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Abstract This paper presents a spatial-temporal analysis of potential links between episodic tremor and
slip (ETS) and seismicity in northern Cascadia. We define spatial-temporal clusters of tremor episodes to rep-
resent ETS between 2006 and 2024, andwemerge six earthquake catalogues to represent regional seismicity.
The statistical analysis focuses on seismicity rates and magnitude distributions of earthquakes throughout
themid-lower forearc crust andwithin the subducting plate. We find that in time periods between ETS events
there exist fewerM& 2.5 earthquakes in/near the ETS zone than are predicted by a best-fit Gutenberg–Richter
law (GR). During ETS and shortly afterwards, M& 2.5 earthquakes in close proximity to ETS events are slightly
more numerous, such that seismicity is accurately represented by the GR law. Variations in earthquake mag-
nitudes before ETS and during/after ETS are shown to be statistically significant, although the overall average
occurrence rate of M& 2.5 earthquakes per ETS event is low, at 0.8 earthquakes per ETS event. We find no sta-
tistical evidence for temporal variations in daily seismicity rates (regional and proximal to ETS) in association
with ETS. We discuss several challenges in the study of this topic in Cascadia, and highlight some instances
that may warrant further investigation.

Non-technical summary The Cascadia subduction fault hosts slow slip events that are associated
with low-frequency seismic tremor, together called episodic tremor and slip (ETS). Previous work suggests
there is an anti-correlation between the geographic distribution of ETS and regular earthquakes in Cascadia.
Some other subduction zones exhibit increased rates of regular earthquakes seemingly in response to slow
slip events. This paper presents a statistical analysis of ETS and regular earthquakes in northern Cascadia and
examines whether earthquakes exhibit spatial and temporal variation associated with ETS. Our analysis finds
that the magnitude distribution of earthquakes during ETS events and shortly afterwards contains more M&
2.5 earthquakes than the magnitude distribution of earthquakes occurring between ETS events. While this
observation is statistically significant, the overall average occurrence rate of M& 2.5 earthquakes is low, at 0.8
earthquakes per ETS event. We find no statistical evidence for temporal variations in daily seismicity rates in
association with ETS. We discuss several challenges in the study of this topic in Cascadia, and highlight some
instances that may warrant further investigation.

1 Introduction and Background

Transient slow slip events, one type of slow earth-
quake, have been observed in many subduction zones
(Dragert et al., 2001; Ozawa et al., 2001; Wallace et al.,
2012; Schwartz and Rokosky, 2007), some transform
boundaries (Linde et al., 1996; Wech et al., 2012), and
even volcanic environments (Segall et al., 2006). Tran-
sient slow slip is generally recognized as an interme-
diate mode of slip between continuous creep and fast
unstable slip that characterizes regular earthquakes.
Slow slip can be aseismic or variably associated with
low-frequency, low-amplitude seismic signals includ-
ing tremor, low-frequency earthquakes, and very low-
frequency earthquakes. While themechanisms of these
low-frequency seismic phenomena and their relation-
ships are debated, it is known that they have differ-
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ent properties than regular earthquakes; thus, they are
sometimes also referred to as slow earthquakes. Given
the relatively long duration (days to years), small/mod-
erate cumulative slip, and low stress drop of slow slip
events, improvements in geodetic and seismicmonitor-
ing in recent decades have revealed a breadth of obser-
vations that increasingly suggest such events are com-
mon, frequent, and ubiquitous (Kirkpatrick et al., 2021).
While slow slip events do not present a direct seis-

mic hazard, the nature of their relationship to regu-
lar, potentially-damaging earthquakes is a critical topic
of study. If there is a causal relationship between
slow and regular (fast) earthquakes—in particular, if
slow earthquakes are found to reliably trigger regular
earthquakes—it may facilitate short-term earthquake
forecasting. Presently, it is thought that the frictional
conditions that facilitate slow slip do not support regu-
lar earthquakes; which is to say, the areas on a fault that
host slow and fast slip are largely mutually exclusive
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Figure 1 Map of the northern Cascadia area with seismicity, main tectonic features, and geographic references. Earth-
quakes in the entire combined catalogue (Section 2.2) between 1970 and 2024 are shown by grey dots, and the subset of
earthquakes near the ETS zone used in this study are shown by blue dots. Purple line denotes the approximate ETS zone as
the boundary containing 90%of tremor events used in this study. Orange shading represents the depth of the top of the sub-
ducting oceanic plate (Bloch et al., 2023). Theblack line along themargin denotes the transect used throughout. Dashed grey
lines represent tectonic boundaries andmajor fault zones, including the subduction deformation front (with grey triangles).
(inset) Broader geographic region with tectonic plate boundaries (grey lines), the political border between Canada and the
USA (black line), and the study area (red polygon).

(e.g., Gao andWang, 2017). As such, if slow earthquakes
influence the occurrence of regular earthquakes, it is
expected that some temporary perturbation would be
transmitted spatially on a single fault (i.e., along dip
or strike) and/or transferred to other faults. The most
hazardous of such potential scenarios is the triggering
of a large megathrust earthquake by a slow slip event
adjacent to the seismogenic zone, as seems to have in-
deedbeen the case for theM9.0 2011Tohokuearthquake

(Kato et al., 2012).
The Cascadia subduction zone constitutes offshore

and onshore areas between the Nootka Fault Zone near
the northern extent of Vancouver Island (Figure 1) and
the Cape Mendocino triple junction offshore of north-
ern California. The portion of the subduction fault ca-
pable of hosting damaging megathrust earthquakes ex-
tends from the trench offshore nearly to the coast and
has been essentially quiescent throughoutmodern seis-
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mic monitoring, with the exception of one small seg-
ment off the coast of Oregon state (Tréhu et al., 2008).
This quiescence is interpreted to result from a fully-
locked subduction interface at a late stage in its earth-
quake cycle (Davis et al., 2023). Onshore, west of the vol-
canic belt, transient slow slip events occur at intervals
ranging between 6 and 20 months between the north-
ern (Vancouver Island and northern Washington), cen-
tral (southern Washington and northern Oregon), and
southern (southern Oregon and northern California)
segments (Brudzinski and Allen, 2007; Boyarko et al.,
2015; Bombardier et al., 2024).
In northern Cascadia—the focus of this study—slow

slip events recur at intervals of 10.5–15.5 months (Bom-
bardier et al., 2024) andare reliably accompaniedby tec-
tonic tremor that roughly tracks the migration of the
slow slip front (Wech and Bartlow, 2014; Hall et al.,
2019). While the fundamental nature of the relationship
between tremor and slow slip remains uncertain, their
broad association has led to the phrase “episodic tremor
and slip” (ETS) describing the combined phenomena
(Rogers and Dragert, 2003). As such, tremor epicen-
tres are often used to represent the spatial and tempo-
ral occurrence of slow slip to enable long-term study of
ETS (e.g., Kao et al., 2009; Wech et al., 2009; Wech and
Creager, 2011; Boyarko et al., 2015; Bartlow, 2020; Itoh
et al., 2022). In this study, we use a catalogue of tremor
episodes, which are defined as large spatial-temporal
clusters of tremor epicentres, to represent ETS events
over 18 years between 2006 and 2024.
Some studies have identified earthquakes in very

close spatial and temporal proximity to slow slip events
offshore central (Hirose et al., 2014) and southwest (Ya-
mamoto et al., 2022) Japan, in the Kīlauea volcano in
Hawaii (Segall et al., 2006), on the San Andreas fault in
California (Linde et al., 1996), and offshore the North Is-
land in the Hikurangi subduction zone (Delahaye et al.,
2009; Nishikawa et al., 2021; Yarce et al., 2023). In some
cases, slow slip on the subduction interface is purported
to trigger earthquakes on upper-plate fault networks
above subducted seamounts (Todd et al., 2018; Shaddox
and Schwartz, 2019). In other cases, elevated seismicity
rates are observed within the subducting plate before
slow slip events, interpreted to be driven by pre-slow
slip conditions/processes (Kita et al., 2021). In many of
the aforementioned cases, earthquake occurrence rates
increase in association with slow slip events, and such
earthquakes tend to occur in swarmswith burst-like be-
haviour. There are three mechanisms hypothesized to
facilitate such seismic triggering, which are high fluid
pressures, fluid migration away from the subducting
plate, stress loading, and magma intrusion (Nishikawa
et al., 2023); the latter is generally not applicable to slow
slip in subduction zones.
To date, ETS in Cascadia has only been observed

where the top of the subducting plate is between 25 km
and 45 km depth (Figure 1). While offshore GNSS
measurements are limited, long-term seafloor pressure
measurements west of central Vancouver Island do not
show signs of slow slip offshore (Davis et al., 2023).
Some observations from Cascadia demonstrate a gen-
eral anti-correlation between the geographic distribu-

tions of ETS and forearc seismicity (Kao et al., 2009; Bo-
stock et al., 2019), whereas some other case studies have
observed thepresenceof small in-slab earthquakes con-
current with ETS (e.g., Vidale et al., 2011). In this study,
we present an analysis of the spatial and temporal re-
lationship between ETS and seismicity near and within
the northern Cascadia ETS zone over 18 years. The sta-
tistical analysis focuses on seismicity rates and magni-
tude distributions of all earthquakes in the mid–lower
forearc crust and subducting plate occurring in prox-
imity to ETS events. In particular, we examine whether
and how earthquake occurrence rates and magnitudes
vary in proximity to ETS, if at all. We also describe the
challenges of studying this topic in Cascadia and outline
considerations for future work.

2 Data and Methods

2.1 ETS catalogue

Tremor episodes, defined as spatial-temporal clusters
of tremor epicentres, are used as a proxy for the spa-
tial extent and duration of ETS events. The catalogue of
tremor episodes employed here has been updated from
the original version published by Bombardier et al.
(2024) to include 993 episodes ranging in size from 10
to >13,000 tremor events between January 2006 and
March 2024. This updated version is a superset of the
original, with 97 additional episodes from the expanded
time period. A comprehensive description of the data,
methods, and analysis of tremor episodes can be found
in Bombardier et al. (2024), and a brief overview of the
creation of this new catalogue is provided here.
Tremor in Cascadia has been monitored continu-

ously since January 2006 by Wech and Creager (2008)
and Wech (2010) and catalogued at the Pacific North-
west Seismic Network (PNSN) Tremor Map webpage
(https://www.pnsn.org/tremor). We project these tremor
events onto the linearly-partitioned along-strike tran-
sect shown in Figure 1 to determine their position along
strike. Due to the nature of using normal vectors for
projecting points onto a line, tremor events in areas
downdip on the outside angle where two segments join
are not normal to either segment and are therefore not
projected onto the transect at all. This results in three
areas—at 335 km, 388 km, and 453 km along strike—
where tremor events (and earthquakes) are not consid-
ered in this study.
Tremor events that are successfully projected onto

the transect are clustered using the density-based spa-
tial clustering of applications with noise (DBSCAN) al-
gorithm (Ester et al., 1996) in the along-strike/time
domain. This process essentially defines an episode
as a minimum of 10 tremor events with a mutually-
exclusive maximum of 3 days or 20 km along strike
between neighbouring events. Tremor episodes con-
taining ≥1,500 events are considered to represent ETS
events. Since there is no standard definition of ETS, this
simple but effective rubric is chosen to produce a set of
episodes that conform with previously-published liter-
ature (Bombardier et al., 2024). There are 37 episodes
that meet this criterion and are therefore considered to
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Figure 2 Earthquakes (squares) near the ETS zone used in this study along strike over time coloured according to which
catalogue provided their location solution. Histograms on the right show the total number of earthquakes along strike (grey
bars) and the subsets that havedepths shallower (red line) anddeeper (yellow line) than the topof theoceanic crustmodelled
by Bloch et al. (2023). These earthquakes are the same set shown as blue dots in Figure 1. ETS events are represented by
tremor (clustered black dots appearing as vertical lines).

represent ETS events in this study (Figure 2).
Smaller tremor episodes, so-called inter-ETS events,

are comprehensively characterizedbyBombardier et al.
(2024) but have otherwise been understudied. Their
short durations (a few days) and deep centroids usu-
ally preclude slip modelling using diurnal GNSS obser-
vations, but it is expected that slow slip does occur
during such events (Wech and Creager, 2011; Bartlow,
2020). Work focused in the Hikurangi subduction zone
indicates that slow slip events with larger cumulative
slip are associated with larger seismicity rate increases
(Todd et al., 2018). Given the difficulty of modelling
slip of small ETS events, and given that larger events
aremore likely to be associatedwith noticeable changes
in seismicity, we exclude inter-ETS events (956 tremor
episodes) from our analysis. The full tremor episode
catalogue provides information such as start/end times
and along-strike extent that is publicly available on Zen-
odo (Bombardier, 2025).

2.2 Earthquake catalogues
Regular earthquakes in the region are routinely cat-
alogued by Natural Resources Canada (NRCan) and
PNSN. Since northern Cascadia straddles the Canada-
USA border, a catalogue of regional seismicity requires
integration of the official NRCan and PNSN catalogues.
We use three original catalogues of earthquakes in the
northern Cascadia region computed by Morton et al.
(2023), NRCan, and PNSN, plus three catalogues (de-
scribed below) that provide metadata (Schneider et al.,
2023) or relocated hypocentres (Savard et al., 2018;Mer-
rill et al., 2020) for events in the NRCan and PNSN cata-
logues. Table 1 gives the number of events contributed
by each catalogue and the time period and region for

which they apply, and Figure 2 shows all earthquakes
that are used in this study along strike over time (same
as blue dots in Figure 1). We first scan these catalogues
individually for duplicates by identifying any pair of
events that have origin times within 3 s and epicentres
within 15 km. Where duplicates are identified, the ear-
lier event is kept as an arbitrary standard; it would be
ideal to use some measure of uncertainty to determine
which event to keep, but this information is not pro-
vided for all catalogues andwe prefer amethod that can
be applied uniformly.
We then combine the catalogues in a series wherein

duplicate events are identified with the integration of
each new catalogue. We begin by integrating theNRCan
cataloguewith the PNSN catalogue. Duplicates between
catalogues are identified using the aforementioned con-
ditions (within 3 s and 15 km), and the NRCan solution
is prioritized. Additional catalogues are integrated into
this combined catalogue using the same conditions for
handling duplicates, and priority is granted to the new
catalogue that is being integrated at that stage. In this
way, the order of integration (the same order given in
Table 1) represents a prioritization hierarchy for dupli-
cate events.
The NRCan and PNSN catalogues provide the founda-

tion of our combined earthquake catalogue. The NR-
Can catalogue is a combination of the National Earth-
quake DataBase (NEDB) and the Seismic Hazard Earth-
quake Epicentre File (SHEEF) (Halchuk et al., 2015).
The SHEEF is a version of the NEDB that has been
processed for use in Canada’s fifth generation seismic
hazard model; it contains events M ≥ 2.5 up to 2010,
whereas the NEDB contains all located seismic events,
including non-tectonic activity, up to March 2024. As
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Original Catalogue Number of Events Time Range Geographic Region
PNSN 4,395 January 2006–March 2024 Washington (USA)
NRCan 3,241 January 2006–March 2024 Vancouver Island (Canada)

Morton et al. (2023) 140 July 2011–October 2015 northern Cascadia (Canada and
USA)

Schneider et al. (2023) 285 January 2006–December 2018 northern Cascadia (Canada and
USA)

Savard et al. (2018) 1,143 January 2006–May 2012 Vancouver Island (Canada)
Merrill et al. (2020) 3,642 January 2006–December 2018 Washington (USA)

Combined total 12,846 January 2006–March 2024 northern Cascadia (Canada and
USA)

Table 1 Earthquakes in the combined earthquake catalogue between January 2006 and March 2024 within 60 km of the
along-strike transect and the catalogue fromwhich the location solution originates. Note that Schneider et al. (2023)’s Pacific
Northwest catalogue contributes metadata for 756 earthquakes, but location solutions for only 285.

such, NEDB contributes events M < 2.5 before the end
of 2010, and all events after 2010. The PNSN catalogue is
accessed through a search of the earthquakes database
on the PNSN website where we obtain all events up to
March 2024.
A short-duration catalogue computed byMorton et al.

(2023) uses automatic detection within a temporary
ocean-bottom seismometer array to locate previously-
unknownearthquakes along theCascadiamargin coast-
line. This catalogue is complete to approximately M1.9
between July 2011 andOctober 2015, and approximately
75% of events in thismargin-wide catalogue are new de-
tections.
The PacificNorthwest catalogue fromSchneider et al.

(2023) contains known events M ≥ 2.0 up to 2018
from authoritative sources in the region, including NR-
Can and PNSN, and supplies metadata on earthquake
swarms and aftershock sequences. Aftershock se-
quence identification is particularly important because
such events are not expected to be related to slow slip,
and even a handful of aftershocks can significantly tem-
porarily affect regional seismicity rates. Events from
this catalogue are removed if they are “likely/maybe”
or “definitely” aftershocks (where the scheme2020 vari-
able is 4 or 5), which removed 40 aftershocks within
the study period and area. Events are also removed if
there is another reason the authors recommend their
removal (such as being a duplicate) according to the re-
moval variable. Aftershocks occurring beyond the time
range of this catalogue (i.e., after 2018) are not identi-
fied and remain in this analysis. Note that this catalogue
contributes eventmetadata for a total of 756 events used
in this study, but contributes location information for
only 285 events (Table 1 and Figure 2) because location
information is replaced by that in the tomographic cat-
alogues, described forthwith.
Two catalogues of earthquakes relocated in tomo-

graphic inversion by Savard et al. (2018) and Merrill
et al. (2020) provide hypocentres for this study. The
Savard et al. (2018) catalogue contains a relocated sub-
set of the NRCan catalogue in the Vancouver Island re-
gion up to May 2012, and the Merrill et al. (2020) cat-
alogue contains a relocated subset of the PNSN cata-
logue in the Washington region up to 2018. Events re-

located through tomographic inversion are expected to
have better depth constraints, which aid analysis of sub-
duction interface proximity. If duplicates are identified
during the integration of these catalogues, we keep only
hypocentral information in order to preserve metadata
that may exist from previously-integrated catalogues.
The resulting combined catalogue is truncated be-

tween January 2006 and March 2024 to be consistent
with the time range of ETS observations. Earthquakes
that are unlikely to be influenced by ETS are removed.
These include events with depths deeper than 25 km
below the top of the subducting plate and shallower
than 10 km below sea level. We represent the top of
the subducting oceanic crust as the “c-horizon” in the
three-boundary subduction zonemodel estimated from
receiver-function inversion by Bloch et al. (2023). We
also remove earthquakes farther than 60 kmorthogonal
distance from the along-strike transect shown in Fig-
ure 1. The remaining earthquakes form the catalogue of
12,846 events shown in Figure 2 employed in this study
(also shown as blue dots in Figure 1 and summarized in
Table 1). Note that there are three under-resolved areas
downdip of the transect at 335 km, 388 km, and 453 km
where there are no orthogonal projections to the tran-
sect. These areas include an estimated 250 events (< 2%
of the total) that would have otherwise been included in
this analysis.
We estimate the magnitude of completeness and b-

value of the GR law fit to the combined catalogue con-
taining all earthquakes (grey dots in Figure 1) and the
subset near the ETS zone used in this analysis (blue
dots in Figure 1) shown in Figure 3. The magnitude
of completeness is estimated using the goodness-of-
fit test (Wiemer and Wyss, 2000), which computes the
lowest magnitude for which the observed cumulative
frequency–magnitude distribution adequately fits the
GR law predicted for the given distribution. In this case,
an adequate fit is considered to be a sum of the absolute
residuals between the observed cumulative distribution
and associated GR law that is below 5% of the sum
over the observed cumulative distribution. The b-value
of the GR law associated with the magnitude of com-
pleteness is estimated using the maximum-likelihood
method (Aki, 1965) and standard error estimate (Shi and
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Figure 3 Cumulative frequency–magnitudedistribution andGutenberg–Richter (GR) lawof earthquakes throughout north-
ern Cascadia in the combined catalogue (left) and in the subset near the ETS zone (right). In Figure 1, the entire combined
catalogue is shown as grey dots, and the subset near the ETS zone is shown as blue dots.

Bolt, 1982).
The magnitude of completeness for earthquakes in

the combined catalogue in or near the ETS zone is lower
at M1.2 than that for earthquakes throughout northern
Cascadia at M1.7 (Figure 3). The ETS zone encompasses
higher seismograph network density compared to areas
farther inland andoffshore, which likely accounts for its
lower magnitude of completeness. The combined cata-
logue in/near the ETS zone is over estimated by the GR
law for earthquakes M & 2.5, where the magnitude dis-
tribution appears to be slightly tapered towards low val-
ues. Earthquakes near the ETS zone exhibit a slightly
higher b-value at 0.853±0.011 compared to that associ-
atedwith all earthquakes throughout northernCascadia
at 0.834±0.007; however, detailed consideration of the
b-value of a distribution that is not well described by the
GR lawmaynot be justified. Broadly, these observations
indicate that earthquakes in/near the ETS zone are de-
tected to lower magnitudes than those throughout the
entire region and lack earthquakes M & 2.5 compared
to the GR law expectation. In the 18 years of seismic-
ity included in this analysis, no earthquake larger than
M4.9 occurred in/near the ETS zone.

2.3 Defining spatial-temporal windows

To examine whether seismicity changes in relation to
ETS, spatial-temporal windows are defined as before,
during, after, and in-between ETS events. Seismicity
within the same window types are aggregated over all
ETS events and considered one dataset. Variation in
seismicity rates—quantified as daily earthquake occur-
rence (DEO) by simply counting the number of earth-
quakes each day—andmagnitude distributions between
windows are assessed for statistical significance. Two
test cases are considered and described below.
First, we compare seismicity during and between ETS

using earthquakes in/near the ETS zone along the en-
tire transect (blue dots in Figure 1). Days wherein ETS
tremor occurs anywhere in northern Cascadia are con-
sidered ETS periods, and all other days are considered
inter-ETS periods, as illustrated in Figure 4a for a one-
year period. Any pair of ETS events overlapping in time
are considered one event; there are three such pairs,
including two examples shown in Figure 4a. As such,
this test case considered 34 distinct time periods that
are considered ETS periods. While it is not expected
that, for example, seismicity near the southern limit
of northern Cascadia would be related to ETS near the
northern limit, there are no logical spatial boundaries
that can be applied to inter-ETS periods without creat-
ing a bias. As such, this test provides a crude baseline
of seismicity during and between ETS events.
Second, we compare seismicity within a maximum

of 28 days before ETS, during ETS, and a maximum of
28 days after ETS using only earthquakes within the
along-strike vicinity of each ETS event, as illustrated in
Figure 4b for a one-year period. In this test case, the
along-strike vicinity of a given ETS event includes the
entire along-strike extent of the event (northernmost
to southernmost tremor epicentres) plus 25 km beyond
the extent in both directions along the transect. Any
pair of ETS events overlapping in space and time within
thesebounds (±28days and±25km) are consideredone
event; there are six such pairs, including one example
shown in Figure 4b. As such, this test case considers 31
distinct time periods for which seismicity before, dur-
ing, and after ETS are compared.
Yarce et al. (2023) show that elevated earthquake oc-

currence rates interpreted to be due to a slow slip event
in Hikurangi increase during the event and remain ele-
vated for 1–2weeks afterwards. As such, if seismicity re-
sponds similarly to ETS in northern Cascadia, we would
expect higher DEO during and after ETS compared to
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Figure 4 An example of spatial-temporal windows considered in relation to ETS. ETS tremor (black dots) and earthquakes
(circles) coloured according to their depth from the top of the subducting plate model between July 2014 and July 2015.
(a) Grey shaded windows encompass tremor and earthquakes considered to have occurred in ETS periods described in Sec-
tion 3.1. Earthquakes outside of shaded windows are considered to have occurred in inter-ETS periods. (b) Green, grey, and
purple shaded windows encompass tremor and/or earthquakes considered to have occurred before, during, and after ETS,
respectively, described in Section 3.2.

before. The choice to define the before and after ETS
periods as 28 days aligns with findings from Yarce et al.
(2023) but are also somewhat arbitrary, so we therefore
repeat this analysis (in supplementary materials) con-
sidering these periods to consist of 21, 14, and 7 days.

3 Results
3.1 Regional seismicity in ETS and inter-ETS

periods
Figure 5 shows a histogram of DEO in ETS and inter-ETS
periods. There are 1,486 earthquakes occurring over
833 days in ETS periods, for an average of 1.78 earth-
quakes per day. There are 11,244 earthquakes occurring
over 5,815 days in inter-ETS periods, for an average of
1.93 earthquakes per day. Because inter-ETS periods in-
clude more days and more earthquakes than ETS peri-
ods, DEO frequency in Figure 5 is represented as a per-
centage of the total days in each period. In both ETS and
inter-ETS periods, the frequency of days with progres-
sively higher DEO decreases roughly exponentially as

DEO increases. Visually, thedistributions ofDEOduring
and between ETS events shown in Figure 5 are similar,
with the largest differences occurring for days where
zero and two earthquakes occurred (Figure 5b), which
represent differences of approximately 3.5% (DEO of 0)
and −2% (DEO of 2) of days between ETS and inter-ETS
periods.

A Kolmogorov–Smirnov (KS) test is used to determine
whether the two datasets presented in Figure 5 are sta-
tistically distinct by testing whether the null hypothe-
sis is falsified. In this case, the null hypothesis is that
the two datasets are sampled from the same distribu-
tion and any differences are due to random variations.
To falsify the null hypothesis, the resulting p-valuemust
be sufficiently small—usually taken to be ≤ 0.05. Fal-
sifying the null hypothesis is evidence that differences
between two datasets are unlikely (i.e., ≤ 5% probabil-
ity) to be entirely due to random variations in sampling,
and hence the implication is that the differences are
likely due to distinct mechanisms/processes. A KS test
performed on the DEO datasets represented in Figure 5
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Figure5 Distribution and comparisonof daily earthquake
occurrence (DEO) in ETS periods (black circles) and inter-
ETS periods (grey open circles). (top) Histogram of DEO in
each group shown as a percentage of the total days in each
group. Only non-zero DEO values are shown. (bottom) Dif-
ference in percent frequency of DEO in the top panel.

fails to falsify the null hypothesis with a p-value of 0.32.
In other words, differences in seismicity rates near the
ETS zone in northern Cascadia (Figure 1) during and
between ETS events are not interpreted to be geophysi-
cally meaningful.

The GR frequency–magnitude relationships repre-
senting earthquakes in ETS and inter-ETS periods are
shown in Figure 6. Themagnitude of completeness and
b-value for inter-ETS periods are M1.1 and 0.812±0.010,
and for ETS periods are M1.2 and 0.860±0.031. The
cumulative magnitude distribution of inter-ETS earth-
quakes periods (grey circles in Figure 6) appears slightly
tapered below the GR line for M & 2.5, whereas that
representing ETS periods exhibits no such tapering. As
discussed in Section 2.2, earthquakes M & 2.5 near the
ETS zone over the entire study period are also slightly
tapered below the best-fit GR line (Figure 3); catego-
rizing these earthquakes as occurring in either ETS
or inter-ETS periods (Figure 6) indicates that the ta-
pering is dominantly driven by earthquakes occurring
in inter-ETS periods. Since inter-ETS earthquakes do
not strictly follow the GR law, their associated b-value
should be consideredwith caution. AKS test performed
on earthquake magnitudes in ETS and inter-ETS peri-
ods indicates weak evidence of a meaningful geophysi-
cal distinction betweenmagnitude distributions, with a
p-value of 0.061.

Figure 6 GR frequency–magnitude relationship (solid
lines) fit to the cumulative frequency–magnitude distribu-
tion of earthquakes in inter-ETS periods (grey open circles)
and ETS periods (black open circles).

3.2 Proximal seismicity before, during, and
after ETS

Figure 7 shows a histogram of DEO in the vicinity of ETS
occurring within 28 days before ETS, during ETS, and
28 days after ETS, as well as the differences of DEO fre-
quency. There are 868 days in the “before” and “after”
ETS periods, within which 1,035 and 955 earthquakes
occurred for an average of 1.19 and 1.14 earthquakes
per day, respectively. During ETS events there are 903
days and 1,071 earthquakes, for an average of 1.19 earth-
quakes per day.
A KS test is performed on all pairs of DEO datasets,

and the results are summarized in Table 2. The KS test
performed on DEO during and before ETS yields a p-
value of 0.99, indicating no evidence that the distribu-
tions are distinct. Tests on DEO during and after ETS,
and on DEO before and after ETS, yields p-values of 0.66
and 0.64, respectively, giving no evidence that the dis-
tributions are distinct. Taken together, these results in-
dicate no evidence of statistically-significant variation
in rates of proximal seismicity before, during, and after
ETS events.
The GR laws representing earthquakes before, dur-

ing, and after ETS are shown in Figure 8. The estimated
magnitudes of completeness are between M1.1 and
M1.2, and b-values are between 0.811 and 0.878, with
before ETS seismicity exhibiting the highest b-value and
after ETS seismicity exhibiting the lowest. With a stan-
dard error of 0.036 on all b-values, the lowest and high-
est b-values are within the range of error of each other.
In this case, as in Section 3.1 (Figure 6), tapering below
the GR line for earthquakes M & 2.5 occurs before ETS
but not during; it is inconclusive whether earthquakes
occurring after ETS exhibit a taper. A KS test performed
on earthquake magnitudes between each period indi-
cates that earthquakemagnitudes before ETS are statis-
tically distinct from those during and after ETS, with p-
values < 0.05 in both cases (Table 2). Correspondingly,
earthquake magnitudes during/after ETS give a p-value
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Periods DEO test p-value Magnitude test p-value
During/Before 0.99 0.02
During/After 0.66 0.68
Before/After 0.64 0.03

Table 2 Kolmogorov–Smirnov (KS) test p-value results for test cases involving DEO in the vicinity of ETS occurring within
28 days before ETS, during ETS, and 28 days after ETS. Low p-values indicate a greater probability that the two datasets are
statistically distinct.

Figure7 Distribution and comparisonof daily earthquake
occurrence (DEO) in three distinct time periods: before
(green circles), during (black circles), and after (purple cir-
cles) ETS events. (top) Histogram of DEO in each group over
all ETS events shown as a percentage of the total days in
each group. Only non-zero DEO values are shown. The re-
sults of Kolmogorov–Smirnov (KS) tests performed on each
pair of datasets are given in Table 2. (bottom) Difference in
percent frequency of DEO in the top panel.

of 0.68, indicating no distinction between the two sets.
These results indicate that rates of proximal seismicity
do not vary significantly in the weeks before, during, or
after ETS events, but that the magnitudes of proximal
seismicity do exhibit statistically-significant variations.

We repeat the analysis presented in this section con-
sidering time periods before and after ETS consisting of
21, 14, and 7 days instead of 28 days. This work is pre-
sented in supplementary materials Figures S1–S6 and
Tabs S1 and S2. These results show similar patterns to
those presented in the main text and support the inter-
pretations made here.

Figure 8 GR frequency–magnitude relationship (solid
lines) fit to the cumulative frequency–magnitude distribu-
tion of earthquakes in three distinct time periods: before
(green open circles), during (black open circles), and after
(purple open circles) ETS events. The results of KS tests per-
formed on each pair of datasets are given in Table 2.

4 Limitations and considerations for
future work

In Section 3, we used observations over 18 years
(2006–2024) to show that regional and proximal seismic-
ity rates exhibit no significant temporal trends in re-
lation to ETS, but that temporal differences in earth-
quake magnitude distributions are statistically signifi-
cant. Specifically, we found that: (1) the frequency–
magnitude distribution of regional seismicity in inter-
ETS periods falls below the GR law (i.e., is tapered) for
M& 2.5; in contrast, seismicity in ETS periods is not ta-
pered (Figure 6); and (2) the frequency–magnitude dis-
tribution of proximal seismicity before ETS is charac-
terized by a slight taper for M & 2.5, whereas proximal
seismicity during and after ETS does not (Figure 8). In
other words, earthquakes in/near the ETS zone have a
background state characterizedby fewer earthquakesM
& 2.5 than is predicted by theGR law. During ETS events
and for a short time afterwards, a greater proportion
of M & 2.5 earthquakes occur such that the observed
frequency–magnitude distribution better matches the
GR law.
Statistical evidence of variations in earthquake mag-

nitude distributions between ETS and inter-ETS periods
is weak (p-value of 0.06; Section 3.1) but is strong be-
fore and during/after ETS (p-values of 0.02 and 0.03, re-
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Figure 9 An example of an earthquake occurring within the proximity an ETS event in the southern Puget Sound area in
2019. (a) ETS tremor (dots) began 2019-04-16 and ended 2019-04-30. Tremor is coloured according to time starting seven
days before the event and ending seven days after. The earthquake (star) is coloured according to its origin time (2019-04-24
22:38:51 UTC) within that period, with the first-motion focal-mechanism solution provided by PNSN. The PNSN event ID is
61519702. (b) ETS tremor (black dots) over time along strike. Earthquakes (stars) occurring within ±5 km of the top of the
subducting plate are coloured according to their depthwithin that range. The grey shaded rectangle in (b) denotes the period
of time and along-strike extent of activity shown in (a).

spectively; Section 3.2). We hypothesize that the differ-
ence in earthquakemagnitudes before and during/after
ETS may be attributed to the degree of tapering in the
cumulative distribution for M & 2.5. It is worth noting
that only 3% of earthquakes in these periods have M ≥
2.5, which represents a difference of 8 earthquakes be-
tween the before and after periods, and 11 earthquakes
between the before and during periods over the 18 years
examined in this study.
The biggest challenge to studying the temporal vari-

ation of seismicity in northern Cascadia is that seis-
micity rates are low. Small absolute changes to low
seismicity rates or low occurrence of larger magnitude
events can represent large relative changes. For exam-
ple, a difference of two earthquakes per day represents
a 300% increase to the average seismicity rate proximal
to ETS (approximately one earthquake per day). In con-
trast, seismicity proximal to the slow slip area in north-
ern Hikurangi averages 14 earthquakes per day (Yarce
et al., 2023). Due to the small-numbers problem, it is
difficult to discern whether small variations are robust,
even if statistical significance is demonstrated. Previ-
ous work in Hikurangi (Yarce et al., 2023) and Casca-
dia (Morton et al., 2023) demonstrate that catalogues
of automatically-located earthquakes can increase de-
tection rates by 4–6 times. Enhanced earthquake cata-
logues produced with denser seismic networks and au-
tomateddetection canaddress the small-numbersprob-
lem to some degree, but the effectiveness of these ef-
forts would be limited by actual seismicity rates, which
are likely to remain low.
Another major challenge in studying the effects of

ETS on seismicity is the significant uncertainty regard-
ing ETS, including (but not limited to) location and
structure of the subduction fault in the ETS zone, the
mechanisms generating tremor, the processes driving

ETS recurrence, the structures hosting ETS activity,
and the role of fluids over long and short time scales.
These unknowns impose significant analytical limita-
tions and/or require critical assumptions. For example,
the association between tremor and slip is reliable over
broad spatial and temporal scales, but their relationship
over short time scales (hours to days) is not well under-
stood. Somework indicates that peak slip rates lag peak
tremor occurrence by 3–5 days (Hall et al., 2019). In ad-
dition, it is not known whether the amount of tremor
generated during ETS is related to the cumulative slip of
the event. Previous estimates indicate that the cumula-
tive seismic (i.e., tremor) moment of ETS is < 0.1% of
the cumulative aseismic (i.e., slip) moment (Kao et al.,
2010), and the ratio of cumulative tremor energy to av-
erage slow slip rates varies along strike and dip (Wech,
2021). If the effects of ETS on seismicity depend on
slip magnitudes, as seems to be the case in Hikurangi
(Todd et al., 2018), the poorly-understood relationship
between tremor occurrence and slip rates/magnitudes
limits the effectiveness of using tremor alone in such an
analysis.
While this study examines regular earthquakes and

ETSusing long-termobservations, futureworkmay also
examine this relationship through case studies. We
present here two possible cases that may be of interest
for future analysis. In the catalogues employed here,
there are 10 ETS events wherein one or more earth-
quakes occurred within ±5 km of the top of the sub-
ducting plate concurrent with tremor. Figure 9 shows
an instance where a M1.8 earthquake located by PNSN
occurred during an ETS event in the southern Puget
Sound area in 2019. Uncertainties on the depth of the
earthquake and the location of the megathrust fault
do not allow us to confidently conclude whether this
event originated on the megathrust. However, with a
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Figure 10 An example of M≥2.5 earthquake activity during a 2013 ETS event. (a) ETS tremor (dots) began 2013-09-04 and
ended2013-10-08. Tremor is colouredaccording to time starting 7daysbefore the event andending7days after. Earthquakes
(stars) are coloured according to their origin timeswithin that period. (inset a) A zoomed-in area of six earthquakes obscured
in the main plot due to overlapping markers. (b) ETS tremor (black dots) over time along strike. Earthquakes M≥2.5 (stars)
are coloured according to their depth from the top of the subducting plate. The grey shaded rectangle in (b) denotes the
period of time and along-strike extent of activity shown in (a). (inset b) A zoomed-in area of three earthquakes obscured in
the main plot due to overlapping markers.

depth of 46.4–2.4 km below the top of the subducting
plate model, it is likely that this event was generated in
the vicinity of ETS processes, if not on the megathrust
fault itself. Focalmechanisms for low-magnitude earth-
quakes often cannot be computed reliably, but PNSN
does provide a focal mechanism solution for this event
(Figure 9a), which suggests an oblique thrust mecha-
nism; more analysis is required to determine whether
this mechanism is reliable and consistent with subduc-
tion at this location.
We similarly find six ETS events wherein one ormore

earthquakes M ≥ 2.5 occurred (> 10 km depth) in the
vicinity of tremor. Figure 10 shows an instancewhere 13
earthquakes M ≥ 2.5 occurred during an ETS event (ac-
cording to the definition used in Section 3.2) throughout
Vancouver Island andWashington in September andOc-
tober of 2013. These earthquakes—amix of upper-crust
and in-slab events—represent more than one third of
all earthquakes M ≥ 2.5 that occurred during ETS be-
tween 2006 and 2024. This ETS event is also the only
event in our tremor episode cataloguewhere tremor ini-
tiated at two or more locations along the margin and
converged to terminate at one location. Future studies
of cases such as these may be opportunities to under-
stand where earthquakes during ETS occur and there-
fore which faults might be activated by ETS activity, and
what specific ETS processes may contribute to these ef-
fects.

5 Summary and Conclusions
In this paper, we present a spatial-temporal analysis
of seismicity before, during, and after ETS in northern
Cascadia. We define spatial-temporal clusters of tremor
episodes to represent ETS between 2006 and 2024, and
we merge six earthquake catalogues to represent re-

gional seismicity. We show that daily seismicity rates
(regional and proximal to ETS) exhibit no statistically-
significant temporal variation in association with ETS.
We also show that the frequency–magnitude distribu-
tion for earthquakes M & 2.5 in/near the ETS zone is
tapered below the best-fit GR law (Figure 3); a taper is
not observed for earthquakes during andwithin 28 days
after ETS (Figures 6 and 8). Statistical tests give strong
evidence that magnitudes of proximal earthquakes dur-
ing and after ETS are distinct from those before ETS.
There is weak statistical evidence that magnitudes of
margin-wide earthquakes during ETS are distinct from
those between ETS events. We interpret these results to
indicate that seismicity in/near the ETS zone in north-
ern Cascadia is characterized by fewer M & 2.5 earth-
quakes than predicted by the GR law (i.e., the distribu-
tion is tapered), except during ETS events whenM& 2.5
earthquakes aremore numerous such that the observed
frequency–magnitudedistribution is in goodagreement
with the GR law.
Several factors make it challenging to study potential

links between seismicity and ETS in northern Cascadia,
including low seismicity rates and broad unknowns re-
garding ETS. In light of these challenges, analytical ap-
proaches that focus on individual cases may be fruit-
ful. We highlight two instances that are good candi-
dates for future investigation, including: (1) an earth-
quake in Puget Sound with a depth and focal mecha-
nism potentially indicating slip on the megathrust dur-
ing ETS (Figure 9); and (2) 13 M ≥ 2.5 earthquakes that
occurred during a single ETS event (Figure 10). This
represents 17 times more M ≥ 2.5 earthquakes than the
mean (0.77 M ≥ 2.5 earthquakes per ETS event) over all
other ETS events. The work presented here provides a
startingpoint for future examinationof any relationship
between ETS and seismicity in Cascadia.
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