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Abstract Episodic tremor and slip (ETS) is well-documented along the entire length of the Cascadia sub-
duction zone. We explore how the occurrence of ETS varies at the southernmost edge of the subduction zone,
where geometric complexity and a slab window likely alter conditions along the plate interface. This work
uses tremor and GNSS time series data to identify nineteen of the largest ETS events in southern Cascadia
between 2016.5-2022 and document source properties for events approaching the slab edge. Distributed slip
models for these events show that cumulative fault slip along the megathrust reaches a maximum near 40.5°
N latitude and that large ETS events accommodate up to 85% of plate convergence at this location. However,
ETS fault slip and tremor terminate near 40° N latitude, some 50 km before the southern lateral edge of the
subducting plate. After considering a range of explanations, we propose that the complex geometry and pro-
gressive heating of the subducting platemodifies ETS behavior and does not allow seismic slip to occur along
the plate interface in southernmost Cascadia below 35 km depth.

Non-technical summary In subduction zones, there is adeep zonealong theplateboundarywhere
the two plates periodically slip past each other during slow earthquakes. These slow earthquakes can be ac-
companied by a seismic phenomenon known as tremor, and together these events are known as episodic
tremorandslip (ETS). Althoughgroundshaking is greatlydiminished, ETSevents can release the sameamount
of energy as a Mw 7 earthquake. Studying the location and frequency of ETS events is important for under-
standing the seismic cycle, since ETS events can impact the timing of larger earthquakes. In this work, we
use GNSS and seismic data to identify and characterize ETS events near the southern edge of the Cascadia
subduction zone, which is located at the junction of three tectonic plates. Results from this work suggest
that ETS does not occur near the southernmost edge of the subduction zone. We hypothesize that structural
complexities and elevated temperatures in this region prohibit ETS fromoccurring at typical depths along the
plate boundary. These findings are important, as they help illuminate the non-uniformity of ETS behavior in
Cascadia and illustrate what factors may be influencing ETS in subduction zones.

1 Introduction
In subduction zone systems, interseismic strain along
the plate interface is periodically released at certain
depths by slow slip events (SSEs; Schwartz and Rokosky,
2007). These events typically occur along the plate
boundary downdip of the seismogenic locked zone and
updip of the creeping portion of the fault (Ito et al.,
2007). SSEs involve a component of accelerated aseis-
mic slip along the plate interface and manifest as tran-
sient surface displacements in GNSS time series data
(Rogers and Dragert, 2003). These events are also as-
sociated with seismic shear slip along the plate inter-
face, which produces non-volcanic tremor and low-
frequency earthquakes (LFEs) that coincide spatially
and temporally with the SSEs (Ide et al., 2007; Shelly
et al., 2007). Together, these periodic seismic and aseis-
mic phenomena are termed episodic tremor and slip
(ETS).
Ample work has been done to study ETS in the Cas-
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cadia subduction zone (Gomberg, 2010), with margin-
wide studies providing insights on the broad patterns
of tremor and slow slip along the margin (e.g. Bartlow,
2020) and more localized studies shedding light on the
characteristics of individual events, such as moment
magnitude and fault slip amplitude (e.g. Schmidt and
Gao, 2010). However, only a small portion of this work
has focused exclusively on southern Cascadia, where
ETS encounters the southern edge of the subduction
zone (Figure 1). Although several studies analyze the
characteristics of individual ETS events in this region,
such as slip amplitudes on the megathrust and tremor
migration patterns (Schmalzle et al., 2014; McKenzie
et al., 2020; Boyarko and Brudzinski, 2010), the various
methods and a priori assumptions used by these stud-
iesmake it difficult to directly compare their results and
discern if the behavior of ETS events changes along-
strike or near the edge of the subduction zone.
This study examines nineteen of the largest SSEs in

Southern Cascadia frommid 2016 to 2022. Using tremor
and GNSS time series data, we determine the timing
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Figure 1 Map of the southern Cascadia subduction zone.
Black arrows show plate motion relative to North Amer-
ica (NA), blue lines delineate slab depth contours from Mc-
Crory et al. (2012) every 5 km starting at 15 km depth, pur-
ple polygon shows the outline of tremor locations from the
Pacific Northwest Seismic Network tremor catalog (https:
//pnsn.org/tremor) with the updip tremor patch fromWech
(2021) outlined with a dashed black line. Yellow and red
circles show the location of LFE families associated with
the San Andreas fault system and megathrust, respectively
(Plourde et al., 2015; Ducellier and Creager, 2022). Overlap-
ping cyan circles show an anomalous pair of LFE families
with near-continuous temporal activity. Black circle shows
the location of the Mendocino triple junction (MTJ). Orange
region shows the location of the inferred slabwindow (SW).
Statenames (red lettering): OR,Oregon; CA,California. MFZ,
Mendocino fracture zone.

and horizontal surface displacements associated with
these events, and invert for the slip distribution on the
megathrust fault. These slip models allow us to com-
pare patterns of tremor and fault slip between numer-
ous ETS events and analyze how transient strain release
is distributed near the southern edge of the subduction
zone. Our results show that ETS terminates >50 km
north of the Gorda slab edge and suggest that ETS be-
havior in southernmost Cascadia may be influenced by
slab geometry and the presence of an inferred slab win-
dow near the triple junction.

2 Background
2.1 Gorda Slab Structure
Southern Cascadia is characterized by the subduction
of the Gorda slab beneath the North American plate
in southern Oregon and northern California (Figure 1).
While the northern portion of the Gorda slab is invari-

ant along strike between 42° and 43° N latitude, the
southernmost portion exhibits a convex geometry be-
neath northern California. Specifically, the slab flat-
tens between 15 and 25 km depth, creating a broad
high centered at 41° N latitude (McCrory et al., 2012;
Guo et al., 2021). Downdip of 25 km depth, the slab
arcs around this shallowly dipping region to create a
bend that extends to the edge of the subduction zone.
This distortion is attributed to the northward impinge-
ment of the Pacific plate on the Gorda slab, which re-
sults in the internal deformation of the slab offshore
(Chaytor et al., 2004; McCrory et al., 2012; Ismat et al.,
2022). Seismic velocitymodels and the locationof earth-
quake hypocenters in southern Cascadia also suggest
that the southernmost edge of the slab is dipping south-
to-southeast by 6-12° (Furlong and Schwartz, 2004; Ver-
donck and Zandt, 1994). This complex slab geometry
in southernmost Cascadia likely interacts with man-
tle flow patterns near the edge of the subduction zone
(Schellart, 2004; Bodmer et al., 2018).
Offshore of Cape Mendocino, the southern boundary

of the Gorda plate is clearly delineated by the Mendo-
cino fracture zone. However, following subduction, the
location of the slab edge becomes less obvious. As a re-
sult, the southern terminus of the McCrory et al. (2012)
slab model in Figure 1 is inferred from the first-motion
readings at seismic stations after the 1994 Mw 7.1 Men-
docino earthquake (McCrory et al., 2004). Specifically,
McCrory et al. (2004) observe a change in the first-
motion recordings at seismic stations in northern Cali-
fornia that occurs across a boundary that intersects the
coast at the Mendocino triple junction (MTJ) with an
azimuth of ~120°. McCrory et al. attribute this first-
motion pattern to a seismic wavefront that diffracted
into the Gorda slab and interpret this boundary as the
slab edge. This slab edge location is also supported by
subsurface models that are constrained by gravity data
(Jachens and Griscom, 1983).

2.2 Mendocino Triple Junction and SlabWin-
dow

Subduction in southernCascadia ends at theMTJ,where
the Pacific, Gorda, and North American plates meet
offshore of Cape Mendocino, CA. Over time, the MTJ
steadily migrates northward relative to North America,
extending the SanAndreas transformboundaryby shift-
ing the southern limit of subduction to the north (Atwa-
ter, 1970). This northward migration of the MTJ pro-
motes the growth of a slab window directly south of
the Gorda slab (Atwater, 1970; Dickinson and Snyder,
1979a,b). As this slab window forms, mantle material
flows to fill the space that was previously occupied by
the Gorda slab. Various 2-D and 3-D models of the
MTJ region predict that this process brings warm man-
tle material closer to the overlying crust, which then
cools over time as it equilibrates with the surrounding
lithosphere (Goes et al., 1997; Popov et al., 2012; van
Wijk, 2001). Heat flow measurements in northern Cal-
ifornia show a pronounced increase in heat flow from
north to south, with maximum heat flow values occur-
ring ~200 km south of the MTJ (Lachenbruch and Sass,
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1980). Thermal models that include conductive and/or
advective heat transfer between the slab window and
NorthAmerican lithosphere (e.g. Guzofski and Furlong,
2002; Popov et al., 2012) are able to recreate this high
heat flow anomaly and suggest that the slab window is
actively warming the overlying crust. Generic models
for ridge subduction and subsequent slab window gen-
eration suggest that this warming can lead to rheolog-
ical weakening, causing the transition from brittle to
ductile deformation to become shallower (Groome and
Thorkelson, 2009).
Seismic velocity and thermomechanical models indi-

cate that the northern edge of the slabwindow abuts the
southern edge of the Gorda slab (Benz et al., 1992; Liu
et al., 2012; Stanciu and Humphreys, 2021). Therefore,
in addition to the continental lithosphere, hot mantle
material in the slab window is likely transferring heat
to the edge of the descending Gorda slab as well. Goes
et al. (1997) present 3-D thermal models for the MTJ re-
gion that incorporate the subducting Gorda slab and al-
low for the thermal structure to be impacted by vari-
ations in the slab’s age. An inspection of the figure
from these models indicates that at 40 km depth, tem-
peratures along the plate interface 20 km north of the
slab edge are ~100 °Cwarmer than temperatures 100 km
northof the slab edge. Therefore, this suggests that tem-
peratures along the plate interface at the slab edge at
40 km depth may have increased by more than 100 °C
due to heating frommantlematerial in the adjacent slab
window.

2.3 Previous ETS Observations in Southern
Cascadia

ETS events occur frequently in southern Cascadia with
recurrence intervals of 10 ± 2 months (Szeliga et al.,
2004; Brudzinski and Allen, 2007). These events occur
along the plate interface at 30-60 km depth and com-
bine to create a continuous band of tremor and tran-
sient fault slip that broadly aligns with the depth con-
tours of the warped Gorda slab (Figure 1; Bartlow, 2020;
Wech, 2021; Michel et al., 2018). An anomalous near-
continuous patch of tremor is also located near the slab
edge and offset ≥40 km to the west of the main tremor
zone (Figure 1;Wech, 2021). However, the source of this
tremor patch is unclear and could be related to slip on
a transform fault within the San Andreas Fault system,
slip on the plate interface, or transform slip on the edge
of the Gorda slab (Wech, 2021).
Distinct LFE families are also observed in northern

California and are attributed to slip along the San An-
dreas fault system and ETS on themegathrust (Figure 1;
Plourde et al., 2015). The ETS families exhibit depth-
dependent recurrence intervals, with deeper families
having shorter recurrence intervals than shallower
families (Ducellier and Creager, 2022). This behavior
is also observed for LFEs and tremor in northern Cas-
cadia, where smaller, more frequent events tend to oc-
cur downdip of larger, less frequent events (Wech and
Creager, 2011; Sweet et al., 2019). Wech and Creager
(2011) attribute this spatial relationship to changes in
fault strength, suggesting that the megathrust weakens

with depth due to decreases in friction. However, this
trend does not apply to the southernmost ETS families
in northern California (overlapping pair of cyan dots in
Figure 1 indicating two LFE families), which exhibit rel-
atively short recurrence intervals (<50 days) despite be-
ing located farther updip (Ducellier and Creager, 2022).
Therefore, Ducellier and Creager (2022) propose that
these families may be located on a crustal fault above
the megathrust and are not associated with ETS on the
plate interface.
Changes in the slab geometry and thermal gradient

at the edge of the subduction zone may impact the be-
havior of ETS in southern Cascadia. However, assessing
possible changes in ETS behavior is challenging with-
out the compilation and direct comparison of numer-
ous events. Boyarko and Brudzinski (2010) analyze the
spatiotemporal patterns of tremor in southern Cascadia
between 2005-2007 and present observations on event
distribution andmigration style. However, this work re-
lies on a semiautomated tremor location algorithm that
only considers themost active nighttime hour (in terms
of tremor) for every day of a given tremor episode. As a
result, this work only considers the most active times
of tremor and may not capture the full spatial extent
of tremor events. Schmalzle et al. (2014) and McKenzie
et al. (2020) present distributed slip models for a total
of twelve ETS events in southern Cascadia from 2005.5-
2011 and 2014-2017, respectively. Although these stud-
ies provide valuable insights on fault slip magnitudes
and the orientation of strain accumulation along the
megathrust, they represent margin-wide studies that
do not focus on characterizing ETS in southern Casca-
dia. Therefore, we identify and calculate distributed
slip models for nineteen ETS events in southern Casca-
dia to determine if ETS behavior changes at the edge of
the Cascadia subduction zone.

3 Data and Methods

We utilize a combination of publicly available tremor
and GNSS time series data to characterize ETS events
in southern Cascadia. The tremor data are sourced
from the Pacific Northwest Seismic Network (PNSN)
tremor catalog (https://pnsn.org/tremor), and the GNSS
time series data are obtained from the Pacific North-
west Geodetic Array (PANGA) at Central Washington
University (PANGA, 1996). We use horizontal east and
north component GNSS time series data from 137 sta-
tions throughout central and southern Cascadia in the
NAM14 stable North American reference frame. GNSS
time series data capture signals from various tectonic
and non-tectonic sources that can obscure the timing
of ETS events. This is particularly true in southern Cas-
cadia, where elevated levels of seismicity indicate active
deformation in the region (McCrory et al., 2012). There-
fore,weprocess theGNSS time series data to removeun-
wanted tectonic signals and non-tectonic noise to make
the timingof ETS eventsmore clear. Weprocess thedata
using the following steps:

• We remove outliers (i.e. positions that stray >20
mm from adjacent observations).
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• We remove steps that are due to known earth-
quakes and equipment changes. The timing of
steps is determined by GAGE offsets from the Cen-
tral Washington University (Herring et al., 2016,
https://www.unavco.org/data/gps-gnss/derived-
products/derived-products.html). We estimate the
step offsets by differencing the average position
for the 21 days before the event and the average
position for the 21 days after the event.

• We remove the annual and biannual seasonal com-
ponents and detrend the time series data. We as-
sume that the annual and biannual signals are a
combination of sine and cosine waves and model
the time series data as a linear combination of sea-
sonal, slope, and offset terms. We solve for the co-
efficients of these termsusing a linear least-squares
inversion, and then remove the scaled seasonal and
slope terms from the GNSS time series data. Addi-
tional details on how we estimate the term coeffi-
cients can be found in the Supplemental Informa-
tion.

• We smooth the time series data by applying a seven-
day moving average, which helps remove high-
frequency (daily) noise. The initiation and cessa-
tion phases of ETS events typically produce small
daily displacements that can easily be obscured by
noise. Therefore, removing high frequency noise
helps to elucidate the starting and stopping times of
ETS events. This moving average likely extends the
event in time; however, our goal here is to bracket
the timing of the largest events for further analysis

3.1 Event Timing and Displacements
We identify the general timing of ETS events in south-
ern Cascadia by visually inspecting the spatiotempo-
ral patterns of tremor (Figure 2). When examining the
PNSN tremor catalog (https://pnsn.org/tremor), we fo-
cus on continuous tremor events where the majority of
tremor occurs south of 44° N latitude and the total dura-
tion of tremor associatedwith an individual ETS event is
at least 70 hours. Using these criteria, we identify nine-
teen ETS events in southern Cascadia between 2016.5
and 2022 (Figure 2). The tremor monitoring system for
the PNSN was updated in 2017, resulting in more accu-
rate tremordetection in southernCascadia (Wech, 2021,
K.C. Creager, personal communication, 2022). There-
fore, aside from two events at the end of 2016, we do
not consider any events prior to 2017 given the changes
in the tremor detection algorithm and seismic station
network at this time (Wech, 2021). After identifying the
nineteen events with the tremor data, we then use the
GNSS time series data to estimate the timing and offset
amplitude of the associated surface displacements.
ETS events in southern Cascadia manifest as west-

ward displacement transients in GNSS time series data
(Szeliga et al., 2004). Therefore, we develop a simple
algorithm to identify westward displacements in the
GNSS east time series data and estimate the timing of
ETS events (Figure 3). For each event, the algorithm

starts by locating the GNSS stations that are closest to
the event tremor in Figure 2. This is accomplished
by finding all stations that have at least 100 epicenters
of tremor (where an epicenter represents a detection
within a five-minute window) within 30 km of the sta-
tion. For smaller events with less tremor (e.g. Event 16
indicated in Figure 2), we reduce the number of tremor
counts to twenty. We assume that these GNSS stations
nearest the tremor experience larger transients than
stations farther away and thus offer a clearer picture of
when surface deformation is occurring. Therefore, we
utilize these stations to estimate the timing of transients
and refer to them as ‘index’ stations. For each index sta-
tion, the algorithm computes a time series of daily dis-
placements from the horizontal east component GNSS
time series data. The algorithm then applies a centered
14-day moving sum to the daily displacement time se-
ries data and flags all days where the sum falls above a
given threshold (Figure 3A, 3B). For this work, we find
that a threshold of 0.5 mm westward is large enough to
avoid false-detections due to leftover noise in the data
and low enough to capture relatively small transients
associated with ETS events. The algorithm then estab-
lishes transient start and end times by going through the
time series data and looking for consecutively flagged
days. When the algorithm finds a succession of flagged
days, it marks the first flagged day as a transient start
date and the last flagged day as a transient end date. We
limit our analysis to transients that last at least seven
days, so the algorithm ignores any consecutively flagged
days that do not span at least a week (Figure 3C). The al-
gorithm also only considers flagged days that fall within
two weeks of the beginning or end of the event tremor
shown in Figure 2. Once the algorithm has found the
timing of transients for all of the index stations, it then
assigns every non-index station the timing of the closest
index station by latitude. Finally, the algorithm calcu-
lates the east and north component horizontal surface
displacements for each station by differencing the av-
erage position for the seven days before the transient
start date and the average position for the seven days
after the transient end date. If a station has multiple
start and end dates, then the algorithm sums the dis-
placements from the multiple epochs. Smoothing the
GNSS time series data in Step 4 runs the risk of dampen-
ing the amplitude of ETS transients. Therefore, we cal-
culate the horizontal surface displacements from GNSS
time series data that is processed without applying the
final smoothing step (Figure 3C).
We manually inspect the results of our algorithm for

each ETS event to ensure consistency between the tran-
sient times at different stations and to check that the
results are compatible with the tremor data. Overall,
we find that the algorithm is able to accurately identify
transients in the GNSS time series data that align well
with the timing of tremor (Figure 4). However, there
are several ETS events where the timing of transients at
certain stations can be improved by removing or adding
index stations. For example, removing an index station
canbehelpfulwhen the index station’s GNSSdata is par-
ticularly noisy and the transient timing is impacted by
non-tectonic signals. Conversely, it can be beneficial to
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Figure 2 Map of tremor locations in southern Cascadia from the Pacific Northwest Seismic Network tremor catalog (https:
//pnsn.org/tremor). Red dots show the tremor that is included in the nineteen labeled ETS events. The California-Oregon
border is at latitude 42° N.

add index stationswhen there are clear transients in the
GNSS data (Figure 4A). For example, station YBHB con-
sistently shows surface displacements associated with
multiple ETS events, but it is not close enough to tremor
to be considered an index station. Therefore, we man-
ually remove and/or add index stations for certain ETS
events to improve the timing of transient signals in the
GNSS time series data. Details for each ETS event, in-
cluding which index stations are used and the transient
start and stop times for each station, can be found in the
Supplementary Information.
For ETS Event 9 (November 2018), we observe a large-

scale regional pattern of westward surface displace-
ments at GNSS stations throughout Cascadia (Figure S1).
The tremor during this event is concentrated on the
Oregon-California border and the GNSS stations near-
est the tremor exhibit larger westward transients than
the surrounding stations. Therefore, we believe that the
displacements for this ETS event are over-printed by a
widespread common-mode signal. To remove this sig-
nal, we average the displacements at all stations located
south of 40° N latitude or east of -121°W longitude, since
we believe that these stations are far enough away from
the event tremor that they should not experience any
displacements. This average displacement was then re-
moved from all of the stations to create the final dis-
placement field shown in Figures S1 and S11 (e.g. Dong
et al., 2006).

3.2 Inversion
We invert the horizontal surface displacements for each
of thenineteenETSevents to create distributed fault slip
models. We utilize a non-negative least-squares inver-
sion, so that slip on each fault patch can only have com-
ponents of reverse and right lateral slip. Surface dis-
placements at GNSS stations are approximated using an
elastic half-space dislocation model (Okada, 1992) with
a shear modulus of 40 MPa. Each inversion is regular-
ized by applying a smoothing parameter thatminimizes
the roughness of the slip distribution and datamisfit, as
determined by the L-curve. Roughness is determined

by the Laplacian of the fault slip model, and the data
misfit is defined by the chi-square statistic:

χ2 = 1
nobs

nobs∑
i=1

(dobs(i) − dpred(i))2

σ(i)2 (1)

wherenobs is thenumber of observations, dobs and dpred
are the observed and predicted surface displacements,
respectively, and σ is the uncertainty of the observa-
tions. We estimate the uncertainty for each observation
by averaging the standard deviations for the seven days
before the transient start date(s) and the seven days af-
ter the transient end date(s). We force fault slip to be
zero along the perimeter of the fault model. However,
since we are exploring ETS at the southern edge of the
subduction zone,wedonot dampslip on fault patches at
the downdip and lateral edges of the fault south of 40.6°
N latitude.
We use a megathrust fault model based on the plate

contours from McCrory et al. (2012) and determine the
updip and downdip limit of our faultmodel by perform-
ing a series of sensitivity tests (Figure S2). We perform
these tests with Event 1, since surface displacements
during this event span all of southern Cascadia (<43° N
latitude). For these tests, we fix the downdip limit of
the fault model to 80 km depth and perform the inver-
sion with fault geometries that have progressively shal-
lower updip depth limits. We run a similar set of tests
where we fix the updip depth limit of the fault model at
the trench (5km depth) and perform the inversion with
progressively deeper downdip depths limits. We calcu-
late the data misfit for each inversion according to the
chi-square statistic above (Equation 1). The results of
our sensitivity tests show that surface displacements in
southern Cascadia are not sensitive to slip on the plate
interface above 15 km depth or below 55 km depth.
However, a comparison of tremor locations and plate
depth contours shows that tremor in southernmost Cas-
cadia extends to 75 km depth (Figure 1). If we assume
that tremor locations serve as a proxy for slip on the
plate interface, then tremor in this region indicates that
slip extends past 55 km depth. Therefore, we consider
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Figure 3 Time series plots for station P343 showing the results of the algorithm used to estimate the timing of ETS tran-
sients. A Fully processed and smoothed east component time series data (black dots) showing all of the initial days flagged
by the algorithm (red dots) that represent potential transient events. B Results from the centered 14-day moving sum of the
daily displacements (black dots) with all days surpassing the 0.5 mm westward threshold (dashed red line) shown in red.
C Processed east component time series data without smoothing (black dots) with all of the transients from panel A and B
with durations longer than aweek shown in red. Displacements associatedwith ETS events in this study are labeled with red
numbers and correlate with the event numbers from Figure 2.

both our sensitivity results and tremor observations to
establish a downdip limit of 65 km for our fault model.

It is important to note that other slab models exist
for the Cascadia margin. In particular, Slab2 provides
three-dimensional fault models for all seismically ac-
tive global subduction zones (Hayes, 2018). For this
work, we choose to use the slab geometry from Mc-
Crory et al. (2012) since it focuses solely onCascadia and
explicitly attempts to constrain the complicated fault
structure in the MTJ region. Nevertheless, we also per-
form inversions for several ETS events using the Slab2
model to test how different slab geometries impact the
distribution and magnitude of slip along the megath-
rust. In general, the Slab2 model has less curvature
and deeper slab depths in southern Cascadia. For this

second set of inversions, we use the same updip and
downdip depth limits of 15 km and 65 km, respectively,
for the Slab2 model.

4 Results

We calculate distributed slip models for nineteen ETS
events in southern Cascadia (south of 46° N latitude)
from mid 2016 to 2022. These events range in mo-
ment magnitude from Mw 6.3 to 6.9 (Table S24). Fig-
ure 5 shows our slipmodel for ETS Event 15 (June 2020),
which constitutes one of the southernmost events and
has an equivalent moment magnitude of Mw 6.5. This
slip model indicates that large amounts of slip are not
required along the southern edge of the slab to recreate
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Figure 4 GNSS surface displacements and transient times for ETS Event 1 (August 2016) indicated in Figure 2. AMap show-
ing tremor locations (colored dots) and GNSS surface displacements (black vectors) for ETS Event 1. Purple vectors show
displacements at index stations and orange triangles indicate the locations of manually added index stations. Tremor is col-
ored according to the number of days since the first tremor occurrence, with the scale provided in the bottom right-hand
corner. This event exhibits diminished tremor activity to the south despite a clear signal at the GNSS stations. This dimin-
ished tremor activity is likely the result of missed tremor detections stemming from a different tremor detection algorithm
and station configuration in southern Cascadia prior to 2017. B Plot showing the time periods (horizontal black lines) used
to calculate the surface displacements for each GNSS station in panel A by station latitude. Tremor for Event 1 is shown with
colored dots and uses the same scale as panel A.

the observed surface displacements. Instead, the maxi-
mum slip contour for 22 mm is located >50 km north of
the slab edge. It is important to note that the damping of
the fault patches at the perimeter of the fault model is
not responsible for this lackof slip at the slab edge, aswe
purposefully do not apply any slip minimization along
the southern edges of the fault model (Section 3.2). Slip
models for the other eighteen events can be found in the
Supplementary Information.
The distributed slip model for ETS Event 15 using the

Slab2 fault geometry from Hayes (2018) shows similar
results in terms of thefit to theGNSSdata and the spatial
distribution of slip (Figure S22). Specifically, maximum
slip is still concentrated >50 km north of the slab edge.
However, the slip magnitudes are lower with the Slab2
model, with the maximum slip magnitude decreasing
by 2.3 mm, or 11%, and average slip decreasing by 0.5
mm, or 18%. We also observe consistent results for
ETS events located further north for the two plate mod-
els, such as for ETS Event 1, with a comparable fit to
the GNSS data and consistent spatial distributions (Fig-
ure S23). However, the different geometry of the Slab2
model results in slip being up to 10 km deeper along the
megathrust in certain locations along strike.
Overall, our results for individual ETS events in south-

ern Cascadia are consistent with the distributed slip
models from previous works. In particular, Schmal-
zle et al. (2014) estimates a similar moment magnitude
range of Mw 6.4 to 7.0 for nine ETS events in southern
Cascadia. These nine slipmodels also showcomparable
slip amplitudes on the megathrust, with the majority of
events havingmaximum slip values of ~20mm. McKen-
zie et al. (2020) analyzes three additional ETS events
in southern Cascadia and also finds similar slip ampli-
tudes.
To investigate the total slip due to large transient

events, we sum the slip distributions for all nineteen
ETS events and observe a maximum of 149 mm of total
fault slip on the plate interface centered around 40.5° N
latitude between 30 to 50 km depth (Figure 6A). Many of
the individual ETS events show relatively high slip am-
plitudes near 40.5° N latitude (Figure S25), suggesting
that this region of high slip is a persistent feature and is
not the result of a few outlier events. This patch of high
slip is located downdip of the shallowly dipping portion
of the slab along the northern portion of the slab bend.
Furthermore, ETS does not follow the depth contours to
the south and thus wrap around the southern portion of
the slab bend, nor does it continue towards the south-
ern edge of the slab. Rather, ETS appears to migrate
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Figure 5 Model results for ETS Event 15 (June 2020) using the plate interface model of McCrory et al. (2012). A Vector map
showing horizontal surface displacements for ETS event 15. Circles show the location of tremor during the event and are
colored by the number of days that passed since the first instance of tremor (June 23, 2020). Black polygon outlines the
spatial extentof the slabmodel. BDistributedslipmodel fromour inversionwith thecontours (black lineswithgreenshading)
outlining every 2mmof fault slip and dashed red lines showing slab depth contours fromMcCrory et al. (2012). C Vectormap
showing the predicted surface displacements resulting from the slip model in panel B with the black polygon outlining the
spatial extent of the slabmodel. DVectormap showing themisfit between theobservedandpredicted surfacedisplacements
and tremor locations with orange circles. Red ellipse shows average 1σ error for all stations, with the average east and north
error being 1.6 and 2.0 mm, respectively. Black polygon outlines the spatial extent of the slab model.

downdip, cutting across depth contours on the plate in-
terface and terminating at ~40° N latitude.

For each ETS event that we identified in the PNSN
tremor catalog (Figure 2), we found corresponding sur-
face displacements at GNSS stations that are consistent
with slow slip on the megathrust. Therefore, slow slip
and tremor appear to be coincident in space and time
for each of the large ETS events that we studied, within
the resolution of the tremor and slip detection. To eval-
uate the spatial correlation of tremor and slow slip, we
segregate the tremor counts by ETS and inter-ETS time
periods. The locations of tremor during the nineteen
largest ETS events alignwith the depths of high cumula-
tive fault slip, with the majority of event tremor occur-
ring between 40° and 43° N latitude at 30-55 km depth

(Figure 6B). Tremor that occurs outside of the largest
ETS events is located at similar latitudes but is concen-
trated in anarrower anddeeperdepth range (Figure 6C).
In particular, inter-ETS tremor south of 42° N latitude
occurs between 40 and 60 km depth. Similar to slip on
the plate interface, neither ETSnor inter-ETS tremor ex-
tends to the southern edge of the Gorda slab.

5 Discussion

Our results suggest that ETS behavior is not uniform
along strike in southernCascadia. Rather,wefinda con-
centration of high slip amplitudes between 40° and 41°
N latitude and an absence of ETS near the southernmost
edge of the subduction zone. In the following sections,
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Figure 6 Maps of cumulative slip and tremor results for all of the nineteen ETS events in southern Cascadia. A Colored
contours show the total fault slip magnitudes on the plate interface from summing all nineteen slip models and dashed red
lines and blue line delineate plate depth contours and the southern edge of the Gorda slab fromMcCrory et al. (2012), respec-
tively. B Background colors show the distribution of tremor during the nineteen ETS events, overlain green contours outline
total ETS fault slip above 75 mm from panel A with 15 mm intervals, dashed purple lines and blue line delineate plate depth
contours and the southern edge of the Gorda slab from McCrory et al. (2012), respectively. C Background colors show the
distribution of inter-ETS tremor from time periods outside of the nineteen ETS events, overlain green contours outline total
slip above 75 mm from panel A with 15 mm intervals, and dashed purple and blue lines delineate plate depth contours and
the southern edge of the Gorda slab fromMcCrory et al. (2012), respectively.

we address how these results compare to previous ob-
servations of ETS and different estimates of the location
of the slab edge in southern Cascadia (Section 5.1). Ad-
ditionally, we explore possible explanations forwhyETS
behavior changes from north to south in southern Cas-
cadia (Sections 5.2 and 5.3) and consider the implica-
tions of these changes for the Cascadia subduction zone
(Section 5.4).

5.1 Fault SlipDistributions&PreviousObser-
vations

5.1.1 ETS and LFEs

Our results show that the cumulative fault slip of nine-
teen slow slip events along the megathrust reaches a
maximum of 149 mm near 40.5° N latitude (Figure 6A).
This suggests that large ETS events accommodate up
to 85% of the plate convergence in southern Cascadia
within the ETS zone, assuming a convergence rate of
32 mm/yr (McCaffrey et al., 2007). Bartlow (2020) uses
tremor to identify the timingof ETS inCascadia andesti-
mates the time-averagedETS slip rate on themegathrust
fault. Results from this work also show relatively high
slip rates between 40° and 41° N latitude, confirming

that themajority of strain release in this region between
30 and 50 km depth is accommodated by ETS. However,
our results indicate that at least 15% of the plate con-
vergence is accounted for by smaller ETS events (peri-
ods of tremor marked by blue dots in Figure 2) and/or
by steady aseismic slip. In contrast, Bartlow (2020) esti-
mates that the entire slip budget in this region is facili-
tated by ETS events, and thus suggests that steady aseis-
mic slip is not needed.
The depth of maximum fault slip and tremor in-

creases from north to south in southern Cascadia as a
function of latitude, with relatively high cumulative slip
values (>100 mm) occurring at 35 km depth at ~41.5°
N latitude and continuing to 60 km depth at ~40.25° N
latitude for the McCrory et al. (2012) slab model. This
suggests that ETS gradually transitions to deeper depths
in southern Cascadia, or that our fault model overes-
timates the depth to the slab in this region. Delph
et al. (2021) offer an alternate estimate of slab depths for
southern Cascadia, wherein the McCrory et al. (2012)
model is adjusted to fit the location of LFEs. In this
model, the slab bend is accentuated south of 42° N lati-
tude at depths ≥40 km, leading to an overall shallower
slab model in this region. Therefore, if we use the

9 SEISMICA | volume 2.4 | 2024



SEISMICA | RESEARCH ARTICLE | Special Issue: The Cascadia Subduction Zone | Along-strike changes in ETS behavior near the slab edge of Southern Cascadia

Figure 7 Map of southern Cascadia, with colored con-
tours showing the cumulative fault slip magnitudes from
the nineteen ETS events in this study. Yellow and red circles
show the location of LFE families associated with the San
Andreas fault systemandmegathrust, respectively (Plourde
et al., 2015; Ducellier and Creager, 2022). Overlapping cyan
circles show two anomalous LFE families with short recur-
rence intervals. Orange polygon delineates the 10 mm slip
contour for long-term slow slip from Nuyen and Schmidt
(2021). Black dashed circle outlines the region of near-
continuous tremor fromWech (2021). Purple linesdelineate
slab depth contours from McCrory et al. (2012) every 5 km
starting at 15 km depth.

Delph et al. (2021) slab depths, thenhigh cumulative slip
values (>100 mm) do not migrate past 50 km depth at
~40.25° N and the apparent deepening of ETS is less pro-
nounced. Near 40.5° N latitude, maximum cumulative
fault slip fromETS events is located just downdip of pre-
viously observed long-term slow slip (Figure 7; Nuyen
and Schmidt, 2021). This spatial relationship is consis-
tentwith events at theNankai subduction zone in south-
west Japan, where ETS is consistently seen downdip of
long-term SSEs (e.g. Ozawa, 2017). Farther to the south
near ~40° N latitude, ETS fault slip and tremor termi-

nate anddonot extend to the southern edgeof theGorda
slab. LFEs associated with slow slip along the megath-
rust exhibit a similar pattern and are not observed south
of 40° N latitude (Figure 7; Plourde et al., 2015; Ducellier
and Creager, 2022). Together, these observations sug-
gest that the conditions along the plate interface pro-
hibit the occurrence of both LFEs and ETS along the
southernmost edge in Cascadia.

5.1.2 Slab Edge Location

While our models suggest that ETS does not extend to
the southernmost edge of the Gorda slab, these results
are dependent on the McCrory et al. (2012) fault ge-
ometry used in the inversions. As a result, other slab
geometries could provide different results that show
slip associatedwith ETS events extending farther south.
We tested this possibility by calculating distributed slip
models for several ETS events using the Slab2 geometry
from Hayes (2018), which has a deeper and more pla-
nar slab surface in southern Cascadia than theMcCrory
et al. (2012) model. Ultimately, the models using the
Slab2 geometry also show little to no slip on the south-
ernmost edge of the Gorda slab and agree with our ini-
tial results. Therefore, the consistency between the re-
sults from these two different slab models supports the
idea that ETS does not occur in southernmost Cascadia.
The distance between the southern extent of ETS and

the edge of the Cascadia subduction zone is depen-
dent on the location of the southern edge of the Gorda
slab. In this work, we reference the slab edge from
McCrory et al. (2004), which is based on the pattern
of first-motion readings at seismic stations in north-
ern California. A similar slab edge location is also in-
ferred by Jachens and Griscom (1983) from gravity data.
The agreement between these two independent studies,
which employ distinct datasets and methods, gives us
some confidence in the location of the slab edge. How-
ever, several other studies have focused on locating the
slab edge beneath Northern California and the results
from these works reveal a range of interpretations with
slab edges farther to thenorth (Figure 8; Beaudoin et al.,
1998; Furlong and Schwartz, 2004; Liu et al., 2012; Ver-
donck and Zandt, 1994).
The discrepancy between slab edge estimates in

southern Cascadia likely stems from the various meth-
ods that are used to image the underlying structure,
which cover a range of spatial scales and resolutions.
For example, reflection and refraction studies are good
for distinguishing sharp boundaries within the litho-
sphere (e.g. Beaudoin et al., 1998), whereas tomo-
graphic models excel at recognizing larger-scale spatial
variations in seismic velocity (e.g. Liu et al., 2012). The
dimensionality of these methods also varies between
1-dimensional profiles (e.g. receiver functions, disper-
sion curves), 2-dimensional cross-sections (e.g. reflec-
tion, refraction), and 3-dimensional models (e.g. to-
mography). Additionally, studies that utilize earthquake
hypocenters to determine the lithospheric structure in
the region are highly dependent on a priori velocity
models, which can vary between studies. Lastly, several
studies utilize gravity data (e.g. Jachens and Griscom,
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Figure 8 Map of southern Cascadia with colored lines delineating the estimated location of the slab edge from the five
studies listed next to the panel. Colored contours show the cumulative fault slipmagnitudes from the nineteen ETS events in
this study and black dots show the earthquake locations from Guo et al. (2021).

1983; Beaudoin et al., 1998), which is most sensitive to
density contrasts in the subsurface. As a result, seis-
mic and gravity data may resolve different boundaries
within the lithosphere and lead to different structural
interpretations. However, subsurface structural mod-
els constrained by gravity data are non-unique and add
further uncertainty to the position of the slab edge. This
is exemplified by the gravity models presented in Beau-
doin et al. (1998), which suggests an uncertainty of ±25
km in the position of the slab edge. Together, these dif-
ferences in the resolution and scope of different meth-
ods likely account for some of the variation in the slab
edge estimates. Nevertheless, the majority of these es-
timates place the slab edge at least 50 km south of the
maximum slip contour and further confirm that ETS
does not occur at the edge of the subduction zone (Fig-
ure 8).

5.2 Geometric Controls on ETS
As discussed in Section 2.1, southernmost Cascadia ex-
hibits an irregular megathrust structure that is associ-
ated with a bend in the Gorda slab. We propose that
this complex geometry impacts ETS behavior in south-
ernCascadia, leading to a concentration of high slip am-
plitudes between 40° and 41° N latitude and an absence
of ETS near the southernmost edge of the subduction
zone. Ultimately, we believe that the non-planar geom-
etry of the Gordo slab could affect ETS in this region by
impacting 1) the orientation of the fault relative to con-
vergence, 2) thewidth of the ETS zone, 3) shear-strength
heterogeneity along the megathrust fault, and 4) fluid
migration patterns along the plate interface.

5.2.1 Fault Orientation &Width of ETS Zone

In northern Cascadia, the Juan de Fuca slab exhibits
an along-strike bend beneath northernWashington and

southern British Columbia that is comparable to the
bend in the Gorda slab. Observations of ETS events in
northern Cascadia indicate that the axis of this bend,
located in northwestern Washington, exhibits higher
amounts of ETS fault slip per event than the portions of
the slab located directly to the north or south (Schmidt
and Gao, 2010). A similar trend is also observed at the
Nankai subduction zone, where higher cumulative slip
rates are foundnear slab bends beneath Shikoku and Ise
Bay (Nishimura et al., 2013; Kano and Kato, 2020). Our
results also fit into this pattern, as we observe a patch
of high cumulative fault slip along the northern limb of
the bend in the Gorda slab between 40° and 41° N lati-
tude. Together, these observations suggest that the slab
bend in the Gorda plate may influence the distribution
of slip amplitude in southern Cascadia.

Themechanisms that promote higher slip amplitudes
per event near the slab bend may relate to the opti-
mal orientation of the plate interface relative to conver-
gence. Li and Liu (2016) present rate-and-state-based
numerical models of SSEs in northern Cascadia that are
able to recreate higher moment rates and cumulative
slip amounts in the central portion of the slab bend.
These simulations support previous work that suggests
slip amplitude is proportional to the model parameter
W/h*, whereW is the along-dip distance of the velocity-
weakening ETS zone and h* is the minimum size for
unstable slip, or characteristic nucleation size (Liu and
Rice, 2009). If we assume that the ETS zone is bounded
by specific depth contours, then this relationship would
imply that a steeper dipping slab would have smaller
ETS slip amplitudes due to a narrower ETS zone com-
pared to a shallower dipping slabwith awider ETS zone.
However, this finding does not appear to explain the
concentration of high slip amplitudes along the north-
ern limb of the slab bend in southern Cascadia, since
this predicted patch of high slip is located on a rela-
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tively steeply dipping portion of the slab according to
the McCrory et al. (2012) model (Figure 7). Neverthe-
less, Li and Liu (2016) present an alternative model,
where the width of the ETS zone is held constant. These
model results show that while slip amplitudes are still
inversely proportional to fault dip, they are also highest
on fault patches that strike perpendicular to the conver-
gence direction. Therefore, higher slip rates near the
northern bend in the Gorda slab from our distributed
slip models may indicate that this portion of the fault is
more optimally oriented relative to convergence. Given
that the northern bend in the Gorda slab strikes broadly
northwest, this hypothesis aligns with the current un-
derstanding of convergence dynamics in southern Cas-
cadia, which infers oblique northeast subduction of the
Gorda slab relative to theNorthAmericanplate (McKen-
zie and Furlong, 2021).
Our results show that high ETS fault slip amplitudes

do not extend around the southern portion of the slab
bend in southernmost Cascadia (Figure 9), and we pro-
pose that a narrowing of the ETS zone due to warp-
ing of the slab edge may provide an explanation for
this observation. Several studies propose that the edge
of the Gorda slab dips to the south-southeast (sub-
orthogonal to subduction direction) with dip angles of
up to 12° (Furlong and Schwartz, 2004; Verdonck and
Zandt, 1994). This southward dip, together with the slab
bend, may lead to a steeper plate interface near the slab
edge. As noted above, if we assume that ETS falls within
a specific depth range along the plate interface, then a
steeper slab dip would lead to a narrower ETS zone near
the southern edge of the slab. Following the ETS mod-
els of Liu and Rice (2007, 2009), a narrower ETS zone
would lower the W/h* parameter and lead to smaller
slow slip amplitudes in southernmost Cascadia. Addi-
tionally, models from Liu and Rice (2007, 2009) find that
relatively small values of W/h* (<2.16) lead to decaying
oscillatory responses along the fault, which do not re-
sult in slow slip events. Therefore, low fault slip rates
in southernmost Cascadia may be due to a narrow ETS
zone that is incapable of producing large ETS events.

5.2.2 Shear Strength Heterogeneity on a Curved
Fault

A complex geometry near the slab edge may also in-
fluence how far slow slip can propagate across the
fault and help to explain the lack of ETS we observe
in southernmost Cascadia. Global comparisons of sub-
duction zone systems show that the along-dip curvature
of megathrust faults generally scales with maximum
earthquake magnitude (Bletery et al., 2016; Plescia and
Hayes, 2020). Bletery et al. (2016, 2017) attribute this
relationship to the shear-strength heterogeneity across
a fault, proposing that shear-strength heterogeneity in-
creases as a function of fault curvature and thus lim-
its the magnitude of megathrust earthquakes by act-
ing as a natural barrier for earthquake slip propaga-
tion. Specifically, slip propagation may be halted by lo-
calized regions of relatively high shear strength associ-
ated with stress heterogeneity (Wang and Bilek, 2014).
If we assume that this theory also applies to slow slip

Figure 9 Schematic illustrating the distribution of de-
formational regimes and observed phenomena along the
three-dimensional plate interface in southern Cascadia.
The perspective is looking towards the northwest onto the
warped geometry of the Gorda slab (gray surface). The
dashed yellow line indicates the maximum depth at which
seismicdeformation canoccur along theplate interface. We
propose that theheatingof the slab edgeby an inferred slab
window (orangehalo to the southof the slabedge) results in
the shallowing of the seismic-aseismic transition, inhibiting
seismic deformation and ETS near the southernmost edge
of the slab. Other symbols are the same as Figure 7. Slab
geometry is basedonMcCrory et al. (2012) and includes ver-
tical exaggeration.

propagation, then our results suggest that an increas-
ingly curved slab geometry in southernmost Cascadia
may produce high shear-strength heterogeneity near
the slab edge, which limits the propagation and size of
ETS events in this region.

5.2.3 FluidMigration Pathways on a Curved Fault

The curved geometry of the Gorda slabmay also impact
themigrationof fluids along theplate interface andhelp
generate the high slip amplitudes we observe between
40° and 41° N latitude. Geophysical evidence for a low-
velocity zone (LVZ) along numerous megathrust faults
suggests that high pore-fluid pressures exist along the
plate interface at ETS depths (e.g. Audet et al., 2009). As
a result, high pore-fluid pressures are often invoked as
a prerequisite for possible ETSmechanisms, such as di-
latant strengthening (e.g. Segall et al., 2010). Morishige
and van Keken (2017) present 3-D numerical models of
fluid migration along curved slab geometries and find
that fluid paths concentrate in regions where the slab
has a convex shape along-strike, leading to increased
porosity values near slab bends. Therefore, the rela-
tively high slip amplitudes that we observe around the
northern bend in the Gorda slab may also be explained
by the focusing of fluids in this region. However, it is
still unclear if and how fault slip amplitudes scale with
the magnitude of pore pressure along the plate inter-
face.
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5.3 Temperature Controls on ETS

As discussed in Section 2.2, thermal models for south-
ern Cascadia suggest that the presence of a slab win-
dow south of the MTJ leads to higher temperatures in
the continental lithosphere and descending Gorda slab
(Goes et al., 1997; Guzofski and Furlong, 2002; Popov
et al., 2012; vanWijk, 2001). Therefore, we suggest that
elevated temperatures along themegathrust due to heat
transfer from the slab window inhibit the occurrence
of ETS in southernmost Cascadia. Specifically, we pro-
pose that higher temperatures could lead to a shallower
seismic-aseismic transition in southern Cascadia and
alter the location of fluid release from the subducting
slab.

5.3.1 Seismic-Aseismic Transition Near the Slab
Window

Deformation along the plate interface is accommodated
by a continuum of seismic and aseismic slip modes
along the megathrust (Peng and Gomberg, 2010). In
general, ETS occurs in the seismic-aseismic transition
zone that is located updip of the aseismic creeping por-
tion of the fault and downdip of the seismogenic locked
zone (Schwartz and Rokosky, 2007). At warm subduc-
tion zones, such as Cascadia, the depth of this seismic-
aseismic transition is thought to be largely controlled
by temperature (e.g. Hyndman andWang, 1993; Oleske-
vich et al., 1999). Therefore, changes in a subduction
zone’s thermal gradient may impact the depth distribu-
tion of different deformational regimes along the plate
interface. Specifically, higher temperatures in south-
ernmost Cascadia due to heating from the adjacent slab
windowmay shift the seismic-aseismic transition updip
along the megathrust (Figure 9). Therefore, our results,
which show little to no ETS activity in southernmost
Cascadia, could mean that deformation within the typ-
ical ETS zone (i.e. along the plate interface at 35-60 km
depth)maybedominatedby solely aseismic slip andnot
ETS due to a relatively shallow seismic-aseismic bound-
ary. This shift in deformational regimes may also ex-
plain why LFEs along the megathrust are not observed
south of 40° N latitude (Figure 7), since these events
are associated with seismic shear slip (Ide et al., 2007;
Plourde et al., 2015; Shelly et al., 2007). Furthermore,
the relatively short recurrence intervals for the south-
ernmost megathrust LFE family may reflect north-to-
south (along-strike) weakening of the plate interface
due to increasing temperatures along the megathrust
(Ducellier and Creager, 2022).
Following this reasoning, wemight expect to observe

ETS at shallower depths (<30 km) in southernmost Cas-
cadia near the slab edge, where temperatures are low
enough along the megathrust to potentially facilitate
seismic deformation in the form of tremor. Although
shallower ETS events are not observed, Wech (2021)
identifies a temporally near-continuous patch of tremor
in this regionwith an unknown source (Figure 9). If this
tremor does originate from the plate interface, then it
may indicate the presence of ETS at ~30 km depth and
support the notion that ETS is transferred updip due
to a higher thermal gradient in southern Cascadia that

warms the slab edge. Furthermore, the near continuous
activity of this tremorpatch suggests that itwould repre-
sent the downdip limit of the ETS zone, where the fault
cannot accumulate large amounts of stress and fails via
small, frequent slip events (Wech and Creager, 2011).

5.3.2 Fluid Release Related to Elevated Tempera-
tures

As described in Section 5.2.3, high pore-fluid pressures
are thought to exist along portions of the plate interface
at subduction zones and play a critical role in themech-
anisms for ETS (e.g. Audet and Kim, 2016). Fluids at the
plate interface are sourced from the crust andmantle of
the subducting slab, which release mineral-bound wa-
ter through a variety of dehydration reactions (Peacock,
1993; Rüpke et al., 2004). However, the depth at which
these reactions occur is dependent on the pressure-
temperature (P-T) path of the slab, which can vary sub-
stantially between subduction zones (Peacock, 2009).
Thermodynamic models for southern Cascadia at ~42°
N latitude indicate that averagemid-ocean ridge basalts
(MORB) dehydrate 1-1.5 wt% H20 at ~35 km depth and
suggest that in-situ fluid release is the dominant water
source for ETS in this region (Condit et al., 2020). These
models also show that higher slab temperatures lead to
the slab releasing fluids at shallower depths. For exam-
ple, increasing the temperature path of the slab by 50
°C results in fluids being released at ~5 km shallower
depths (Condit et al., 2020). Therefore, heating of the
Gorda slab from the adjacent slab window may result
in fluids being released at shallower depths along the
megathrust in southernmost Cascadia. Depending on
the thermal gradient of the slab, fluids may be released
updip of typical ETS depths, limiting high pore-fluid
pressures from developing along the plate interface in
the expected ETS zone. As a result, the lack of ETS ac-
tivity that we observe in southernmost Cascadia could
signal that ETS is being inhibited by low pore-fluid pres-
sures along the plate interface caused by insufficient in-
situ fluid release from the warm Gorda slab at typical
ETS depths.
Fluid release is not a single event and can occur grad-

ually and at various temperatures and depths along the
plate interface (van van Keken et al., 2011). Therefore,
increases in slab temperature do not preclude the pos-
sibility of fluids migrating into the ETS zone from other
portions of the subduction zone. In particular, fluids
released deeper on the plate interface from dehydra-
tion reactions that take place at higher P-T conditions
could travel updip to ETS depths (Katayama et al., 2012;
Hyndman et al., 2015). Additional fluids may also be
sourced from the serpentinized mantle wedge. Specifi-
cally, Kirby et al. (2014) shows that heating of the relict
mantle wedge in the slab window can lead to the re-
lease of water through the dehydration of serpentine.
This dehydrationmay also occur in the current subduc-
tion zone mantle wedge if temperatures have increased
to the point of making serpentine thermally unstable.
However, it is unclear whether fluids released from the
relict or current mantle wedge could supply fluids to
the plate interface or would migrate upwards into the
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overlying crust. Nevertheless, highpore-fluid pressures
generated by the updip migration of fluids may not be
enough to facilitate ETS if the appropriate fault rheology
is not present. For example, heating from the slab win-
dow may promote ductile deformation that prohibits
shear faulting and tremor along the plate interface even
if high pore-fluid pressures are present (Shelly et al.,
2007).

5.4 Synthesis and Implications

An analysis of nineteen ETS events suggests that fault
slip associated with ETS does not extend to the south-
ern edge of the Gorda slab. Therefore, we hypothesize
that the southern termination of ETS marks a major
shift in megathrust properties that is tied to changes in
the geometry of the Gorda slab and/or thermal condi-
tions near the edge of the subduction zone (Figure 9).
In terms of slab geometry, a proposed southward dip
at the southern edge of the Gorda slab may combine
with the slab bend, resulting in a three-dimensional
curling of the slab (Furlong and Schwartz, 2004; Ver-
donck and Zandt, 1994). This complex geometry could
lead to 1) a narrower ETS zone that does not host large
amounts of slip (Liu and Rice, 2007, 2009) or 2) hetero-
geneous shear-strength across the fault that acts as a
barrier for ETS propagation (Bletery et al., 2016, 2017).
In terms of subduction zone temperatures, numerous
models suggest that the slab window south of the MTJ
actively transfers heat to the adjacent Gorda slab and
North American lithosphere (Goes et al., 1997; Guzofski
and Furlong, 2002; Popov et al., 2012; van Wijk, 2001).
Increases in subduction zone temperatures in Cascadia
may 1) shift the depth of the seismic-aseismic transi-
tion updip (Groom & Thorkelson, 2007) or 2) cause the
Gorda slab to release fluids at shallower depths above
the ETS zone (Condit et al., 2020). Overall, these pro-
posed changes in subduction zone properties suggest
that solely aseismic deformation takes place along the
plate interface below 35 kmdepth in southernmost Cas-
cadia (south of 40° N latitude).
It is important to note that the processes presented

above are likely interconnected. For example, the
three-dimensional geometry of the slab edge should in-
fluence how slab temperatures evolve in response to the
slab window, which in turn impacts the location of dif-
ferent deformational modes along the plate interface.
Therefore, better constraints on the individual compo-
nents of the subduction zone system, e.g. the geome-
try of the slab edge, and future modeling of the inter-
actions between the subduction zone and slab window
are necessary to determine the relative importance of
each process. Outstanding questions that futuremodels
could address include 1) how are slab temperatures im-
pacted by different slab edge geometries, 2) what is the
spatiotemporal scale of subduction zone heating and
how is it influenced by different mantle flow patterns
in the slab window (e.g. upwelling vs. toroidal flow),
and 3) what is the P-T path for the non-uniform por-
tion of the Gorda slab and what does that mean for the
depth of fluid release? Furthermore, additionalwork on
the near-continuous tremor patch found byWech (2021)

would also help illuminate the state of ETS in southern-
most Cascadia. For example, a moment tensor analysis
of individual LFEs could help to determine the source
fault of the tremor and clarify if ETS is shifted updip
near the edge of the Gorda slab.
The results from this work are relevant to other sys-

tems that have a complex slab geometry and/or slab
window near the lateral edge of a subducting plate. For
instance, the northern terminus of the Cascadia sub-
duction zone is defined by the lateral edge of the Ex-
plorer plate beneath northern Vancouver Island. The
distribution of earthquake hypocenters in this region
reveals significant warping of the subducted Explorer
slab, wherein the plate interface deepens ~15 km along
strike over a distance of <100 km (Hutchinson et al.,
2020). Geochemical analysis of basalts from the north-
ern Cascade Arc also suggests that a slab gap or tear ex-
ists between the Juan de Fuca and Explorer plates, al-
lowing for enriched asthenosphere to flow into the Cas-
cadia mantle wedge (Mullen and Weis, 2015). Obser-
vations of ETS in northernmost Cascadia show a non-
uniform distribution of tremor, including decreased
tremor activity at the northern end of the subduc-
tion zone and a prominent gap in tremor near 49.5°
N latitude (Kao et al., 2009). Therefore, ETS behav-
ior in northernmost Cascadia may be influenced by the
warped geometry of the Explorer plate, similar to what
we observe in southernmost Cascadia and the Gorda
plate. In southern Chile, the varying dips and depth
extents of the subducting Nazca and Antarctic plates
beneath the South American plate help to form a slab
window at the Chile triple junction (Russo et al., 2010).
In the southernmost portion of the Chilean subduction
zone, the depth of tremor along the Nazca plate shal-
lows ~20 km as it approaches the edge of the subduction
zone and the slab window (Ide, 2012). This shallowing
of tremormay correlate with plate age and temperature
(Ide, 2012), or it may represent another locale where in-
creased temperatures from a slab window are impact-
ing the depth of ETS at the lateral edge of a subduction
zone.

6 Conclusions
We analyze 5.5 years of tremor and GNSS time series
data and identify 19 large ETS events in southern Cas-
cadia from 2016.5-2022. Distributed slip models indi-
cate that fault slip and tremor during these events are
spatially correlated, with tremor during the largest ETS
events falling slightly updip of inter-ETS tremor. Our
models also show that ETS terminates near 40° N lati-
tude and does not extend to the southern edge of the
Gorda slab. Therefore, we hypothesize that seismic slip
(i.e. tremor) does not take place along the plate inter-
face below 35 km depth in southernmost Cascadia and
that the southern boundary of ETS reflects changes in
megathrust properties that are linked to changes in slab
geometry and/or subduction zone temperatures. Possi-
ble factors that influence ETS in southern Cascadia in-
clude the depth at which the Gorda slab releases flu-
ids, the width of the ETS zone, the optimal orientation
of the plate interface relative to local convergence, the
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depth of the seismic-aseismic transition, the migration
patterns of fluids within the subduction zone, and the
pattern of shear-strength across the megathrust fault.
Futuremodeling studies that explore the geometric and
thermal structure of the Gorda slab and southernmost
Cascadia subduction zone are needed to discern the pri-
mary controls on ETS in this region.
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