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ARTICLE

An exponential build-up in seismic energy suggests
a months-long nucleation of slow slip in Cascadia
Claudia Hulbert 1,2� , Bertrand Rouet-Leduc 2, Romain Jolivet 1,3& Paul A. Johnson2

Slow slip events result from the spontaneous weakening of the subduction megathrust and

bear strong resemblance to earthquakes, only slower. This resemblance allows us to study

fundamental aspects of nucleation that remain elusive for classic, fast earthquakes. We rely

on machine learning algorithms to infer slow slip timing from statistics of seismic waveforms.

We � nd that patterns in seismic power follow the 14-month slow slip cycle in Cascadia,

arguing in favor of the predictability of slow slip rupture. Here, we show that seismic power

exponentially increases as the slowly slipping portion of the subduction zone approaches

failure, a behavior that shares a striking similarity with the increase in acoustic power

observed prior to laboratory slow slip events. Our results suggest that the nucleation phase of

Cascadia slow slip events may last from several weeks up to several months.
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Since their discovery in Japan at the turn of the
millennium1,2, slow slip events and associated tectonic
tremor and low-frequency earthquakes (LFEs) have been

identi� ed in most subduction zones as well as other tectonic
environments2–9. Slow slip events release energy over much
longer durations than classic earthquakes, from a few days to
months or even years2. In subduction settings, slow slip occurs
deep along the subduction interface (i.e. roughly 50 km depth),
down-dip from the nucleation zone of damaging earthquakes, at
the transition from brittle to ductile deformation10. At such
depths, slow slip and tremor are thought to take place where
temperatures drive dehydration of subducting material that
increases pore pressure, inhibiting dynamic failure in the brittle/
ductile transition regime11,12. The slowly slipping region is con-
sidered to mark the transition from unstable (seismogenic) to
stable (creeping) sliding and therefore may de� ne the depth limit
of megathrust ruptures12.

A growing body of literature suggests that slow, aseismic slip
and rapid, seismic slip bear strong resemblance9,13,14. In parti-
cular, recent studies� nd that they follow comparable scaling
relationships in terms of duration and magnitude14–16. Slow slip
events may therefore provide an opportunity to study funda-
mental rupture physics, as they take place over long periods of
time without radiating large amplitude seismic waves. Consider-
ing the lack of observational evidence of earthquake nucleation
mechanisms, we propose to explore the period leading up to a
slow slip event as a window into a better understanding of the
nucleation of a slip instability in nature. Here, we transpose a
methodology developed on laboratory experiments to the
occurrence of slow slip events in Cascadia.

Laboratory studies of slow slip13from a bi-axial shear device17–19

suggest that the amplitude of acoustic noise coming from a fault
follows characteristic patterns throughout the slip cycle. Such pat-
terns allow us to estimate key properties of the laboratory fault,
including friction on the fault as well as fault displacement rate. In a
� rst effort to generalize these results to a natural fault system, the
analysis of slow slip in Cascadia20 revealed that statistical char-
acteristics of continuous seismic signals can be used to estimate the
displacement rate of GPS stations at the surface. These character-
istics are related to seismic power, which is analogous to the
acoustic power measured in laboratory experiments (we de� ne
seismic power as the average of seismic energy per unit of time, i.e.
the squared measured ground velocity per unit of time).This pro-
portionality between seismic power and surface displacement
enables a quantitative characterization of slow slip events from
seismic data.

Machine learning (ML) analysis of seismic data is an
expanding� eld, with recent studies focusing on event detection21,
phase identi� cation22, phase association23,24, or patterns in seis-
micity25. In the following, we investigate whether seismic sig-
natures can be found in the period leading up to any known
manifestation of major slow slip occurrence anywhere in the
Cascadia region. We� nd that for most episodic slip and tremor
events, features within tectonic tremor frequency bands increase a
few months before any detection of cataloged tremor or any
geodetic signature of fault slip is made in the Cascades. We
interpret this growth in the seismic power of the subduction zone
as the signature of a nucleation phase that can be detected long
before being observed in tremor catalogs or GPS data.

Results
Seismic power analysis and the occurrence of slow slip in
Cascadia. We analyze seismic data on Vancouver Island, Canada,
where the Juan de Fuca oceanic plate subducts beneath the North
American plate (Fig.1a). The quasi-periodic occurrence of slow

slip events (approximately every 14 months)6,26–30 is manifested
by the North American plate lurching southwesterly over the
Juan de Fuca plate, generating bursts of tectonic tremor over the
area (Fig.1b). Smaller slow slip events occurring between these
large periodic events have been identi� ed recently, pointing
towards a large variability in the size and timing of slow earth-
quakes in the area31. The regular occurrence of slow slip events in
Cascadia, especially in the vicinity of Vancouver Island26, com-
pares well to the afore-mentioned laboratory experiments. Fur-
thermore, continuous seismic recordings in this region are
available for well over a decade. Supervised ML used in the work
described below requires robust training and testing sets includ-
ing many slip events. The long history of recurrent slow slip
observed in this region makes it an ideal case to (i) apply a
methodology that has been developed in the laboratory and (ii)
determine if there is information carried in the seismic signal
characteristic of nucleation and upcoming failure.

We rely on the Paci� c Northwest Seismic Network (PNSN)
Tremor Logs29 to identify slow slip failures. The Tremor Logs
report ongoing slow slip on the basis of tremor activity detected
anywhere in Cascadia by the PNSN. In what follows, the Tremor
Logs will be used to identify slow slip timings. These timings are
represented by vertical gray bars in Fig.2b. Smoothed tremor
rates in Vancouver Island from the PNSN tremor catalog29 are
also plotted for comparison.

Tremor logs take into account the entire Cascadia region and
are not geographically limited to Vancouver Island. This is
important for our analysis, as it precludes contamination of
seismic data by an ongoing slow slip event. Indeed, slow slip
events in Cascadia take place over a large section of the west coast
of the USA and Canada, and the beginning and migration of
events do not follow systematic patterns. Preceding any local
manifestation of slow slip activity, seismic data might include
information from an event that has already started elsewhere and
is migrating towards our region of interest.

For this reason, using GPS displacement or only local tremor to
identify failure times would not be robust for our analysis. GPS
displacement is a local measurement, and so is the occurrence of
local tremor, whereas seismic sensors may capture signatures of
slipping segments located farther away. Furthermore, identifying
slow slip with GPS requires temporal smoothing and conse-
quently does not allow one to determine precisely when the
rupture begins, which may introduce errors of days to weeks and
ultimately arbitrarily improve the performance of our analysis.
This explains why we favor the PNSN tremor logs to determine
slip timing (note that tests using local peaks in tremor rates or
local GPS displacement as a proxy for failure times provides
similar or better results—see Supplementary).

We rely on nine seismic stations from the Plate Boundary
Observatory32 (Fig.1b). We� nd that borehole stations are much
more robust than surface ones because of contamination by
seasonal signals. A continuous, clipped and de-sampled seismic
waveform for one seismic station is shown in Fig.2a. We� rst
process the seismic data by correcting for the instrument gain, for
each day during the period analyzed (2005–2018). The daily data
intervals are band-passed between 8 and 13 Hz (within successive
bands of 1 Hz) and clipped, to limit the contribution of
microseismic noise and earthquakes, respectively, and to focus
on low-amplitude signals. These particular frequency bands have
been identi� ed in our previous work as the most informative of
the behavior of the system20. Once the data are pre-processed, for
each day we compute a number of statistical features linked to
signal energy. Building on our previous work, the features
correspond to inter-quantile ranges of seismic data within tremor
frequency bands (8–13 Hz, by 1 Hz increments). These features
are representative of seismic energy in tremor frequency bands,
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but with outlier values removed, which makes them more robust
to signals not of interest for our analysis (such as earthquakes)
and to potential sources of noise. A more extensive description of
the features used can be found in the“Methods” section. These
daily features are then averaged within a time window.
Anomalous data points are detected within each window and
removed before averaging. The results shown in Fig.3 use a time
window of 3 months (i.e. features are averaged over 90 days), but
our methodology is robust to changes in the window size (see
Supplementary). Each window is indexed by its latest day: the
value of the features over the 3 months considered is associated
with the last day of the window, to ensure that the analysis is
made using only past data. Two successive time windows are
offset by one day, and therefore contain 89 days in common. The
averaged features over these time windows are used as input to

the ML algorithm. In the following,‘seismic features’ will refer to
those features averaged over a time window.

We apply a supervised ML approach to assess whether
continuous seismic waves carry the potential signature of an
upcoming slow slip failure. We assess whether a given time
window of the continuous seismic data can be used to� nd
signatures of impending failure for the next slow slip event. In the
training phase, the algorithm takes as input the seismic features
calculated from the� rst (contiguous) 50% of the seismic data
(training set), and attempts to� nd the best model that maps these
features to the time remaining before the next slow slip event
(label or target). Details on how we build the model can be found
in the “Methods” section.

Once a model is trained, it is evaluated on data it has never
seen—the remaining (contiguous) 50% of the data (testing set). It

a b 49.8

0.88

0.66

0.44

0.22

0.00

49.5

49.2

B926
B009

B004
B001B007

B006
B005

B010
B011

48.9

La
tit

ud
e

D
en

si
ty

 d
ei

st
rib

ut
io

n

48.6

48.3

48.0

47.7

–124.8

Accretionary
prism

North American plate

Juan de Fuca plate

–124.2

Longitude

–123.6 –123.0

Fig. 1 Schematic of the subduction zone and seismic array analyzed. aSketch of the subduction zone underneath Vancouver Island, Canada.b Map of the
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Fig. 2 Signals analyzed and timings of slow slip events. aDown-sampled (solely for visualization purposes), clipped (at 5E� 7 m/s) continuous seismic
waves for one station analyzed (B001). Our goal is to rely exclusively on continuous seismic waves to identify signatures preceding an upcoming slow slip
event.b Slow slip timing from PNSN tremor logs (gray shaded areas), and smoothed (over 10 days) cataloged tremor rates in Southern Vancouver Island
from the PNSN tremor catalog for comparison.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-17754-9 ARTICLE

NATURE COMMUNICATIONS|         (2020) 11:4139 | https://doi.org/10.1038/s41467-020-17754-9 | www.nature.com/naturecommunications 3












	An exponential build-up in seismic energy suggests a months-long nucleation of slow slip in Cascadia



