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Sedimentary underplating at the Cascadia
mantle-wedge corner revealed by seismic imaging
Andrew J. Calvert1*, Leiph A. Preston2 and Amir M. Farahbod1

Earth’s largest earthquakes occur in subduction zones, along
the boundary between the subducting and overriding plates1.
Non-volcanic tremor generated by slow slip between the
plates is thought to originate on, or near, this boundary2,3.
Earthquakes also occur in the down-going plate as fluids are
released4, and zones of anomalously low seismic velocities
observed beneath several subduction zones are interpreted
to be the subducting oceanic crust5–10. Yet, the exact location
of the plate boundary remains uncertain5. Here we interpret
a three-dimensional seismic tomography model from the
northern Cascadia subduction zone in the northwest USA. We
find that the low-velocity zone varies considerably along the
Cascadia margin. In places, we observe the low-velocity zone to
crop out at the surface and separate from the descending plate
at depths of 35–40 km. We argue that the low-velocity zone
here cannot represent oceanic crust as previously suggested,
and instead the zone mostly represents sediments that have
been subducted and underplated beneath the North American
continent. We also find that tremor signals correlate with the
position of the low-velocity zone, implying that slow slip and
tremor may be facilitated by trapped fluids and high pore fluid
pressures in subducted sedimentary rocks at, or close to the
plate boundary. Our results also imply that the plate boundary
beneath Cascadia is much deeper than previously thought.

Landward-dipping zones of anomalously low S-wave and P-
wave seismic velocity have been identified using teleseismic re-
ceiver functions in several subduction zones, including SW Japan6,
Greece7, Chile8, Alaska9, and Cascadia5,10,11. These low-velocity
zones (LVZ) are interpreted as representing subducting basaltic
oceanic crust, and in the case of Cascadia the reduction in amplitude
of the low-velocity anomaly at depths of 40–45 km is thought to
indicate the onset of the transition from basalt to eclogite and its
associated release of water into the overlying mantle wedge9. In a
detailed analysis of receiver functions across Washington State, the
subducting Juan de Fuca plate was modelled as the composite re-
sponse of ametasedimentary layer over basaltic crust11. This survey,
the Cascades Array for Earthscope (CAFE; Fig. 1), lies in an area of
dense seismicity andmostly within a group of active source, crustal-
scale seismic surveys that were acquired between 1995 and 1999
(refs 12–15). A 3D P-wave velocity model, which extends to depths
as great as 65 km, has been derived by an integrated tomographic
inversion of the areally distributed earthquakes and active source
data16,17. In the central part of the 3D velocity model, we are able to
directly locate the oceanic Moho, because PmP reflections recorded
by the active source surveys are included in the tomographic
inversion. Seaward of the mantle wedge, and where the model is
best constrained, the Moho reflector correlates closely with the
7.7 km s−1 isovelocity contour (Fig. 2a). In Cascadia, the top of the
basaltic crust is usually considered to be 6–8 kmabove theMoho18.
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Figure 1 | Simplified geological map of the northern Cascadia subduction
zone. Locations of teleseismic profiles are shown by straight thick black
lines, and sections extracted from the 3D tomographic velocity model by
thin black lines. The volcanic rocks of the Crescent terrane were accreted to
the western edge of North America in the Early Eocene (∼50 Myr ago).
Subsequently, sedimentary rocks, scraped from the downgoing plate, have
been thrust beneath the Crescent terrane and imbricated in the Olympic
Peninsula, creating the 2,400 m high range of the Olympic Mountains. Dark
blue regions indicate pre-Tertiary basement rocks; light blue regions are
volcanic rocks younger than 34 Myr old.

To characterize the lateral variation of the teleseismic LVZ
in the 3D velocity model, we first identify it accurately, by
extracting a linear section from the model coincident with the
CAFE teleseismic profile. A landward-dipping LVZ with velocities
as low as 6.2 km s−1, which underlies mafic rocks of the Crescent
terrane (Fig. 1), can be identified in the P-wave velocity model at
depths of 20–40 km between 50 km and 120 km along the profile
(Fig. 2b). We have superimposed grey lines to denote the LVZ from
the teleseismic image of S-wave velocity perturbation (Fig. 2c) and
blue lines to indicate the top and bottom of the LVZ that was
estimated by inversion of teleseismic waveforms11. (The LVZ in
the teleseismic P-wave and S-wave images are similarly located.)
The LVZ derived by waveform inversion11 sits centrally within the
P-wave LVZ of the tomographic velocity model, and we consider
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Figure 2 | Seismic sections across Washington State. a, Section from 3D
velocity model at 47.87◦ N. White line indicates PmP reflection points,
which locate the oceanic Moho. Earthquakes are indicated by filled black
circles. b, Section from velocity model along the CAFE profile. Solid grey
lines delimit S-wave low-velocity anomaly in c. Solid blue lines indicate LVZ
estimated by waveform inversion; dashed blue line shows the oceanic
Moho11. c, Migration of teleseismic data recorded in the CAFE survey11.
Green dots indicate earthquakes recorded by the CAFE survey; yellow
circles are from a local catalogue; white stars indicate M > 6.5 events.

the two regions to be coincident, given the vertical blurring of
2–4 km that is likely to affect the boundaries of a landward-dipping
LVZ in the tomographic image (see Methods section). The base of
the LVZ picked directly from Fig. 2c, which has been interpreted
as the Moho11, correlates closely with the 7.7 km s−1 contour in
the P-wave velocity model. Given the uncertainties in the analysis
of the teleseismic receiver functions, the top of the LVZ picked
from Fig. 2c is not inconsistent with the LVZ estimated both
by waveform inversion of teleseismic data and 3D tomography.
Relatively small, 2–4 km differences in the depth are to be expected,
given the different velocity models employed to convert recordings
in time to depth. The two analyses of the teleseismic data and the
3D tomographic inversion of local seismic travel time data have
identified the same landward-dipping LVZ; however, the apparent
LVZ in Fig. 2c may be the combined response of both a LVZ and a
deeper oceanicMoho interface11, which is located in the 3D velocity
model by PmP reflections.

To examine the variation of the LVZ along the margin, we have
extracted a north–south section from the 3D velocity model at
123.25◦W (Fig. 3a). The low-velocity structure extends continu-
ously along the margin; the zone is apparent because it underlies
the mafic Crescent terrane, which is characterized by relatively
high velocities of 6.4–6.8 km s−1 in the south and 6.8–7.2 km s−1
in the north. The LVZ above the subducting oceanic plate can be
divided into three regions on the basis of its P-wave velocity: south

of 47.25◦N (6.2–6.5 km s−1), 47.25◦N–48.1◦N (5.8–6.5 km s−1 at
depths>20 km), and north of 48.1◦N (6.7–7.0 km s−1). The north-
ern region deepens to the north in Fig. 3a, because the subduction
zone deflects to the northwest at 47.8◦N. In the central region,
the relatively low velocities extend close to the surface19, where
accreted Tertiary sedimentary rocks have been exhumed in the
Olympic Mountains from at least 15 km depth20 (Fig. 1). Shoaling
of the top of the LVZ has also been tentatively inferred here from
lower resolution ambient noise tomography21. We interpret the
low velocities in this central section to be accreted sediments that
have been thrust beneath the Crescent terrane and close to the
interplate boundary22. At depths of 20–40 km, the P-wave velocity
of metamorphosed clastic rocks is unlikely to exceed 6.3–6.7 km s−1
(ref. 11). Thus the southern section of the LVZ may also comprise
metasedimentary rocks, but in the north the velocities are too high
to be consistent with large volumes of metasedimentary rock, and
mafic rocks are also likely to be present here. In this northern
region, the LVZ is coincident with seismic reflectors (Fig. 4) that
have been interpreted as a shear zone above the subducting Juan
de Fuca plate23. The association of high electrical conductivity and
highVp/Vs ratio with these reflectors is consistent with the presence
of fluids24 that may be overpressured25. The lack of seismicity in
the LVZ is also an indication of its inability to accumulate stress
over an extended period (Fig. 3b,c). We suggest that the variation
along themargin of velocities in this zone ismainly controlled by the
proportion of metasedimentary rock, the degree of shearing-related
porosity and pore fluid pressure.

South of 48.2◦N, the vertical separation between the base of the
LVZ, corresponding to velocities of ∼6.5 km s−1, and the oceanic
Moho, approximated by the 7.7 km s−1 contour, increases eastward
from 6–8 km at 123.25◦Wto 10–14 km at 122.75◦Wto 16–18 km at
122.50◦W where present (Supplementary Fig. S3), demonstrating
that the bulk of the LVZ is part of the overriding North America
plate and unlikely to be the descending oceanic crust. The top
of the basaltic oceanic crust, which is not always marked by a
sharp velocity contrast, is probably located 6–8 km above theMoho,
where the ocean crust has been neither thinned nor imbricated;
velocities at this level increase downdip from ∼6.8 km s−1 to
∼7.2 km s−1 (Supplementary Fig. S3).

At depths of 35–40 km, the plate interface may be located at
the top of the basaltic oceanic crust, that is, near the base of the
LVZ, but the boundary between the two plates could also be a
vertically distributed shear zone corresponding to the deeper part,
or even much, of the low-velocity region18. We do not locate the
plate boundary or the top of the basaltic oceanic crust at the
top of the LVZ, because it crops out in the Olympic Peninsula
where the accretionary wedge is exhumed. Estimates of plate depth
derived from the LVZ’s upper boundary26 will be too shallow where
a thick sedimentary section extends landward beneath a mafic
upper forearc crust. As an alternative interpretation, if elevated
pore pressure has reduced the velocity of oceanic crust such
that it is indistinguishable in the velocity model from accreted
sedimentary rocks, then the oceanic crust could be shallower and
comprise the bulk of the LVZ5,25. In this case, either the PmP
reflector we identify lies ∼7 km below the top of an unusually
low-velocity (7.0–7.7 km s−1) oceanic mantle, which is commonly
considered to be relatively homogeneous and non-reflective, or
fluid overpressuring only occurs in the upper half of an oceanic
crust, which is twice its normal thickness of ∼7 km; we consider
these alternatives unlikely. At depths >50 km, the plate boundary
probably lies at the top of the basaltic oceanic crust or perhaps at
the top of a sedimentary layer carried down with the subducting
plate that cannot be readily resolved.

In the tomographic P-wave velocity model, the well-defined
LVZ terminates eastward along the CAFE profile at a depth of
40–50 km in the same location as the sharp drop in amplitude

2 NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience

© 2011 Macmillan Publishers Limited.  All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/ngeo1195
http://www.nature.com/naturegeoscience


NATURE GEOSCIENCE DOI: 10.1038/NGEO1195 LETTERS

z = 34 km

7.7

z = 22 km

LVZ

Distance (km)

D
ep

th
 (

km
)

123.25° W CAFE PLRS

7.7

6.0

7.0

7.0

7.0

6.5

6.5
6.5

Moho reflectorSeamount?

Strait of Juan de Fuca

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

46.5° N 47.0° N 47.5° N 48.0° N 48.5° N 49.0° N

0

20

40

60

47° N

48° N

49° N

47° N

48° N

49° N

125° W 124° W 123° W 122° W

LVZ LVZ

LVZ

30050 100 150 200 250

V
p  (km

 s
¬

1)

125° W 124° W 123° W 122° W

a

b c

Latitude

La
tit

ud
e

Longitude Longitude

La
tit

ud
e

Figure 3 | North–south and horizontal sections through the 3D P-wave tomographic velocity model. a, 123.25◦W: Low velocities extend to the surface in
the Olympic Peninsula where sediments of the accretionary wedge have been exhumed. Geology legend as in Fig. 1. PmP reflection points (white line) and
the 7.7 km s−1 isovelocity contour both constrain the depth of the oceanic Moho. b, Depth slice at 22 km: Earthquakes (filled black circles) occur
predominantly in rocks with higher seismic velocity. c, Depth slice at 34 km: Non-volcanic tremors (filled blue circles) occur predominantly within the LVZ.
Earthquakes are shown within 15 km of the vertical section and 5 km of the depth slices. Volcanoes are indicated by red triangles.

of the landward-dipping teleseismic S-wave anomaly (Fig. 2b,c),
which has previously been interpreted as the onset of eclogite
metamorphismwithin the basaltic oceanic crust5,10,11. The downdip
termination of the LVZ may indicate the landward limit of
underthrust sedimentary rocks or, alternatively, the changes in
velocity may be a composite response arising from a lateral change
in lithology and/or fluid pressure above a basaltic crust undergoing
eclogitization. Fluid released by eclogite metamorphism can raise
fluid pressures and enhance the magnitude of the velocity decrease
above, and perhaps within, the oceanic crust, especially where
low-permeability barriers to fluid flow are present25. Although
the greater depth of LVZ termination in older, colder subducting
oceanic crust suggests that the downdip termination of the LVZ is
controlled by eclogite metamorphism9, some teleseismic LVZ are
interpreted to be up to 15–20 km thick, which is too thick to be
simply subducted igneous oceanic crust, even with its sedimentary
cover7. Thus, at depths >50 km, LVZ may require more complex
explanations, perhaps including partial serpentinization of the
mantle wedge immediately above the downgoing plate by fluids
released by deeper metamorphism7.

Non-volcanic tremor occurs mainly during episodes of slow
slip on the interplate boundary3. In Cascadia, tremor epicentres
have been determined using a range of methodologies, but
tremor depths are less certain, with estimates from three different
techniques suggesting that tremors are most common between
30 km and 40 km (refs 27–29). Hypocentres from the February
2003, July 2004, May 2004 and September 2005 tremor sequences
that were located in this depth range using the source-scanning
algorithm27,30 are shown in Fig. 3c, and demonstrate that tremor
occurs predominantly in the LVZ, where conventional seismicity
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Figure 4 | Composite migrated seismic reflection profile across the Strait
of Juan de Fuca. Locations of the original seismic lines, which were
projected onto an azimuth of 63◦ to create the figure, are indicated in Fig. 1.
Anomalously low P-wave velocities of 6.6–6.8 km s−1 correlate with the
landward-dipping E reflections, and extend downward to a depth of
∼40 km. The increase in velocity along the E reflectors, which is interpreted
to be a shear zone, occurs fairly sharply∼15 km from the northeast end of
the profile, and may be related to the release of overpressured fluids into
the overlying crust. LRF indicates the Leech River fault at the northern edge
of the Crescent terrane.

is minimal. The eastern, downdip, limit of tremor correlates with
the downdip termination of the LVZ, which is associated with
shallowly dipping seismic reflectors interpreted to be sheared
and underthrust crustal rocks. These seismic reflectors probably
indicate permeability barriers close to the interplate boundary
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that would cause fluid overpressuring, facilitating slow slip on
the megathrust together with its associated tremor3,25. Lithological
variations near the tip of the mantle wedge, which will depend
on the degree to which sedimentary rocks have been underthrust,
may thus control the along-strike variation in the downdip limit of
tremor and slow slip.

Methods
First arrivals from 1,433 high-quality local earthquakes recorded by the Pacific
Northwest Seismograph Network, first arrivals from four active source seismic
surveys (Western Cascade12, SW Washington13, Wet SHIPS (ref. 14) and Dry
SHIPS (ref. 15) as shown in Supplementary Fig. S1), and oceanic Moho (PmP)
reflections fromWet SHIPS were used in the integrated 3D tomographic inversion
for P-wave velocity in a model comprising cells of dimension 4 km horizontally
and 2 km vertically. The active source surveys mostly constrain velocities in the
upper and middle crust19, whereas the earthquakes and PmP reflections determine
deeper velocities17,22; the PmP reflections, which are assumed to arise from a
smoothly varying interface, also locate the Moho of the subducting oceanic plate17.
Checkerboard resolution tests indicate that, away from the edges of the velocity
model, anomalies with magnitudes of ±10% and dimension 16×16×8 km are
resolved above depths of 20 km; anomalies of size 32×32×16 km are resolved
above depths of 48 km. The vertical resolution of the laterally extensive LVZ, which
is more directly relevant to our interpretation, was evaluated in an additional
test. A landward-dipping, 4 km-thick low-velocity anomaly with magnitude
1 km s−1, which tapered to zero over an additional 4 km at its upper and lower
edges, is recovered, but the upper and lower boundaries are smeared vertically by
approximately 4 km and 2 km respectively. A resolution assessment is presented
in greater detail in the Supplementary Information and ref. 16. Our geological
interpretation assumes that the large-scale structures of the velocity model, such as
the LVZ, are well-determined, subject to the above uncertainties, but small-scale
variations, such as along the edge of the LVZ, may be influenced by ray coverage.
The resolution of the teleseismic images constructed from signals in the 0.03–0.3Hz
frequency band is considered to be approximately 3–4 km (ref. 9).
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