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

Claudia Hulber® 12 | Bertrand Rouet-Ledu® 2, Romain Jolive® 1:3& Paul A. Johnsoh

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.

1L aboratoire de Géologie, Département de Géosciences, Ecole Normale Supérieure, PSL Université, CNRS UMR 8538, P&lisshidarms National
Laboratory, Geophysics Group, Los Alamos, NM, USAstitut Universitaire de France, 1 rue Descartes, 75005 Paris, Fraeceail:claudia.hulbert@ens.fr
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ince their discovery in Japan at the turn of thelip events (approximately every 14 mon##§)30is manifested

millennium®2, slow slip events and associated tectoniy the North American plate lurching southwesterly over the

tremor and low-frequency earthquakes (LFEs) have behran de Fuca plate, generating bursts of tectonic tremor over the
identi ed in most subduction zones as well as other tectordacea (Figlb). Smaller slow slip events occurring between these
environmentd®. Slow slip events release energy over mutdrge periodic events have been idesdi recently, pointing
longer durations than classic earthquakes, from a few daystdwards a large variability in the size and timing of slow earth-
months or even yeatsIn subduction settings, slow slip occurgjuakes in the aréa The regular occurrence of slow slip events in
deep along the subduction interface (i.e. roughly 50 km dept)ascadia, especially in the vicinity of Vancouver 1igntbm-
down-dip from the nucleation zone of damaging earthquakes,@res well to the afore-mentioned laboratory experiments. Fur-
the transition from brittle to ductile deformatid® At such thermore, continuous seismic recordings in this region are
depths, slow slip and tremor are thought to take place wheaxeailable for well over a decade. Supervised ML used in the work
temperatures drive dehydration of subducting material thdescribed below requires robust training and testing sets includ-
increases pore pressure, inhibiting dynamic failure in the brittielg many slip events. The long history of recurrent slow slip
ductile transition regime-12 The slowly slipping region is con-observed in this region makes it an ideal case to (i) apply a
sidered to mark the transition from unstable (seismogenic) toethodology that has been developed in the laboratory and (ii)
stable (creeping) sliding and therefore mayraethe depth limit determine if there is information carried in the seismic signal
of megathrust rupturég. characteristic of nucleation and upcoming failure.

A growing body of literature suggests that slow, aseismic slipNVe rely on the Pact Northwest Seismic Network (PNSN)
and rapid, seismic slip bear strong resembl&he¥. In parti- Tremor Log$® to identify slow slip failures. The Tremor Logs
cular, recent studiesnd that they follow comparable scalingreport ongoing slow slip on the basis of tremor activity detected
relationships in terms of duration and magnitddé®. Slow slip anywhere in Cascadia by the PNSN. In what follows, the Tremor
events may therefore provide an opportunity to study fund&-ogs will be used to identify slow slip timings. These timings are
mental rupture physics, as they take place over long periodsefresented by vertical gray bars in R2g. Smoothed tremor
time without radiating large amplitude seismic waves. Consideates in Vancouver Island from the PNSN tremor cat#lage
ing the lack of observational evidence of earthquake nucleataso plotted for comparison.
mechanisms, we propose to explore the period leading up to &remor logs take into account the entire Cascadia region and
slow slip event as a window into a better understanding of thee not geographically limited to Vancouver Island. This is
nucleation of a slip instability in nature. Here, we transposeirmportant for our analysis, as it precludes contamination of
methodology developed on laboratory experiments to tlseismic data by an ongoing slow slip event. Indeed, slow slip
occurrence of slow slip events in Cascadia. events in Cascadia take place over a large section of the west coast

Laboratory studies of slow stiffrom a bi-axial shear devit€!® of the USA and Canada, and the beginning and migration of
suggest that the amplitude of acoustic noise coming from a faeMents do not follow systematic patterns. Preceding any local
follows characteristic patterns throughout the slip cycle. Such petanifestation of slow slip activity, seismic data might include
terns allow us to estimate key properties of the laboratory faultformation from an event that has already started elsewhere and
including friction on the fault as well as fault displacement rate. Insmigrating towards our region of interest.

rst effort to generalize these results to a natural fault system, th&or this reason, using GPS displacement or only local tremor to
analysis of slow slip in Cascafflaevealed that statistical char-identify failure times would not be robust for our analysis. GPS
acteristics of continuous seismic signals can be used to estimatelibglacement is a local measurement, and so is the occurrence of
displacement rate of GPS stations at the surface. These characteal tremor, whereas seismic sensors may capture signatures of
istics are related to seismic power, which is analogous to #li@ping segments located farther away. Furthermore, identifying
acoustic power measured in laboratory experiments (waede slow slip with GPS requires temporal smoothing and conse-
seismic power as the average of seismic energy per unit of timeguently does not allow one to determine precisely when the
the squared measured ground velocity per unit of time).This pmipture begins, which may introduce errors of days to weeks and
portionality between seismic power and surface displacematimately arbitrarily improve the performance of our analysis.
enables a quantitative characterization of slow slip events frdims explains why we favor the PNSN tremor logs to determine
seismic data. slip timing (note that tests using local peaks in tremor rates or

Machine learning (ML) analysis of seismic data is docal GPS displacement as a proxy for failure times provides
expanding eld, with recent studies focusing on event deteéfion similar or better resultssee Supplementary).
phase identicatior??, phase associati®®4 or patterns in seis- We rely on nine seismic stations from the Plate Boundary
micity2S. In the following, we investigate whether seismic si@bservator§? (Fig.1b). We nd that borehole stations are much
natures can be found in the period leading up to any knowmore robust than surface ones because of contamination by
manifestation of major slow slip occurrence anywhere in tlseasonal signals. A continuous, clipped and de-sampled seismic
Cascadia region. Wend that for most episodic slip and tremorwaveform for one seismic station is shown in Big. We rst
events, features within tectonic tremor frequency bands increagg@cess the seismic data by correcting for the instrument gain, for
few months before any detection of cataloged tremor or aegch day during the period analyzed (288BL8). The daily data
geodetic signature of fault slip is made in the Cascades. iMervals are band-passed between 8 and 13 Hz (within successive
interpret this growth in the seismic power of the subduction zormands of 1Hz) and clipped, to limit the contribution of
as the signature of a nucleation phase that can be detected longroseismic noise and earthquakes, respectively, and to focus
before being observed in tremor catalogs or GPS data. on low-amplitude signals. These particular frequency bands have

been identied in our previous work as the most informative of

the behavior of the systé® Once the data are pre-processed, for
Results each day we compute a number of statistical features linked to
Seismic power analysis and the occurrence of slow slip irsignal energy. Building on our previous work, the features
CascadiaWe analyze seismic data on Vancouver Island, Canadasrespond to inter-quantile ranges of seismic data within tremor
where the Juan de Fuca oceanic plate subducts beneath the Nioettuency bands {83 Hz, by 1 Hz increments). These features
American plate (Figla). The quasi-periodic occurrence of slovare representative of seismic energy in tremor frequency bands,
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Fig. 1 Schematic of the subduction zone and seismic array analyzedS&etch of the subduction zone underneath Vancouver Island, Canhddap of the
region analyzed. The seismic stations used in this study are shown with black triangles. Red shaded areas correspond to the density distribigioorsf tr
from the PNSN tremor catalog from 2009 to late 2018.
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Fig. 2 Signals analyzed and timings of slow slip events. ®own-sampled (solely for visualization purposes), clipped (at 5Em/s) continuous seismic

waves for one station analyzed (B001). Our goal is to rely exclusively on continuous seismic waves to identify signatures preceding an upcomirgslow s
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.

but with outlier values removed, which makes them more robusie ML algorithm. In the followingseismic featurésvill refer to

to signals not of interest for our analysis (such as earthquaktg)se features averaged over a time window.

and to potential sources of noise. A more extensive description oWe apply a supervised ML approach to assess whether
the features used can be found in tihdethods section. These continuous seismic waves carry the potential signature of an
daily features are then averaged within a time windowpcoming slow slip failure. We assess whether a given time
Anomalous data points are detected within each window amdndow of the continuous seismic data can be used nd
removed before averaging. The results shown in3Rige a time signatures of impending failure for the next slow slip event. In the
window of 3 months (i.e. features are averaged over 90 days),thaiting phase, the algorithm takes as input the seismic features
our methodology is robust to changes in the window size (sesculated from the rst (contiguous) 50% of the seismic data
Supplementary). Each window is indexed by its latest day: (fmining set), and attempts tand the best model that maps these
value of the features over the 3 months considered is associféadures to the time remaining before the next slow slip event
with the last day of the window, to ensure that the analysis (isbel or target). Details on how we build the model can be found
made using only past data. Two successive time windows iar¢the “Method$ section.

offset by one day, and therefore contain 89 days in common. Thé&nce a model is trained, it is evaluated on data it has never
averaged features over these time windows are used as inper—the remaining (contiguous) 50% of the data (testing set). It
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