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Abstract Tremor is aweak seismic signal accompanying slow fault slip at plate boundaries. The relation-
shipbetween tremorandslowslipand the tremor sourcemechanismhavebeenwidelydebated, owing largely
to the challenge of accurately locating tremor in depth. We assemble a tremor hypocenter catalog of 4,851
events in a 10× 20 km2 areabeneath Vancouver Islandduring three slow slip episodes between 2003 and 2005
using a cross-station detection method adapted from previous studies to recover accurate depths. Improved
tremor locations provide key constraints on i) thickness of the tremorgenic zone, ii) the relative location of
tremor to key structural features in the subduction complex, and iii) the geologic context and mechanism of
tremor. Tremor occurs in quasi-planar clusters < 500m thick at a depth near 39 km, beneath a high reflectivity
layer and within a zone of elevated Poisson’s ratio with P-wave velocities of ∼7 km/s. We interpret tremor
as originating in the fragmentation of the upper few hundred meters of basaltic oceanic crust. Comminuted
and overpressured basalt with increasingly anisotropic fabric is underplated onto overriding lithosphere to
generate high reflectivity. Tremor thus manifests areas of material transfer across the plate boundary during
slow slip.

1 Introduction

Since the discovery of tectonic tremor in Cascadia
(Rogers and Dragert, 2003), significant effort has been
devoted to understanding its relation to episodic slow
fault slip (i.e., episodic tremor and slip, ETS). Tectonic
tremor (or simply, “tremor”) is a low-amplitude seismic
signal typically observed between 1–10Hz (Obara, 2002;
Katsumata andKamaya, 2003) that usually accompanies
slow slip events in Cascadia. While tremor occurs in
other subduction zones and strike-slip faults worldwide
(e.g., Nadeau and Dolenc, 2005; Schwartz and Rokosky,
2007; Brown et al., 2009), it is best documented in warm
subduction zones, such as Cascadia and Nankai (south-
west Japan). Tremor is widely regarded as a superpo-
sition of individual low-frequency earthquakes (LFEs),
and it is commonly used to infer detailedmigration pat-
terns of slow slip (e.g., Ghosh et al., 2010; Rubin and
Armbruster, 2013).
The source mechanism responsible for tremor has

been widely debated. Contending hypotheses include:
(1) shear slip in a narrow plate boundary zone, with fo-
cal mechanisms consistent with thrust faulting (Shelly
et al., 2006; Ide et al., 2007; La Rocca et al., 2009; Royer
and Bostock, 2014), (2) slip along multiple surfaces that
are distributed across ~40 km in depth (Kao et al., 2009),
(3) rapid fluid transients or pore pressure waves along
the plate interface (e.g., Cruz-Atienza et al., 2018), or
(4) local shear instabilities in a granular channel (Beall
et al., 2019; Sammis and Bostock, 2021). Nonetheless,

∗Corresponding author: bostock@mail.ubc.ca

the sensitivity of tremor and LFE activity to Earth tides,
the presence of a zone of elevatedVp/Vs, and depressed
shear-wave velocity in the tremor source region imply
that fluids play a significant role by lowering the effec-
tive normal stress (Audet et al., 2009; Thomas et al.,
2009; Hawthorne and Rubin, 2010; Royer et al., 2015).
A primary challenge in determining the source me-

chanics of tremor lies in constraining its depth. Depth
is difficult to measure accurately because of the low
amplitudes of P-waves arising from tremor generation
along shallowly or steeply dipping structures (in sub-
duction zones or transform faults, respectively). Ra-
diation patterns at subduction zones favor the obser-
vation of S-waves at nearby stations (e.g., Armbruster
et al., 2014; Matharu et al., 2014). Therefore, most pre-
vious studies (e.g., Obara, 2002; Wech, 2010; Kao et al.,
2009; Ghosh et al., 2012; Rubin and Armbruster, 2013;
Bombardier et al., 2023) have used only S-waves to de-
termine locations, frequently assuming a slab model
to fix depth. Where station distributions and signal
levels allow, some authors have managed to identify
P-waves to better constrain depths. P-waves are oc-
casionally visible on well isolated LFEs (e.g., Shelly
et al., 2006; La Rocca et al., 2009), and accurate S–P
times can also be recovered in high signal-to-noise ra-
tio (SNR) circumstances using cross-correlation of ver-
tical and horizontal recordings (La Rocca et al., 2009;
Armbruster et al., 2014). More generally, SNRs can be
improved considerably by assembling templates from
hundreds of LFE detections using iterative stacking and
matched-filtering to yield clear P- and S-arrivals that re-
veal features such as P-polarities (e.g., Royer and Bo-
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stock, 2014) and S-wave splitting (Matharu et al., 2014;
Peng et al., 2015), butwith the disadvantage that only av-
erage source properties (e.g., location and focal mecha-
nism) are characterized. Such studies have constrained
LFE depths in Cascadia and Japan to depths near the in-
ferred plate interface. However, higher precision and
more systematicmapping of tremor hypocenters are re-
quired to better understand their origins. Rubin and
Armbruster (2013) demonstrated how high precision
tremor epicenters can be recovered from cross-station
correlations of 4s duration S-wave windows at three sta-
tions. We extend this work using elements of Arm-
bruster et al. (2014) and information on wave propaga-
tion and radiation supplied through LFE templates to
improve hypocentral precision. The merit of the cross-
station correlation location approach is its high rela-
tive precision that is afforded through use of a minimal
number of fixed stations for which highly precise rela-
tive delay times can be determined.
Several authors have noted associations between the

occurrence of tremor and underplating (i.e. mate-
rial transfer from subducting to overriding plate) in
warmsubduction zones (Kimura et al., 2010; Bassett and
Watts, 2015; Behr and Bürgmann, 2021). However, a di-
rect link between tremor and underplating has yet to be
confirmed, largely due to challenges in obtaining pre-
cise locations necessary to identify signatures of under-
plating. Southern Vancouver Island is the type locality
for ETS (Rogers and Dragert, 2003) and provides an ex-
ceptional setting in which to address this problem be-
cause minimal crustal scattering yields comparatively
clean seismic waveforms dominated by direct arrivals
(e.g., Royer andBostock (2014); cf. Plourde et al. (2015)).
Moreover, stations from the temporary POLARIS ar-
ray (Nicholson et al., 2005) are situated near tremor
sources (see Figure 1) and are sufficiently closely spaced
to yield high cross-station correlations over 4s windows
for tremor during the three major ETS episodes studied
here (2003, 2004, 2005) (Rubin and Armbruster, 2013;
Armbruster et al., 2014; Savard and Bostock, 2015). We
focus on an area well characterized by three LFE tem-
plates located near the axis of the POLARIS array, 053,
065, and 070 (as defined by Bostock et al. (2015); see Fig-
ure 1), and which has not been previously analyzed in
detail. Combined with detailed seismic reflection and
tomographic imaging, accurate tremor hypocenters al-
low us to address the relationship of tectonic tremor to
subduction zone structure and underplating.

2 Data andmethods
We employ the P- and S-waveforms for LFE templates
053, 065, and 070 at 5 stations to determine a) delays
for S- and P-wave arrivals corresponding to the nomi-
nal template location, computed using alignment pro-
cedures described in Bostock et al. (2021); b) splitting
parameters that reduce the S-wave particle motions on
the twohorizontal coordinates to rectilinearmotion iso-
lated to a single channel (Peng et al., 2015); and c) the
expected P-polarity based on clear direct P-arrivals on
the vertical component of template waveforms at sta-
tion SNB (Royer and Bostock, 2014); see Figure 2. These

Figure 1 Map of the Cascadia region with outline of
tremor epicenters from 2008–2019 (Wech, 2010) (purple
line), major tectonic boundaries (black lines), and Cascade
volcanoes (triangles). Map inset displays the study region.
Large blue circles show the three LFE templates used in this
study (065, 053, 070 from south to north); smaller blue cir-
cles are other LFE template locations (Savard et al., 2018).
Red triangles are the five recording stations used in this
study, and the black line is the seismic reflection profile 84-
02. NFZ = Nootka Fault Zone.

delays, splitting corrections and P-polarities derived
from template waveforms, are used to normalize 24
hour-long channels for the four S-wave stations (KELB
(2003)/KLNB (2004 & 2005), PGC, SILB, SSIB) and one
P-wave station (SNB) employed in this study (N.B. sta-
tionsKELBandKLNBdiffer in locationby ~40m). The S-
wave stations lie close to but slightly landward of the tar-
getted tremor region and share high SNR and strongly
correlated S-waves as evidenced by the LFE templates.
The choice of a suitable P-wave station is a compromise
in SNR between epicentral distance and relative P-to-S
radiation, as assessed from template waveforms, and
is best met for the target region by station SNB (Arm-
bruster et al., 2014).
To be more specific, we apply template-derived split-

ting parameters (fast-polarization direction, splitting
delay) to the north and east component channels of S-
wave stations to produce a single, approximately recti-
linearly polarized S-wave channel for each station, tak-
ing care to ensure that each channel shares the same
(positive) polarity. The same suite of station-specific
splitting parameters (Table S1) is employed for all three
templates to maintain the same S-wave channels for
each template. We apply a multiplication factor of -1
to the SNB P-wave channel to correct the negative po-
larity evident on LFE templates that characterizes the
shallow thrust mechanism of the LFE source excita-
tion (Royer and Bostock, 2014). We then align these
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splitting and polarity-corrected 24-hour tremor wave-
form channels by the relative S- and P-delay times as
determined for the relevant templates (see Figure 2).
PGC is designated as the time-stamp reference station
(0 s delay) with the template-dependent relative shifts
applied to the remaining four channels. Finally, fol-
lowing Rubin and Armbruster (2013), these normalized
24-hour waveforms are divided into 86,396 4s windows
with 3 s overlap starting at midnight (PGC time), and
cross-correlations are computed for all four pairs of S-
stations with a common time stamp to maximum lags
of ± 0.4 s for a given template to mitigate against cycle
skips. Thus, a tremor burst originating at the nominal
template epicenter will, in the absence of noise, reg-
ister maximum correlation at lag (i.e. delay) tij = 0
s for each pair of stations i, j, whereas maximum cor-
relations at non-zero lags characterize epicenters away
from the template epicenter. The chosen maximum
possible ±0.4 s lag over which to search allows some
overlap across the three template epicentral regions. A
prospective so-called “4S” detection is declared if two
conditions are met (Rubin and Armbruster, 2013) re-
lating to thresholds on the values of a) the four pos-
sible 3-station delay-time circuits (i.e. tij + tjk − tik,
which, in the absence of errors, should equate to zero
(e.g., VanDecar and Crosson, 1990)), and b) the mean
cross-correlation coefficient. In the event of a 4S de-
tection, the first principal component waveform of the
aligned S-waveforms representing a high SNRversion of
the common signal is cross-correlated with the single-
station P-waveform, and a “4S+1P” detection is declared
upon meeting a second correlation coefficient thresh-
old. The lag atmaximumcorrelation effectively enables
computation of S–P times (and therefore a hypocentral
depth), and lags are again restricted to lie between ±0.4
s.
The computations above are performed for two dif-

ferent frequency bands: a narrow band of 1.5–6 Hz like
that employed by Rubin and Armbruster (2013), and a
broader band of 1–8 Hz which yields fewer detections,
but reduced likelihood of cycle skips due to the wider
range of frequencies represented. There is, therefore,
the possibility of registering up to six duplicate detec-
tions per time stamp (two frequency bands for each of
the three templates). We employ thresholds, as in Ru-
bin and Armbruster (2013), to cull the tremor catalogue
to a maximum of one detection per time stamp to em-
phasize tremor hypocentral patterns butminimize scat-
ter arising from false detections. We do not attempt
to eliminate repeated arrivals across consecutive over-
lappingwaveforms, thereby allowing for a continuously
evolving tremor wavefield. Each detection thus repre-
sents coherent energywithin 4s windows across the rel-
evant stations. Occasionally, these windows may con-
tainmore impulsive energy corresponding to individual
LFEs, but this is only infrequently the case. At the end of
this processing, each 4S+1P detection is characterized
by four S times and one P time, allowing for location
with only one degree of redundancy (five constraints on
four hypocentral parameters).
We obtain initial locations using Hypoinverse (Klein,

2002) with a 1D velocity model based on the Savard

Figure 2 Example template. a) S- and P- waveforms for
template 065 normalized to unit magnitude and used to
locate 4s tremor windows. S-waves have been corrected
for splitting and P-wave for polarity, and both have been
aligned using optimal delays. These same parameters are
applied to normalize 24 hr tremor seismograms prior to ap-
plication of detection algorithm. Note prominence and sim-
ilarity of direct arrival across channels. b) Same waveforms
superposed and aligned according to optimal delays. Sta-
tions PGC, KELB/KLNB, SSIB, and SILB are used for S-wave
detection, and SNB is used for P-wave detection.

et al. (2018) 3D model at this location. After culling de-
tections, we determine final hypocenters using double-
difference relocation in tomoDD (Zhang and Thurber,
2003) with the 3D velocity model of Savard et al. (2018).
We also determine accurate hypocenters for templates
053, 065 and 070 constrained using between 10 and 12 P-
and 10 and 14 S-arrival time picks at 21 stations well dis-
tributed in azimuth (Royer and Bostock, 2014), with the
same velocity model (Savard et al., 2018) as the tremor
locations. The final 4S+1P tremor (hypocentral) catalog
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represents 4,851 locations determined for a total of 13
days spread over 3 ETS episodes in 2003, 2004, and 2005.
We further generate a second 4S (epicentral) tremor cat-
alog using the S-delay times determined from the 15,986
prospective 4S detections, with epicentral locations de-
termined usingHypoinverse and a fixed depth of 39 km;
see Figure 3 and Supplement Table S2.

3 Results

3.1 Tremor Epicenters, Clusters and Patches
In map view, tremor is localized in four discrete clus-
ters labelled 1, 2, 3, and 4 in Figure 4a. These clusters
are typical of a region where tremor sources are docu-
mented to be sparsely distributed, see Armbruster et al.
(2014, their figure 7), and spatially recurrent during suc-
cessive slip episodes (Sammis and Bostock, 2021; Bo-
stock et al., 2015). The templatehypocenters for 053, 065
and 070 (and, in particular, their hypocentral depths)
are enclosed within the three northern clusters, con-
firming the association between templates and individ-
ual clusters (Figure 5).
Each cluster has a different dip that we quantify us-

ing principal component analysis to define a best-fit
plane to each (Table S2). We also fit one plane to all
the events and two planes: one to the “northern patch”
(clusters 1 and 2) and a second to the “southern patch”
(clusters 3 and 4). Division into northern and south-
ern patches was motivated by their distinct geometries
in cross-section (Figure 4b), and their independent spa-
tiotemporal rupture patterns (Figure 6a,b). Comparing
the one, two, and four patch solutions, we found that
two planes (northern and southern patches) best fit the
data. The northern plane dips 11.2◦ at a 66.8◦ azimuth,
and the southern plane dips 0.6◦ at a 106.9◦ azimuth
(Figure 7). The subducting plate in this location dips at
∼11◦ at a ~N43◦E azimuth (Bloch et al., 2023). The num-
ber of events in each cluster and its area are given in
Table S2.
The distribution of distances between tremor

hypocenters and the planes fit to the northern and
southern patches constrains the tremor zone thickness
(Figure 7). These distributions are near normal with
standard deviations of 243 and 219 m, respectively, and
imply that tremor observed here originates primarily
within layers that are < 500m in thickness and probably
thinner considering location error (Figure 7). We note
that this constraint is significantly more stringent than
previous estimates, (e.g., Kao et al., 2009; Bombardier
et al., 2023). Although cross-station location methods
adapted from Armbruster et al. (2014) afford high
relative location precision, their absolute location
accuracy depends upon the accuracy of the velocity
model employed in location. Accordingly, we note
that the 3D velocity model of Savard et al. (2018) is
the most comprehensive model compiled to date for
the region. Moreover, the fact that the LFE template
(053, 065, 070) hypocenters determined using P- and
S-arrival time picks at ≥ 10 stations each and those
determined using only the fixed 4S1+P station subset
lie in close proximity (most notably in depth) implies

that the absolute tremor locations are similarly well
constrained (Figure 5). Nominal errors delivered on the
(LFE template and tremor) 4S1+P hypocenters are ±0.6
and ±0.3 km in the horizontal and vertical directions,
respectively.

3.2 Spatio-temporal patch independence
To assess the spatio-temporal behavior of epicenters,
we employed the larger 4S dataset. Most of the 15,986
detections are readily associated with one of the four
clusters and therefore provide a more complete mea-
sure of tremor excitation (Figures 6b, Table S2). Spatio-
temporal progression of the tremor hypocenters on 16
September 2005 clearly indicates that the northern and
southern patches behave independently. Similar behav-
iors are observed for the ETS episodes in 2003 and 2004.
In Figure 6c, we display the outlines of the four clus-
ters on a topographic map which reveals that tremor
patches underlie a region of locally high topography.
Moreover, the northern and southern patches are sepa-
rated by amajor crustal boundary and topographic low:
the San Juan Fault that separates theWrangellia and Pa-
cific Rim (aka Leech River Schist) terranes. This obser-
vation is consistent with the results ofWells et al. (2017)
whoargue that tremorproduction ismutedbelowmajor
crustal faults and elevated below regions of high topog-
raphy in Cascadia.

4 Discussion
Accurate determination of tremor hypocenters beneath
Vancouver Island provides important constraints on
their source and relation to known subduction zone
structure.

4.1 Comparison of Tremor Locations with
Other Observations

Constraints on subsurface structure in the study region
are provided by Lithoprobe seismic reflection profiling
(Clowes et al., 1987), regional double-difference tomog-
raphy incorporating LFE templates (Savard et al., 2018),
and receiver function studies (Audet et al., 2010; Bloch
et al., 2023). Figure 8 shows tremor hypocenters from
this study (green dots) overlain on a northward extrap-
olation of the Lithoprobe 84-02 seismic reflection pro-
file. Panels A and B display Vp and Poisson's ratio, re-
spectively. A dipping zone of quasi-parallel reflectors,
dubbed the “E-layer” (Clowes et al., 1987), was inter-
preted to represent underplated imbricate oceanic sed-
iments and volcanics. However, tomographic studies
constrain the P-wave velocities at the depth of the E-
layer below southern Vancouver Island to be ≥ 7 km/s
(Figure 8; Savard et al., 2018; Calvert et al., 2020, 2011)
whereas gravity modelling over the same region is con-
sistent with high densities ranging between 2800 and
3200 kg/m3 at comparable depths (Dehler and Clowes,
1992). Consequently, the material constituting the E-
layer ismost likely to be predominantlymafic in compo-
sition (Christensen, 1996). All of the E-layer, tremor and
LFE template locations lie within a zone of high Pois-
son’s ratio (~0.28) that dips landward parallel to the slab
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Figure 3 4S and 4S+1P
catalogs. a–c) Epicenters
of 15,986 4S detections
for each of 3 ETS episodes
in 2003, 2004, 2005, color
coded with respect to time
and displaying the recurrent
excitation of the same 4
tremor clusters in each year.
d) Epicenters for 4851 4S+1P
detections including en-
closing polygons employed
in assembling statistics for
Table S2.

Figure 4 4S+1P hypocenters. Left panels a–c show sections of tremor hypocenters along lines A, B, and C. Hypocenters are
colored by patch number. Right panel is amap view of 4,851 4S+1P epicenters during slow slip events in all three years (2003-
2005). Lines A, B, and C are the profile sections to the left. White dots with number labels indicate LFE template locations.
Thin black contours are top-of-plate depths of the Bloch et al. (2023) slab model.
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Figure 5 Depth profiles a,b) andmap view c) of 4S+1P tremor locations plotted inUTMcoordinates. Template (053,065,070)
locations determined from processing of template waveforms using the same 4S+1P station combination are shown as col-
ored circles, while original template locations by Savard et al. (2018) using 10–12 P- and 10–14 S-arrival time picks from 21
stations are shown as colored stars. The proximity of the two sets of template locations indicates that the absolute locations
of the 4S+1P tremor hypocenters, and depth in particular, are well constrained.

Figure 6 Temporal progression of 4S hypocenters color-coded by time on a particularly active day of the 2005 ETS episode
(16 September). UTM coordinates are for zone 10U. Diagonal black dashed line in a) indicates the profile used for panel b),
which shows the along-profile distance of locations for the same time-period. Note the rapid northerly migration of most
events in the northern cluster as opposed to almost no migration in the southern cluster. Note also the many rapid tremor
reversals which appear as near vertical streaks. c) shows the outlines of 4S hypocenters for all years, overlain on topography,
with the San Juan fault. bisecting the northern patch below Wrangellia and southern patch below the Pacific Rim terrane
(Leech River Schist).

and is interpreted to indicate near-lithostatic fluid pres-
sures in the tremor source region (Audet et al., 2010;
Calvert et al., 2020).

Our tremor locations indicate quasi-planar, seg-
mented layers in the plate boundary region just below
the E-layer and its northward extrapolation, at depths
near 39 km and are consistent with those of nearby LFE
template locations (Savard et al., 2018; Calvert et al.,
2020) projected into the profile. Our observation that
the E-layer lies above the locus of active tremor activity
deformation (Figure 8) is contrary to reports from pre-
vious studies in this region (Kao et al., 2005; Bombardier
et al., 2023). Althoughwe cannot rule out the possibility
that some tremormapped away from the four principal
patches represents true detections, most detections are
tightly constrained to layers less than 500 m thick.

4.2 Tremor: Detachment and Underplating
in Layer 2A

Based on our locations and information from prior
structural studies, we interpret tremor beneathVancou-
ver Island to represent fragmentation of the top few
hundreds of meters of crystalline oceanic crust (com-
monly referred to as layer 2A, Houtz and Ewing, 1976)
of the subducting Juan de Fuca plate, as the initial stage
of mafic underplating. In particular, tremor is inferred
to represent shear failure associated withmixed brittle-
ductile deformation within Layer 2A, which is expected
to be rich in free fluids (up to ~4% by volume, Hynd-
man, 1988; Peacock et al., 2011) as the rocks undergo
active prograde metamorphism at temperatures near
530◦C and pressures of 1.1 GPa (e.g., Peacock, 2009;
Gao and Wang, 2014; Angiboust et al., 2021). Meta-
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Figure 7 Plots of planar fits and normal distributions for patches 1 and 2 to justify the± 250m = 500mmaximum thickness
of planes. Planes were fit using principal component analysis. Panels a) and b) show deviations of events from best fit plane
in the northern and southern patches respectively. Red events lie above the plane, blue points below. Panels c) (northern
patch) and d) (southern patch) show the distributions of distances between the planes and events. Note the distributions are
nearly normal. The kurtosis of a normal distribution is 3. Observed kurtoses of 5.3 and 4.2 indicate broad tails as is evident
when normal distributions (red circles) are superimposed. It is possible that the distributions are significantly narrower and
that the observed standard deviations reflect, in part, uncertainty in location.

morphic fluids under these pressure-temperature con-
ditions are under lithostatic pressure (e.g., Fyfe et al.,
1978; Hyndman, 1988; Angiboust et al., 2015) and pro-
mote material weakening and localized deformation.
We expect that fluid distribution within layer 2A will
be heterogeneous as governed by the distribution and
persistence of fault-controlled fluid pathways connect-
ing to the seafloor prior to subduction (e.g., Fisher and
Becker, 2000), thus influencing where deformation is
partly brittle versus where it is purely ductile. Sim-
ple shear induced through ongoing subduction causes
basaltic material to be continuously offscraped lead-
ing to comminuted wear products with an increasingly
anisotropic fabric that are gradually plated onto the
overriding lithosphere. Weaker volumes with higher
water contents trapped by a highly anisotropic perme-
ability are elongated by ductile shear to produce the
seismic reflectors that characterize the E-layer (Calvert
and Clowes, 1990; Hyndman, 1988; Nedimović et al.,

2003), which is mostly aseismic (e.g., Figure 8). We em-
phasize that in this interpretation, deformation within
the E-layer is ductile and continuing (e.g., Roy et al.,
2021), contrasting with interpretations that involve E-
layer assembly through a series of ancient and sequen-
tial thrust faults producing duplex structures (Calvert,
2004; Angiboust et al., 2021). Localized areas wherema-
terial transfer is initiating within the subduction zone
thus manifest as the distinct tremor patches in Figure
4; see also Sweet et al. (2019).

4.3 Olympic Peninsula Test
To test this interpretation, we consider geophysical data
from the Olympic Peninsula in Washington state. This
location is the only one in Cascadia away from Vancou-
ver Island where all three of a) a high-resolution seis-
mic reflection profile (SHIPS, e.g., Calvert et al., 2003),
b) highly resolved 3D body wave Vp and Vs tomography
models (Merrill et al., 2020), and c) ahighdensity of seis-
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Figure 8 Depth section of tremor (green dots) overlain on
a) P-wave velocity andb)Poisson’s ratio (Savard et al., 2018)
and the seismic reflection profile 84-02 (Clowes et al., 1987),
modified from Calvert et al. (2020). Horizontal distance is
defined by Common Depth Point (CDP). LFE template loca-
tions fromSavard et al. (2018) are in light blue circles, 4S+1P
template 053, 065, 070 locations are indarkblue circles, and
forearc crustal seismicity are in black circles. Grey line is a
wide-angle reflector interpreted by Preston et al. (2003) to
represent the oceanic Moho. The labels E and F denote the
E-layer and the oceanic Moho, respectively, as originally in-
terpreted by Clowes et al. (1987).

mic instruments capable of highly resolving tremor and
LFEs (Ghosh et al., 2012; Peng and Rubin, 2016), overlap
sufficiently to examine the geologic context of tremor.
The Olympic Peninsula is widely recognized to be com-
posed of and underlain by thick sequences of sediments
that were underplated by and likely extend down to, the
subducting plate (Brandon et al., 1998; Calvert et al.,
2011). The geological context is therefore distinct from
the overriding plate onVancouver Island and provides a
strong independent test of the tremor origin model we
propose.
We use tremor epicenter (Peng et al., 2015) and LFE

(Savard et al., 2018) catalogs to assemble an updated
suite of LFE templateswhere tremor and the SHIPS JDF-
2 reflection profile intersect (Figure 9). Locations for
these templates are constrained by 15–40 P- and S-wave
times from both sides of the Strait of Juan de Fuca and
computed using the same velocity model (Merrill et al.,
2020) used to migrate reflection data along the depth
profile. The key result is that the LFE templates are lo-
cated in a material with Vp ~7km/s, which is below a
lower velocity (Vp ~6.5 km/s), ~10 km thick, high reflec-
tivity E-layer. The location of the templates is consistent
with the occurrence of tremor and a detachment hori-
zon within layer 2A. Moreover, both the increased E-
layer thickness and its lower velocity of 6.5 km/smidway
betweenmetagreywackes andmetabasalt (Christensen,
1996) indicate that, unlikeVancouver Island, underplat-
ing here has involved a mixture of crystalline oceanic
basement and overlying oceanic sediments.

4.4 Additional Support for Tremor – Under-
plating Association

Additional support from other geoscientific data for the
tremor-mafic underplating model is multifold. Based
on analyses of multiple exhumed accretionary com-
plexes, Kimura and Ludden (1995) argued that ex-
humed, underplated basalt occurs as thin (mean thick-
ness 80–100 m) layers derived exclusively from layer
2A. In the geologic record, mafic schists are a com-
mon component of underplated material recovered
from 15–50 km depth in paleo ocean-continent sub-
duction zones (e.g., Angiboust et al., 2021, and refer-
ences therein). Moreover, the coherent, coast-parallel
distributions of tremor epicenters along both Cascadia
(Wech, 2010) and other warm subduction forearcs (e.g.,
Obara, 2002; Gallego et al., 2013) seem unlikely were
tremor associated with sediments, given the variable
sediment inputs and subduction styles along thesemar-
gins. As previously noted by Bassett and Watts (2015);
Brudzinski and Allen (2007) and Wells et al. (2017),
tremor epicentral distributions and densities also gen-
erally mirror the high coastal topography associated
with warm subduction zone settings. Brudzinski and
Allen (2007) also noted that ETS recurrence intervals
are inversely correlated with topography. Moreover,
this topography is well modelled as due to underplating
processes (Angiboust et al., 2021; Menant et al., 2019).
Collectively, this wide array of observations supports
the thesis that tectonic tremor in subduction zones is
associated with underplating at a detachment horizon
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Figure 9 Olympic Peninsula test. Top panel shows loca-
tion of SHIPS JDF-2 seismic reflection profile (Calvert et al.,
2003) along the southern Juan de Fuca Strait. LFE template
epicenters within +/-13 km of the SHIPS JDF-2 profile are
plotted as blue circles, and red triangles display stations for
which P and S arrivals were picked to locate LFE template
hypocenters using the velocitymodel of Merrill et al. (2020).
Bottompaneldisplays reflectionSHIPSJDF-2depth section.
Regular earthquakeswithin±13 kmof the SHIPS JDF-2 pro-
file are shown as black circles; LFE templates are blue cir-
cles. Note, that as for southern Vancouver Island, LFE tem-
plates are locatedwhere P-velocities are≥∼7km/s immedi-
ately below a highly reflective E-layer, supporting the occur-
rence of tremor within basaltic material. In this region, the
E-layer is significantly thicker (∼10 km vs∼5 km) and lower
P-velocity (∼6.5 km/s vs 7 km/s) than below Vancouver Is-
land, consistentwith subduction and underplating of signif-
icant quantities of metasediment (Calvert et al., 2003; Bran-
don et al., 1998; Christensen, 1996). Note that the E-layer, as
in Vancouver Island, is dominantly aseismic.

within layer 2A.

4.5 Granular Jamming and Underplating
Although Kimura and Ludden (1995) suggested a “peel-
ing” of layer 2A in the transfer of metabasalt from sub-
ducting to overriding plates, the nature of tremor sug-
gests an origin involving significant cataclasis (Kirk-
patrick et al., 2021; Oncken et al., 2021). For example,
Sammis and Bostock (2021) documented lognormal dis-
tributions of LFE moments that that they argue can be
explained via a model for tremor generation caused by
shear failure at contacts between rigid grains jammed
(and producing stress bridges) within a viscous chan-
nel. The granular jamming concept can be viewed as
a special instance of “asperity-in-matrix” models that
have achieved success in simulating various aspects of
ETS phenomenology (Luo and Ampuero, 2014, 2018;

Luo and Liu, 2019, 2021) and consider tremor to be gen-
erated at localized “asperities” distinct from slow slip
that occurs in an enveloping ductile “matrix”. To fur-
ther test this idea, we estimated the scalar moment and
moment magnitude for each tremor detection using an
energy proxy following Rubin and Armbruster (2013)
and calibrated to the LFE moment catalog of Bostock
et al. (2015). Specifically, we assign a consistent, coher-
ent radiated energy metric for each 4s, narrow-band S-
detection window as

E(t) = SA(t)SB(t′
B) + SA(t)SC(t′

C) + SB(t′
B)SC(t′

C)
3 ,

where S(t) is the S-wave seismogram, A, B, C denote
stations PGC, SILB, SSIB, respectively, and t′ is the time
offset between the tremor arrival at stations B or C
and PGC. To assign magnitudes from energy, we iden-
tify those 4s windows (a total of 391) that correspond to
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matched filtered LFE detections with magnitudes from
the catalog of Bostock et al. (2015) and perform a power-
law regression between LFE moment and tremor en-
ergy for detections common to both catalogs to estab-
lish the following calibration for moment magnitude:

MW = 0.238 log10(E) + 0.319,

yielding the scalar moments for all available S-wave
windows as

M0 = 10(1.5MW +10.7).

Histograms of MW and M0 are displayed in Figure 10.
As in Sammis and Bostock (2021), we observe a narrow
normal distribution of magnitudes (MW = 1.60 ± 0.1),
implying a lognormal distribution of scalar moments.
Total moment released in each of the four clusters is
given in Table S2. We will assume that these lognormal
distributions are not significantly influenced by catalog
incompleteness. Although Sammis and Bostock (2021)
were not able to definitively exclude the possibility of
detection bias, they did provide evidence supporting
catalog completeness based on independent observa-
tions of Supino et al. (2020, 2021) andminor differences
in nighttime versus daytime detections (see section 2.3
of Sammis and Bostock, 2021).
Thus, in the current context, we interpret the gran-

ular (i.e. asperity) and viscous (i.e. matrix) elements
of layer 2A to be associated with less altered tracts of
metabasalt surrounded by a more intensely hydrated
and overpressured matrix, respectively, and involving
slip surfaces of order 100 m in dimension (Sammis and
Bostock, 2021). The lognormal distribution of moments
originates from the lognormal distribution of contact
areas within granular jams expected as larger compe-
tent clasts are gradually broken down into smaller ones.
As the clasts decrease in size, they become less prone to
jamming, andwe suggest that a scale-dependence set by
layer 2A thickness is responsible for the apparent band-
limitation (~1–10 Hz) of tremor (e.g., Obara, 2002), and
the limited range of magnitudes and tremor energies
observed in Sammis and Bostock (2021) and in this pa-
per, respectively.
As comminution proceeds, we expect increasing

shear strain, ductile deformation, and gradual mate-
rial transfer/transformation to the E-layer because of
decreased density and strength imparted by the re-
lease of fluids (Gerya and Meilick, 2010; Menant et al.,
2020). The dominant rock types manifested in this pro-
cess would be foliated cataclasites transitioning to my-
lonites, as has been documented for the inferred plate
boundary of the Central Alps suture zone (Oncken et al.,
2021). We note that tremor and LFE template hypocen-
ters lie on average 2–3 km below the base of the re-
flectivity that defines the E-layer in Figure 5. We dis-
count the possibility of significant location bias since
the same velocity model (Savard et al., 2018) is used to
locate hypocenters and migrate reflections (Figure 8),
and the three northern cluster locations enclose the re-
spective template locations (Figure 5). Rather, we ar-
gue that, at some point in the comminution and shear-
ing process, a permeability anisotropy “percolation”
threshold is reached wherein fluids become segregated

Figure 10 Histogram distributions of a) moment magni-
tude, MW , and b) scalar moment, M0, for each cluster.
Magnitude distributions are approximately normal mean-
ing that moment distributions are approximately lognor-
mal.

within horizontally contiguous “lenses” producing the
pronounced reflectivity horizons and abrupt base that
define the E-layer, perhaps through changes in dihedral
angle as suggested by Hyndman (1988). Although the
estimates of slip within tremorgenic volumes based on
Kostrov strain made by Sammis and Bostock (2021) sig-
nificantly exceed those previously reported for tremor
within the ETS zone more generally (Kao et al., 2010),
they nonetheless fall far short of the plate motion bud-
get (~3 mm versus ~4 cm per ETS episode) indicating
that (macroscopically) ductile deformation must still
dominate. It is likely then that the slow slip of ETS rep-
resents ductile shear persisting into the E-layer, both
where tremor is well expressed and where it is not (e.g.,
Wech and Bartlow, 2014). The sparse distribution of
tremor sources over the broader region when imaged
at high resolution (see Armbruster et al., 2014, their
Figure 7) suggests that the large areas of fault zone
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surrounding tremorgenic patches are aseismic because
creep in those areas is not (currently) inhibited by stuck
asperities (i.e. granular jams / stress bridges) associated
with initiation of material transfer.

4.6 Mass Balance in Formation of the E-layer
We assess the feasibility of E-layer assembly over realis-
tic time periods using mass balance calculations mod-
ified from Clowes et al. (1987). We assume the E-layer
has a downdip length of 100 km and is 5 km thick be-
neath Vancouver Island, corresponding to a volume of
500 km3/km along strike. Roughly 1800 km of plate
havebeen subductedbeneathVancouver Islandover the
last 40 Ma(Clowes et al., 1987, see their table 2). If a
thickness H of the basalt layer was offscraped during
this time to form the E-layer, the underplated volume is
1800 H km3/km along strike. If the E-layer was formed
through basal accretion of layer 2A, then 1800 H = 500,
or H = 280 m, in rough agreement with the thick-
ness of the layer 2A pillow basalts (Houtz and Ewing,
1976;Houtz, 1976). Moreover, the total relative displace-
ment of the Juan de Fuca Plate and the thickness of the
E-layer are consistent with an extrapolation of the ob-
served relation between displacement and thickness of
crustal fault zones (Figure 11, Scholz, 1987; Hull, 1988).
A doubling in thickness of the E-layer to ~10 km (and de-
crease in associatedVp to ~6.5 km/s) below the Olympic
Peninsula likely reflects the underplating of a compara-
ble proportion of sediment overlying layer 2A wherein
detachment takes place.

Figure 11 Log-log plot of gouge thicknessH as a function
of total slip D redrawn from Scholz (1987). Point SAF was
estimated by Scholz for the San Andreas fault in central Cal-
iforniaandwasconfirmedbySAFODdrill core. The line is ex-
tended to the slip andE-layer thickness appropriate for sub-
duction beneath Vancouver Island (Figure 8, Clowes et al.,
1987).

5 Conclusions
Our study of tectonic tremor hypocenters originating
within a 10 × 20 km2 area below Vancouver Island has
led to the following observations, interpretations, and
conclusions:
1) Tremor occurs in two patches of two clusters each,

where each patch is quasi-planar in aspect and pos-
sesses a distinct geometry and rupture history. More-
over, each cluster is spatially recurrent over three con-
secutive ETS episodes.
2)Thepatches are no thicker than 500mandprobably

thinner.
3) Both patches and previously located LFE template

hypocenters reside several kmbelow the E-layer, a 5 km
thick highly reflective shear zone, and within a volume
characterized by elastic wave velocities and density that
imply a basaltic composition and high pore pressures.
4) Tremor magnitude proxies are consistent with

a previous study of LFE moments that advocates an
asperity-in-matrix granular jamming model for tremor
genesis.
5)These observations lead to a plausible geologic con-

text for tremor genesis involving localized disaggrega-
tion of ametamorphosed, overpressured layer 2A of the
subducting plate, followed by underplating and even-
tual incorporation of layer 2A material within the E-
layer.
6) This hypothesis is supported by complementary

geophysical observations below the northern Olympic
Peninsula, geologic studies of exhumed oceanic crust,
associations of Cascadia ETS recurrence intervals and
tremor intensity with forearc topography, tremor distri-
butions in other warm subduction forearcs, and geody-
namic modelling of forearc topography.
7) We note the additional occurrence of tectonic

tremor beneath accretionary prisms in subduction
zones such as Nankai (Obana and Kodaira, 2009), where
material transfer is also implied, and at major strike-
slip faults, such as the Alpine (Wech et al., 2012) and
San Andreas Faults (Nadeau and Dolenc, 2005). We sug-
gest that the occurrence of tremor in these environ-
ments, as in the deep plate boundary of warm subduc-
tion zones, may be diagnostic of granular comminution
and flow and/or material transfer in zones of high pore-
fluid pressure (e.g., Saffer and Tobin, 2011; Beroza and
Ide, 2011).
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