2003b; Cozzens, 2011] as
analogs based on similar age of the subducting plate, these
models indicate that mantle dehydration should begin to
occur at slab depths around 20-25 km, somewhat deeper than
what we observe.

[s6] Shallower than predicted slab seismicity likely results
from N-S compression between the Pacific and Juan de Fuca
plates [Wilson, 1989, 2002] continuing across a subsurface
extension of the Mendocino fracture zone as far east as the
San Andreas fault system. Wang and Rogers [1994] and
Wada et al. [2010] attribute WBZ strike-slip focal mechan-
isms between 15 and 25 km depth (Figure 6b) to such sub-
surface N-S compression. Similar internal plate deformation
is observed adjacent to the Pacific— North America
(Okhotsk)—Philippine triple junction, where the subducting
Philippine Sea plate produces strike-slip earthquakes at
shallow depths [Choy and Kirby, 2004]. The cutoff of WBZ
seismicity, 30-40 km north of the mapped edge of the JdF
slab, suggests that a fragment has broken from the south-
ernmost JdF plate in this region of direct plate interaction
(bounded by the westernmost and easternmost traces of the
San Andreas fault system). Slab dip steepens below the
region of direct plate interaction, conforming to slab dips to
the north (Figure 4a). Focal mechanisms within the deeper
slab indicate downdip extension (Figure 6b), commonly
attributed to slab-pull forces [e.g., Spence, 1987].

[57] Available thermal models may explain much of the
distribution of WBZ earthquakes beneath Vancouver Island
and Washington. Slab flexure may be a factor in promoting
WBZ and forearc earthquakes beneath northern California
as well as the larger magnitude earthquakes beneath western
Washington. However, slab geometry does not explain the
lack of earthquakes beneath Oregon. Oregon remains an
anomaly.

7. Relationship Between Subduction Zone Fluids
and Earthquake Occurrence

[58] Several factors besides slab geometry can promote or
suppress earthquake occurrence in a subduction setting, in
particular, the hydration state of the oceanic plate along with
the permeability of overlying forearc rocks [e.g., Hasegawa
et al., 2007; Reyners and Eberhart-Phillips, 2009]. If WBZ
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earthquakes mark the location of high pore pressures asso-
ciated with mantle and crustal dehydration, we can use them
as a proxy for trench-parallel variability in slab rheology. If
forearc permeability affects pathways of geo-fluids released
during metamorphosis of the subducting slab, then its vari-
ability may perturb WBZ and forearc seismicity patterns.

7.1. Role of Fluids

[s9] The hydration of the JdF plate appears to vary signif-
icantly along the Cascadia subduction margin. Internally
deformed portions of the JdF plate may be unusually
hydrated. In highly fractured regions of the oceanic plate
seaward of the outer rise such as within the Gorda deforma-
tion zone (GDZ) and along pseudo-faults, the fractures serve
as conduits for seawater to percolate downward and thereby
alter crustal and upper mantle rocks well before they reach
the outer rise where such fracture hydration typically occurs
[Nedimovié et al., 2009]. The subducted GDZ hosts abundant
earthquakes in both the upper mantle and crust consistent
with an interpretation of a hydrated slab undergoing meta-
morphic dehydration, albeit at unusually shallow depths.

[60] Thermal models across central [Bostock et al., 2002]
and southernmost Oregon [Peacock et al., 2002] suggest that
the uppermost mantle of the JdF plate reaches dehydration
temperatures (~600°C) for serpentinized mantle seaward
of the trench. If these thermal models are correct, they
suggest that earthquakes are not expected to occur within
anhydrous slab mantle beneath Oregon. Interestingly, the
Cozzens [2011] thermal model for Oregon, calibrated with
the Bostock et al. [2002] S wave profile, does not require
hydrothermal circulation within the crust consistent with an
interpretation of an anhydrous slab.

[61] Shallow WBZ seismicity occurs near the coast of
Vancouver Island (50-48°N; Figure 4a) in a portion of the
JdF slab similar in age to the slab beneath northern Cali-
fornia. A thermal model across southern Vancouver Island
[Hacker et al., 2003b] suggests that the uppermost mantle of
this very young oceanic plate reaches 600°C when the slab
reaches a depth of approximately 22 km, consistent with the
location of mantle earthquakes. The Cozzens [2011] thermal
model for Vancouver Island predicts hydrated, low perme-
ability slab crust. Crustal earthquakes are most prevalent
where the slab ranges from 20 to 30 km deep (see Figure S3;
profiles EO8, FO1, and FO2 in the auxiliary material) implying
that crustal dehydration occurs somewhat shallower in
younger (warmer) oceanic crust. Interestingly, two clusters of
forearc epicenters occur above pseudo-faults in the Juan de
Fuca slab [Wilson, 2002] where the plate is considered highly
fractured and likely to be more hydrated than adjacent more
intact areas [Nedimovi¢ et al., 2009], suggesting that fluids
released from pseudo-faults may migrate into the accretion-
ary prism.

[62] The Cozzens [2011] thermal model across Washing-
ton suggests that hydrated, low permeability JdF crust
reaches eclogite transformation conditions at approximately
40 km depth (corresponding to a pressure of about 1.25 GPa).
Larger magnitude earthquakes begin to occur near the Moho
at about this depth (Figure S3; see profiles E04, E05, F03, or
F04 in the auxiliary material), consistent with the Cozzens
model. No thermal model is available for slab mantle con-
ditions beneath Washington.
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7.2. Role of the Low Velocity Zone

[63] High pore pressures in subsurface regions are often
inferred from low seismic velocities, high Vp/Vs values, and
low QOp values [e.g., Reyners and Eberhart-Phillips, 2009,
Matsubara et al., 2009]. For Cascadia, Audet et al. [2010]
attribute high Vp/Vs values and low seismic velocities to
high fluid pressures within oceanic crust. Audet et al. [2010]
map a shallow LVZ beneath the entire Cascadia subduction
margin, but we question whether the zone everywhere
represents JAF crust. As discussed above, the LVZ may rep-
resent a detached fragment of Eocene oceanic crust beneath
Vancouver Island and the Strait of Juan de Fuca, or represent
hydrated lower forearc material beneath Puget Sound
[Calvert et al., 2011; Calkins et al., 2011]. Although the JdF
crust beneath Oregon may lack fluid-filled pores and frac-
tures [Cozzens, 2011] and the upper mantle may enter the
trench in an anhydrous state, the LVZ beneath Oregon could
still represent oceanic crust if fractures are filled with geo-
fluids released during the transformation of basalt and gabbro
to eclogite. Evidence of a reflective zone beneath Oregon
[Keach et al., 1989; Tréhu et al., 1994], with similar char-
acter to the E-layer beneath Vancouver Island, complicates
this interpretation. The Oregon reflective zone raises the
question of whether the LVZ beneath Oregon might instead
represent hydrated rocks above the JdF plate trapped at the
base of the overlying Siletz forearc terrane.

[64] Uchida et al. [2009] have examined the effect of upper
plate seismic velocity structure on seismicity patterns along
the Japan trench in northeastern Japan. The North American
plate comprises the upper plate at the southern end of the
Japan trench. Here, the Philippine Sea plate is situated
between the North American (Okhotsk) plate and the sub-
ducting Pacific plate at depths >50 km. Relatively few WBZ
earthquakes occur in the Pacific plate, and a LVZ is observed
above the Pacific plate (at the base of the Philippine Sea
plate) implying a relatively impermeable Philippine Sea
(upper) plate. Uchida et al. [2009] interpret the low velocity
material to represent hydrated upper mantle in the Philippine
Sea plate owing to its high Vp/Vs values. Conversely, no
LVZ is observed where the North American plate overlies the
subducting Pacific plate at the northern end of the Japan
trench. Uchida et al. [2009] interpret the lack of a LVZ
combined with abundant WBZ seismicity in the subducting
Pacific plate as evidence of a permeable North American
(upper) plate. Intriguingly, the LVZ and lower seismicity rate
for the southern Japan subduction system are both associated
with an upper plate that is oceanic, as is the Siletz terrane
within the Oregon forearc, which also exhibits a LVZ [4udet
et al., 2010] and a low seismicity rate.

[65s] Well-constrained, seismic tomographic models of the
Nankai subduction zone beneath southwest Japan indicate
that high Vp/Vs values are not restricted to hydrated oceanic
crust. At depths of 25-35 km beneath the Tokai region, a
high Vp/Vs zone occurs in lower crust of the Eurasia conti-
nental plate and at depths of 30—45 km, a high Vp/Vs zone
occurs in the serpentinized mantle wedge of the Eurasia plate
[Matsubara et al., 2008, 2009]. A high Vp/Vs zone also
occurs in oceanic crust of the subducting Philippine Sea plate
[Matsubara et al., 2008, 2009]. Thus subsurface zones with
high Vp/Vs values have been observed not only in slab crust,
but also in forearc lower crust, forearc upper mantle, and
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Figure 7. Map showing region with thickened lower crust [from Henstock and Levander, 2003] denoted
by yellow polygon, accreted King Range oceanic terrane denoted by green polygon, and region of clustered
seismicity above the Juan de Fuca plate denoted by cyan polygon. The 1992 M7.1 main shock epicenter is

denoted by the red star.

the forearc mantle wedge. Our understanding of Cascadia
earthquake occurrence would be improved if similar inves-
tigations are able to constrain the distribution of fluids in the
slab and forearc.

8. Relationship Between Forearc Structure
and Earthquake Occurrence

[66] Our slab model, combined with the improved spatial
resolution of double-differenced earthquake relocations,
offers new insights regarding subsurface seismic sources in
the complex tectonic setting surrounding the Mendocino
triple junction. The April 1992 M7.1 earthquake beneath
northern California has previously been attributed to either
slip along the subduction interface or slip along a similarly
dipping surface a few kilometers above the plate interface
[Oppenheimer et al., 1993]. Profiles of double-differenced
seismicity through the main shock region resolve a DSZ
which we have used to refine the location of the JdF plate (see
discussion above) as well as the location of a distinctly sep-
arate cluster of seismicity about 10 km above the plate
(Figure 6a). The Cape Mendocino earthquake resides within
the overlying seismicity cluster (red star in Figure 6a). Fur-
thermore, the cluster does not just represent aftershocks to the

M7.1 event, but has persisted through time. About half of the
earthquakes within this cluster occurred within the year fol-
lowing the April 1992 event, but the remaining ones either
occurred within the 17 years preceding April 1992 or the
17 years after April 1993 (Figure S6 in the auxiliary
material). The M7.1 event initiated near the eastern edge of
the seismicity cluster, consistent with observations that this
earthquake ruptured updip [Oppenheimer et al., 1993],
and its focal mechanism indicates shallow thrust motion
(Figure 4b). We interpret this seismicity pattern to represent a
blind thrust fault in the forearc above the plate interface.

[67] This interpretation requires a more complex slab
geometry than previously proposed, in which the 1992 slip
plane projects to the seafloor expression of the trench
[Oppenheimer et al., 1993]. Specifically, just east of the
trench our slab geometry dips somewhat steeply at about 15°,
then flattens from slab depths of about 15 to 25 km, before
steepening again to about 25° from 25 km depth to at least
45 km, which is as deep as the slab can be tracked with
hypocenters (Figure 6a). With this geometry, the seismicity
cluster is located above the slab where it flexes concave upward
in the transition from its initial moderate dip to a flat dip.

[68] Flat slabs are observed elsewhere around the Pacific
Rim where the subducting plate is relatively buoyant as a
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result of its young age or thick oceanic crust. The Nazca plate
beneath central Chile, for example, has an extended flat
segment attributed to the buoyancy of thick oceanic crust
associated with subduction of the Juan Fernandez ridge
[Gutscher et al., 2000b; Ydariez et al., 2002]. Similarly sub-
duction of the Cocos ridge beneath Costa Rica is associated
with a flat slab segment [ Gutscher et al., 2000a], whereas the
Cocos slab beneath central Mexico has an extended flat
portion [Pérez-Campos et al., 2008] attributed to its young
age (~16-13 Ma at the Mexico trench). The GDZ at the
Cascadia trench is even younger (~8-5 Ma [Wilson, 2002])
than the Cocos plate and the initial slab warp is quite shallow
(15-25 km deep), much shallower than the preceding
examples. The low slab dip may reflect buckling resulting
from oblique convergence with the Pacific plate.

[69] Double-differenced hypocenters delineating the seis-
micity cluster illuminate a triangular seismogenic structure
(Figures 4b and 7) approximately 80 km long in a N-S
direction, up to 50 km long in an E-W direction, and at least
8 km thick. We speculate that this tectonic element is a
detached fragment of oceanic plate that did not subduct and
has been stranded within the accretionary prism, similar
perhaps to the fragment of Pacific plate stranded beneath
central Japan [Toda et al., 2008] above the actively sub-
ducting Pacific plate. A more germane analog is found in the
King Range, adjacent to the Mendocino triple junction,
where late Cretaceous oceanic pillow basalts accreted to the
North American margin within the past 15 My [McLaughlin
etal., 1982].

[70] A P wave seismic velocity model in the Mendocino
triple junction region depicts an unusually thick subsurface
layer with lower crustal velocities [Henstock and Levander,
2003] in the vicinity of the 1992 M7.1 main shock and
aftershock sequence (Figure 7). Henstock and Levander
[2003] assign the double-thick lower crustal layer to the
Vizcaino terrane which transferred to the Pacific plate in
the Miocene concurrent with the San Andreas transform
boundary extending northward into this region [e.g.,
McCulloch, 1987; Leitner et al., 1998]. The Vizcaino terrane
currently bounds the northwestern trace of the San Andreas
fault system and may represent a fragment of the former
Farallon plate which never subducted, instead detached and
accreted to the now fossil accretionary margin. The Cascadia
forearc contains similar discrete oceanic plate fragments such
as the Siletz and Crescent terranes that accreted during
demise of the Resurrection plate [Haeussler et al., 2003;
McCrory and Wilson, 2010; Wilson and McCrory, 2010].
If additional plate fragments exist in the subsurface, they
may release strain in significant earthquakes complicating
our efforts to characterize earthquake hazards within the
Cascadia subduction system.

9. Summary

[71] We have constructed a new model of JdF slab geom-
etry by synthesizing depth information from earthquake
locations and regional seismic velocity studies. Owing to
variability in depth assignments both within and between
data types, we implemented a modeling approach that gives
highest weight to depths derived from hypoDD earthquake
relocations and regional network earthquake locations.
Even this comprehensive integration of available data leaves

MCCRORY ET AL.: JDF SLAB GEOMETRY AND WBZ SEISMICITY

B09306

substantial uncertainties regarding the depth of the slab sur-
face, reaching as much as 10 km in some areas, and it remains
unclear whether the discrepancies reflect model uncertainties
or reflect misidentification of subsurface structures. By
documenting these discrepancies, we provide an initial step
toward understanding their basis. However, resolving the
source of discrepancies between velocity models will require
additional geophysical research. Toward that goal, the cur-
rently deployed network of ocean-bottom seismometers
(Cascadia GeoPRISMS) may improve seismic velocity
models in the coastal and offshore regions, improve earth-
quake location accuracy, and lower detection thresholds.

[72] By separating earthquakes that occur in the forearc
from those that occur in the slab, our new model reveals
previously obscured details regarding the spatial distribution
of earthquakes and their relationship to slab geometry. We
propose that shallow slab earthquakes beneath Vancouver
Island and northern California, as well as intermediate depth
earthquakes beneath Washington, reflect increased fluid
pressures that facilitate rupture arising from metamorphism
of a hydrated JdF plate. Conversely, we propose that the lack
of slab earthquakes beneath Oregon reflects anhydrous slab
conditions in this region.

[73] The spatial pattern of earthquakes suggests additional
processes promote or suppress earthquake occurrence. Slab
and forearc earthquakes are largest and most abundant where
the slab is undergoing internal deformation, near the Nootka
fracture zone, along the slab kink south of Puget Sound, and
near the Mendocino fracture zone. The abrupt southward
shift from shallow- to intermediate-depth WBZ earthquakes,
between 49 and 48°N correlates with a sharp increase in
geodetic locking [e.g., McCaffrey, 2009], implying a change
in plate boundary rheology associated with the slab arch.
Some forearc earthquakes occur as isolated clusters above
pseudo-faults in the JdF plate, perhaps arising from fluid
migration between the slab and accretionary prism.

[74] The Cascadia accretionary margin contains subsurface
structures that have the potential to create damaging earth-
quake sources within the forearc. We reinterpret the M7.1
Cape Mendocino earthquake to have ruptured a surface
within the accretionary complex approximately 10 km above
the JdF plate. We speculate that this earthquake is associated
with a stranded fragment of former oceanic plate. Data col-
lected by the Cascadia GeoPRISMS deployment may allow
us to test this hypothesis.
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