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Abstract We present a 3-D model of upper mantle seismic discontinuity structure below Cascadia using a
receiver function Kirchhoff migration method. A careful analysis of the primary and multiple reverberated
phases allows imaging of the Juan de Fuca plate dipping below the North American continent. The
subducting slab is observed as an eastward dipping signal at all latitudes. We associate this signal with a
thermal gradient between the slab and surrounding mantle, rather than a sharp chemical discontinuity. Our
model also shows along-strike variations in the dipping angle and strength of this signal. To the southern and
northern ends of the subduction system, the signal is clearly observed down to ~300 km. However, beneath
centralOregon, this structure ismissingbelow~150 kmdepth.Wepropose that this gap is due toweakeningof
the slab beneath central Oregon possibly caused by deformation and hydration combined with plume-slab
interaction processes after subduction.

1. Introduction

The Cascadia subduction zone is a young lithosphere end-member of the global subduction system [Hacker
et al., 2003]. The Juan de Fuca plate that subducts beneath Cascadia is divided into two subplates: the Gorda
section subducting under Northern California and the rest of the Juan de Fuca plate (JdF) subducting under
Oregon and Washington. Contrary to older and colder subduction zones such as the western Pacific margins,
the absence of a well-developed Wadati-Benioff zone in Cascadia limits direct observation of the top of this
subducting slab [McCrory et al., 2012].

As one of themost well-observed subduction zones in the world, extensive seismic studies have been done in
Cascadia. These include teleseismic tomography [e.g., Obrebski et al., 2011; Hawley et al., 2016], regional
tomography [e.g., Gao, 2016; Bell et al., 2016], receiver function imaging [Audet et al., 2009, 2010], observations
of seismic anisotropy [Martin-Short et al., 2015], reflection imagingoffshore [Hanet al., 2016], and seismicity stu-
dies [McCrory et al., 2012]. All these studies provide imperfect constraints on thegeometry andphysical proper-
ties of the subducting slab and surrounding mantle.

From teleseismic transmitted waves, Bostock et al. [2002] and Bostock [2013] showed that the dipping angle of
the slab is around 30° in the uppermost 100 km of the mantle. Teleseismic tomography models [Burdick et al.,
2010; Obrebski et al., 2010, 2011] showed that the dipping angle of the slab between 200 km and 600 km
depth varies along strike with steeper angle to the south. In central Oregon, these models also showed the
segmentation of the slab, interpreted as the interaction between the subducted plate and the Yellowstone
mantle plume. At shallow depth, a recent study by Han et al. [2016] suggests variation of the hydration of
oceanic crust/mantle along the strike of the subduction zone, based on the regional differences in the extent
of crustal/mantle bend-faulting near the deformation front. They inferred that the oceanic plate offshore
Oregon has a higher potential for crustal hydration and mantle serpentinization than offshore Washington.

Receiver function analysis resolves sharp velocity contrasts that produce conversions from P to S waves,
which in turn can provide information on the chemical and thermal properties of the upper mantle.
Previous receiver function (RF) studies of the North American continent [e.g., Levander and Miller, 2012;
Tauzin et al., 2013; Hansen et al., 2015; Hopper and Fischer, 2015; Ford et al., 2016] commonly utilize the
Common Conversion Point (CCP) stacking method. However, this method assumes horizontal discontinuities
and is known to give poor results in the case of dipping interfaces, such as in the Cascadia subduction zone
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[Rondenay, 2009; Cheng et al., 2016]. Bostock et al. [2002] imaged the velocity structure of the subducting
plate by using a more sophisticated migration/inversion scheme (the 2-D generalized Radon transform
migration), but this method has been limited to 2-D slices because it requires dense arrays of instruments
and intense computation in calculating the transform coefficient for the dense arrays. The position of the
slab interface at depth, its seismic structure, and its lateral variations therefore remain controversial and
seismologists keep on applying advanced imaging methods to reveal it [e.g., Tauzin et al., 2016].

In this paper, we present an image of the Cascadia subduction zone extending from 10 km down to 450 km
depth, based on a 3-D prestack Kirchhoff depth migration (PKDM) method for teleseismic receiver functions
[Cheng et al., 2016].Weaccount for 3-Dvelocity variations toprovide amore accurate andcomplete 3-Ddiscon-
tinuity model for the subducting slab than previous studies [Levander and Miller, 2012; Tauzin et al., 2013]. We
useasynthetic test todistinguishprimaryphases frommultiple reflectedphases thatgeneratespuriousartificial
interfaces.Wefind that thedominant seismicdiscontinuity in the subductingplate, a dippingpositive interface
markingashear-wavevelocity increasewithdepth, varies anomalously fromtheGorda to the restof the Juande
Fucaportionsof theplate. This heterogeneouspatternof seismicdiscontinuity structure inside theoceanic slab
coincidespotentiallywith slab-plume interaction inferredat similardepth [Obrebski et al., 2010] andmayalsobe
related with the fluid distribution in the subducting plate, as reported by Han et al. [2016].

2. Data and Method

We use a receiver function (RF) database created by using three-component broadband records of passive
seismicity at stations deployed during the U.S. Transportable Array experiment between January 2004 and
November 2009 [Tauzin et al., 2013]. Waveforms were obtained from the Incorporated Research
Institutions for Seismology Data Management Center for 932 teleseismic earthquakes, which resulted in
64,578 receiver functions. The RFs were obtained by deconvolving the vertical component of seismic records
from their radial component and using an iterative time domain deconvolution [Ligorrìa and Ammon, 1999].

Two denser arrays of stations were added [Tauzin et al., 2016]: the Cascadia 93 and Mendocino experiments
located in central Oregon and northern California, respectively (Figure 1a). The wide aperture Transportable
Array allows us to image the western U.S. structure down to the transition zone across the continent. Two RF
data sets were obtained from waveforms low-pass filtered at 0.1 and 0.2 Hz. In this work, we present a
migrated model obtained at 0.2 Hz, but the same processing has been done from the 0.1 Hz data-set
(see Figure S1 in the supporting information). A seismic section derived by stacking all the RFs at 0.2 Hz
is shown in Figure 1b. The data are aligned on the P arrival and stacked within 0.25° epicentral distance
intervals. After the direct P arrival at 0 s, clear arrivals with similar moveout (travel time decreasing with
epicentral distance) are observed around 5 s and 50 s. These are, respectively, the direct P-to-S conversions

Figure 1. (a) Map of Western U.S. and broadband seismic stations (black triangles) used in this study. (b) Time-distance
seismic section for all the receiver functions used in this study. The primary signal (Pms) and later multiples are labeled.
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at the continental Moho (Pms), and the 410 km discontinuity (P410s) under the array. Figure 1b shows that
the signal after the Pms is dominated by free-surface reflected multiples (travel time increasing with
epicentral distance) in the crust, the PPms (positive) and PSms (negative) phases. Here “m” indicates that
waves are transmitted or reflected from the continental Moho.

We use a 3-D prestack Kirchhoff depth migration (PKDM) method for the migration [Cheng et al., 2016].
This algorithm considers the effects of diffraction, scattering, and travel time alteration caused by 3-D
volumetric heterogeneities. It is therefore particularly useful for imaging complex 3-D structures such as
dipping discontinuities, which is hard to accomplish with traditional methods. Given a smooth 3-D refer-
ence model, travel times for P and S waves are computed with an efficient eikonal solver, the fast marching
method [Rawlinson and Sambridge, 2004]. We also account for the elastic scattering patterns, where the
amplitude of converted S waves depends on the angle between the incident P wave and the scattered
S wave [Dahlen et al., 2000]. The reference P model in the mantle comes from Burdick et al. [2010], and
the S model in the mantle comes from Yuan and Romanowicz [2010]. Seismic velocity and Moho topogra-
phy of Crust 2.0 model [Bassin et al., 2000] is used in the crust. For a detailed description of the algorithm,
we refer the reader to Cheng et al. [2016].

Images obtained from classical P-to-S receiver function imaging in a subduction context are usually contami-
nated bymultiple phases reverberating between the surface and the top of the subducted plate [Tauzin et al.,
2016], such as PPs and PSs. These free-surface multiples can sometimes generate strong signals, which are
mixed together with primary Ps in the migration process. In order to distinguish multiples from primary
phases, we first migrate a synthetic data set using a known velocity model and compare the migrated result
to the observed model. The synthetic model is intended to represent a subduction zone: it is defined as three
volumes of constant velocity (shown in Figure 2b) separated by a Moho at 25 km and a 30° dipping planar
interface at greater depth (the slab) as shown in Figure 2b. The interstation spacing is 30 km, and the teleseis-
mic sources used in this study are regularly distributed on a circle around the network, with an average
epicentral distance of 80° (Figure 2a). The generation of synthetic waveforms and the process of migration
is the same as in Cheng et al. [2016]. As shown in the final migrated image (Figure 2c), the dipping interface
is recovered quite well by the migrated primary Ps wave. However, multiple reflected phases are also visible
in the deeper part of the model. We identify these multiple signals as PPs and PSs for the dipping structure.
The horizontal continental Moho also suffers from spatial aliasing making it difficult to identify, as previously

Figure 2. (a) Schematic figure (not to scale) showing the earthquake source distributionmap used for synthetics. A circle of
sources surrounds our grid of surface seismic stations (triangles), which is roughly 80° (epicentral distance) from the
sources. (b) A vertical section though our synthetic velocity model. (c) The final migrated results using our Kirchhoff
migration method. The solid black lines mark the real location of the model discontinuity. The primary signal and late
multiples are labeled on the figures.
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discussed by Cheng et al. [2016]. At the same time, a negative PSms reverberation from the continental Moho
is clearly imaged around ~100 km depth. Based on this observation, the faint positive signal above the PSms
phase may therefore represent the PPms phase from the continental Moho.

3. Imaging Result

In contrast to the previous CCP model of Tauzin et al. [2013], where a 3-D image is obtained by interpolating a
set of parallel 2-D sections, here we directly present a fully 3-D migrated image of the Cascadia subduction
zone. In Figure 3 we show seismic cross sections along three profiles at constant latitude: A1-A2 below
Northern California, B1-B2 below central Oregon, and C1-C2 below Washington. The image is obtained from
the 0.2 Hz data set. The same images are shown for 0.1 Hz data in Figure S1. The position of the profiles in
the map view is showed in Figure 1a. Because of the limited frequency content of the observed seismic
wavefield, our model only depicts a low-pass-filtered approximation of the true reflectivity structure.

Figure 3. Migrated seismic cross section for (a) A1-A2 profile at 48°N, (b) B1-B2 profile at 45°N, (c) C1-C2 profile at 41°N,
and (d) D1-D2 profile at 121°W from low-pass-filtered data at 0.2 Hz period. The black dotted line emphasizes the
prominent discontinuity related to the slab. The positions of migrated primary signal (Ps) and later multiples are labeled on
the figures. P410s indicates the 410 km discontinuity. The black arrows in Figures 3a–3c show the continental LAB (blue and
discontinuous), the red triangles in Figures 3a–3c show the position of volcanic arc, and the green arrows in Figures 3a and
3b show the oceanic LAB. The question mark in Figure 3d shows the gap in the primary Ps arrival.
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We highlight two features in this reflectivity model. First, the migration algorithm recovers the 410 km
discontinuity approximately as a flat interface near 410 km depth. Second, east of 121°W longitude, a
strong negative (blue) signal appears between 150 and 200 km depth. We identify this signal as the
PSms multiple from the continental Moho that overwhelms the signal associated with the true structure.
We interpret this negative signal as a multiple (rather than the base of the lithosphere) for two reasons:
first, from the synthetic test in Figure 2, we can see that the PSms multiple from a Moho at 25 km is
mapped at ~100 km depth; second, the lithosphere-asthenosphere boundary in western North America
is expected at around ~80 km depth [e.g., Levander and Miller, 2012; Yuan and Romanowicz, 2010].
Furthermore, we point to the presence of a weak and discontinuous signal at approximately ~80 km on
all the profiles (marked by black arrows in Figures 3 and S1), which may represent the bottom of the litho-
sphere. The lithosphere-asthenosphere boundary (LAB) signal is small and discontinuous at this depth
because it suffers from aliasing and the LAB is a relatively weak discontinuity compared to the Moho.
Given the station spacing of the U.S. Transportable Array, the same spatial aliasing problem will happen
to all structures (Moho and LAB) shallower than ~100 km. Although the negative signal at ~150 km is a
multiple from the Moho and should not be interpreted as a discontinuity, it still provides information
about shallow structure. For example, in Figures 3 and S1, the apparent depth of the multiple appears
to increase east of 112°W, suggesting an increase in thickness of the crust, in agreement with Levander
and Miller [2012]. Quantitative interpretation of surface multiples is beyond the scope of this paper and will
be subject of future work.

In this study, we focus our attention on one of the major imaged feature: namely, the structure dipping
eastward in the upper mantle below the Cascadia volcanic arc, which we relate to the subduction of the
Gorda and Juan de Fuca plate. Since the migration suffers from strongmultiple signals that generate spurious
interfaces in the final image (Figure 2), we first need to separate them from primary phases.

We identify the primary signal Ps from multiples in the following way. First, at depths shallower than
100 km, the synthetics (Figure 2) show that dipping interfaces are poorly recovered by primary Ps arrival
and the multiples accompany the main arrival on the left. Our synthetic example also shows that the
red-over-blue signal, which is very strong on the left edge of Figures 3b and 3c, is certainly a multiple.
Multiples are identified as PPs (red) and PSs (blue) after the primary Ps (red, highlighted with a black dotted
line in Figures 3 and S1). Here we use Ps to indicate the first dominant signal transmitted from the dipping
slab. In the discussion section, we propose that this signal is the P-to-S transmitted wave at a discontinuity
related to the subducted slab.

Second, this conclusion is further confirmed by comparing our migrated model with the images obtained
from a teleseismic P wave finite-frequency tomography model [Hawley et al., 2016] (Figures 4 and S2). The
Ps signals marked by the black dotted lines in Figures 3, 4, S1, and S2 coincide with the upper or middle part
of the tomographic fast-velocity anomaly. Furthermore, the green dotted lines in Figures 4 and S2 that wewill
interpret as the oceanic LAB coincide with the bottom of the tomographic fast-velocity anomaly. Note also
that the dipping angle of the slab in the two models coincides with each other. Also, note that the position
of the inferredmultiples is not spatially coincident with the fast-velocity anomaly of the subducted slab in this
tomographic model supporting our interpretation that they are multiples.

In the following sections, we focus our discussion on the 150 km to 410 km depth window, as this portion of
the model does not suffer from aliasing problems. In this depth range, the red positive dipping Ps signal
marked with a black dotted line in Figures 3 and S1 is a Ps transmitted wave and represents the dominant
seismic discontinuity of the subducted oceanic plate.

The model (Figure 3) shows that the morphology of the Cascadia subduction system varies as a function of
the latitude in the upper mantle. A steep subducting slab (∼50°) down to at least 300 km is observed for the
Gorda plate under Northern California (Figures 3c and S1c), whereas the profile to the north under
Washington (Figures 3a and S1a) shows the Juan de Fuca plate gently dipping (∼30°) at upper mantle depth.
More notable is the absence of Pms signal at depths between 150 km and 300 km under central Oregon
(Figures 3b and S1b), which leaves a gap in the seismic signature of the subducting plate in this region.
Figures 3d and S1d show seismic cross sections along a profile in the longitude direction D1-D2, at �121°.
In this view, the Gorda plate appears more steeply dipping than the JdF plate to the north with a clear gap
in-between, from 43°N to 46°N near ~250 km depth (Figures 3d and S1d).
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4. Discussion

A variety of processes can perturb the structure of the subducted oceanic plate and modify its seismic
expression. Early receiver function studies showed that beneath fore-arc longitudes the structure of the
JdF subducted plate is dominated by the presence of an east dipping, low-velocity zone (LVZ), which was first
interpreted as the oceanic crust [Langston, 1981]. Some recent models interpret this LVZ as the uppermost
layer of the oceanic crust, which has been extensively hydrated before subduction [Bostock, 2013].
Hydration and possibly overpressure [Audet et al., 2009] would result in a strong seismic velocity contrast
at the base of the LVZ. Therefore, one possible explanation of our observation of a dipping positive (red)
Ps signal in the mid-upper mantle is the expression of a velocity contrast between the LVZ and underlying
higher-velocity material in the subducting slab.

However, as a young lithosphere end-member of the global subduction system (6–10Ma at trench), the ocea-
nic crust is expected to reach the dehydration solidus, i.e., eclogitization, at depth shallower than 100 km
[Hacker et al., 2003]. The oceanic crust undergoes eclogitization in a top-down sense leading to gradual dis-
appearance of the LVZ with depth in the subduction zone. Bostock [2013] argues that eclogitization reduces
the seismic velocity contrast within the LVZ in two ways. First, the mineralogy changes as lower velocity
minerals are replaced by higher-velocity minerals. Second, eclogitization produces an ~10% volume reduc-
tion in the solid phase thereby reducing pore pressures. The LVZ under Washington can be traced down
to ~100 km; under central Oregon, it disappears at a very shallow depth (~40 km) due to dehydration
[Bostock, 2013]. In conclusion, this process occurs before the slab reaches 100 km depth. An observation of
the oceanic slab Moho (or base of the LVZ) as deep as ~300 km is therefore quite rare, and the eclogitization
process is unlikely to explain our dipping Ps signal in the mid-upper mantle.

Alternatively, another explanation for this signal is that it represents the thermal velocity gradient or
boundary layer between the cold subducting slab and the surrounding continental mantle. A similar
observation has been made in Southern Central America Cocos plate by MacKenzie et al. [2010], where
they find a steeply dipping subducting slab down to 200 km under Nicaragua. At 200 km, steady state

Figure 4. Comparison betweenour reflectivitymodel (0.2 Hzdata set) (top figure in eachpair) and a teleseismic tomography
model (bottom figure in each pair) [Hawley et al., 2016] at (a) 41°N, (b) 45°N, (c) 47°N, and (d) 48°N. The black dotted line
emphasizes the prominent discontinuity related to the slab as imagedby receiver functions. The greendotted line shows the
bottom of the slab from the receiver function study also.
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thermal models [Peacock et al., 2002] predict a lateral temperature change of around 50°C over a 15–25 km
distance. The method of Hacker and Abers [2004] predicts a 6–9% velocity increase from this temperature
change in peridotites. Such a broad velocity gradient would be seen as a discontinuity at long wave-
lengths. Given the resolution of our receiver function data (the 5 s RF data allow a vertical resolution of
~10 km, and the 10 s RF data allow a vertical resolution of ~25 km [Bostock, 1999]), it is hard to distinguish
between a thermal gradient layer on this scale and a sharp chemical discontinuity. Given this interpreta-
tion, we would also expect to see consistency between our migration model and the longer-wavelength
temperature-driven tomographic anomalies observed by Hawley et al. [2016].

The heterogeneity of the Ps interface along the strike is also intriguing. In our model, the positive (red) dip-
ping Ps signal in Figures 3b and S1b under central Oregon disappears by ~150 km depth. However, under
Washington and Northern California, this signal persists to the approximate depth of 300 km in the upper
mantle. This observation of a gap between 43°N and 46°N is also consistent with the results of tomographic
studies [Hawley et al., 2016;Obrebski et al., 2010], showing amuch weaker high-velocity anomaly representing
the oceanic slab under central Oregon than below Washington or Northern California (e.g., Figure 4b).

It is not clear why the slab signal in both models is not seen past ~150 km depth under central Oregon.
Obrebski et al. [2010] speculated that the interaction of the Yellowstone plume with the slab, starting from
17 to 19Ma, caused the breakup of the Cascadia subducting slab and had a longer-lasting effect at the point
of origin beneath Oregon. While the arrival of the buoyant plume likely precipitated breakup of the slab, pre-
existing weaknesses may also have facilitated this breakup. In our model, the dipping angle varies along
strike and is larger under Northern California than under Washington. This change of slab curvature along
the trench of the subduction zone could originate from localized deformation due to slab weakening under
central Oregon. Bercovici et al. [2015] proposed a weakening mechanism for necking and rapid slab detach-
ment, based on grain reduction and damage in polycrystalline rocks due to entrainment of thick buoyant
crust such as oceanic plateaux, mid-oceanic ridges, or continental material in the subduction zone.
Rheology is also known to play a role in strain localization. We speculate that an alternative mechanism for
strain localization and slab-detachment is extensive hydration of the oceanic plate offshore of Oregon due
to the presence of faulting through the entire oceanic crust. Such faulting has been proposed based on litho-
spheric imaging using seismic reflection profiling offshore of Oregon and Washington [Han et al., 2016]. This
could lead to the formation of a thick and weak layer of serpentinite in the oceanic mantle.

5. Conclusion

As a conclusion, whatever the causal mechanism is, our migration approach clearly shows a variation in the
dip and depth extend of the Ps conversion. The observed variation is consistent with that previously imaged
using tomographic techniques and is likely caused by a steep thermal gradient between the slab and sur-
roundingmantle rather than a chemical discontinuity. This variability may be related to localized deformation
and variations in the hydration of the incoming oceanic lithosphere due to crust-cutting faults observed
offshore of Oregon and may also be related to plume processes as previously proposed.
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