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[1] We studied the back azimuth dependence of Ps converted phases at GSN station COR
(Corvallis, Oregon) using broadband P receiver functions computed from 602 teleseismic
earthquakes. The amplitudes and polarities of the transverse Ps phases are largely
two-lobed, which indicates anisotropy with a tilted symmetry axis. A double-peaked Ps
conversion at 4.5–6.5 s delay has the moveout of a dipping slab but is not consistent with
simple deflection of the Ps converted phase by the dipping interface. A polarity flip on the
transverse receiver function near north-south back azimuth indicates an anisotropic
symmetry axis aligned north-south, far from the convergence direction (N68�E). The Ps
phase is modeled using reflectivity synthetics with a highly anisotropic layer of depressed
wave speed (VP � 6.0–6.5 km/s) near 40 km depth, at the slab interface with the
overriding North American plate. One-dimensional modeling suggests 10% anisotropy in
the supraslab layer, with a slow symmetry axis oriented N5�W at a 60� tilt from the
vertical. Adjustments for the effect of slab interface dip on Ps amplitude suggest a
somewhat lower 7% anisotropy. We infer a thin (�7 km) anisotropic detachment zone for
the northward slippage of the Siletz forearc terrane along the top of the descending slab,
a motion consistent with GPS measurements and models of regional lithospheric
dynamics. Serpentinite is a likely constituent for the deep anisotropic layer, owing to its
reduced VP and high Poisson ratio. The ductile rheology and hydrated composition of
serpentinite make it a plausible lithology for a mechanical detachment zone. INDEX
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1. Introduction: Cascadia Deformation, Receiver
Functions, and Anisotropy

[2] The pattern of seismic anisotropy in the Pacific
Northwest should reflect its tectonics (Figure 1). On a large
scale, paleomagnetic and geobarometric evidence indicates
that the coastal terranes of western North America have
translated northward by thousands of kilometers during the
Cenozoic [Beck et al., 1981; Irving et al., 1985, 1995; Beck,
1989; Butler et al., 1989; Ague and Brandon, 1992, 1996].
On a regional scale, the oblique subduction of the Juan de
Fuca plate has caused complex effects on the continental
margin of the northwest United States and British Columbia
[Yeats et al., 1996]. A clockwise north migration (relative to

the North American plate) of the Cascadia forearc has been
proposed by Beck [1984], Wells [1990], Wang [1996], and
Wells et al. [1998].
[3] New evidence from continuous GPS networks

[Dragert and Hyndman, 1995; Khazaradze et al., 1999]
argue that the southern portion of the Siletz terrane is
moving northward at 3–7 mm/yr, causing the forearc
terrane to shorten beneath western Washington and induce
elevated crustal seismicity rates in the Puget Sound region
[Mazzotti et al., 2002]. Although terrane migration is
typical for oblique subduction, McCaffrey et al. [2000]
argues that northward terrane migration in Cascadia is
driven primarily by gravitational collapse of elevated
Basin and Range topography. Mounting evidence for
intraterrane deformation is puzzling in light of the region’s
low level of moderate seismicity, which might otherwise
delineate the shear zones associated with the deformation.
The mystery deepens when one considers recent reports of
periodic slow earthquakes in the Cascadia subduction
zone that have minimal seismic radiation [Miller et al.,
2002].
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[4] Cascadia tectonic models motivate the study of crust
and upper mantle anisotropic structure in the Juan de Fuca
subduction zone beneath station COR (Corvallis, Oregon)
of the Global Seismographic Network. Anisotropic layering
enhances P-to-S converted phases in teleseismic P coda.
Receiver functions (RFs) deconvolve the earthquake source
from the P coda [Langston, 1977a, 1981; Ammon, 1991;
Park and Levin, 2000] to reconstruct the Ps converted
phases and retrieve near-receiver layering in elastic proper-
ties. Anisotropic layering in the crust and shallow mantle
has been identified from back azimuth variation of Ps
amplitude, in the transverse component receiver function
[Bostock, 1997, 1998; Levin and Park, 1997b, 2000;
Savage, 1998]. Several Ps conversions are evident in the
COR receiver functions, consistent with horizontal zones of
localized shear and inconsistent with a common alternative
model: dipping interfaces within isotropic material. Ps
amplitude variations with back azimuth rule out a simple
interpretation in which shear aligns with the azimuth of
subduction. Rather, inferred shear above the downgoing
slab aligns more with the presumed northward migration of
the coastal forearc terrane.
[5] Because COR has been collecting data for more than

a decade, we were able to use more than 600 teleseismic P
waves to obtain unprecedented resolution of receiver func-

tion variation with the back azimuth of the arriving waves.
By using reflectivity synthetics, we tested hypothetical
anisotropic structures against the COR RFs by trial-and-
error forward modeling. Several models related to potential
subduction zone processes are contrasted in section 4.
Section 5 contrasts our results with those obtained from
SKS birefringence and Pn tomography. Section 6 discusses
the interpretive trade-offs that suggest the presence of
supraslab serpentinite beneath COR. Section 7 summarizes
our findings.

2. Pacific Northwest Tectonic Setting

[6] Under Washington, central Oregon and northern
California, Cascadia subduction is oblique (40–50 mm/yr
at N68�E) [Riddihough, 1984; Engebretson et al., 1984].
Offshore Washington and central Oregon, the subducting
Juan de Fuca plate is young, buoyant and covered by as
much as 3 km of terrigenous sediment [McCaffrey and
Goldfinger, 1995]. As a result, no topographic trench marks
the deformation front of the Cascadia subduction zone. The
basement rocks throughout the outer arc high are thought to
be Paleocene and early Eocene basaltic oceanic crust that
accreted to the North America plate about 50 Ma. Trehu et
al. [1994] refers to the forearc as the Siletz terrane. Active
source seismic studies have characterized the Siletz terrane
as mafic in character, even at its thickest expression along
the Oregon coast, reflecting either a burst of volcanism
similar to the formation of an oceanic plateau [Trehu et al.,
1994], or else the accretion of successive layers of normal
oceanic crust by underplating [Hyndman et al., 1990].
[7] Wadati-Benioff zone seismicity under the Coast

Range [Tabor and Smith, 1985] shows a shallow dip
(10�–15�) for the subducting slab. Seismic reflection and
potential field surveys confirm the shallow dip under the
Coast Range [Keach et al., 1989; Trehu et al., 1994; Couch
and Riddihough, 1989]. Farther inland, seismic tomography
indicates that the slab steepens to �65� beneath the Cascade
Range and descends to at least 200 km [Michaelson and
Weaver, 1986; Rasmussen and Humphreys, 1988; Harris et
al., 1991]. Using receiver functions, Langston [1981] iden-
tified a 10�–20� east dipping interface that descends inland
to 140–150 km as the oceanic Moho of the Juan de Fuca
plate. The RFs also suggest that the slab interface steepens
under the Cascades, with dip �50�. In the model of Li and
Nabelek [1996], the Juan de Fuca Moho dips eastward 11�
beneath the Coast Range and steepens to 19� beneath the
Willamette Valley. The estimated depth of the subducted
Moho beneath station COR is consistent among different
studies: Burdick and Langston [1977], 45 km; Trehu et al.
[1994], 45–50 km; Li [1996], 40–43 km. Rondenay et al.
[2001] inverted scattered waves, associated with teleseismic
P waves, recorded near Corvallis by a portable broadband
linear array in 1993–1994, using data previously analyzed
by Li [1996]. Rondenay et al. [2001] traces the Juan de Fuca
oceanic crust as a low-velocity channel that seems to lose its
velocity signature as it passes under COR. Bostock et al.
[2002] argues that eclogitization of the oceanic crust erases
its low-velocity signature and that metamorphic dehydration
of the slab inland of COR serpentinizes the overlying
mantle wedge and forms another low-velocity zone at the
base of the North American crust.

Figure 1. Regional seismicity map for station Corvallis
(COR) of the Global Seismographic Network. Symbols
denote earthquakes from the catalogs of different organiza-
tions, all with magnitude >4.0. Events are numerous in the
north and south of the Cascadia subduction zone, and scarce
under the Coast Range of Oregon. See color version of this
figure in the HTML.

B10306 PARK ET AL.: SEISMIC ANISOTROPY BENEATH CORVALLIS, OREGON

2 of 15

B10306



[8] Certain aspects of the slab dehydration scenario can
be addressed with a receiver function study at a long
running permanent seismic station like COR. Both receiver
functions and the scattering inversion of Rondenay et al.
[2001] use P-to-S converted phases in teleseismic P coda,
but RF estimation can use higher-frequency data and
therefore achieve finer resolution in depth. The scattered
wave method offers two-dimensional (2-D) resolution by
utilizing a linear array of stations, but its current formulation
does not include anisotropic effects [Bostock et al., 2001;
Schragge et al., 2001]. Serpentinite is often anisotropic
[Kern et al., 1997, 2002], and anisotropy appears to have a
strong influence on Ps converted wave amplitude at COR.

3. Observations of Ps Converted Phases Beneath
Station COR

[9] We retrieved data from station COR (Corvallis,
Oregon) of the Global Seismographic Network (GSN) from
1990 to 2000 for earthquakes with MS � 6.0 from the IRIS
Data Management Center (DMC). We selected 602 broad-
band three-component teleseismic records for receiver func-
tion analysis with the multitaper correlation (MTC) RF
estimator described by Park and Levin [2000]. Most of
these records are of earthquakes with magnitude greater
than MS = 6.3. Some events with lower magnitude (6.0 �
MS � 6.3) but high signal-to-noise ratio are also used. The
event coverage (Figure 2) is fairly good, with its largest gap
in the 180�–210� back azimuth sector.
[10] We estimated receiver functions with a variant of

spectral division based on multitaper correlation (MTC)
[Park and Levin, 2000] to compute frequency domain
RFs HR( f ), HT ( f ). Multitaper spectrum estimation techni-
ques are resistant to spectral leakage [Thomson, 1982; Park

et al., 1987], so that the MTC RF estimate exploits low-
amplitude portions of the P wave spectrum that may
nonetheless have high signal-to-noise ratio. We average
RF estimates in the frequency domain, weighted by their
uncertainties, in overlapping bins of back azimuth (10�
bins) and epicentral distance (6� bins). An inverse Fourier
transform obtains the time domain RFs HR(t), HT(t) from the
bin-averaged HR( f ), HT ( f ). A cosine-squared low-pass
filter is applied in the frequency domain to avoid Gibbs
effect ringing. We set the low-pass frequency cutoff in our
analysis to 1 Hz, with half amplitude at 0.5 Hz. This
frequency limit is chosen to reduce the destructive interfer-
ence associated with averaging RFs from P waves over a
range of epicentral distance.
[11] Both dipping interfaces and anisotropy cause predic-

table Ps amplitude variation with back azimuth [Langston,
1977b; Cassidy, 1992; Levin and Park, 1997a, 1997b, 1998;
Savage, 1998]. For anisotropy with a horizontal symmetry
axis, the amplitude of Ps horizontal motion is four-lobed
with back azimuth, so that the transverse RF vanishes for P
arrivals parallel and normal to the axis of symmetry. This
pattern is easily distinguished from the two-lobed amplitude
pattern caused by a dipping interface in isotropic media. For
anisotropy with a tilted axis of symmetry, the Ps amplitude
pattern can be a mixture of four-lobed and two-lobed polarity
patterns, depending on the tilt and the ratio of VS and VP

anisotropy [Levin and Park, 1998]. In some cases the effect
of a tilted axis of symmetry on transverse RFs resembles that
caused by a dipping interface in isotropic media. Anisotropy
is indicated if the Ps amplitudes are too large to model with a
realistic dip angle, e.g., the dip of the Wadati-Benioff zone
[Savage, 1998].
[12] Bin-averaged radial RFs for station COR (Figure 3)

show a strong positive Ps conversion at 5.5–6.5 s, which
we designate (PJs). PJs is preceded by a negative Ps
conversion over a broad back azimuth range. We identify
this converted phase doublet with the top of the subducting
Juan de Fuca plate. The transverse RFs show a strong
converted phase doublet at the same delay time, also with
a derivative pulse shape i.e., paired pulses of opposite
polarity. The polarities of the transverse component Ps
conversions switch with back azimuth: positive-to-negative
for the downdip sector (60�–180� back azimuth), and
negative-to-positive for the updip sector (180�–300� back
azimuth). A distinct polarity change for this derivative
phase occurs near 180� back azimuth.
[13] For both radial and transverse RFs, the PJs delay

times vary with back azimuth consistent with a dipping Juan
de Fuca slab (Figure 3). We observe larger PJs delay times
for arrivals from the downdip side (45�–135� back azimuth)
and smaller PJs delay times for arrivals from the updip side
(225�–315� back azimuth). The earthquakes offer two
narrow sectors (120�–135� and 295�–310�) in which the
moveout of Ps with epicentral distance confirms the dipping
character of the interface. Fermat’s Principle of Least Time
causes the Ps conversion point on a dipping interface to
shift updip, relative to the conversion point on a horizontal
interface. This effect increases the Ps moveout with epicen-
tral distance on the downdip side (Figure 4) and decreases
the moveout on the updip side (Figure 5).
[14] For station COR, the dip of the subducting Juan

de Fuca plate is roughly eastward. If an isotropic tilted

Figure 2. Event distribution for the 602 events used in this
receiver function study are plotted with dots in a polar map
projection centered on station COR (Corvallis, Oregon).
Updip and downdip back azimuth sectors, used for
epicentral RF sweeps, are marked. See color version of
this figure in the HTML.

B10306 PARK ET AL.: SEISMIC ANISOTROPY BENEATH CORVALLIS, OREGON

3 of 15

B10306



interface alone were responsible for PJs on the transverse
RFs, events from the north would generate negative polarity
PJs, and events from the south would generate positive
polarity PJs, provided that velocity increases downward.
The COR receiver functions do not show this pattern.
Instead, the polarity flip on the observed transverse RFs
lies along a north-south axis. The PJs phase on the radial
RFs has larger amplitude near the polarity flip, which is
consistent with anisotropy. In addition, the transverse RFs
have an asymmetric amplitude pattern that suggests the
influence of a cos 2x amplitude pattern (four-lobed). For
instance, converted wave amplitude is larger in the back
azimuth sector 80�–250�, that is, for events from the south.
An asymmetric Ps amplitude pattern can be matched by
hexagonal anisotropy with tilted symmetry axis [Levin and

Park, 1998]. We conclude that subduction zone dip is a
minor factor in the transverse Ps polarity and attribute the
strong phases to seismic anisotropy near the slab interface.
[15] Crustal Ps conversions are also evident in COR RFs.

At 0-s to 1-s time delay, the transverse RFs exhibit a
derivative pulse waveform with two-lobed polarity in back
azimuth, with a gradual polarity transition near 120� back
azimuth. Another converted phase, which we label PCs, has
large amplitude at �2.5 s delay in the radial RFs for the
back azimuth sector 60�–180�. For the opposing 210�–
270� back azimuth sector, PCs arrives at �2.0-s delay. The
PCs phase is positive on the transverse RF for 150�–330�
back azimuth, and negative for the opposing back azimuth
sector. A midcrustal interface in the Siletz terrane, proposed
by Trehu et al. [1994], is a possible cause for the PCs phase.

Figure 3. Back azimuth receiver function sweeps for station COR. (left) Radial RFs. (right) Transverse
RFs. Overlapping stacking bins are 10� wide in back azimuth, spaced by 5�. The RFs are limited
to f < 1.0 Hz, stacked by bins and low passed in the frequency domain with 0.5-Hz half amplitude to
suppress Gibbs effect ringing. The converted phases PCs (crustal) and PJs (Juan de Fuca) are marked.
Vertical lines identify both zero delay and the delay of a Ps converted wave from an incident P wave
(phase velocity 20 km/s) at an interface that dips to the east by 15. (The phase velocity 20 km/s is
appropriate for epicentral distance D � 78�.) See color version of this figure in the HTML.
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A midcrustal anisotropic layer would also help explain a
significant feature in the transverse RF at 3.0–3.5 s delay,
whose polarity varies in a two-lobed pattern similar to
transverse RF features at shorter delay times.

4. Tests for the Geometry of Anisotropy

[16] We use a reflectivity algorithm [Levin and Park,
1997a] to calculate synthetic seismograms in 1-D horizon-
tally stratified anisotropic structures. The moveout of PJs
makes impossible a perfect phase match between data and
1-D synthetic RFs at a broad range of back azimuth values.
The weak slab dip influences the converted wave amplitude,
but is not modeled here. We estimate the dip effect on the Ps
amplitude more carefully in section 5 with a synthetic
seismogram experiment. Results of this experiment argue
that 1-D reflectivity modeling is adequate to characterize the
major structural features that are expressed in the COR data
set.
[17] We assume the anisotropy to have hexagonal sym-

metry, which implies that an axis of symmetry governs
wave propagation effects. Hexagonal symmetry approxi-
mates the anisotropy of real rocks, which can be more
complex, but the orientation of a symmetry axis can be
related more easily to tectonic processes. We use the back

azimuth and nominal phase velocity of each event in our
data set as input to the synthetic seismogram code, using
IASPEI91 as a reference Earth model [Kennett and
Engdahl, 1991]. We compute RFs from the synthetics with
the MTC algorithm, then low-pass filter and bin average
these in the same way as the observed RFs. Such mirror
processing allows us to match minor variations in the
observed Ps phase moveout and amplitude.
[18] We compare synthetic with observed RFs for the

major phases on both radial and transverse components, and
fit the major features of the observations by trial-and-error
forward modeling. Ps delay times are influenced both by
layer thickness and the VP/VS ratio (and, equivalently, the
Poisson ratio s). Decreasing VP/VS has the same effect on Ps
delay time as decreasing layer thickness. We constrain VP

and VS anisotropy to be equal in a percent sense. Numerical
tests indicate that VP anisotropy tends to dominate P-to-S
conversion in media with tilted axis anisotropy. Therefore
our data-synthetic comparisons offer weaker constraints on
VS anisotropy than on VP anisotropy.
[19] We derived an isotropic starting velocity model from

Trehu et al. [1994], which proposed a mafic crust for the
Siletz terrane, with a thin shallow surface layer to simulate
sedimentary basins and basement uplifts. These mafic rocks
exhibit velocity that ranges between 5.5 km/s in the upper

Figure 4. Epicentral distance receiver function sweeps for
the downdip 120�–135� back azimuth sector at COR.
Overlapping stacking bins are 6� wide in back azimuth,
spaced by 3�. The eastward dip of the Juan de Fuca plate
alters the moveout of the converted phase delay time. For
waves that arrive in the downdip sector the moveout of PJs
decreases with increasing epicentral distance. See color
version of this figure in the HTML.

Figure 5. Epicentral distance receiver function sweeps for
the updip 295�–310� back azimuth sector at COR. Over-
lapping stacking bins are 6� wide in back azimuth, spaced
by 3�. The eastward dip of the Juan de Fuca plate alters the
moveout of the converted phase delay time. For waves that
arrive in the updip sector, the moveout of PJs with
epicentral distance is suppressed. See color version of this
figure in the HTML.
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crust to more than 7.0 km/s at their greatest thickness of the
terrane, �35 km beneath station COR. Trehu et al. [1994]
place a low-velocity zone between the base of the Siletz
terrane and the Moho of the subducting Juan de Fuca plate.
They identify this layer as subducted oceanic crust. Li
[1996] and Li and Nabelek [1996] also identify a low-
velocity zone with receiver functions. These researchers
chose a high Poisson ratio (s = 0.33) to represent the Siletz
terrane, but aside from serpentinite, most crustal rocks have
lower s. We chose a lower Poisson ratio (s = 0.28–0.30) for
the Siletz terrane to be more consistent with the mafic rock
properties [Christensen, 1996].
[20] The complexity implicit in the COR RFs motivates a

finely layered model (Table 1 and Figure 6) to fit the major
observed features (Figures 7 and 8). Aside from its low-
velocity layers from 36 to 43 km depth, the isotropic part of
this model resembles the starting 1-D model used by
Rondenay et al. [2001] for this region. In isotropic media,
receiver function modeling is vulnerable to trade-offs (e.g.,
between layer thicknesses and Poisson ratio), so that the
uncertainty of seismic velocity in any single layer is large.
For anisotropic media, Ps polarity and amplitude in the RFs
offer supplemental constraints on velocity and anisotropy
contrasts at interfaces. In practice, random noise in the
amplitudes of the bin-averaged RFs limits the precision of
estimated model parameters. Nevertheless, the major fea-
tures of the COR receiver functions demand large contrasts
in model properties, so that the overall interpretation is less
vulnerable to formal parameter uncertainties.
[21] Our preferred model has a thin layer of depressed

wave speed at 40 km depth with VP = 6.0 km/s, high
Poisson ratio (s = 0.33) and strong anisotropy (10%) with a
slow axis of symmetry tilted 60� from the vertical. Identical
anisotropy resides also in a thin transitional layer at the top
of the depressed wave speed layer. These two layers cause
the slab-related Ps waves at 4.5–6.5 s delay. Beneath this
layer lies a 12-km layer with wave speed characteristic of
gabbroic ocean crust (VP = 7.1 km/s). The gabbroic layer is
motivated by a positive polarity pulse that follows PJs in
most back azimuth sectors. The timing of this pulse, relative
to PJs, constrains the thickness of the layer, which is some
50% greater than ordinary oceanic crust.
[22] In the crust of the overriding Siletz terrane, velocities

imply gabbroic composition, except for the top few kilo-

meters. A very strong (8%) anisotropy with a tilted slow
symmetry axis characterizes a low-velocity surface layer.
Shallow anisotropy is motivated by the zero delay pulse on
the transverse RF. In synthetic RFs, the reverberations in
this layer mimic the behavior of the PCs phase at 2.0–2.5 s
delay in the observed radial RFs. Ps pulses in the first few
seconds of the transverse RFs appear to suffer gradual
moveout with back azimuth. We can model the ‘‘cork-

Table 1. Anisotropic Velocity Model Consistent With Receiver Functions for Station CORa

Depth, m VP, m/s B C Vs, m/s E Density, kg/m3 Tilt Strike

2,000 4650 �0.08 0 2700 �0.08 2500 45 260
5,000 5400 �0.04 0 3120 �0.04 2600 45 200
9,000 6000 0 0 3400 0 2700 0 0
13,000 6100 0 0 3400 0 2700 0 0
21,000 6600 0.03 0 3600 0.03 2700 40 120
24,000 6850 0.03 0 3750 0.03 2750 40 120
36,000 7100 0 0 3795 0 2960 0 0
39,500 6550 �0.10 0 3350 �0.10 2780 60 �5
43,000 6000 �0.10 0 2900 �0.10 2600 60 �5
55,000 7100 0 0 3795 0 2960 0 0
(half�space) 8100 0 0 4600 0 3500 0 0

aDepth refers to the base of each layer. The parameters B, C, and E are coefficients of the P wave cos 2x, P wave cos 4x, and S wave cos 2x anisotropy
components, respectively, representing peak-to-peak fractional velocity variation. The quantity x is the angle between propagation direction and the axis of
symmetry. The sign of B and E is negative for a slow symmetry axis. B = �0.10 corresponds to 10% VP anisotropy with a slow axis of symmetry. The tilt of
the symmetry axis is defined as degrees from the vertical. The strike of the symmetry axis is measured as degrees clockwise from north. Adjustments for
10� slab interface dip suggest that the anisotropy between 36 and 43 km depth can be somewhat lower than indicated here, 7% rather than 10%.

Figure 6. Vertical profile of the preferred 1-D anisotropic
model beneath Corvallis, Oregon. Shaded zones mark the
anisotropic layers. The magnitude (in percent), azimuth
(clockwise from north), and tilt angle (from the vertical) of
the anisotropy are shown within the zones. The VP profile is
fit to the radial RFs starting from an initial model derived
from Trehu et al. [1994] and Li [1996]. Note the large north
trending slow axis anisotropy that resides in a low-velocity
layer at the base of the overriding plate. See color version of
this figure in the HTML.
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screw’’ pattern in this moveout (Figure 3) with a second
surface layer (2–5 km depth) whose anisotropic slow axis
is rotated 60� counterclockwise (CCW) of the surface
layer axis. Weaker anisotropy in the midcrust is motivated
by back azimuth-dependent pulses at 2.5–3.5 s delay in
the transverse RFs. The symmetry axes of midcrustal
anisotropy align with E30�S (120� strike), which does not
align with either the inferred anisotropy above the Juan de
Fuca slab or with the subduction direction.
[23] Figure 8 offers trace-by-trace comparisons of the

observed and modeled bin-averaged receiver functions at
COR for two opposing back azimuth bins. Disagreement in
the timing ofPJs arises from our modeling a dipping interface
with a 1-D structure, but the agreement in amplitude is

encouraging. The transverse amplitude of the slab-converted
Ps phases is as large as the radial amplitude. Far too large to
be modeled as a ray deflection from a shallow dipping
interface, the amplitude of the transverse RF motivates the
10% anisotropy in our preferred model.
[24] Our forward modeling strategy has the disadvantage

that models distinct from our preferred model might fit the
data as well, but are not explored. An advantage of forward
modeling, on the other hand, is the ability to test and reject
alternate models that are tectonically plausible. For instance,
the slow axis of symmetry in the deep anisotropic layer of
our preferred model fits both the polarity behavior of the
transverse RFs and the larger Ps amplitudes seen at south-
erly back azimuths (90�–270�). A fast symmetry axis with

Figure 7. Synthetic back azimuth receiver functions for our preferred 1-D anisotropic velocity profile.
The RFs are computed from reflectivity synthetics that match the distribution of 602 earthquakes in the
data analysis. This strategy helps to match isolated variations in the amplitude and moveout of the
observed RFs, displayed in Figure 3. (left) Radial RF sweep. (right) Transverse RF sweep. The RFs are
band limited at 1 Hz and low-passed in the frequency domain with 0.5-Hz half amplitude to suppress
Gibbs effect ringing. Overlapping stacking bins are 10� wide in back azimuth, spaced by 5�. See color
version of this figure in the HTML.
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the same orientation would misfit the polarities on the
transverse RFs. A fast symmetry axis can be chosen with
an orientation (60� tilt, S5�E strike) that fits the observed
transverse polarities, but it predicts largest radial PJs am-
plitude at northerly back azimuths. A more complicated
anisotropic geometry (e.g., orthorhombic symmetry) might
fit the data adequately, but we did not explore such models.
[25] Figures 9 and 10 show bin-averaged receiver func-

tion sweeps for two variations of our preferred model. The
first alternate model (Figure 9) has subduction-parallel
horizontal alignment in the low-velocity zone above the
slab, and no midcrustal anisotropy. This alternate slab-
related anisotropy fails (badly) to explain the observations
in two ways. First, subduction alignment with a horizontal
symmetry axis induces a four-lobed polarity in the trans-
verse RFs with a node at roughly N68�E. The observed
transverse RFs are more two-lobed, with a polarity flip that
we observed to lie at N5�W. Second, the Ps converted wave
amplitude for a horizontal axis of symmetry is too small,
even with 10% anisotropy, to match the observations. A
tilted axis of symmetry enhances the conversion of P waves
to S significantly, and fits better the back azimuth pattern in
the data. We conclude that anisotropy that follows the
geometry of large-scale plate motion fails to explain our
observations.
[26] Figure 9 shows that the absence of midcrustal

anisotropy weakens greatly the PCs phase at 2.0–2.5 s
delay in the radial RFs. Perhaps a surface layer reverbera-
tion could explain a larger portion of this feature in
the observed RFs, with the proper choice of parameters.

However, reverberations in the shallow surface layer do not
seem able to explain observed waveforms on the transverse
RFs at longer delay times. This supports the case for
anisotropy in the midcrust. We note that the depth range
and geometry (i.e., slow or fast axis) of the midcrustal
anisotropic layer are not constrained in a definitive manner.
[27] Our second alternate model exhibits a seismic veloc-

ity (VP = 6.5 km/s) and Poisson ratio (s = 0.30) in the deep
anisotropic layer that would imply a hydrated gabbroic
composition, placing it directly above the ultramafic mantle
of the Juan de Fuca slab (VP = 8.1 km/s) and beneath the
unmetamorphosed gabbro (VP = 7.1 km/s) of the Siletz
crust. This alternate model aligns its crustal anisotropy with
the roughly north-south strike of its slab-related anisotropy.
However, the synthetic radial RFs of the second alternate
model lack the Ps phase that trails PJs in the observations.
Synthetic radial receiver functions for this alternate model
do not predict negative polarity for PJs in any back azimuth
sector, consistent with the COR data, but weak amplitude
persists in much of the 300�–360� back azimuth sector
(Figure 10). The polarity of the Ps conversion from the top
of the low-velocity zone is negative over a smaller range of
back azimuth in the radial RFs than is observed, suggesting
that the velocity inversion associated with hydrated oceanic
crust is insufficient by itself to model the Corvallis RFs.
[28] In another synthetic experiment (not shown) we

examined a model with an unmetamorphosed gabbroic layer
(VP = 7.1 km/s) surrounded below and above by peridotite
mantle (VP = 8.1 km/s). Previous studies [e.g., Trehu et al.,
1994] have not suggested that a layer of peridotite lies

Figure 8. Synthetic versus observed receiver functions for averaged back azimuth sectors centered on
130� for (left) downdip sector and on 240� for (right) updip sector. Radial RFs (red) are superimposed on
transverse RFs (green). The phase mismatch for the PJs phase at �6-s time delay is caused by slab-dip
moveout. See color version of this figure in the HTML.
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above the Juan de Fuca slab at this point of the Cascadia
subduction zone. The synthetic RFs for such a model also
do not suggest the existence of a supraslab peridotite layer
at Corvallis. In addition to the shortcomings evident in
Figure 10, this model has a Moho in the Siletz terrane that
predicts a Ps conversion at �3-s delay with uniformly
positive polarity on the radial RF. Such a phase is not
observed in data.
[29] Our forward modeling suggests some generaliza-

tions. If anisotropy is large, a weak low-velocity zone loses
its velocity inversion for some back azimuths. Forward
modeling suggests that the VS profile is more important
than the VP profile in controlling the polarity of the Ps
conversion in the radial RF. To avoid radial PJs polarity
switches with back azimuth, our ‘‘preferred’’ model has

VP = 6.0 km/s and s = 0.33 for the deep anisotropic layer.
Our interpretation follows from associating the Juan de
Fuca Moho with a positive polarity Ps pulse that arrives
^1 s after the prominent PJs conversion. We associate the
PJs conversion with the top of the slab, marking the lower
boundary of a low-velocity zone of highly sheared hydrated
rock. If this low velocity zone had Poisson ratio consistent
with either a mafic (s = 0.28–0.30) or felsic (s = 0.25)
lithology, one must specify VP < 6.0 km/s in order to
maintain constant PJs polarity.
[30] Figure 10 also shows that north-south alignment in

crustal anisotropy does not fit the observations well. The
CCW rotation with depth of the shallow anisotropy in our
preferred model, though probably uncertain by 20� or so,
does not relate simply to the slab-related anisotropy or the

Figure 9. Synthetic receiver functions for a model that is tectonically plausible but that does not predict
the observations well. We test here a anisotropic model with (1) no midcrustal anisotropy and
(2) a horizontal slow symmetry axis in the deep low-velocity zone that aligns with the Cascadia
subduction direction (N68�E). The synthetic transverse RF amplitude (too small) and back azimuth
variation (four-lobed and misaligned) do not match the slab-related conversions of the observed
transverse RF sweeps. See color version of this figure in the HTML.
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subduction direction. Overall, our experiments with crustal
parameters discourage the possibility the crust beneath
Corvallis is much simpler than our preferred model. A
crustal model with some other complexity e.g., different
layering, orthorhombic symmetry, or 3-D structure, cannot
be ruled out.
[31] Synthetic modeling suggests that the orientation of

anisotropy appears to be constrained well by polarity flips in
the transverse RF. The unusual velocities of the layer we
interpret to lie above the slab are based on the lack of

polarity changes in PJs in the radial RF. It is reasonable to
question whether PJs amplitude variations associated with
the known dip of the Cascadia slab exert a significant
influence on the observed RFs and on our interpretation
of them. Synthetics for a fully 2-D model [e.g., Frederiksen
and Bostock, 2000] could estimate PJs amplitude and delay
time perturbations simultaneously. However, a simple ray-
based calculation of Ps timing represents well the small
expected fluctuations in PJs delay time in Figure 3, so we
chose to estimate PJs amplitude fluctuations separately with

Figure 10. Synthetic receiver functions for a model that is tectonically plausible but that does not
predict the observations well. We test here a anisotropic model with all crustal anisotropy aligned north-
south (to match the geometry of the deeper anisotropy) and a low-velocity zone of hydrated oceanic crust
(VP = 6.5 km/s; s = 0.30) above peridotite (VP = 8.1 km/s). At short time delay (<3 s) the synthetic RFs
for this model do not match the moveout (with back azimuth) of the observed transverse RFs. The
positive slab-related PJs phases on the synthetic radial RFs do not reverse polarity with back azimuth, in
agreement with data. However, the radial Ps conversion at 4.5–5.0 s delay from the top of the low-
velocity layer is negative only at 90�–270� back azimuths, which disagrees with data (Figure 3) and our
preferred model (Table 1 and Figure 7). Note that radial RFs for this model lack a positive Ps pulse that
arrives �1 s after PJs, which in our preferred model corresponds with the oceanic Moho of the Juan de
Fuca plate. See color version of this figure in the HTML.
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an adjustment to 1-D reflectivity. We recomputed reflectiv-
ity P wave synthetics for 602 events in our COR data set
using our preferred anisotropic model with an imposed
perturbation to the angle of incidence, appropriate for an
interface with 10� east plunging dip. In this approximation,
we add 10� to the angle of incidence for an event at 90�
back azimuth (downdip), subtract 10� from the angle of
incidence for an event at 270� back azimuth (updip), and
make intermediate adjustments at other back azimuths. Our
approximation induces a bias in the angle of incidence at the

free surface, but this bias should be smaller, in a relative
sense, than the effect of dip on the P-to-S converted phase.
Figure 11 shows the results of this exercise.
[32] Comparison of Figures 3, 7, and 11 suggests that the

predicted effects of slab dip on PJs amplitude are discernible
and can influence the interpretation of the observed RFs.
The dip magnifies radial PJs amplitude for easterly (down-
dip) back azimuths (0�–180�) (Figure 11) and induces a
polarity reversal for Ps waves that arrive from the north-
west. P waves approach the Cascadia slab from the downdip

Figure 11. Synthetic back azimuth receiver functions for our preferred 1-D anisotropic velocity profile,
using perturbations to P wave incidence angle to represent the effects of a weakly dipping (10) slab
interface on PJs amplitude. The RFs are computed from reflectivity synthetics that match the distribution
of 602 earthquakes in the data analysis. (left) Radial RF sweep. (right) Transverse RF sweep. The
synthetic RFs are low-passed to match the bandpass of the observed RFs. Overlapping stacking bins are
10� wide in back azimuth, spaced by 5�. Comparison with Figure 7 argues that the effect of slab dip on
the transverse RF polarity is negligible but PJs amplitude is magnified. Perturbations to PJs in the radial
RF are more significant. The PJs amplitude is larger for westerly (downdip) back azimuths and changes
polarity at northwesterly back azimuths. A decrease of anisotropy in the supraslab depressed wave speed
layer from 10% to 7%, leaving other parameters unchanged, can facilitate better agreement between
observed RFs (Figure 3) and dipping interface synthetics (not shown). See color version of this figure in
the HTML.
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side at a larger angle to the interface normal and suffer a
larger PJs conversion on the radial RF. The polarity pattern
of PJs in the transverse RFs is unaffected, but PJs amplitude
increases.
[33] On the basis of the dipping interface simulation, it

appears that the major features of observed RFs at COR
cannot be explained as artifacts of Ps conversions at a
dipping slab interface. The orientation of anisotropy in the
supraslab layers appears to be robust to dip effects. Our
inference of unusually low VP, and possibly serpentinite
lithology, in the supraslab layer is motivated by the
uniform polarity of PJs with back azimuth in the radial
RFs. The effect of slab dip on radial PJs appears to make
the need for a low-VP layer more acute. The other adjust-
able parameter is supraslab anisotropy, which overpredicts
the transverse PJs amplitude. If we reduce the anisotropy in
the supraslab layer from 10% to 7% in the dipping slab
scenario (not shown), we can rectify the reversed radial PJs
polarity for northwestern back azimuths and obtain better
agreement with the transverse RFs. A steeper slab dip
might be accommodated by a further decrease in supraslab
anisotropy, but previous studies suggest that slab dip ]20�.
Even with this adjustment to the 1-D structure in Table 1,
our modeling still favors the presence of a thin, highly
anisotropic low-wave speed layer atop the Cascadia slab
beneath station COR with an apparent north-south ‘‘slow’’
axis of symmetry.

5. Comparison With SKS Splitting and Pn

Tomography

[34] Pn anisotropy studies [Hearn, 1996; Smith and
Ekstrom, 1999] reveal ‘‘fast’’ propagation parallel to the
subduction of the Juan de Fuca plate beneath the northwest
Pacific coast. SKS splitting for station COR has fast polar-
ization direction N70�E and 1.5-s delay [Silver, 1996,
Table 1; see also Schutt and Humphreys, 2001], also
aligned with Juan de Fuca plate motion. To verify the latter
published result, we have examined SKS splits for COR for
selected events in 1990–2000 using the cross-correlation
estimator of Levin et al. [1999]. Our measured delay times
dt are smaller than 1.5 s in most cases and there is some
scatter in our apparent fast axes that may indicate multilayer
anisotropy. Nevertheless, nearly all measured splits can be
characterized as trench-normal or trench-oblique, not
trench-parallel. The disagreement with our receiver function
model is misleading, because the location and thicknesses
of our shallow anisotropic layers may explain why they
have not been detected by other anisotropic indicators.
[35] It is possible that Pn waves would not sense a

strongly anisotropic layer within a buried low-velocity zone,
and a simple calculation shows that our model predicts
negligible SKS birefringence. Since our anisotropic Juan de
Fuca crustal layer is only 7 km thick, its shear wave splitting
delay dt � 0.25 s. The disagreement in symmetry axis
orientation is also misleading. Neither Pn tomography nor
SKS splitting studies can readily distinguish anisotropic
media with fast and slow symmetry axes, as can back
azimuthal RF sweeps. The horizontal projection of the
trench-‘‘parallel’’ (N5�W) tilted slow-axis anisotropy that
we infer beneath COR has an apparent fast polarization
that is roughly trench-perpendicular, and therefore is not

strongly at variance with Pn and SKS studies. The splitting
expected from our proposed anisotropic layer, however, is
far too small for explain SKS observations. We tested
the small splitting prediction by computing reflectivity
synthetics for our preferred COR model with upgoing
SV-polarized waves for the 602 earthquake locations we
used at COR. Only a minority of the real earthquakes
produced observable SKS, so our synthetic data set was
unrealistically densely sampled. Even so, splitting estimates
on the synthetic S waves revealed only modest scatter about
0.25-s splitting delay.
[36] Unexplained SKS splitting argues that additional

anisotropy with trench-normal fast polarization resides
beneath the subducted Moho, but does not possess shallow
gradients strong enough to be prominent in the COR
receiver functions. Disagreement between the symmetry
axes inferred from receiver functions and SKS splitting in
Kamchatka led Levin et al. [2002] and Park et al. [2002] to
argue for distinct mantle shear flows above and below the
subducting slab: trench-normal corner flow above
and trench-parallel extension below. We propose an oppo-
site distinction between above and below slab strain in
Cascadia: subduction-parallel shear beneath the slab and
trench-parallel strain above it.

6. Discussion: A Sheared Serpentinite
Detachment Zone?

[37] Convergence strain and volatile release may combine
to produce highly anisotropic rock in subduction zones.
Factors that induce anisotropy include slaty cleavage, schis-
tosity, recrystallization, and oriented faults for the crust
[Babuska and Cara, 1991]. Oriented cracks and fine layer-
ing of different lithologies leads to anisotropy with a slow
symmetry axis perpendicular to the average plane of cracks,
faults or bedding planes [Helbig, 1994]. Volatile release
from the slab can produce hydrous mineral assemblages
with strong anisotropy. Hydrous minerals with slaty cleav-
age tend to possess a slow axis of symmetry [Babuska and
Cara, 1991]. LPO in the antigorite crystal structure of
serpentine also exhibits a slow axis of symmetry [Kern,
1993]. By contrast, olivine LPO in dry conditions most
commonly generates anisotropy with a fast symmetry axis,
in the direction of either maximum extension (for modest
finite strains) or flow directions (for large strains) [Zhang
and Karato, 1995; Zhang et al., 2000]. Abundant water can
induce olivine LPO with a slow symmetry axis [Jung and
Karato, 2001].
[38] In a 1-D forward modeling approximation, the PJs

and neighboring phases are represented well with 10%
anisotropy for both P and S waves with a slow symmetry
axis tilted 60� to the north. An extension of 1-D modeling to
estimate the effects of a 10� slab dip suggests that 7%
anisotropy may be adequate to represent the slab-converted
phases. With the proper lithology, such values are reason-
able. Schists typically contain abundant hydrous minerals
and can possess strong anisotropy (up to 20% in rock
aggregates) with a slow symmetry axis [Babuska and
Cara, 1991; Okaya et al., 1995]. Serpentinite rock samples
can exhibit similar levels of anisotropy [Kern, 1993]. To
justify a highly anisotropic model for station SNZO (South
Karori, New Zealand), Savage [1998] argues that oceanic
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crust subjected to blueschist metamorphism possesses high
anisotropy.
[39] We infer VP = 6.0 km/s in the most anisotropic layer

of our model for COR, so a simple intercalation of mantle
and crustal rocks is not feasible beneath COR, as was
suggested by Levin and Park [1997b] for a highly aniso-
tropic lower crustal layer in the Paleozoic Urals foredeep.
We hypothesize the presence of hydrated metamorphic
rocks. Potential lithologies could include subducted sedi-
ments or igneous rock units that have been hydrated
by water and other volatiles released by the Juan de
Fuca slab. Laboratory-determined elasticity of such rocks
[Christensen, 1965, 1966; Godfrey et al., 2000; Kern et al.,
2002] indicates that the metamorphic rocks most likely to
derive from subducted sediments, e.g., schists and slates,
have strong anisotropy but mean VP � 6.0 km/s and typical
Poisson ratio s � 0.30. Only serpentinite (at deep crustal
pressures) exhibits VP � 6.0 km/s, though not all serpentine
samples have been reported to behave this way, see Kern
[1993]. At face value, our receiver function modeling
argues for a massively hydrated serpentinite layer that lies
just above the Cascadia slab. This conclusion resembles, but
is not equivalent to, the interpretation of Bostock et al.
[2002] of the scattered wave migration study of Rondenay et
al. [2001]. Bostock et al. [2002] argue for serpentinization
of the supraslab mantle wedge from beneath our station
COR toward the Cascade Range inland, basing their argu-
ment on an unusual pattern of VP heterogeneity and models
of slab dehydration, not a match between their modeled VP

and the VP of particular rock types. They interpret the low-
velocity zone beneath COR to be subducted oceanic crust,
not serpentinite.
[40] Closer attention to anisotropic indicators in this

region may help resolve this interpretive disagreement.
Because our interpretation is based on the inference of
unusually low VP and high s above the slab, it is worth
repeating that body wave scattering, the physical mecha-
nism behind both our analysis and that of Bostock et al.
[2002], is more sensitive to velocity gradients than to
absolute VP and VS. A velocity profile based on scattered
wave migration has more uncertainty than a model based
on earthquake travel time and/or active source refraction
studies. Our inference of VP in the deep anisotropic layer
beneath COR is calibrated by two sets of observations
that are not always available for a receiver function study.
First, crustal VP in the Siletz terrane is constrained by
active source seismic studies [Trehu et al., 1994]. Second,
large Ps converted phases on the transverse RF require a
large anisotropy in the low-velocity layer beneath the
Siletz terrane. This anisotropy is large enough to disrupt
the polarity of Ps converted phases on the radial RF if
mean VP in the anisotropic zone is insufficiently low.
Additional Ps conversions on the radial RF provide
evidence for mafic subducted oceanic crust beneath the
low-velocity layer. We computed synthetic RFs for mod-
els where (1) the anisotropic layer has VP = 7.1 km/s,
consistent with mafic lithology (Figure 10), and (2) the
anisotropic layer had VP = 6.0 km/s and Poisson ratio s =
0.25, consistent with schistose/felsic lithology (not
shown). In both cases the back azimuth variation of the
synthetic radial RFs fit the observed radial RFs signifi-
cantly less well.

[41] Supporting evidence for a serpentinite layer beneath
COR is not definitive, and persuasive tectonic analogs are not
yet recognized. Serpentinites are often associated with fault
zones and appear to migrate upward within subduction
settings in either particle form or as diapirs [Fryer et al.,
2000]. In coastal Oregon, serpentinite exposures is not
common, but are more common to the south in California
(M. Brandon, personal communication, 2003). The prove-
nance of serpentinite in the Cascadia subduction zone,
assuming our inferences are correct, differs significantly
from its expression in the Izu-Bonin region, as described
by Kamimura et al. [2002]. Serpentinization of Izu-Bonin
mantle-wedge peridotite decreases both its seismic wave
speed and its density. This loss of density is hypothesized
to induce serpentinite diapirs that are exposed as seamounts
on the seafloor near the trench. Serpentinization would occur
at greater pressure and temperature beneath COR, and so
form the denser antigorite phase of serpentine, rather than the
chrysolite phase, as inferred for Izu-Bonin by Kamimura et
al. [2002]. Last, there is scant evidence in seismic models for
mantle-wedge peridotites (VP � 8.0 km/s) in the Siletz
terrane, either an ultramafic base to the Siletz terrane has
been completely serpentinized or else a sliver of serpentinite
has migrated trenchward from deeper in the subduction zone.
[42] The case for a serpentinite layer is boosted by the

difficulty of matching its seismic properties with another
lower crustal rock type. Low velocity, slow axis anisotropy
and elevated Poisson ratio could be replicated by a schist
with fluid-filled cracks. Such a lithology at these depths is
rarely reported, but see Ague [1995] for one example.
[43] If a serpentinite layer lies atop the shallow dipping

Cascadia slab, the physical consequences could be pro-
found. The rheology of serpentinite favors creep and stable
sliding rather than brittle fracture [Rayleigh and Paterson,
1965] and has been cited by Kamimura et al. [2002] as an
important factor in suppressing the occurrence of moderate
to large shallow earthquakes in the Izu-Bonin subduction
zone. It is tempting to hypothesize that a serpentinite layer
in the Cascadia subduction zone, if widespread, could help
explain its low level of small to moderate thrust earthquakes
(Figure 1) and the occurrence of widespread slow creep
events reported by Miller et al. [2002].

7. Conclusions

[44] Teleseismic receiver functions (RFs) for station COR
(Corvallis, Oregon) indicate that the underlying structure is
characterized by thin layers (5–10 km) of anisotropic rock;
one of these layers is likely associated with a localized shear
zone between the downgoing slab and the Siletz forearc
terrane. Forward modeling suggests that Ps converted
phases arise from an anisotropic layer of low wave speed
atop the subducted oceanic crust of the Juan de Fuca plate.
The Moho of the subducting plate is visible as a less
prominent Ps converted phase, primarily on the radial
component. Back azimuth RF sweeps are consistent with
anisotropy that possesses a tilted axis of symmetry, and
whose surface projection is roughly trench-parallel. Sym-
metry axis orientations are consistent with shear associated
with a northward migration of the Siletz terrane. The
migration of this forearc terrane is evident in GPS measure-
ments [Mazzotti et al., 2002] and could be induced by
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oblique subduction [Yeats et al., 1996] or by gravitational
collapse of Basin and Range topography [McCaffrey et al.,
2000].
[45] Epicentral variation in composite RFs from narrow

back azimuth sectors confirms the Ps moveout associated
with the gentle dip of the Juan de Fuca slab beneath COR.
The polarity and amplitude asymmetry of the PJs converted
phase on the transverse RFs argues for anisotropy above the
Juan de Fuca Moho with a slow axis of symmetry tilted 60�
toward the north. The large anisotropy necessary to model
the slab-related phases compels unusually low VP just above
the slab in order to avoid disrupting the polarity of the radial
PJs phase at northerly back azimuths. We hypothesize
that metamorphosed mantle rocks (serpentinites) in the
depressed wave speed zone above the descending Juan de
Fuca Moho are responsible for the strong (10%) anisotropy
suggested by 1-D RF modeling. Adjustment in the RF
modeling for 10� dip on the Cascadia slab interface suggest
that the anisotropy in the supraslab layer may be somewhat
lower, perhaps 7%, but still substantial. Hydrated schists,
metamorphosed from subducted sediments, could also be
responsible, but low VP in the layer might imply the
presence of fluid-filled cracks. For either case, volatile
release by the subducting slab has helped to create a highly
deformed, hydrated detachment layer within the subduction
zone.
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