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ABSTRACT

A number of seismic and other geophysical phenomena exhibit significant lateral heterogeneity along
the strike of the Cascadia forearc. Both the overriding and downgoing plate have been invoked to
play the dominant role in controlling along-strike correlations between seismogenic behavior, potential
field measurements, morphological/tectonic characteristics, and seismic structure; however, significant
feedbacks likely exist between the two. In this study, we apply a 3D velocity correction to receiver
function data and interpret the resulting discontinuity model alongside a recently published shear-
wave velocity model to understand the possible causative relationships between correlative along-strike
variations. Our discontinuity model indicates that the forearc crust thickens as it approaches the mantle
wedge corner before progressively thinning toward the magmatic arc, likely due to the basal accretion
of material from the downgoing plate to the overriding plate. In the northern and southern portions of
the forearc, this “subcreted” material is characterized by thick (~10 km) anomalously low shear-wave
velocity zones. The thickness, high internal reflectivity, and low Bouguer gravity signatures associated
with the low velocity zones likely indicate that this subcreted material is composed of dominantly
(meta)sedimentary material that has been emplaced through successive subcretion events over geologic
timescales. Furthermore, the anomalously low velocities and spatial correlation with high non-volcanic
tremor (NVT) density and short slow slip recurrence intervals indicate that these regions are fluid-rich.
While first-order variations in the fluids that control NVT and slow slip likely result from differences
in the permeability of the downgoing slab as inferred from its stress state and the distribution of
intraslab seismicity, these subcreted packages likely represent thick, vertically-impermeable regions in
the lower crust that further accentuate this correlation. Variability in the amount of subcretion explains
patterns of exhumation and uplift along the Cascadia margin and the resulting forearc topography over
geologic timescales, and is likely controlled by some combination plate interface geometry/rheology and
overriding plate architecture.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The modern Cascadia margin is a ~1200 km long subduc-
tion zone along the northwestern coast of North America that
has been operating since the accretion of the Siletzia terrane at
~50 Ma (Wells et al., 2014). This margin is characterized by the
subduction of the young oceanic lithosphere of the Juan de Fuca
plate (5-10 Myr at the trench) at slow-to-intermediate conver-
gence rates (between 30 and 42 mmy/yr) in a northeasterly direc-
tion (Fig. 1) (Wilson, 2002). The combination of the young oceanic
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lithosphere and low variations in convergence rates makes Casca-
dia one of the endmember examples of a warm subduction system
(van Keken et al., 2011). This results in a significant amount of
fluid release from the subducting lithosphere starting at relatively
shallow depths (~40 km; Condit et al., 2020), which will affect
the seismogenic and rheological characteristics of the plate in-
terface. While significant variations in fluid-mediated subduction
processes along the Cascadia forearc are observed, as seen in vari-
able slow-slip recurrence intervals (Brudzinski and Allen, 2007),
non-volcanic tremor (NVT) density, and intraslab seismicity (Mc-
Crory et al, 2012), the predicted depth of dehydration appears
relatively invariant along-strike based on first-order characteris-
tics of the subducting slab (Condit et al., 2020), making this an
unlikely cause of the variation in seismogenic behavior. Other ob-
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Fig. 1. Observed variability in subduction characteristics along the Cascadia forearc. (A) Subducting plate age, relative convergence, and physiographic provinces of the
Cascadia margin. Green shading: onshore forearc; red shading: Cascade magmatic arc; red triangles: Holocene volcanic centers. Blue polygon: Siletzia Terrane. Purple polygon;
Klamath terrane. (B) Distribution of seismicity at >30 km depth, assumed to primarily occur within the downgoing slab, (C) non-volcanic tremor density distribution
(www.pnsn.org/tremor; Wech, 2010) and slow slip recurrence intervals (Brudzinski and Allen, 2007), (D) Gaussian-filtered Bouguer gravity anomaly with a 1o of 25 km,
(E) Predicted interseismic uplift rates from the locking model of Li et al. (2018). Circles are decadal uplift rates from GPS and tide gauges. (F) Gaussian-filtered elevation with
a 1o of 25 km. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

servations also spatially correlate with the seismogenic behavior
of the margin, which may lend insight into controls on this varia-
tion. These include crustal seismicity (Bostock et al., 2019), gravity
and magnetic fields (Blakely et al., 2005), uplift and erosion rates
(Balco et al., 2013; Burgette et al., 2009), topography, slab mor-
phology (McCrory et al.,, 2012), intraslab deviatoric stresses (Wada
et al.,, 2010), and interface locking (Li et al., 2018; Schmalzle et al.,
2014) (Fig. 1), and are also reflected in the seismic properties of
the margin, such as forearc Rayleigh wave phase and crustal shear-
wave velocities (Delph et al., 2018; Janiszewski et al., 2019; Porritt
et al., 2011), seismic attenuation (Littel et al., 2018), and subslab
mantle structure (Bodmer et al., 2018). The significant correlations
between these different observations have proven difficult to link
in a mechanistic way due to their different temporal and spatial
scales. However, understanding these linkages is necessary to de-
cipher the governing factors that lead to along-strike variations in
subduction characteristics not only along the Cascadia forearc, but
along other subduction margins as well.

Recent studies posit the dominant controlling mechanism be-
hind the distribution of NVT in Cascadia is related to either the
properties of the overriding or downgoing plate. For instance, NVT
distribution has been related to overriding plate structure through
variations in either: 1) the permeability of the overriding crust due
to the presence of vertically extensive forearc faulting (Wells et
al,, 2017), or 2) the strength of the overriding plate implied from
surface geology (Fig. 1A; Brudzinski and Allen, 2007). While these
explanations likely contribute to distribution of NVT and could
plausibly be related to variations in topography and Bouguer grav-
ity along the margin, it is unclear how it would contribute to other
phenomena that correlate with NVT, such as intraslab seismicity
(Fig. 1B) and upper mantle velocity structure (Bodmer et al., 2018).
Alternatively, buoyancy variations in the upper mantle below the
subducting oceanic lithosphere have been invoked as the primary
control on plate locking, and perhaps also uplift, and exhumation,
by controlling slab curvature and thereby modulating changes in
both along-strike and down-dip friction of the interface (Bodmer et
al., 2018, 2020). This hypothesis could also be linked with intraslab
seismicity, but its connection with variations in NVT and over-

riding crustal characteristics, such as Bouguer gravity variations,
crustal seismic properties, or surface geology, are difficult to ex-
plain. Delph et al. (2018) attempted to link slab structure with NVT
distribution by inferring that intraslab seismicity reflected perme-
ability changes within the downgoing slab, leading to variable fluid
release from the downgoing slab. The regions of high NVT density
also coincided with thick low velocity zones interpreted as under-
plated sedimentary packages below the forearc, perhaps resulting
from intrinsic vertical impermeability of the material. However, no
controlling mechanism for the variable amounts of underplating
was presented.

In this study, we provide plausible mechanistic linkages be-
tween the seismic structure of the Cascadia margin and other
margin characteristics. We leverage the existing dense station dis-
tribution along with a recently published 3D shear-wave velocity
model (Delph et al.,, 2018) and a new variable Vp/Vs ratio crustal
model derived from local seismicity to convert P-wave receiver
functions to depth. The resulting 3D velocity-corrected disconti-
nuity model better delineates the seismic discontinuity structure
of the Cascadia margin and allows for the systematic estimation
of crustal thickness, which has proven difficult in previous studies
due to the complexity of the crust-mantle transition in subduc-
tion zones (e.g., Bostock, 2013). This new 3D discontinuity model
in combination with our previously computed 3D model of shear-
wave velocities allows us to investigate how the seismic structure
of the margin relates to lateral variations in subduction character-
istics.

2. Methods

Receiver functions are commonly used to locate the crust-
mantle transition and delineate the discontinuity structure beneath
a region, as their peaks and troughs directly correspond to veloc-
ity increases and decreases in the Earth. However, delineating the
crust-mantle transition in Cascadia has been challenging due to:
1) the difficulty of differentiating between the base of the over-
riding crust and the downgoing plate’s crust in the forearc where
they are in contact, as they are both primarily composed of mafic
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Fig. 2. Constraints for building the variable Vp/Vs ratio 3D velocity model. (A) Map of overriding plate crustal thickness along the Cascadia margin. (B, C) Wadati diagrams
for earthquakes and LFEs. LFE x-axis normalized to first arrival of P-wave from an event. (D, E) Resulting distribution of estimated Vp/Vs ratios from individual earthquakes
and LFEs. (F) 0.2 x 0.2 spatially-averaged map of Vp/Vs ratios from LFEs and earthquakes. Areas that could not be constrained by Wadati diagrams are set to a Vp/Vs of 1.78

(white background).

material, and 2) pervasive serpentinization of the mantle wedge
beneath much of the Cascadia forearc (e.g., Brocher et al., 2003),
resulting in very small velocity contrasts across the crust-mantle
transition (e.g., Bostock, 2002, 2013; Abers et al, 2017; Crosbie
et al,, 2019). In an attempt to mitigate these issues, we created
a 3D model of P-wave radial receiver function conversion ampli-
tudes using adaptive common conversion point stacking (ACCP;
Delph et al.,, 2015, 2017) alongside a 3D velocity model correction.
This velocity correction involves combining a previously derived
3D shear-wave velocity model (Delph et al., 2018) with a 2D model
of Vp/Vs ratio for the crust. This 3D variable Vp/Vs ratio velocity
model was made using 1): the slab top model of McCrory et al.
(2012), 2) an estimate of crustal thickness based on the shear-wave
velocity model of Delph et al. (2018), and 3) an estimate of crustal
Vp/Vs ratios derived from local body-wave travel times of near-
slab seismicity. Details of the shear-wave velocity model creation,
including the dataset, receiver function computation, and ambient
noise methodology are detailed in the supplementary material of
Delph et al. (2018) and only briefly explained below as relevant
to new data. Here, we describe the creation of the 2D Vp/Vs ra-
tio surface for the Cascadia crust that was incorporated with the
3D shear-wave velocity model to create a 3D, variable Vp/Vs ratio
velocity model.

2.1. 3D variable Vp/Vs ratio velocity model creation

The 3D shear-wave velocity model was created from the joint
inversion of 1 Hz P-wave radial receiver functions and 8-50 sec-
ond ambient noise-derived Rayleigh wave dispersion data using
a non-linear least-squares inversion (Julia et al., 2000). We used
this shear-wave velocity model to estimate initial crustal thickness
throughout the study area by assuming the uppermost mantle has
a minimum velocity of ~4.2 km/s. This velocity is a lower bound

for unaltered peridotite (McCarthy et al., 2011) and is faster than
what would be expected for most crustal compositions (e.g., Chris-
tensen, 1996). Based on comparison with the ACCP stacks using
a 1D velocity model (Delph et al., 2018; also shown in Figs. S2F,
S3F, S4F), this velocity also generally corresponds to the maximum
receiver function amplitude at depth, which usually represents the
Moho in areas where the lithospheric structure is relatively simple.
If shear-wave velocities did not reach 4.2 km/s at depths shallower
than the estimated top of the slab from McCrory et al. (2012),
we set the overriding plate crustal thickness as the depth to the
top of the slab. Above the forearc mantle wedge, pervasive ser-
pentinization resulting in antigorite formation can decrease shear
velocities in peridotite from ~4.5 to <4.0 km/s (Christensen, 2004;
Crosbie et al., 2019), causing the conversion at the Moho disconti-
nuity to be very low amplitude, as a shear velocity of ~4.0 km/s is
consistent with some lower crustal lithologies (Christensen, 1996).
Therefore, where not clearly visible, the Moho was manually inter-
polated from the nearby grid points to follow the 4.0 km/s veloc-
ity contour, the slowest expected for a fully serpentinized mantle
based on the Hashin-Strickmann approximation calculated for ap-
propriate P-T conditions (Crosbie et al., 2019). The resulting crustal
thickness model is shown in Fig. 2A. Uncertainties in the depth to
the base of the crust are &5 km based on the plausible range of
bulk crustal Vp/Vs values and the differential smoothing operator
applied in the joint inversion for shear-wave velocity.

As the timing of arrivals in receiver functions is dependent on
Vp and Vs, which is rarely uniform at a regional scale, estimating
the Vp/Vs ratio throughout our study area is necessary to create
an accurate model of velocity discontinuities. To obtain estimates
of crustal Vp/Vs ratio in the Cascadia forearc, we analyzed travel
times from low frequency earthquakes (Royer and Bostock, 2014)
and seismicity occurring within 5 km of the slab model from Mc-
Crory et al. (2012) (Fig. 2B-E). A linear regression was applied to
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Fig. 3. Map of stations that contributed P-wave receiver functions to the ACCP model (A), alongside bin width (B) and hit count (C) at 40 km depth in the model. Network

descriptions and references in Supplemental Table S2.

events with more than 4 reported P and S travel times, and any
results with an R% < 0.9 were discarded. We also discarded any
measurements outside of the 20 bounds of the resulting distribu-
tions and discretized the study area into 0.2° x 0.2° bins to match
the spatial discretization of the Vs model. If multiple events oc-
curred within a given bin, the Vp/Vs ratio results were averaged for
that bin. Any bin that contained <1 event was set to have a Vp/Vs
ratio of 1.78. which is appropriate for a crust of bulk interme-
diate composition (Christensen, 1996). The resulting Vp/Vs ratios
(Fig. 2F) were then used to convert Vs from the 3D shear-wave
velocity model to Vp in the crust at the associated location. In-
terestingly, some variability in the estimated Vp/Vs ratios between
LFEs and earthquakes were found (Fig. S1), however due to the lack
of LFEs elsewhere along the margin that could be used to estimate
the Vp/Vs ratio, we averaged the results from the two datasets. At
depths greater than the estimated overriding plate crustal thick-
ness (Fig. 2A), the Vp/Vs ratio was assumed to be 1.78 based on
IASP91 (Kennett and Engdahl, 1991). While large, local variations
in Vp/Vs ratios have been inferred in thin layers near the subduc-
tion interface (e.g., Audet et al., 2010), their effect on mean crustal
Vp/Vs ratios is small.

2.2. Receiver functions and adaptive CCP stacking

The receiver function dataset from Delph et al. (2018) was sup-
plemented with data from the iMUSH broadband deployment for
this study, which consisted of an additional ~2 yrs of data from
70 stations centered around Mt. St. Helens (Creager, 2014) (Fig. 3a;
network XD). The combined dataset consists of 94,218 P-wave ra-
dial receiver functions from 1,080 stations. We only focus on the
model between 40° to 49° N and —125° to —120° in this study.
Receiver functions were computed following the same approach
as in Delph et al. (2018), which involved 1) obtaining data for
Mw > 5.5 earthquakes at epicentral distances between 30°-95°,
2) filtering the data between 0.05-4 Hz and visually inspected
the vertical component to ensure a clear P-wave arrival for each
event, 3) rotating the data into the Z-R-T domain prior to per-
forming time-domain iterative deconvolution with a 2.8 Gaussian

parameter to calculate P-wave radial receiver functions (Ligorria
and Ammon, 1999), and 4) performing a visual check on the result-
ing receiver functions. The iterative deconvolution was terminated
after either 800 iterations or there was a <0.001 improvement in
the RMS misfit. The end result was the addition of 7,873 receiver
functions from the iMUSH deployment to the dataset of Delph et
al. (2018).

To create a common conversion point (CCP) stack (Dueker
and Sheehan, 1997), a region is discretized into a 3-dimensional
model defined by a bin spacing (lateral step), a bin width (lat-
eral smoother), and a bin height (vertical step). Receiver function
sampling locations are then computed via ray tracing through the
model assuming a (commonly 1D) velocity structure and converted
to depth. All receiver function segments that fall into the same bin
are averaged to create a continuous model of discontinuities be-
neath the study area. We apply two modifications that increase
the spatial resolution of this approach: 1) we apply a 3D correction
from the model described in the previous section that accounts for
variations in velocity structure following the approach of Eagar et
al. (2010), and 2) we allow bin size to adapt to ray density within
a given bin (adaptive CCP, or ACCP, stacking).

For our ACCP stacking model, we use a bin spacing of 0.1°, a
bin height of 0.5 km, and a minimum bin width of 0.2° that ex-
pands in increments of 0.1° up to 1° if <10 receiver functions are
in a bin (e.g., Fig. 3B,C). We calculate the conversion locations for
each depth for all receiver functions based on a simplified 1D ve-
locity profile characterized by a Vp of 6.6 km/s at depths <38
km based on the average crustal velocity of Moran et al. (1999)
and 8.01 km/s at depths > = 38 km with an assumed Vp/Vs ra-
tio of 1.78 throughout (Table S1). We then use our 3D velocity
model to convert receiver function times to depth based on the
velocity structure along the computed 1D raypath, resulting in a
compaction/dilation of the receiver function time series compared
to the 1D model. It is not necessary to calculate new conversion lo-
cations using the 3D velocity model for the Ps phase as variations
will be <5 km for even the most extreme velocity variations at
depths <100 km, which is less than the minimum bin-width of the
ACCP stacks. Alongside the variable Vp/Vs ratio velocity model, we
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dots). This surface was merged smoothly with the M2012 model through visual comparison with the ACCP and Vs models (blue dots). (D) Modified slab model in southern

Cascadia. Circles are control points in (C).

also created ACCP stacks with a 3D velocity correction assuming
constant crustal Vp/Vs ratios of 1.7, 1.78, and 1.9 for comparison
(Figs. S2-54).

2.3. Slab model adjustments

Low frequency earthquake (LFE) hypocenters in northern Cali-
fornia (Plourde et al., 2015) alongside intraslab seismicity indicate
that existing models of the subduction interface (e.g., McCrory et
al., 2012; Hayes et al., 2018; hereafter referred to as M2012 and
Slab2). are locally in error (Fig. 4). NVT is likely composed of small
LFEs, which are thought to take place at or near the plate interface
based on its spatiotemporal correlation with geodetically observed
slow slip and moment tensors consistent with plate boundary slip
(e.g., Shelly et al., 2007). Therefore, LFE hypocenters may represent
the best estimate of the depth to the plate interface. We use LFE
locations alongside our seismic images to modify the M2012 slab
model in southern Cascadia, as the M2012 model appears to agree

better with seismic images and earthquakes in Cascadia than the
Slab2 model for this region.

To modify the slab location, we fit a 3rd order polynomial to
LFE locations from Plourde et al. (2015). We then replaced points
from the M2012 model with the depths to the polynomial sur-
face in the region defined by a convex hull surrounding the LFE
locations. To smoothly merge the LFE-constrained surface with the
slab model and accurately constrain the depth to the slab downdip
of the LFEs, the slab surface was visually modified using the rem-
igrated ACCP stacks and shear-wave velocity model. Gaps in the
final surface were interpolated using a minimum curvature in-
terpolation. The resulting changes in the slab model are shown
in Fig. 4. While uncertainty is present in both LFE locations and
seismic velocity models due to a priori assumptions (e.g., velocity
model used for LFE locations and ACCP model), the consistency be-
tween the seismic images and LFE locations in northern California
indicated that the slab surface needed to be corrected to shallower
depths. Inaccuracies in the slab model were likely based on a lack
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of constraints from controlled source seismic data in the region
and difficulty separating crustal from downgoing plate seismicity,
and the discrepancy is largely located in regions where the crust
of the two plates is in contact (i.e.,, before reaching the mantle
wedge).

3. Results
3.1. Seismic model comparisons and crustal thickness

The 3D corrected ACCP model highlights the discontinuity
structure of the forearc to arc (Fig. 5B-D), and all depths in the
model are relative to sea level. The main features include: 1) a
strong, positive east-dipping arrival along the majority of the mar-
gin starting at about 20 km depth near the coast and extending to
the base of the model, 2) a generally weak positive arrival between
the forearc high topography and the volcanic arc, and 3) a rela-
tively shallow (~30-35 km depth), strong, positive arrival beneath
the arc and backarc region. These arrivals generally correspond to
estimates of crustal thickness derived from the shear-wave veloc-
ity model and the position of the downgoing oceanic lithosphere
based on the model of McCrory et al. (2012). Using a combina-
tion of the corrected slab model, the crustal thickness model, and
the ACCP images, we can also delineate the location of the forearc-
mantle corner (FMC; i.e., where the crust of the overriding and
downgoing plate separate) (Fig. 5A).

Trenchward of the FMC, overriding crustal thickness variations
depend on the depth to the top of the slab, which is based on
results of previous seismic studies (McCrory et al,, 2012) and val-
idated by the locations of low frequency earthquakes. The base of
the overriding crust generally extends to depths between 20 and
30 km near the coastline, gradually increasing toward the FMC
along the entire margin. The northern and southern portions of
the margin appear to show slightly thinner forearc crust due to

the relatively shallower dip of the slab in these areas, while the
base of the Siletzia terrane in central Cascadia forearc trenchward
of the FMC is at ~30-35 km depth, consistent with wide-angle
reflection and refraction results and shear-wave velocities that in-
dicate Siletzia crustal material extends down to the plate interface
(Delph et al., 2018; Trehu et al., 1994). In this region, a high ampli-
tude positive arrival is observed at <10 km below the base of the
forearc crust beginning at ~20 km depth near the coastline, and
likely represents the Moho of the downgoing oceanic lithosphere.
An exception to this can be seen in the northern portion of the
study area, where this positive arrival overlaps with the estimated
base of the crust, which is equivalent to the top of the oceanic
slab (Fig. 5B). This may indicate that the velocity model used for
migration is either too slow or has too high a Vp/Vs ratio to appro-
priately locate this arrival, as LFE locations are in agreement with
the plate interface model. A Vp/Vs ratio of <1.7 would be needed
to place this arrival at the expected depths given the shear-wave
velocity structure of the margin from the joint inversion (Fig. S2),
which is unlikely given the evidence for fluids in the crust. There-
fore, a possible explanation for this disagreement is that we are
sampling the slow axis of symmetry in an anisotropic material,
as Rayleigh waves are fundamentally sensitive to only the verti-
cal component of shear-wave velocity. This would be expected if
this material is composed of near-horizontally foliated underplated
material, as inferred in previous studies (e.g., Calvert et al., 2011;
Delph et al,, 2018). Elsewhere along the margin, this east dipping
positive arrival is generally slightly deeper than the expected po-
sition for the top of the adjusted slab model, consistent with the
Moho of the downgoing oceanic lithosphere.

Forearc crustal thickness estimates appear greatest at the FMC
(Fig. 5A). To understand variations in the depth to the base of
the crust under different geologic domains in the region, values
are again presented relative to sea level. The depth to the forearc
mantle corner (FMC) is on average 43.9 4 3.9 km. Other stud-
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ies have observed this apparent thickening of the crust along the
Cascadia forearc, particularly in Washington, using various seismic
techniques (Calvert et al., 2006; Preston et al., 2003; Ramachandran
et al., 2006; Stanley et al., 1999). In the forearc between the FMC
and the magmatic arc, crustal thickness is difficult to constrain, as
arrivals that could be associated with the Moho become difficult
to track. Relatively low amplitude arrivals at depths ~40 km can
sometimes be observed and traced throughout the forearc (Fig. 5C),
however it is more common to see a rather disjointed zone of
weak arrivals consistent with a very low velocity contrast at these
depths, in agreement with the shear-wave velocity model. In areas
where an arrival that could be interpreted as the Moho was appar-
ent, we manually modified the crustal thickness model based on
these images, but the consistency between the interpreted Moho
arrival and the 4.2 km/s contour in the shear-wave velocity model
led to only small changes in the final crustal thickness model.

In the eastern portion of the study area, a clear, high ampli-
tude arrival at 30-40 km depth can be tracked throughout arc
and backarc. This arrival corresponds to the depths at which the
Vs model reaches >4.2 kmy/s, consistent with the Moho. Moho
depth beneath the Cascadia volcanic arc (red triangles; Fig. 5A)
is on average 37.6 + 3.6 km. However, within the arc, Moho
depth variations show a bimodal distribution, with greater depths
(44.4 + 2.7 km) observed from 45.8°-48°N beneath the edifices
and fields that include Indian Heaven, St. Helens, Adams, and
Rainier, and shallower depths beneath the arc to the north and
south (36.2 + 1.6 km). This thinning trend from the FMC toward
the arc can be clearly observed in the ACCP and Vs models for
profiles perpendicular to the margin (Fig. 5B-G, black dashed line
above topography).

3.2. Average forearc shear-wave velocities

Using the crustal thickness surface we created, we can estimate
the average properties of different portions of the model to gain
insight into general shear-wave velocity characteristics along the
Cascadia margin. For the crust, we calculate the average velocity
above the crustal thickness model presented in Fig. 2A, whereas
for the forearc mantle, we calculate the average velocity of up to
20 km below the crustal thickness estimate depending on whether
the slab limits the thickness of the mantle wedge. Of course, un-
certainties in the depth to the base of the crust will be reflected
in these values. Thus, small-scale features (only a few model grid
points, or <0.3°) in the resulting maps should be interpreted with
caution, however average properties over large spatial scales are
likely robust.

Average crustal shear-wave velocities in the overriding plate
along the Cascadia margin correlate well with results from pre-
vious studies. Within the forearc, velocities in the crust largely
reflect the geology at the surface. Fast velocities are clearly as-
sociated with the Siletzia terrane (blue polygon, Fig. 6A), and al-
though small regions of slightly lower velocities underlie this ter-
rane (~3.4 km/s; Fig. 5F), the much faster velocities of the Siletzia
terrane dominate the average Vs structure. Beneath the north-
ern Cascadia margin, the low average Vs is largely related to the
Olympic Accretionary Complex and its associated lower crustal LVZ
(Figs. 5E, 6A). In the south, the lower average Vs is associated with
the more silicic compositions of the Klamath terrane in combina-
tion with the lower crustal LVZ that mirrors the structure seen
along the northern Cascadia margin (Fig. 5G). These variations in
forearc crustal structure were observed and interpreted by Delph
et al. (2018). In the forearc mantle wedge of Cascadia, we find
that Vs is significantly slower than expected for uppermost mantle
(~4.0 km/s; Fig. 6B). The uppermost mantle, which is composed
dominantly of peridotite, should have a Vs of ~4.47 km/s based
on global models (Kennett and Engdahl, 1991). This observation
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Fig. 6. Average shear-wave velocity along the Cascadia margin. Dashed line: modern
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(FMC) (A) Cascadia crust: low velocities (<3.4 km/s) are observed along the north-
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tionary Complex (north; indent along western boundary of Siletzia terrane) and
Klamath terrane (south; purple polygon). The Siletzia terrane (blue polygon) is char-
acterized by high shear-wave velocities throughout most of the forearc. (B) Upper-
most mantle: average shear-wave velocities are slow in the forearc mantle wedge
(west of dashed line) compared to the foreland mantle wedge (east of dashed line),
likely due to pervasive serpentinization. Blue colors correspond to shear velocities
expected for typical uppermost mantle.

is consistent with previous studies that suggest pervasive serpen-
tinization beneath the Cascadia forearc mantle wedge on a regional
scale (e.g., Brocher et al., 2003; Abers et al., 2017).

4. Discussion
4.1. Forearc subcretion

The thickest overriding plate crust is generally found near the
forearc mantle corner along the Cascadia margin, reaching up to
~50 km and thinning in both the seaward and landward direc-
tions (Fig. 5A). This observation is consistent with the findings of
smaller-scale studies (Ramachandran et al., 2006; Preston et al.,
2003; Stanley et al., 1999; Calvert et al., 2006), and has been ex-
plained by basal accretion and structural duplexing within crustal
material near the base of the overriding plate (Calvert et al., 2006).
In this process, which we refer to as “subcretion”, slices of either
the overriding or downgoing plate detach, are transported deeper
into the subduction zone, and accrete to the base of the overriding
plate due to strength variations in the overriding plate’s crust, the
frictional properties of the plate interface, or the subcreted pack-
ages relatively low density compared to mantle wedge material.

In Cascadia, this subcreted material may be dominantly com-
posed of sedimentary material. In northern Cascadia, a highly re-
flective zone that thickens arcward to >10 km is interpreted as un-
derplating sediments, perhaps with some intercalated basaltic sliv-
ers, and extends to ~40-50 km depth (the “E” reflectors; Calvert
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et al., 2011; Clowes et al., 1987; Nedimovic et al., 2003). This zone
is also characterized by strong P- and S-wave velocity reductions
(Vs as low as 2.8 km/s, Calkins et al., 2011; Calvert et al., 2011;
Delph et al., 2018; Ramachandran et al., 2006). The subduction dé-
collement itself is interpreted as lying at or near the base of this
highly reflective low velocity zone (LVZ), consistent with low fre-
quency earthquake hypocenters (Figs. 5E, 7A; Calvert et al., 2020).
Both the top of intraslab seismicity in the Juan de Fuca plate and a
deeper reflection signal interpreted as the downgoing plate Moho
reflection (PmP) are > 8 km below the base of the E reflections
(Calvert et al., 2006). This LVZ has been previously interpreted as
fluids within oceanic crust below a sealed interface (Audet et al.,
2010, 2009) although if this interpretation is correct, the presence
of low frequency earthquakes below this LVZ would require these
seismic events to occur well within in the downgoing plate’s crust
(Fig. 5E; Audet and Schaeffer, 2018). Rather, in light of: 1) the low
frequency earthquakes hypocenters, 2) the thickness of the LVZs, 3)
the very low velocities within the LVZs, 4) high reflectivity features
within the LVZs, 5) the timing of the PmP arrival from the down-
going plate, and 6) the correlation with relative Bouguer gravity

lows (Fig. 1), we find the interpretation that these LVZs dominantly
comprise subcreted sedimentary material to be more compelling
than oceanic crust, at least along the northern and southern por-
tions of the Cascadia forearc (Fig. 7). This does not imply that
the material doesn’t contain any subcreted oceanic crustal mate-
rial, but rather the proportions of oceanic crust within the ma-
terial is similar to what is seen in exhumed subduction melanges,
which are predominantly matrix supported (Bebout and Penniston-
Dorland, 2016; Grigull et al., 2012). The proportion of subcreted
oceanic crust to sedimentary material may vary along the margin,
as P-wave velocities further north show a similar LVZ in spatial
extent but appear faster than would be expected from underplat-
ing sediments, and thus may comprise dominantly oceanic mafic
lithologies (Calvert et al., 2020). This may also be the case in cen-
tral Cascadia, as the crust still appears thickest near the mantle
wedge, but there is no associated significant LVZ.

A similar LVZ to that seen beneath northern Cascadia is ob-
served within the lower crust of the overriding plate in southern
Cascadia (Fig. 5G) (Delph et al., 2018; Liu et al., 2012). This LVZ is
also characterized by high reflectivity from controlled-source imag-
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ing in a number of studies (Beaudoin et al., 1998, 1996; Fuis et al.,
1987), although it is not as clearly imaged. At shallower depths,
the LVZ has been interpreted as oceanic and sedimentary material
from a subunit of the Klamath terrane (Fuis et al., 1987) or as un-
derthrust Franciscan accretionary material (Beaudoin et al., 1998,
1996). At greater depths, where it consists of slightly higher (but
still low) shear-wave velocities, it has been interpreted as either
underplated, fluid-filled Franciscan material (Delph et al., 2018) or
serpentinized mantle (Liu et al., 2012), although it is likely too
slow to consist of the latter (3.6-3.8 km/s vs. an expected Vs of
~4,0 km/s for serpentinized peridotite). This LVZ appears to con-
nect at shallow depths to exposed Franciscan rocks (e.g., Beaudoin
et al., 1996; Delph et al., 2018) and thus may relate to the areal
extent of the underthrust Franciscan terrane. However, the low ve-
locities are slower than expected for dry Franciscan terrane litholo-
gies, implying that this material is infiltrated by fluids derived from
modern subduction dehydration. Also, plate locking models have
difficulty fitting observed uplift rates in the southern Cascadia fore-
arc (e.g., Schmalzle et al., 2014) perhaps indicating that subcretion
is ongoing.

The subcretion of sedimentary material can contribute to up-
lift and/or high exhumation rates and the building of topography
in both isostatic and dynamic ways: 1) it will generally decrease
the bulk density of the crust, as well as thicken the crust near the
forearc-mantle corner of the overriding plate, resulting in an iso-
static adjustment, and 2) it can dynamically lift overlying crustal
material as it detaches from the downgoing plate (Litchfield et
al., 2007; Menant et al., 2020). This dynamic process also results
in broad, domal uplift and exhumation of the overriding crust
based on these models, providing a predictive pattern that can be
independently investigated in the field as evidence for this pro-
cess. In northern Cascadia, the Olympic Mountains show a striking
domal uplift and exhumation pattern based on low-temperature
thermochronology (e.g., Brandon et al., 1998), which is spatially
coincident with our LVZ (Fig. 7). While the Olympic accretionary
complex doesn’t extend to the surface along the entire margin, the
LVZ we image appears to extend farther northward beneath Van-
couver Island (Savard et al., 2018), indicating that this underplating
process is occurring along a broad portion of the northern Casca-
dia margin. Interestingly, relative sea level has dropped ~1-2 m in
the last 3000 yrs based on variations in sediments and microfossils
at a coastal lake on Vancouver Island, compared to a relative rise
in sea level of ~2-3 m over the same time period in central Cas-
cadia where thick LVZs are not observed (Hutchinson et al., 2000).
This time range represents multiple seismic cycles and indicates
anelastic processes along the margin that would be consistent with
subcretion and differential topographic development.

Sedimentary underplating has been invoked in the forearcs of
other warm subduction zones to explain high topography, uplift,
and exhumation rates as well, such beneath the Raukumara Range
in northern New Zealand (Litchfield et al., 2007; Sutherland et al.,
2009), the Chugach Mountains along southeastern Alaska (Arkle et
al,, 2013), and in the central Chilean forearc (Mufioz-Montecinos
et al., 2020; Saillard et al., 2009). Along these margins, the un-
derplating of material corresponds to high topography, high uplift
rates, and exhumation in the overriding plate. This is further sup-
ported by seismic images that show very similar forearc structures
to what we present here (e.g., Chile, Comte et al., 2019; Chugach,
Ward and Lin, 2018; Raukumara, Reyners et al., 2006). This process
can also create a positive feedback, whereby higher topography
leads to higher erosion rates, and thus more recycling of sediment
back into the trench. However, seismic reflection and refraction im-
ages near the Juan de Fuca trench show the opposite of what one
might predict given topography variations along the margin, in-
dicating that a thicker wedge of sediments underthrusts beneath
central Cascadia near the trench than further to the north (1.7 km
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vs. <0.5 km; Han et al.,, 2017). It is important to note that these
seismic images only extend to very shallow depths along the plate
interface (~5 km below the seafloor) and thus may not be appli-
cable to what is happening deeper in the subduction channel. For
instance, the thick crust of the Siletzia terrane in the forearc of
central Cascadia (~30 km) likely acts as a backstop to sediment
subduction where it extends down to the plate interface and far-
ther trenchward (approximately between 43° and 46° N; Trehu et
al., 1994; Delph et al., 2018), which could inhibit the deep under-
plating of sedimentary material. In contrast, the Klamath terrane
and the northern portion of the Siletzia terrane are much thinner
(~15 km), perhaps allowing for the deeper transport and easier
accommodation of sedimentary material. Regardless of the precise
control on subcretion, these LVZs in the northern and southern
Cascadia forearc highlight regions of increased exhumation and
uplift, and likely represent areas that are currently experiencing
lower crustal underplating of primarily sedimentary material, con-
sistent with the Bouguer gravity signature of the forearc.

The presumed areas of sediment underplating also correlate
with plate locking behavior along the margin (Li et al., 2018;
Schmalzle et al., 2014). Drastic lateral variations in plate locking
behavior have been modeled based on the combination of verti-
cal and horizontal uplift data on land. It should be noted that this
variation is less pronounced in locking models that primarily used
horizontal GPS motions to model plate locking, but nonetheless
still exists (e.g., McCaffrey et al., 2007; Li et al., 2018). Schmalzle
et al. (2014) also notes that, despite the inclusion of vertical up-
lift data, their locking model still could not explain the uplift rates
in northern California, which spatially correspond with the inter-
preted subcreted sedimentary material from our velocity model.
This indicates that processes other than plate locking likely play a
role in uplift rates and the resulting topography along the margin.

4.2. Linking lateral variations to seismic structure

Disentangling the contributions from variations in overriding
plate characteristics from larger geodynamic controls has proven
difficult. Many studies focus on a single characteristic, and then
infer or interpret relationships with other margin characteristics
based on those interpretations. For example, Brudzinski and Allen
(2007) infer an overriding plate control on episodic tremor and
slip due to the correlation with terrane boundaries at the surface.
Overriding plate controls appear to be favored by studies that focus
on shallower (i.e., crustal) characteristics such as faults or crustal
shear-wave velocities (Delph et al., 2018; Wells et al., 2017). How-
ever, clear variations in the deeper structure of the margin (i.e.,
slab and subslab) are also observed (e.g., Bodmer et al., 2018, 2020)
and have alternatively been proposed to be the primary control on
variations in the manifestation of subduction along the margin. It
is likely that both play a role in controlling margin variation. Here,
we attempt to link contributions of individual observations into a
conceptual model for the Cascadia subduction zone that satisfies
all observations (summarized in Fig. 8).

The morphology of the subducting slab appears to exert a first
order control on some of the features along the margin (Bostock
et al,, 2019). For instance, in both northern and southern Casca-
dia, the slab has higher along-stike and downdip curvature than
in the central Cascadia, which correlates well with the distribu-
tion of intraslab seismicity (Fig. 8B,C; Bostock et al., 2019; Hayes
et al.,, 2018; McCrory et al., 2012). This curvature in combination
with slab pull results in tensional stresses at shallow depths within
the subducting slab oriented in the down dip direction, consistent
with stress orientations derived from focal mechanisms of intraslab
seismicity (Wada et al,, 2010). What controls this slab morphol-
ogy, however, is less clear. Rollback-driven mantle flow around the
retreating and relatively narrow Juan de Fuca slab could produce
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the first order observed morphology (e.g., Schellart et al.,, 2007), to contribute to the along-strike distribution of NVT, as variations
but whether mantle shear-wave splitting supports this flow pat- in the thermal structure along this portion of Cascadia are too
tern is debated (Zandt and Humphrey, 2008; Bodmer et al., 2015). small to lead to significant differences in the depth of slab de-
Alternatively, recent tomographic images show low velocity zones hydration (Condit et al., 2020). Therefore, it is likely that regions
below the Juan de Fuca slab, which are interpreted as regions of high intraslab seismicity indicate increased permeability within

of buoyancy and correlate with shallow slab dip angles (Fig. 8A; the subducting lithosphere, which allows for fluid egress into the
Bodmer et al., 2020). In this case, the westward migration of the interplate boundary and causes higher amounts of NVT.
Cascadia trench combined with subslab buoyancy could impede Regions with a high density of NVT and more frequent slow slip
slab rollback and lead to a shallower angle of subduction above events also correlate with low phase and shear-wave velocities in
these buoyancy anomalies (e.g., Schepers et al.,, 2017). Regardless the Cascadia forearc (Figs. 7, 8D,E; Porritt et al., 2011; Delph et
of the specific mechanism, the higher convex curvature of the Juan al.,, 2018; Janiszewski et al., 2019) inferred to represent regions of
de Fuca slab surface relative to the overriding plate appears to subcreted sedimentary material. However, the connection between
increase differential stress and lead to elevated rates of intraslab tremor, slow slip, and subcretion remains somewhat unclear. Low-
seismicity along the northern and southern portion of the margin. frequency earthquakes and tremor are thought to occur in regions
Higher rates of intraslab seismicity likely reflect regions of in- of elevated pore fluid pressure as evidenced by their sensitivity to

creased deformation, and therefore permeability, in the downgoing small magnitude stress changes (e.g. Royer et al. 2015) and occur-
plate. This increased permeability may allow for fluids sourced rence in regions of elevated Vp/Vs ratios. Previous authors have
from dehydration reactions to migrate to shallower depths more argued that the plate boundary itself acts as a permeability bar-
readily and contribute to the NVT distribution along the margin. rier owing to processes such as mineralization and shear-induced
As discussed in detail in Delph et al. (2018), it is unlikely that grain size reduction (e.g. Bostock et al., 2019), which promotes
variations in hydration within the downgoing slab controls NVT the development of fluid overpressure. The process of subcretion
distribution, as offshore seismic studies appear to show either no could further contribute to this impermeability, as it likely involves

clear correlation or an anticorrelation between NVT and proxies downstepping of the active shear zone, which leads to the succes-
for crustal and upper mantle hydration in the Juan de Fuca plate sive emplacement of slices of material from the downgoing plate to
prior to subduction, such as seismic velocities, seismicity, and the the overriding plate (Fig. 7; Menant et al., 2019). Hence, in regions
depth of fault penetration into the oceanic lithosphere (e.g., Han of active subcretion, a zone of vertically-impermeable, low-angle
et al,, 2016, 2018; Canales et al., 2017; Stone et al., 2018; Vander- relict shear zones may lie atop the active plate boundary, further

Beek and Toomey, 2019). Margin thermal structure is also unlikely decreasing permeability and promoting high fluid pressure and the

10
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resulting higher density of NVT. While this mechanism is appeal-
ing, geodynamic models of subcretion appear to be driven by a
transition to higher strength along the plate boundary, which is
difficult to reconcile with evidence for a mechanically weak plate
boundary at these locations. One possibility is that the high friction
of the seismogenic portion of the plate interface (updip of the slow
slip zone) drives subcretion by promoting higher shear strength
and positive shear strength gradients along the subduction inter-
face (e.g., Menant et al., 2019). In this case, the shear strength of
the interface could be controlled by its rheological properties or
a shallow angle of subduction, and would lead to the transfer of
slices from the downgoing plate to the overriding plate as the plate
interface attempts to adjust to a more energetically favorable state.
This is consistent with the correlation between regions of higher
coupling along the plate interface as reflected in modeled inter-
seismic uplift rates (Fig. 8G; Schmalzle et al., 2014; Li et al., 2018),
slab dip and curvature (Fig. 8A,B), and inferred subcretion, and has
also been interpreted elsewhere along the margin (e.g., Calvert et
al., 2006). Alternatively (or in addition), fluid-mediated weakening
of material near the plate interface could allow it to transfer eas-
ily to the base of the overriding plate, and backstop rheology and
geometry, which clearly varies along the margin (e.g., Trehu et al,,
1994) could control the amount of subcreted material that can be
accommodated at lower crustal depths.

As discussed in Section 4.1, the process of subcretion is a first-
order control on variations in uplift rates, erosion rates, and as-
sociated topography in Cascadia. Bodmer et al. (2020) proposed
an alternative hypothesis to explain these geologically-observable
variations in which subslab buoyancy anomalies control slab dip,
and thereby modulate the effective friction along the plate in-
terface as expressed in plate locking behavior (Fig. 8A,G; Li et
al., 2018; Schmalzle et al., 2014). This would lead to differential
topographic development over geologic time as long as there is
an anelastic component of deformation (i.e., deformation that is
not recovered during the seismic cycle). Subcretion could repre-
sent this anelastic deformation if unfavorable interface geometry
or variable interface locking is the dominant control on subcretion.
However, this mechanism neglects the likely contributions of sig-
nificant variations in overriding plate composition and architecture.
Further studies on the subslab structure of other forearcs display-
ing similar variations (e.g., Scholl, 2019; Menant et al., 2020) are
necessary to determine whether these buoyancy anomalies are a
fundamental control on subcretion and the surface expression of
subduction.

In conclusion, lateral variations in the manifestation of subduc-
tion along the Cascadia margin appear to have interrelated mech-
anisms, but their interplay is by no means simple. Changes in the
geometry of the plate interface lead to variations in plate lock-
ing, and the contortion of the subducting slab leads to intraslab
seismicity. This seismicity creates permeable pathways for fluids to
escape from the downgoing plate and cause variable NVT density
and slow slip recurrence intervals along the margin. In addition,
frictional variations due to the geometry of the plate interface, the
pre-existing architecture/strength of the overriding plate, and/or
fluid-mediated weaking of material near the plate interface leads
to variations in subcretion. This in turn controls long-term varia-
tions in uplift, and therefore topographic development along the
Cascadia forearc, and may further contribute to heterogeneous dis-
tributions of NVT.

5. Conclusion

Significant lateral variations in seismicity and other geophysi-
cal observations along the Cascadia forearc cannot be explained by
variations in only the overriding or downgoing plate. To better un-
derstand how these variations are linked to the seismic structure
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of the margin, we applied a 3D variable Vp/Vs ratio velocity model
correction to P-wave radial receiver functions to create a model
of discontinuity structure for the Cascadia margin. When inter-
preted alongside a recently published shear-wave velocity model
(Delph et al., 2018), our results highlight regions crustal thicken-
ing due to the successive emplacement and transfer of material
from the downgoing to overriding plate (“subcretion”). Along the
northern and southern portion of the margin, this subcreted ma-
terial corresponds to thick low shear-wave velocity zones with
high internal reflectivity and correlates with relatively low Bouguer
gravity signatures in the forearc. These factors indicate that these
zones comprise dominantly (meta)sedimentary material. In addi-
tion, the spatial association of this subcreted material with high
non-volcanic tremor and short slow slip recurrence intervals in-
dicates that fluids are prevalent in these regions. The inherent
vertical impermeability of these subcreted packages may accen-
tuate this correlation, however variations in the permeability of
the downgoing slab as inferred from its stress state and intraslab
seismicity distribution are likely the first-order control on varia-
tions in fluid-mediated processes. Lastly, variations in the amount
of subcretion appear related to changes in plate interface geom-
etry/rheology, likely alongside overriding plate architecture, and
ultimately controls variable exhumation and uplift rates along the
Cascadia margin and the resulting forearc topography over geologic
timescales.
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