ARTICLE

Three-dimensional variations of the slab geometry
correlate with earthquake distributions at the
Cascadia subduction system

Haiying Gao® '

Significant along-strike variations of seismicity are observed at subduction zones, which are
strongly influenced by physical properties of the plate interface and rheology of the crust and
mantle lithosphere. However, the role of the oceanic side of the plate boundary on seismicity
is poorly understood due to the lack of offshore instrumentations. Here tomographic results
of the Cascadia subduction system, resolved with full-wave ambient noise simulation and
inversion by integrating dense offshore and onshore seismic datasets, show significant var-
iations of the oceanic lithosphere along strike and down dip from spreading centers to
subduction. In central Cascadia, where seismicity is sparse, the slab is imaged as a large-scale
low-velocity feature near the trench, which is attributed to a highly hydrated and strained
oceanic lithosphere underlain by a layer of melts or fluids. The strong correlation suggests
that the properties of the incoming oceanic plate play a significant role on seismicity.
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and Gorda plates are subducting beneath the North

American continent along the Cascadia subduction zone
(Fig. 1), representing an endmember of the subduction systems.
Shallow dehydration is expected within the Juan de Fuca and
Gorda subducting slabs" 2, resulting in fewer megathrust earth-
quakes in Cascadia, with the most recent one occurring in A.D.
1700> %, The lack of instrumentally recorded megathrust earth-
quakes in Cascadia also indicates that the seismogenic zone is
currentlgr fully locked’. Previous studies at global subduction
zones®~® have suggested that along-strike variations of earthquake
distributions may indicate different degrees of slab dehydration,
thermal structures of the incoming plate, coupling of the plate
interface, curvature of the subducting slab, the subduction para-
meters, as well as subducting features (e.g., seamounts, fracture
zones, and sediments). For example, in the Alaska subduction
zone more subduction-related earthquakes are detected where
hydration of oceanic mantle due to the bending-related faultings
is observed”. Along the South American subduction zone,
structural variations within the subducting and overriding plates
significantly contribute to the heterogeneity of the subduction
earthquakes along strike®.

In the Cascadia subduction zone, the background seismicity
can be divided into two groups, the continental crustal earth-
quakes and the intraslab earth% akes, in terms of their locations
relative to the plate interface!® ! (see Fig. 1). In general, the
seismicity is clustered in northern and southern Cascadia and is
lacking in the central part, demonstrating remarkable variation
patterns along strike and with depth. More specifically, abundant
intraslab and continental earthquakes are observed in north-
western California at depths shallower than 40km, widely
spreading from the trench landward to the arc region. Beneath
western Washington, the intraslab earthquakes extend from 20
km depth down dip to 80 km depth, and continental earthquakes
mainly occur above the 40-100 km slab depths. Beneath western
Oregon, there is a lack of both types of earthquakes, with an

The relatively young, warm, and thin oceanic Juan de Fuca
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exceptional cluster of small earthquakes off central Oregon'? 13

(Fig. 1).

1%; few factors have been attributed to explain the observed
along-strike variation patterns of seismicity at Cascadia. The
relatively shallow and widespread seismicity in northern Cali-
fornia was proposed to reflect the strong internal deformation
within the Gorda slab'! 14, The increased seismicity in northern
Cascadia likely indicates strong coupling between the subducting
Juan de Fuca plate and the overriding North American plate!
and increased dehydration of the oceanic slab®> '°. The lack of
seismicity in central Cascadia is attributed to an anhydrous or
unusually warm segment of the Juan de Fuca slab and the pre-
sence of an accreted oceanic terrane within the overriding
plate!> 1718, The small earthquake cluster off central Oregon was
associated with the subducted seamounts'? However, a
comprehensive understanding about the role of the oceanic
lithosphere on seismicity, especially prior to subduction, is pre-
vented due to limited constraints for the offshore structures.

Here I present correlations between large-scale variations of the
oceanic plates with earthquake distribution patterns both along
strike and down dip at the Cascadia subduction system. The
three-dimensional seismic structure of the Juan de Fuca and
Gorda oceanic plates from formation at the mid-ocean ridge to
subduction at the trench is resolved with the use of three-
dimensional full-wave simulation and inversion!'®~2!, In this
study the advanced full-wave ambient noise tomographic method
integrates all available seismic stations within the study region
from 2004 to 2016 (Fig. 1) into one model using high-quality
Rayleigh wave signals at periods of 10-150s (Supplementary
Figure 1). The sensitivities of Rayleigh waves to perturbations of
both Vp and Vs are jointly inverted for the velocity model. The
velocity model is then improved by iteratively reducing the misfit
between the observed and synthetic waveforms. The dense cov-
erage of the seismic stations largely increases the total number of
phase delay measurements between the observed and synthetic
waveforms used for the model inversion (Supplementary
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Fig. 1 Correlation of the seismicity in Cascadia with the geometry of the subducting slab. a Distribution of seismic stations (white dots) used for full-wave
ambient noise tomography and regional earthquakes within the study region. The gray stars mark the offshore earthquakes with magnitude greater than
4.5 from 2000 to 2017 from the Global CMT catalog. The red and blue circles correspond to the M > 3.0 earthquakes from 1975 to 2005 below and above
the plate interface, respectively’. The black triangles mark the Cascade arc volcanoes and the Cobb axial seamount in the central Juan de Fuca ridge. The
gray contours are the plate interface from 20 to 100 km depth'©. The station pair 7D.G10B—TA.I05D is used in Fig. 2. b Shear-wave velocity model imaged
in this study at 114 km depth. The black dots are the background seismicity in Cascadia. The black lines mark the profile locations used in Fig. 4
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Fig. 2 Comparison of observed empirical Green's functions and synthetic waveforms between the station pair 7D.G10B—TA.I05D for a total of 12 iterations
of full-wave simulation and inversion. See station locations in Fig. 1. The waveforms are filtered at 10-25 s periods. The phase delay time and the cross-
correlation coefficient between the observed and synthetic data are labeled within each panel. Empirical Green'’s functions (black) and synthetic waveforms

(red)

Figure 2), in particular for the offshore structure. A final seismic
velocity model is achieved after a total of 12 iterations of wave
simulation and inversion, which significantly improves the match
between the observed and synthetic waveforms (see Fig. 2 and
Supplementary Figures 2 and 3).

Results

Seismic feature of the oceanic lithosphere. The full-wave
ambient noise tomographic imaging demonstrates distinct var-
iation patterns of seismic velocities within the study area (Fig. 3).
The low-velocity seismic feature along the Juan de Fuca and
Gorda spreading centers has been imaged by many other studies,
which is attributed to the presence of partial melting within the
upper mantle!® 2> 23, The shear-wave velocity amplitude of the
oceanic plates varies significantly along strike and down dip
(Figs. 1b, 3, 4). West of the trench, the oceanic lithosphere is
imaged as a continuous and uniform feature with the thickness
less than 40 km. The subducted oceanic plate appears to be a bit
thicker and flatter at depths greater than 100 km, which may in
fact be an artifact of the tomographic imaging as demonstrated by
the model resolution test (Fig. 5). Near the trench, the amplitude
of the shear-wave velocity appears to be relatively lower com-
pared to other portions of the slab, indicating a weak segment of
the slab. The low shear-velocity feature appears to be strongest

NATURE (,,OJ‘;”H“,'\UF*HCif\(,)NS| (2018)9:1204

beneath central Cascadia (Fig. 4e, f), which extends from the
trench down dip to at least 100 km depth for a total length of
about 200km. A low-velocity layer is observed immediately
beneath the oceanic lithosphere along the entire subduction zone.
Teleseismic P-wave tomography?* also imaged a strong low-
velocity zone westward of the Juan de Fuca plate extending down
to 300 km depth, which was interpreted as an accumulation of
buoyant asthenosphere material with low viscosity.

The top of the oceanic lithosphere imaged in this study roughly
agrees with the plate interface as defined more accurately by
active source seismic data'® ! (thick black lines in Fig. 4), except
in central Cascadia where the slab interface is poorly constrained
due to the lack of seismic data. Comparison of the slab geometry
resolved in this study with other previous tomographic models®*~
29 that used only land stations demonstrates a similar pattern of
the Juan de Fuca and Gorda subducting slabs in a large scale
(Supplementary Figure 4). For example, the along-strike slab gaps
are observed roughly across the Washington-Oregon and
Oregon-California state boundaries, which have also been
suggested by geochemical studies along the Cascade arc
volcanoes®. Nevertheless, the amplitude of the shear-wave
velocity within the slab varies significantly among these
tomographic models, reflecting the impacts of various seismolo-
gical methods and the data coverage®' =33, The full-wave ambient
noise tomographic model in this study shows the strongest
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Fig. 3 Shear velocity model from the crust down to the upper mantle for the Cascadia subduction system. Note that the maximum resolvable depths are
about 75 km for the offshore seismic structure and 150 km for the onshore structure, respectively. Other symbols are the same as in Fig. 1

velocity variations compared to other models, which are required
by the observed data (see Fig. 2 and Supplementary Figure 3).

Crustal structure beneath the Cascade volcanic arc. At the
shallow crust, where P-wave velocity can be best resolved!? (see
resolution tests in Supplementary Figures 5 and 6), the seismic
structure beneath the Cascade volcanic arc demonstrates
remarkable along-strike variations (Fig. 4). In the northern Cas-
cades, a sharp velocity gradient is imaged immediately across the
arc front (Fig. 4a-d), while the P-wave velocity appears to be
much lower and broader beneath the central and southern Cas-
cades region (Fig. 4e-h). A few factors may contribute to the
distinct P-wave velocity variations along the arc and forearc
region, such as the accreted oceanic terrane, thermal variations,
amounts of subducted sediments, and magmatic melts and fluids,
whose contributions cannot be easily distinguished. Magneto-
telluric data imaged a sharp resistivity igradient beneath Mount
Rainier at depths shallower than 20 km>%, which was proposed to
indicate presence of melt/fluids. Similar as our tomographic
imaging, the joint inversion of P- and S-wave travel time data
revealed a strong low-high Vp (and Vp/Vs ratio) transition
beneath Mount St. Helens within 5-15km depths>, which was
inferred as a crustal magma reservoir.

4 NATURE COMMUN\CAT\O\/S| (2018)9:1204

Discussion

Interestingly, the large-scale variations of the slab geometry
imaged in this study correlate well with the distribution patterns
of the Cascadia background seismicity (Figs. 1b, 4). In northern
and southern Cascadia, where the slab can be clearly imaged from
the spreading centers to the arc, both intraslab earthquakes and
continental crustal earthquakes are well recorded. In contrast, we
observe a weak (or nonexistent) slab near the trench in central
Cascadia where seismicity is scarce. The strong spatial linkage
suggests that the properties of the incoming oceanic plate play a
significant role on the distribution patterns of seismicity both
above and below the slab interface. Note that here the definition
of the plate interface as well as the earthquake catalog are inferred
from previous studies'® 1, considering that seismic tomography
cannot precisely detect the plate interface due to the smooth
horizontal and vertical model resolutions.

Distribution of continental crustal earthquakes at shallow
depths also demonstrates very strong correlations with the Vp
crustal model (Fig. 4). In western Washington and northernmost
Oregon where a sharp velocity gradient is observed beneath the
arc front, most crustal earthquakes are located within the fast-
velocity zone either directly beneath the arc or immediately west
of the arc. There are no crustal earthquakes recorded in central
and southern Oregon where the arc is imaged as a relatively
larger-scale low-velocity zone. In northwestern California, no
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Fig. 4 W-E profiles of the seismic tomography model along latitudes, extending from the spreading centers to the Cascade backarc. The upper panels
demonstrate the P-wave velocity for the top 15 km depths with ten times vertical exaggeration, and the lower panels are the S-wave velocity at depths of
15-150 km with 1.5 times vertical exaggeration. The blue line represents the bathemetry/topography. The thick black line is the projected plate interface'©

The gray lines mark the continental Moho28

and the oceanic Moho assuming an average oceanic crustal thickness of 6 km. The blue dots are the

continental crustal earthquakes and the red dots are the intraslab earthquakes'. The black triangle marks the Cascade volcanic front

strong correlation is observed between the P-wave velocity
anomaly and the distribution of the intraslab and continental
crustal earthquakes. This is not unexpected as we know that the
strong internal deformation of the Gorda plate and the presence
of the Mendocino triple junction can significantly comghcate the
earthquake distribution pattern in northern California> 1> 14 36,

A few possibilities can significantly weaken the slab near the
trench in central Cascadia, resulting in the observed large-scale
low-velocity feature, and consequently control the large-scale
distribution variations of seismicity at Cascadia. Hydration and
alteration of the oceanic mantle lithosphere have been observed
near the trench at global subduction zones due to the reactivation
and/or formation of bending-related faultings® 3740, A recent
seismic reflection study at Cascadia*! showed that bendlng faults
penetrate through the crust and extend into the oceanic mantle
off the Oregon margin but are limited within the crust off the
Washington margin, suggesting that the oceanic mantle near the
Oregon trench is highly hydrated and serpentinized. This
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supports our tomographic imaging of the observed low-velocity
feature near the trench being strongest in central Cascadia. The
magnetotelluric data in the Costa Rican subduction zone® 2
observed extremely similar features as the seismic tomographic
imaging in Cascadia. That is, the oceanic lithosphere is imaged as
a uniform thin layer westward of the trench and is slightly
thickened after subduction, with a strong low resistivity near the
trench, which was interpreted as hydratlon and serpentinization
of the oceanic mantle lithosphere?’.

However, it is less likely that hydration and serpentinization of
the oceanic mantle lithosphere alone can attribute to the observed
low-velocity anomaly near the Cascadia trench considering its
scale and depth extent in this study (Fig. 4). It was suggested that
the plume—slab interaction could significantly weaken the slab
beneath central Oregon but at much greater depths*3. Mantle
upwellmg has been previously proposed to explain the observed
low seismic velocity beneath the Pacific plate above the mantle
transition zone*4, existence of nearly anhydrous lavas, low seismic
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velocities and high attenuation at the back-arc spreading
center> 46, and low seismic velocities and high conductivities in
the Cascade backarc?® #7. However, considering the strong three-
dimensional mantle flow due to slab rollback, it is less likely that
the mantle upwelling and corresponding decompressional melt-
ing would accumulate beneath the oceanic lithosphere at shallow
depths.

Here I suggest that other mantle dynamic processes need to be
considered for the observed seismic features in Cascadia. The
low-velocity layer observed beneath the Juan de Fuca and Gorda
plate along the entire Cascadia subduction system may represent
the oceanic lithosphere—asthenosphere boundary, indicating
presence of partial melts, fluids, and/or volatiles as has been
proposed by many previous studies*> 8->, However, the nature
of the lithosphere—asthenosphere boundary is highly debatable,
as well as the sources of melts/fluids/volatiles. Furthermore, the
subducting slab appears to bend slightly steeper in central Cas-
cadia'! compared to the northern and southern parts, potentially
resulting in a higher strain rate and a relatively weaker slab
segment near the trench region. Consistently, three-dimensional
numerical models for the Alaska subduction system®? estimated
low viscosity and high strain rate within and below the sub-
ducting slab near the trench, showing similar patterns as the
tomographically imaged low-velocity feature near the central
Cascadia trench region. Another factor that may contribute to the
observed low-velocity feature is the axial seamount located in the
central Juan de Fuca ridge, where low seismic velocities are
observed (Figs. 1b, 3) and presence of partial melting is
indicated!® 2% 23, The partial melting could migrate away from
the ridge and accumulate beneath the trench region, significantly
reducing the seismic velocities.

In summary, a highly hydrated oceanic lithosphere near the
trench where the plate bends, together with a thin sheared layer of
melts/fluids/volatiles underneath, can significantly reduce the
shear-wave velocity and lower the strength of the oceanic litho-
sphere at central Cascadia. The weak segment of the oceanic
lithosphere could be partially decoupled from both the underlying
asthenosphere and the overriding North American continent,
reducing the probabilities of seismicity at central Cascadia.
However, how the properties of the incoming oceanic plate
actually affect the distribution patterns of background seismicity
in Cascadia remains an open question and should be further
studied.

Methods

Extraction of empirical Green's functions. The empirical Green’s functions
(EGF) are extracted from the ambient noise cross-correlation of vertical-to-vertical
components between each station pairs'®~?!. The geophysical data set in the last
decade is excellent at Cascadia both offshore and onshore, including the Cascadia
Initiative Amphibious Array, the Blanco Transform experiment, the Gorda
Deformation Zone experiment, Neptune Canada, the EarthScope Transportable
Array, and many flexible array deployments, resulting in a total of more than
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800 seismic stations. The dense coverage of seismic stations provides us for the first
time an unprecedented opportunity to construct a complete model of the entire
subduction system (Fig. 1). In this study, we are able to extract high-quality
Rayleigh-wave signals at periods of 10-50 s between the offshore—offshore and
offshore—onshore station pairs, and up to 150 s between the onshore—onshore
seismic stations (see Supplementary Figure 1). The asymmetry observed between
the causal and acausal parts of the EGFs may reflect the non-uniform distribution
of the noise sources around the seismic stations, which should have a minor effect
on the surface-wave velocities?’. The phase delay times between the EGFs and
synthetic waveforms are measured by cross-correlation at multiple overlapping
period bands, ranging from 75-150 s, 50-100 s, 35-75s, 25-50 s, 15-35 s, to 10-25
s (see example in Fig. 2).

Finite-difference wave simulation and inversion. The tomographic models we
present here are a major upgrade of the previous full-wave tomography'®, fol-
lowing the same procedures of wave simulation and inversion. The major differ-
ence is that we integrate all available offshore and onshore seismic stations from
2004 to 2016 into one model, which largely increases the number of seismic sta-
tions from ~200'° to >800 in this study. Correspondingly, the total number of
phase delay measurements has been increased from 13,500 to over 50,000 used for
the model inversion (Supplementary Figure 2). The average cross-correlation
coefficient between the observed EGFs and synthetics among all the station pairs
has been improved from 0.73' to about 0.9 in this study (see Supplementary
Figure 2), and the model resolution has been progressively improved through each
iteration (see Supplementary Figure 3). Supplementary Figure 3 also demonstrates
that the final velocity model does not depend on the selection of the initial
reference model.

Checkerboard resolution tests. The sensitivity kernels of the Rayleigh waves to
shear-wave velocity structure are frequency dependent. That is, the longer the
period, the deeper the Vs structure sampled. The checkerboard resolution tests
show that the shear-wave velocity model can be well recovered within a depth
range of 10-150 km for the continental crust and upper mantle, and of 15-75km
for the oceanic lithosphere. The minimum checkerboard dimensions resolvable in
this study increase from 65 to 150 km with depth (see Supplementary Figure 5). In
full-wave ambient noise tomography, the Rayleigh waves are primarily sensitive to
P-wave velocity at depths shallower than 15km!? (see Supplementary Figure 6).
The inclusion of P-wave velocity in inversion provides additional degrees of
freedom, which minimize the extent to which P-velocity anomalies at the shallow
crust are imaged into greater depths. In this study, P-velocity structures with a
horizontal dimension of 50 km or greater can be well imaged at depths of 3-15 km.

Data availability. All the continuous seismic data are requested from the IRIS
Data Management Center (http://ds.iris.edu/ds/nodes/dmc/). The empirical
Green’s functions derived from ambient noise, the travel time anomalies between
the observed and synthetic waveforms, and the P- and S-wave velocity models are
available upon a request to the author.
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