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G E O P H Y S I C S

Global subduction slow slip events and 
associated earthquakes
Kélian Dascher-Cousineau1,2* and Roland Bürgmann1

Three decades of geodetic monitoring have established slow slip events (SSEs) as a common mode of fault slip, 
sometimes linked with earthquake swarms and in a few cases escalating to major seismic events. However, the 
connection between SSEs and earthquake hazard has been difficult to quantify and contextualize beyond re-
gional studies. We aggregate a geodetic record of SSEs from subduction zones in the circum-Pacific region. In ag-
gregate, earthquake rates increase up to threefold concurrent with and proximal to SSEs. The relative amplitude 
of this increase is correlated with the SSE size and, to a lesser extent, their depth and region. The subdued and 
coincident earthquake response to SSE stress transfer suggests a more limited role of static stress transfer and a 
very short relaxation timescale for the triggered seismicity. The observed range of behavior does not support a 
major connection between SSEs and earthquake hazard.

INTRODUCTION
High-resolution geodesy reveals that both earthquakes and slow slip 
can accommodate fault motion (1–4). A patchwork of slow- and fast-
slipping regions transfers stored elastic energy in the lithosphere (5), 
and slip can be steady or episodic. The latter, slow slip events (SSEs), 
span days to years—often with an equivalent magnitude comparable 
to damaging earthquakes but without the associated shaking (4, 6, 7). 
The transience and large magnitude range of SSEs provides a unique 
opportunity to diagnose slow slip, stress transfer, and its relationship 
to earthquake nucleation (Fig. 1A).

Systematic study of SSEs has led to regional datasets and, along-
side, hypotheses about how SSEs interact with earthquakes. These hy-
potheses range from SSEs altogether inhibiting earthquake occurrence 
(8) to SSEs representing the onset of the earthquake nucleation pro-
cess (9–17). Earthquake rates leading up to, during, and following 
SSEs hold clues about the interplay of earthquakes and slow slip as 
outlined in Fig. 1B. With small SSE inventories, however, representa-
tive measures remain elusive. Some SSEs are associated with increased 
earthquake rates (18–20), and others are not (21). Whether this vari-
ability arises from the analytical approach, regional context, or local 
heterogeneity, and whether there are emergent signatures shared 
among the accompanying earthquake rates is still unclear.

We assemble a global catalog of geodetically detected SSEs for 10 
well-monitored regions (6, 10, 11, 13, 22–48). After preprocessing and 
merging, the catalog comprises 923 unique SSE detections (Fig. 2). 
These SSEs are considered alongside global earthquake catalogs 
(49–51). We use this combined dataset to quantify the temporal and 
spatial relationship between slow slip and earthquake rates. We seek 
representative answers to the following questions: What are the tem-
poral and spatial characteristics of earthquakes occurring alongside 
SSEs? How often are SSEs directly associated with large earthquakes 
or a transient increase in earthquake rates? How different is this inter-
play from one region to another? Documenting these facets provides 
a foundation to determine short-term earthquake hazard and the act-
ing mechanisms for earthquake nucleation.

RESULTS
Temporal change in seismicity rate
We first document relative seismicity rates before, during, and after 
SSEs by stacking nearby earthquakes. Aggregating the observations 
increases the statistical power of the analysis and enhances generaliz-
able patterns. See Materials and Methods for full documentation of 
the data preprocessing for the catalog.

For each SSE, we select all earthquakes with M ≥ 4.0 within 50-km 
horizontal distance from the centroids of SSEs with a geodetic moment 
magnitude (Mw) ≥ 5.5, ±20 km of the slab interface, and ±7.5 source 
durations from the slow slip centroid time (table S3). For simplicity 
and legibility, we use fixed spatial windows. Scaling the search radius to 
the size of the SSEs has a negligible effect on the ensuing analysis 
(fig. S6), which focuses on the temporal evolution of the earthquake 
rate and is dominated by the small to moderate SSEs. Thus, each SSE 
has a corresponding space-time window that contains a set of earth-
quakes. A stack combines these windows. The timing of earthquakes 
in the stacks is relative to the corresponding centroid time of SSEs and 
normalized by the duration of the SSEs.

We present two stacks documenting the relative timing of earth-
quakes: a raw stack and a density stack. The former simply reports a 
stacked histogram of the relative timing of earthquakes (Fig. 3A). It 
exhibits higher earthquake rates in four distinct maxima, one preced-
ing the occurrence of slow slip, one coincident, and two subsequent 
maxima. Four individual windows disproportionately contribute to 
the peaks not centered on the SSE centroid. Strong earthquake clus-
tering largely accounts for this effect and is a common challenge for 
quantifying the effect of slow slip. Nonetheless, this raw stack not only 
hints at elevated rates of earthquakes during slow slip but also high-
lights just how variable the interplay can be.

The density stack quantifies temporal earthquake densities, rela-
tive to a constant rate, in each window of observation. The stack is 
conditional on there being any earthquake in the selected window of 
observation. Adding the temporal densities, which integrate to one 
for each window, largely removes the outsized effect of earthquake 
clusters. Thus, we forgo declustering of the earthquake catalog, avoid-
ing the assumptions and limitations thereof. The density stack also 
introduces Gaussian kernels to account for uncertainty in timing of 
the SSEs relative to the earthquakes. This relative timing uncertainty 
is large, in some cases exceeding the duration of the event itself (35). 
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For more detail and the complete justification of the approach refer to 
Materials and Methods, particularly Eq. 1.

The density stack indicates that earthquakes occur disproportion-
ately during SSEs. To assess the statistical significance of the increased 
rate, we produce 10,000 new stacks, substituting the SSE centroid 
times with random times in the 1994 to 2021 interval in each itera-
tion. These random stacks establish a background level and its vari-
ability. During the SSEs, the density stack is, on average, a factor of 
1.24 ± 0.22 higher than the background level. The increase in seismic-
ity is not predicated on any individual region (fig. S1A); all regions 
tend to have more earthquakes during SSEs than otherwise (fig. S1B). 
The exact amplitude depends on the windowing parameters and 
event magnitudes and so should not be taken as absolute but rather 
as an overall measure of increased seismicity in the vicinity of SSEs. 
There is a tradeoff between reduced statistical power and increased 
effect size when selecting larger SSEs or larger earthquake magni-
tudes. Higher cutoffs for the earthquake magnitude also result in 
more intense earthquake triggering (Fig. 3E), potentially reflecting a 
tendency for larger earthquakes during slow slip (fig. S2). Triggering 
is generally stronger near the centroid and asymptotically approaches 
the background with increasing distance (Fig. 3D). Lastly, consider-
ing larger SSEs tend to yield stronger signals (up to ~3-fold in Fig. 3F), 
scaling approximately as [r/rback − 1] ~ Mmin–SSE

0.4, where r/rback is the 
earthquake rate relative to a steady background rate in the corre-
sponding window (Fig. 3F and fig. S7).

Our first key finding is a statistically significant increase in seismic-
ity concurrent with slow slip. The amplitude of this increase is small 
compared to seismicity (aftershocks) associated with earthquakes; as 
a point of reference, an increase on the order of 100 to 1000 is more 

typical for comparably sized earthquakes, even when only considering 
mainshocks nearly colocated with the SSEs featured in this study 
(fig. S9).

Spatial variation in seismicity
We next document how slow slip influences the seismicity’s spatial 
structure. We stack earthquakes using the same density approach, now 
in two spatial dimensions (see Materials and Methods). Figure 4 shows 
the spatial distribution of earthquake epicenters before, during, and af-
ter slow slip (see also fig. S3 for the raw stack). We interpret the distribu-
tion of earthquakes before the onset of slow slip as reflecting structural 
characteristics of the collection of subduction zones (see also figs. S3 to 
S5). There is a slightly lower density of earthquakes in the zone with 
impending slow slip (Fig. 4A). During SSEs, this same zone features the 
highest level of contiguous earthquake density (Fig. 4B). The ratio in 
densities before and during SSEs, as shown in Fig. 4B, highlights this 
dichotomy. The stack features a relative increase in event density that 
reaches its maximum within the approximate footprint of the SSEs 
(Fig. 4C). Separating SSEs that are located up dip or down dip of the 
seismogenic zone highlights increased seismicity colocated with the 
SSE and, notably, in the seismogenic zone (figs. S4 and S5). Stacking, as 
in Fig. 4, averages out and potentially masks structural features shared 
only by a subset of the data. To summarize, our second key finding is a 
less than twofold increase in seismicity—still a maximum in the global 
spatial stack—within the footprint of the slipping area.

(Un)productive SSEs and regional variations
Of the 923 SSEs considered, ~400 had no M ≥ 4 earthquakes in the 
space-time windows considered (fig. S8). The proportion strongly 
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Fig. 1. Interplay between SSEs and earthquake nucleation. (A) Idealized cross section of subduction zone hosting an SSE. Slip transfers stress in surrounding volume, approxi-
mated here with a radius R and Dsub kilometer above and below the subduction zone interface. Stars are examples of potential nucleation sites in the upper plate, lower plate, and 
interface. Slow slip transiently increases the stressing rate (inset) over its duration TSSE; how earthquake rates respond over the interval T is an open question. (B) Conceptual earth-
quake rate fingerprints for inferred earthquake-slow slip interplay. (i) The preslip model suggests that slow slip drives foreshock activity and culminates in the occurrence of a large 
earthquake (15, 16, 54, 83). (ii) An earthquake triggering model, not to be confused with afterslip, which we do not explore here, suggests that the onset of slow slip is frequently the 
result of seismic waves passing by (73). (iii) A direct triggering model is often used or assumed in statistical treatments of earthquake swarms, wherein the earthquake rate increases 
with the moment rate (19, 20, 57, 58, 67, 84, 85). (iv) A rate and state nucleation model predicts a lag between the SSE occurrence and seismicity (75, 76, 86). The timescale dictating 
the lag is determined by the stress state and material properties; if it is larger than the duration of slow slip, as is typically assumed, then earthquake rates should be highest toward 
the end of the SSE. (v) The passage of fluids associated with slow slip would enable seemingly distinct timing for slow slip and earthquakes without a clear prediction for the relative 
timing (19, 86–89). (vi) No interaction, as implied if the phenomena occur in frictional regimes that are sufficiently far from each other to be isolated (21).
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depends on the selected parameters for the minimum earthquake and 
slow slip magnitude in the analysis. These events are disproportion-
ately in Nankai and Cascadia, which feature many tremor-producing, 
deep-seated, and small-magnitude SSEs. The collection of particularly 
unproductive SSEs suggests that there are SSEs notable for their high 
earthquake productivity. We label an SSE as productive if colocated 
preceding windows rarely (<5%) exhibit as many earthquakes as 
occurred during the SSE (see Materials and Methods). This subset cor-
responds to the top 6% most productive SSEs in the dataset and dis-
proportionately occurs in a subset of regions (Fig.  5A). The most 
productive regions are Costa Rica, Mexico, the Japan trench, and the 
Boso Peninsula; the least productive regions are Cascadia, Nankai, and 
Alaska. This ordering is subject to uncertainty. The bootstrap sampling 
of the collection of SSEs in this study illustrates this well. The subsam-
ples of the data yield a large spread in the relative representation of 
more productive SSEs (Fig. 5A). Nonetheless, the relative scarcity of 
productive SSEs in Nankai and Cascadia is robust to the resampling.

More productive SSEs appear to be shallower and larger than 
the global set [P = 0.05 and 0.003, respectively, using a two-tailed 
Kolmogorov–Smirnov (KS) test; see also Fig. 5, B and C]. We estimate 
SSE moment rates as the equivalent moment divided by the duration. 
Even with this relatively large dataset, it is difficult to robustly assess 
the influence of the moment rate on the relative productivity of these 
SSEs (Fig. 5D).

It is generally difficult to disentangle causal relationships. Cascadia 
and Nankai tend to feature comparatively smaller, deeper, and 

tremor-producing SSEs. These factors perhaps confound regional dif-
ferences or vice versa. Nonetheless, it appears meaningful to highlight 
that (un)productive events are samples from distinct subpopulations 
of SSEs. Anecdotally, within the Nankai dataset, shallower events tend 
to feature more earthquakes during SSEs (fig. S8). Our third key find-
ing is that different tectonic settings feature persistent differences in 
how slow slip and earthquake relate.

DISCUSSION
The compilation of SSEs reveals an increase in earthquake abun-
dance that is detectable and measurable in global stacks. The relative 
abundance of earthquakes is 1.24 ± 0.22 higher during SSEs (Fig. 3). 
If there is a lag in the onset of earthquakes, then it is shorter than the 
duration of the SSEs and the uncertainty in their timing. The ampli-
tude of the rate increase scales with the slow slip moment (Fig. 3 and 
fig. S7). The rate almost monotonically increases for smaller spatial 
windows (Fig. 3D). Spatial stacks indicate that the increase in seis-
micity corresponds well with the estimated timing and location of 
the SSEs (Fig. 4). These measurements about the average amplitude, 
timing, and location as well as the substantial variability therein are 
key observables enabled by the global dataset with both hazard and 
mechanical implications.

Before discussing implications further, we underscore that stack-
ing can obscure some aspects of the interplay between SSEs and 
earthquakes. Many (~40%) of the time intervals we consider have no 
earthquakes to establish rate changes. Relatedly, the analysis considers 
changes in rate as normalized with the corresponding background 
rate; thus, some of the productive SSEs in otherwise quiet environ-
ments have a small influence on the absolute count of earthquakes. 
Conversely, an SSE that propagates toward regions prone to very large 
earthquakes might cause alarm (52). Some recurring SSEs repeatedly 
accompany vigorous earthquake sequences, as has been documented 
for select events in the Boso Peninsula [e.g., (18)]. Similarly, the sig-
nificant regional differences (Fig. 5) suggest that the interplay can be 
persistent in time for a given location.

Slow slip and earthquake hazard
A combination of laboratory, modeling, and observational evidence 
suggests that slow slip might enable the nucleation of large earth-
quakes in particular (9, 11, 13–16, 53–55). Yet, our dataset under-
scores that SSEs without associated enhanced earthquake activity are 
very common, and, in this sense, SSEs that trigger large earthquakes 
are rare. We may still test whether there is a bias for large earthquakes 
to closely follow SSEs, perhaps indicating a causal relationship. Six of 
the 923 SSEs had an M6.0+ earthquake within 50 km during slip or in 
the subsequent two source durations. Three of the 923 SSEs had an 
M6.0+ earthquake within three source durations before the SSEs. The 
relative proportion of large earthquakes following SSEs is insufficient 
to reject the equal—or unbiased—timing of large earthquakes before 
or after SSEs. A 95% confidence interval brackets the probability that 
large earthquakes follow SSEs between 0.3 and 0.9 (using the Klopper-
Pearson exact method, and 0.5 is the null hypothesis). Including 
stress-driven afterslip transients [e.g., (56)] would alter these statistics. 
We conclude that SSEs most commonly occur independently of the 
nucleation process of large earthquakes.

A more modest contention is that SSEs modulate the earth-
quake rate and, by extension, drive earthquake swarms (1, 18, 19, 57, 
58). The elevated occurrence of earthquakes arising during SSEs is 

B

A

Fig. 2. A global dataset of SSEs. (A) Location of considered subduction zones. 
(B) Geodetic equivalent event moment magnitudes range from Mw 5 to 7.5 with clus-
ters of events at 12, 28, and 45 km in depth (using Kd clustering with three clusters). 
Each region, however, seems to have a roughly bimodal depth distribution of SSEs. N 
refers to the number of unique SSE detections (see Materials and Methods).
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unambiguous in the aggregate analysis. However, their overall influ-
ence on short-term earthquake probabilities appears to be compa-
rable to prevailing uncertainties and biases in existing forecasting 
models (59). The salient SSE characteristics such as magnitude, depth, 
and stressing rate are weakly predictive of whether they are abnor-
mally productive (Fig. 5). Nevertheless, their inclusion in forecasting 
models may contribute to a more comprehensive understanding of 
seismic activity (60).

Slow slip and the mechanics of earthquake triggering
SSEs allow us to probe the nearby faults’ response to a stress ramp 
(Fig. 1A). In the remaining discussion, we touch on additional impli-
cations of (i) the amplitude and (ii) the relative timing of the increased 
earthquake rate related to the occurrence of global SSEs.

Triggering from slow slip versus triggering 
from earthquakes
The relatively small amplitude of earthquake triggering related to 
SSEs (Fig. 3 and fig. S9) implies that the moment of an earthquake, 

whether slow or fast, is an insufficient determinant of its earthquake-
triggering potential. The following characteristics set SSEs apart from 
earthquakes: low stress drop, conditions prone to stable (slow) sliding, 
and no radiated seismic waves.

SSEs have relatively low slip distributed over a large area, reflecting a 
stress drop that is in the range of a few kilopascals [e.g., (31)], in stark 
contrast to the 1 to 10 MPa range that is typical for earthquakes [e.g., 
(61)]. However, the influence of stress drop on earthquake triggering is 
not straightforward. Stress change near the fault is proportional to stress 
drop on the fault; however, high stress drop also results in a more com-
pact rupture for a given magnitude. Empirically, the effects seem to can-
cel out for earthquakes—the number of aftershocks is weakly related to 
stress drop, wherein a high stress drop on a mainshock rupture tends to 
decrease aftershock productivity (62, 63). For stress drop to be the de-
terminant of an SSE triggering potential, one would need to ascertain 
why a more distributed low-amplitude stress change is less effective at 
triggering earthquakes than a more localized high stress change.

One such explanation is that SSEs occur where local conditions 
are unfavorable to earthquake nucleation. The paucity of earthquakes 

A

B C

D E F

Fig. 3. Seismicity stack. (A) Raw seismicity stack. Histogram of earthquake times relative to the centroid time of the corresponding SSEs. Each level represents the con-
tribution from a single SSE’s earthquakes. The 10 largest contributors to the raw stack are highlighted in individual shades of orange. (B) Stacking densities subdues the 
effect of earthquake clustering (Eq. 1 in Materials and Methods). The black line represents the relative density stack of earthquake occurrence above a cutoff of M4 within 
50 km of the SSE centroids, and ±20 km of the Slab 2.0 geometry (Fig. 1A). (C) Comparison of the integrated signal during SSEs for the observed (black) and random (gray) 
samples. The time-averaged earthquake rate increases to 124 ± 22% of the background. The 95% confidence interval, also shown in (B), is derived from the range in the 
random samples in (C). (D and E) Sensitivity of the average rate increases to the maximum epicentral and slab distance (R and Dsub, respectively), and the minimum earth-
quake and SSE magnitude (Mmin−EQ and Mmin−SSE, respectively). The cross indicates featured parameters (see also table S3). (F) Increase in relative earthquake rate as a 
function of minimum SSE size (Mmin−SSE). The lighter symbols indicate a higher magnitude cutoff for earthquakes (Mmin−EQ).
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triggered by SSEs and, more generally, the complementarity between 
the distribution of SSEs and earthquakes (64) appear to reflect this fac-
tor. This reasoning is consistent with fewer background events within 
the zone of impending slow slip as hinted in the global background 
seismicity stack (Fig. 4A) and the overall dearth of seismicity in the 
selected windows (fig. S8). Furthermore, our analysis has neglected 
explicit consideration of tectonic tremor and associated low-frequency 
seismic signals, which are frequently observed in tandem with SSEs, 
appear to illuminate the slow slip process itself, and are generally inter-
preted to reflect a fluid-rich and high fluid-pressure environment (65). 
Although tremor accounts for a much smaller moment than even 
modest earthquake triggering (66–68), the phenomenon is further 
evidence that conditions near SSEs might be inhibiting earthquake 
nucleation. It is difficult to distinguish tremorgenic SSEs from non-
tremorgenic SSEs, with an increasing diversity of observations (69); 
nevertheless, regions canonically associated with tremor, e.g., Nankai 
and Cascadia, are markedly less prone to feature earthquakes in the 
dataset. Considering Nankai in isolation, we can see that shallow SSEs 
are more productive than deep SSEs (fig. S10).

However, an explanation relying solely on the characteristics of 
the setting also appears incomplete. For illustration, selecting M6+ 
earthquakes no further than 20 km from the SSE centroids, indicat-
ing plausibly overlapping rupture areas, yields a ~300-fold increase 
above the background rate, following the same stacking procedure 
(fig. S9). Distributing the rate increase over the median duration of 
SSEs still yields a ~25-fold increase above the background rate.

Another factor is that earthquake nucleation is sensitive to the 
characteristics of the transient stressing rate and that the higher dy-
namic stressing rates associated with earthquakes more effectively 
drive earthquake nucleation (70). Figure 5D suggests that, at least 
among SSEs, slip rate variations do not result in different earthquake 
triggering. Weak earthquake triggering around SSEs on the San Andreas 
Fault, in California, compared to aftershocks of nearby seismic events 
of similar magnitude has been interpreted as evidence of a major 
component of dynamic earthquake triggering in typical aftershock 
sequences (71). It is plausible that the lack of ground shaking associ-
ated with SSEs contributes to the modest amplitude of observed 
triggering.

A puzzling implication is that the seismic moment of the trigger-
ing event, be it an earthquake or a SSE, is a very incomplete determi-
nant of its triggering potential. If differences between earthquakes and 
SSEs, as shown in fig. S9, stem from the local susceptibility to earth-
quake nucleation, those differences must be sufficiently heteroge-
neous that approximately colocated earthquakes can still generate 
abundant aftershocks on the megathrust or local faults, while SSEs are 
not. If the differences stem from differences in radiated energy, then 
this would imply that dynamic triggering is a much stronger contrib-
utor in the near field than previously recognized (72).

The timing of triggering from slow slip
The evolution of earthquake rates with respect to the occurrence of an 
SSE is diagnostic of the underlying trigger mechanism(s) (e.g., Fig. 1). 
Although observational limitations and stacking obscure details of un-
derlying processes, the resolution of the average time shift between the 
SSEs and the maximum earthquake rate is increased by stacking. Ob-
servations indicate almost no lag (Fig. 3 and figs. S1 and S11), putting 
in question the mechanisms where SSEs primarily precede or follow 
earthquakes. Clear preslip episodes (15, 17) or earthquake triggering 

BA

C

Fig. 4. The influence of slow slip on the spatial distribution of earthquakes. 
(A) Smoothed spatial stacked distribution of earthquakes before (top), during (mid-
dle), and after (bottom) all documented SSEs. The timespan before (Tback) and after 
(Tpost) the SSEs is 6.5 source durations with a 0.5 source duration buffer with respect 
to the SSE. The periods before and after slow slip display fewer events within the 
unit source dimension of the SSEs. (B) Taking the ratio of the spatial density of earth-
quakes during the event to the prior window highlights the increase in activity 
roughly within the limits of the slipping zone (black circle). (C) Average earthquake 
density ratio as measured in the SSE source region is indicated in black. For refer-
ence, histograms summarize 10,000 samples with the same footprint size but a ran-
dom location within ±1.5 source dimensions. The gray histogram and dashed lines 
comprise the samples that do not overlap with the source dimensions and the cor-
responding 95% percentile interval; the red histogram comprises samples with ori-
gins within the SSE footprint.

DC

A B

Fig. 5. Examination of the subset of unusually productive SSEs. SSEs are identified 
as unusually productive if the frequency of comparatively productive random win-
dows in the corresponding background period is less than 5% (see Materials and 
Methods). (A) Relative abundance of productive SSEs. If all regions had an equal pro-
portion of productive SSEs, then they would fall along the dashed line. Error bars indi-
cate the 95% confidence interval on the mean, given 10,000 bootstrap samples from 
the global set of SSEs. (B to D) Comparison of source properties (depth, moment mag-
nitude equivalent, and average SSE moment rate) for productive events against the 
distribution of the global dataset (the P value is calculated using the KS test).
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of SSEs (73, 74) is a rare occurrence or difficult to resolve (Fig. 1B, i and 
ii, respectively). According to rate and state frictional models (75, 76), 
the onset of seismicity is predicted to trail the onset of slow slip (Fig. 1B, 
iv). Although some of the larger SSEs, those greater than approximate-
ly M6.5+, do exhibit a lag (fig. S9), this prediction is inconsistent with 
the bulk of the observations, unless the relaxation timescale, governed 
by the earthquake nucleation time and normal stress (75), is short rela-
tive to the duration of an SSE. Typically, the relaxation timescale is es-
timated to be on the order of tens of days to a year based on the 
duration of aftershock sequences (76, 77). Triggering predominantly 
concurrent with slow slip is consistent with stress loading and yielding 
during and in the immediate vicinity of SSEs (Fig 1B, iii). An unam-
biguous diagnostic for the role of fluids is difficult to derive from our 
observations (Fig 1B, v). Migrating fluids or an equivalent delayed 
mechanism may be required to explain the range of temporal relation-
ships in the dataset illustrated in the raw temporal stack (Fig. 3A). In 
summary, the processes enabling the interplay between slow slip and 
earthquakes have to explain the subdued, concurrent, and highly vari-
able earthquake intensity.

In summary, this study provides a global overview of the interplay 
between SSEs and earthquakes. We assemble the largest dataset of SSEs 
to date, with nearly 1000 unique geodetically determined events. Hav-
ing sufficient statistical power to resolve the influence of slow slip is 
critical for characterizing the associated earthquake hazard and under-
standing the underlying mechanisms of slow slip. Global coverage 
contextualizes the prevalence of unusually seismically productive SSEs 
indicating that, even when normalizing for the respective low base rates 
of earthquakes, Nankai and Cascadia are notably less productive than 
the remaining regions. In the rare cases (9 of 923) where SSEs are asso-
ciated with larger M > 6 earthquakes, the bias for large earthquakes to 
coincide with or follow, rather than precede, the onset of slow slip is 
statistically insignificant. A moderate increase in nearby earthquake 
rates concurrent with slow slip is much more typical. Our observations 
provide empirical support for earthquake forecasting models that in-
corporate slow slip, with a base rate that aligns with the geodetic slip 
rate [e.g., (19)]. SSEs not only can document transitional frictional en-
vironments that load the megathrust but can also host large earthquakes 
and vigorous aftershock sequences. The intensity and timing of seismic-
ity associated with SSEs suggest that static stress change alone does 
not determine earthquake triggering. This comprehensive analysis es-
tablishes that while SSEs influence seismicity, their role in directly pre-
cipitating moderate or large earthquakes is limited.

MATERIALS AND METHODS
All the scripts and raw data used to recreate the figures in this study 
are available at https://zenodo.org/records/11095805.

Data
Slow slip events
Catalogs and selection criteria. Our dataset aggregates individual anal-
yses from various regions. See table S1 for a summary. The dataset 
includes 1204 unique SSE detections from 31 catalogs all using geo-
detic detection. Enforcing contiguous coverage yields the following 
focus regions: Mexico, Costa Rica, central Andes, New Zealand, and 
Japan. Because most of the SSEs in the dataset are in Japan, we opt 
to further subdivide Japan into the following subregions: Ryukyu, 
Nankai, Boso, and the Japan trench. All regions feature at least a decade 
of continuous coverage fig. S1.

The dataset does not include proxy detections derived from trem-
ors, swarms, or repeaters. We also do not consider earthquake after-
slip; we refer readers to (56) for a comprehensive compilation and 
analysis thereof. The selection criteria attempt to limit ambiguity in 
the definition of events and circularity between the abundance of 
earthquakes and detectability of slow slip.

Imputing missing data. All source properties are not always available 
in the original reference. In some cases, centroid location and depth, 
duration, or source dimensions are missing. In these cases, we impute 
these missing values. When possible, we obtain centroids by digitizing 
the location of maximum slip; this was done in the case of SSEs in 
Cascadia and Costa Rica. In the absence of a centroid time, we record 
the time of maximum slip. As a last resort, if maximum slip is not 
available, then we use the midpoint time between the start and the end 
date of the SSE. If depths are not specified, then the centroid depth is 
obtained by interpolating the Slab 2.0 geometry (78) given the centroid 
latitude and longitude of the SSE. Because we expect very significantly 
different source dimensions arising from the different processing 
methods, we derive source dimensions using a shared representative 
stress drop value (see table S3). In this way, we avoid biasing results 
because of differences in the determination of source dimensions and 
use standard earthquake scaling relationships to determine the ap-
proximate dimensions. If duration is missing, then we use a scaling 
relationship derived directly from the data. These approaches to impute 
the data are coarse; however, as we will see in the following section, the 
determination of slow slip source properties (and earthquake loca-
tions) is subject to substantial uncertainties. The statistical analysis 
of earthquake rates presented in the main text is designed to be 
relatively insensitive to measurement uncertainty.

Combining catalogs. For the datasets in Japan, numerous studies pro-
vide complementary spatial, temporal, and methodological contribu-
tions to the set of regional detection. In the absence of an authoritative 
dataset for the entire region, it is necessary to combine catalogs and 
remove duplicate events. We find substantial differences in detections, 
timing, location, and segmentation. To combine the catalogs, we use a 
simple windowing approach, wherein all events that are within Rduplicate 
and Tduplicate from each other are flagged as candidate duplicates 
(table S2). If the events are from the same reference, then we infer that 
these are indeed separate events and preserve all detections. When de-
tections issued from different references are flagged as duplicates, we 
preserve the detection from the more recent publications.
Earthquakes
We consider the SSE detections alongside earthquake catalog data 
queried using Obspy with the Incorporated Research Institutions for 
Seismology (IRIS) client (79), which in turn queries the International 
Seismological Center (ISC) Belletin and the National Earthquake In-
formation Center (NEIC) for event data (49–51, 80). The global cata-
log is generally considered complete down to earthquakes around 
4.3 ≤ Mc ≤ 5.0, although we expect the subduction zones featured in 
the analysis to be among the better-instrumented regions and there-
fore more complete (81). We corroborate the following analysis with 
an exploration of the sensitivity to the magnitude cutoff (Fig. 3). We 
choose to use the global earthquake catalog, rather than local cata-
logs, to maintain a uniform and consistent analysis across the differ-
ent subduction zone settings.

Temporal stacking using Gaussian kernel density estimate
We select all earthquakes above a threshold magnitude Mmin within a 
slab-perpendicular distance Dsub of the global subduction zone model 

https://zenodo.org/records/11095805
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geometry (78). We assume, as is commonly the case, that the SSEs 
occur on the plate interface. The earthquakes may be on the slab inter-
face or in the upper or lower plate. For each SSE, we identify a set of 
earthquakes within a window ±T/2 source durations and R kilometer 
of the SSE centroid, requiring that there be at least one earthquake in 
the selected window. We combine each set of earthquakes on a shared 
timeline measured relative to the centroid time of their corresponding 
SSEs. We apply a kernel density estimate using a Gaussian kernel with 
a bandwidth h for a smoothed baseline. To weigh the contribution of 
each SSE equally, weights are set to the inverse number of earthquakes 
in each set. This is equivalent to stacking the earthquake temporal 
densities in each window of observation. T is measured in the number 
of SSE durations, and therefore, the absolute duration of the observa-
tional window varies for each SSE.

The final stacked time series is defined as the double sum over all 
sets of earthquakes associated with all SSEs

where {t′ij; i = 1,2, …, Nj} are relative earthquake times and {Nj; j = 
1,2, …, M} are the number of earthquakes associated with the cor-
responding M SSEs. Here, t�

ij
=
(
tij

EQ − tj
SSE

)
∕Tj

SSE , where tijEQ is 
the earthquake times, tjSSE is SSE centroid times, and Tj

SSE is the cor-
responding event durations for the j-th SSE. Hence, the time series 
f(t′) is considered with respect to the normalized time since the cen-
troid time of the SSE.

The stacking approach has the following benefits: (i) We stack rela-
tive changes in seismicity rather than an absolute change and there-
fore can compare regions with different base rates of seismicity; (ii) we 
largely circumvent the need to decluster the earthquake catalogs since 
the influence of a cluster remains confined to a single window; (iii) we 
avoid making strong assumptions about the data and the generative 
model of seismicity; (iv) provided that the magnitude of completeness 
does not change during the period of observation, we do not expect 
results to be strongly sensitive to the choice of Mmin; (v) it does not 
rely on there being a large number of earthquakes in each window; 
and (vi) the approach is simple and easy to reproduce. One limitation 
of the approach, which is not necessarily unique to it, is that windows 
of observation with no earthquakes do not contribute to the stack. 
These eventless windows are a fundamentally ambiguous measure-
ment of a relative rate change.

Measuring the amplitude of a rate increase
We can measure the amplitude of the rate increase by comparing the 
observed distribution of event times against a uniformly distributed 
set of events. If we measure the amplitude over a fixed interval, for 
instance, the duration of an SSE, then we compute

Spatial stacking using Gaussian kernel density estimate
Spatial stacking is similar to the temporal stacking approach. The 
analysis considers all earthquakes within a slab-perpendicular dis-
tance Dsub of the subduction zone model geometry, and, as a first pass, 
within 2000 km of the SSE. We then center and reorient the reference 
frame on the SSE centroids in alignment with the dip direction of the 
subducting slab geometry. Last, distances are normalized by the di-
mensions of the SSEs. We use standard scaling relationships for a cir-
cular crack assuming a nominal stress drop of ΔσSSE. The inferred 
source dimensions should not be considered as a precise determina-
tion of the spatial extent of the SSEs, but rather as a uniform and self-
consistent approach to scaling the dimensions of the analysis. We 
apply the same weighting and smoothing procedure, now in two di-
mensions to define maps of seismicity. It is worth noting that we do 
not report on earthquake rates, but rather on earthquake spatial den-
sity, that is, the data are normalized such that they integrate to unity. 
This treatment captures changes in the structure of the seismicity, but 
not the abundance in an absolute sense. The background period spans 
Tback and is centered on tiSSE − TSSE ∕2 − Tbuffer − Tback ∕2 . The slip-
ping period spans TSSE and is centered on each tiSSE.

Identification of productive SSEs
We test whether the observations reject the null hypothesis that the 
number of earthquakes measured in the slow slip window might be a 
random sample from the background period (not containing an SSE), 
which we estimate empirically (82)

where we select n random samples with a duration comparable to 
the average SSE from the background period. Here, PNull is the prob-
ability of the null hypothesis, Nco is the number of earthquakes in 
the window of time corresponding to the average SSE duration (co-
shocks), and Nback is the number of earthquakes during a compara-
ble window of time randomly sampled from the background period. 
This empirical test obviates the need to decluster the catalog and does 
not hinge on the assumption that the generative process has some 
functional form. We expect stable results if the background window 
is long enough.
This null hypothesis assumes that there are no longer-term variations 
in the rate of seismicity. For the data we consider, we expect that this 
assumption may not always hold, particularly in the wake of larger 
regional earthquakes, where the rate of seismicity steadily decreases 
as the intensity of the aftershock sequence wanes. Note, however, that 
this makes this statistical test of significance more stringent because 
we will always ask whether the last window of time in consideration, 
expected to have the smallest number of events, has an unusually high 
number of events. In this way, we expect our test of significance to be 
conservative. SSEs with PNull(Nco) < 0.05 are identified as abnormally 
productive.

Supplementary Materials
This PDF file includes:
Tables S1 to S3
Figs. S1 to S13
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