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Abstract we apply a template matching method on GNSS data for stations located in Honshu, Japan, to
detect slow slip events associated with the subducting Philippine Sea and Pacific plates during the period from
1997 t0 2020. A measure of the minimum detectable moment magnitude is proposed, from which we infer that the
method could potentially detect SSEs as small as M|, 5.2 on the westernmost part of the Philippine Sea plate and
M., 6 on the Pacific plate below Honshu eastern coastline. We find 12 slow slip events on the Philippine Sea plate,
among which eight are located on the known Boso slow slip event asperity and the four others are located offshore
north-east relative to the Boso SSEs, at the transition with the Pacific plate. We find 9 SSEs on the Pacific plate,
mainly on the northern section, offshore Iwate prefecture. A clear gap with no SSEs coincides with the main
asperity that broke during the 2011 Tohoku earthquake. Most event locations correlate with low locking areas. We
do not find any clear temporal pattern apart from the regular occurrence of the largest Boso SSEs.

Plain Language Summary Slow earthquakes are known to occur in northern Japan, especially off
the Boso Peninsula. They are however harder to detect on the Pacific plate, likely due to their small sizes and/or
their remoteness. We here apply a method that search for such slow ruptures, that process all the GNSS stations
at once so to improve the signal-to-noise ratio. We find 21 such events, 13 of them being so far unrecognized. A
clear lack of slow slip events is observed for the asperity that broke during the 2011 Tohoku-Oki earthquake.
The absence of any regular pattern, outside the well-known Boso slow ruptures, is noticed, implying that the role
of these events in the overall seismic cycle is still unclear for the Pacific plate subduction zone.

1. Introduction

With the development of Global Navigation Satellite System (GNSS) measurements in the 90s, systematic ob-
servations of transient slip events with low slip rate, either triggered by mainshocks (i.e., afterslip) (e.g., Heki
et al.,, 1997; Peltzer et al., 1996) or with seemingly spontaneous onsets (i.e., Slow Slip Events (SSEs)) (e.g.,
Dragert et al., 2001; Lowry et al., 2001; Ozawa et al., 2001) have shown that fault slip is accommodated over a
continuous, broad range of time scales (Peng & Gomberg, 2010). The importance of slow fault slip in the overall
slip budget, and in the stressing of locked asperities, remains to be accurately evaluated, as only the largest slip
events can be captured with GNSS recordings. Small SSEs are difficult to detect even for events releasing sig-
nificant amount of slip (i.e., equivalent to M,, 5 to 6). Developing automated methods that allow to detect SSEs of
smaller magnitudes (typically M,, 6 and below) (Costantino et al., 2023; El Yousfi et al., 2023; Frank et al., 2015,
2018; Kobayashi, 2017; Michel et al., 2019a; Nishimura et al., 2013; Okada et al., 2022; Rousset, Biirgmann, &
Campillo, 2019; Rousset et al., 2017; Takagi et al., 2019) is important to characterize the properties of small SSEs,
their scaling (Frank & Brodsky, 2019; Gomberg et al., 2016; Ide & Beroza, 2023; Ide et al., 2007; Michel
et al., 2019b; Peng & Gomberg, 2010), and more generally to understand the frictional properties of faults.

Along the Japan trench, the Pacific (PAC) plate subducts below the North America plate at a rate of 76 mm/yr, and
along the Sagami trough, the Philippine Sea (PHS) plate subducts also below the North America plate at a rate of
26 mm/yr while being on top of the PAC plate (Nishimura et al., 2007) (Figure 1). In these two subduction zones,
observations of SSEs have been made, either directly from daily GNSS time series (Fukuda, 2018; Hirose
et al., 2012; Ozawa et al., 2007, 2019), from tiltmeters (Hirose et al., 2012), from pressure gauges (Y. Ito
etal., 2013), or more indirectly with observations of earthquake swarms (Gardonio et al., 2018; Kato et al., 2012),
the latter only providing indirect evidence of the occurrence of transient slip.

The PHS plate is known to host recurrent SSEs offshore Boso peninsula (cyan circle in Figure 1a). From 1982 to
2022, 11 SSEs were detected directly using GNSS and tiltmeter time series (Fukuda, 2018; Hirose et al., 2012;

MARILL ET AL.

1 of 16


https://orcid.org/0000-0003-3610-5341
https://orcid.org/0000-0002-1084-8465
https://orcid.org/0000-0001-9304-0498
https://orcid.org/0000-0002-9208-7136
mailto:david.marsan@univ-smb.fr
https://doi.org/10.1029/2024JB029342
https://doi.org/10.1029/2024JB029342
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024JB029342&domain=pdf&date_stamp=2024-08-29

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth

10.1029/2024JB029342

‘Writing — review & editing: Lou Marill,

David Marsan, Baptiste Rousset,
Anne Socquet

(@ ®) o
0 I 42°N
| 80
70
° l 40°N
< . [l .
£ | " North
5% | Amerida 5 60
350N i G }/ N -
/ : o N =]
‘\?j/" e ‘ 38°N g 50£
3o I ’ 2 =
FR R : | o = I
N 526 mmwr 1 TTOué} = 8 [ : 5 740§
o Phlllpplne Sea Plate. ™9 i |
o —— S —— ke % | mpo
o |§9° 30' 140°E 30" 141°E 30" 142°E ‘ . 36°N 30
Longitude \“
o Repeating earthquakes Y 2011 Tohoku main event /(, [
PHS plate ——2011 Tohoku slip i Il 120
Boso SSEs ——2011 Tohoku post-seismic slip i Il 5
PAC plate From Nishikawa et al. [2019]: 1Y 34N
[ISSEs from Ito et al. [2013] = Tremors [ 10
M,, > 6.8 earthquakes = VLFs
* 2011 Tohoku sequence o Swarms 75 150 “‘
188°E  140°E  142°E  144°E w0
Longitude

Figure 1. Seismo-tectonic setting of the Philippine Sea plate (a) and of the Pacific plate (b). Plate motions are deduced from
Nishimura et al. (2007)'s Euler poles. (a) The colorbar gives the depth of the PHS plate (A. Ito et al., 2019; Uchida

etal., 2010). The purple dots show repeating earthquakes from 2004 to 2016 (Gardonio et al., 2018). The cyan circle gives the
location of the Boso SSEs (Nishimura, 2021). The blue triangle shows the station 3041 which time series is shown in
Figure 2. (b) The colorbar shows the depth of the plate interface (Hayes et al., 2018). The dashed gray contour delimits the
PHS plate (a). The purple dots show repeating earthquakes from 1997 to 2019 (Nishikawa et al., 2019). The red squares show
tremors with a duration of at least 80 s from 2016 to 2019 (Nishikawa et al., 2019). The yellow squares present the Very Low
Frequency Earthquakes from 2005 to 2019 (Nishikawa et al., 2019). The blue diamonds are swarm events from 1997 to 2019
(Nishikawa et al., 2019). The white stars show M|, > 6.8 earthquakes from 1997 to 2020. The orange star with black contour
shows the M, 9.0 2011 Tohoku earthquake. Other orange stars show M|, > 6.8 foreshocks and aftershocks of the Tohoku
earthquake from 9 March 2011 to the 12 March 2011. The orange contour is the 40 m slip contour of the Tohoku-oki
earthquake (Sun et al., 2014). The gray lines are the 0.5 m slip contours of the Tohoku earthquake afterslip 1 year after the
earthquake (Sun et al., 2014). The blue rectangle shows the location of the SSE observed by Y. Ito et al. (2013) in 2008. The
black dashed lines denote the plate boundaries.

Ozawa et al., 2007, 2019) and/or indirectly by analyzing seismicity or repeating earthquake sequences (Gardonio
et al., 2018). The four first detected events occur ~6 years apart (1983, 1990, 1996 and 2002) (Hirose et al., 2012)
while the following SSEs (2005, 2007, 2010, 2014, 2018) (Fukuda, 2018; Gardonio et al., 2018; Hirose
etal., 2012; Ozawa et al., 2019) occur with a ~4-year interval (Hirose et al., 2012; Ozawa et al., 2019). We did not
consider the 2011 SSEs of March and October for the recurrence interval as they appear to be directly linked with
the 2011 Tohoku earthquake. In average, these events are of M,, 6.5, with the minimum M,, in 2005 (M,, 5.8)
(Gardonio et al., 2018; Ozawa et al., 2019) and the maximum M,, in October 2011 (M,, 6.7) (Fukuda, 2018;
Ozawa et al., 2019). The duration of these SSEs ranges from 14 to 63 days (Fukuda, 2018; Ozawa et al., 2019). All
the largest of these SSEs are accompanied by seismicity swarms at their bottom edges (Ozawa et al., 2019).

The PAC plate hosted the 2011 M,, 9.0 Tohoku megathrust earthquake (e.g., Hooper et al., 2013; Perfettini &
Avouac, 2014; Sun et al., 2014). It ruptured a large part of the subduction interface, induced aftershocks down
to the Kanto region and was followed by important afterslip with cumulative slip larger than 50 cm 1 year after
the earthquake (Figure 1b) (Periollat et al., 2022; Sun et al., 2014). Afterslip was still going on at least for four
more years (Sun & Wang, 2015). Before the Tohoku earthquake, the associated rupture area was almost fully
locked, with a low locking zone on the northern edges of the rupture (Marill et al., 2021). A slow acceleration
of slip in the decade that preceded Tohoku has also been identified (Hasegawa & Yoshida, 2015; Heki &
Mitsui, 2013; Marill et al., 2021; Mavrommatis et al., 2014; Yokota & Koketsu, 2015). This acceleration is
coherent with changes in repeating earthquake rates (Mavrommatis et al., 2015) and in background seismicity
rates (Marill et al., 2021; Marsan et al., 2017). Within the area later ruptured by the Tohoku earthquake, Y. Ito

MARILL ET AL.

2 of 16

95U9017 SUOLUWIOD SAIIR.D) 9|qed![dde auy Aq pausenob ae ssp e YO ‘8sn Jo Sajni o} Azeiq1auluO A3[IAR UO (SUDNIPUOI-PUR-SWB)W0D A8 1w Ale1q 1 jpul|Uo//:SdNY) SUONIPUOD Pue SWIS 1 8y) 89S " [y20Z/TT/ST] Uo Aeiqiauljuo (1M ‘9aueld aUeIyd0D AQ Zie6208ry202/620T OT/10p/wod Ae|im AreiqipuljuosqndnBe;/sdiy Wwoy pspeojumod ‘6 ‘¥202 ‘9SE669TZ



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/20241B029342

et al. (2013) found 2 SSEs using ocean-bottom pressure gauges and onshore strain-meters. Both events
occurred just before an earthquake: in November 2008 a M,, 6.8 SSE lasting 14 days occurred before the
December 2008 M,, 6.1 earthquake, and in February 2011 a M,, 7.0 SSE lasting 30 days occurred before the M,
7.3 foreshock of the Tohoku earthquake (9 March 2011). Seismic evidences also point to the existence of
aseismic processes at work in the weeks prior to the M,, 9 earthquake (Gardonio et al., 2019; Kato et al., 2012;
Marsan et al., 2013). Even though slow slip on the PAC plate appears to contribute marginally to the overall
slip budget dominated by megathrust earthquakes breaking a strongly locked asperity (Scholz & Cam-
pos, 2012), some of this activity likely played a role in clock-advancing the 2011 mainshock through direct
stress transfer.

The PAC plate also hosts diverse seismic phenomenon associated to slow slip, including tremors, Very Low
Frequency Earthquakes (VLFEs), seismicity swarms and repeating earthquakes. Episodic tremor activity was
discovered by Nishikawa et al. (2019) for the 20162018 period thanks to the analysis of the data from the S-net
seafloor observatory (NIED S-net, 2019). The events are spatially segmented with no events in the area of the
Tohoku earthquake rupture and swarms of events north and south of the rupture area (Figure 1). These two areas,
corresponding to low locking areas (Marill et al., 2021), also host bursts of VLFEs, seismicity swarms including
M,, 5 to 6 events as well as repeating earthquakes. Also, the GNSS study of Nishimura (2021) in the Boso area
suggests that 89 potential SSEs are actually located on the PAC plate, from 1994 to 2020. Those potential SSEs
have 5.3 < M,, < 7.0 and durations of up to 80 days.

In this study, we analyze the GNSS time series of 315 sites located on the Honshu Island in order to characterize
short-term transient slip events. The GNSS time series are post-processed to correct for non-tectonic seasonal
signals as well as co- and post-seismic displacements due to large earthquakes. In order to detect the transient slip
events, we use the geodetic matched filter developed in Rousset et al. (2017) and apply it to the Sagami Trough
and the Japan Trench. This method makes use of template matching between synthetic transient slip events
computed from physics-based dislocation models and the post-processed GNSS time series. We perform an
analysis of synthetic GNSS time series to characterize the lowest magnitudes of the transient events that can be
detected with the method given a realistic noise amplitude before applying the method to the northern Japan
subduction zones. Finally, we discuss our detections with respect to previous observations derived from both
geodetic and seismological records.

2. GNSS Time Series

2.1. GNSS Data Processing and Time Series Analysis

We processed the raw data of the GNSS Earth Observation Network System (GEONET) of Japan using the
version 1.2 of GipsyX (Bertiger et al., 2020) software, and loose No Net Rotation (NNR) orbits. To account for
ocean tide loading, we use the FES2014b model (Lyard et al., 2021), using elastic Green function (Farrell, 1972),
and with the Earth mass center correction provided by the Chalmers University of Technology (http://holt.oso.
chalmers.se/loading/) as ocean tide loading model. The Vienna mapping function (Boehm et al., 2006) is used to
estimate the tropospheric zenith delay parameters. No second order ionospheric correction is applied. Scaling,
rotation and translation factors provided by the Jet Propulsion Laboratory are then applied in the Helmert
transformation to map the loose NNR solution in the International Terrestrial Reference Frame (ITRF) ITRF2014
(Altamimi et al., 2017). Time series are available through Socquet et al. (2022).

We selected 315 stations in Honshu, located east of 139°E, and analyzed the period 1997-2020. To correct for
known phenomenon other than possible SSEs impacting the time series—that is, antenna changes, co-seismic
steps, post-seismic transients, seasonal variations and inter-seismic drift—we further developed the trajectory
model of Marill et al. (2021) (ISTerre Time Series Analysis, ITSA). We model the post-seismic relaxation
following the 2011 Tohoku earthquake with a sum of two logarithmic functions including different characteristic
times (1 and 100 days) to account for both the early and longer term relaxations. The residuals from this analysis
still contain long period non linear signals that are due to complexities in the post-seismic process not imple-
mented in our simple model. In order to get rid of these years-long transient signal, we corrected the time series by
subtracting a moving average with 4-year duration. At both ends of the times series, we avoid filtering edge
effects by extending the time series with the same slope than the first and the last 2-year periods of the time series.
We did not remove any already known SSEs, like the SSEs offshore Boso Peninsula (Fukuda, 2018; Ozawa
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Figure 2. Generation of synthetic time series at station 3041 (blue triangle in Figure 1). (a) Residual time series obtained after
the removal of the trajectory model from real data as explained in Section 2.1. (b) Synthetic noise obtained after the different
steps explained in Section 2.2. (c) Synthetic displacement for three M,, 6.0 slow slip events with duration 10, 20 and 30 days
respectively. (d) Synthetic time series obtained by summing the synthetic noise (panel b) and the synthetic displacement due
to the transient slip events (panel c).

etal., 2019), since they are providing a benchmark test to validate the detection method for the largest events. We
discarded the days for which less than half of the stations are active, and the 50 days after the Tohoku earthquake
that are the most affected by mismodeling of the early post-seismic signal.

Large-scale common mode signals affecting the whole GNSS network can be due to orbital errors, issues in the
reference frame realization, or large scale loading processes related to hydrology or ocean loading. In order to
correct for common mode errors, we remove at each station the median of all the time series used in the study
(Figure S1 in Supporting Information S1).

2.2. Synthetic Time Series

We created synthetic time series of noise to quantify the limits of the detection method and to characterize a
detection threshold on real data. We followed the approach of Costantino et al. (2022) to construct realistic
synthetic time series at each station based on the residual time series from the analysis described in the previous
section. The synthetic time series are generated so that they keep similar spatial and temporal characteristics as the
real ones. A Principal Component Analysis (PCA) is performed by taking into consideration all the stations of the
network. The time series obtained by linear combinations with the PCA are then Fourier transformed, the phases
are randomized, and are inverse Fourier transformed in the temporal domain. We then force the marginal dis-
tribution of each new time series to exactly match the marginal distribution of the PCA time series (Schreiber &
Schmitz, 1996). An Inverse PCA is then applied, by multiplying each principal component with the corresponding
transposed eigenvector, to get the final synthetic time series. The synthetic time series thus have the same (a)
spatial covariance, (b) auto-correlation functions and (c) marginal distributions as the real ones. An example of
synthetic noise is shown in Figure 2.

To generate synthetic time series, we then add to the noise time series the theoretical displacement induced by
SSEs occurring either on the PHS or PAC plates, as predicted by the dislocation theory (Okada, 1985). To model
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the PHS plate interface, we combined the interfaces of Uchida et al. (2010) for the part under the Kanto region and
of A. Ito et al. (2019) for the offshore part. To model the PAC plate interface, we use the Slab 2 model (Hayes
et al., 2018) from the Sagami Trough (~34.2°N) to the North of Honshu island (~41.3°N), and from the trench
down to 90 km depth. The PHS plate is subdivided into 277 triangular patches and the PAC plate into 323
triangular patches. We defined the displacement templates for an SSE of unit slip that would occur on a patch i
starting at time 7 with surface displacement amplitudes G;; (Green's functions), for all stations and horizontal
components j, as:

0 Vi<t

NG 1 t—71 1

S}- (Z,T) = Gl] X <_§COS<T7[) +5) Vte [T;T+ A] (1)
G;; Vi>r+ A

g

Time 7 corresponds to the start of the SSE, and A corresponds to the duration of the SSE. The symbol * is
thereafter used to denote template (i.e., synthetic) quantities.

3. Template Matching Detection Method
3.1. Correlation and Detection

We then use the template matching detection method of Rousset et al. (2017). We first compute the correlation
between the GNSS synthetic time series and the SSE displacement template. For each patch i, we select the
stations for which a unit slip SSE on i would induce a theoretical displacement with a norm larger than 10™* unit
displacement at any given station. We then differentiate the template time series to obtain velocity templates
‘//;([)(I,T), where j correspond to each station horizontal component. Velocity time series are more stable for the
correlation than displacement time series due to the removal of linear trends in the displacement time series.
. . O] . . . .

The correlation between the velocity templates V; l (t,7) and the actual velocity time series V(#) is then
computed as:

Cy@ = SV x VO (10) @

The correlation is then normalized as:
Cy(D)

IC; @l = —
Jzﬁ@xzﬁwm)

3)

The total weighted correlation for patch i and at time 7 is finally defined as:

_ TG Xl

CO=""5 16,

4)

where the sums are computed on all selected stations and horizontal components j.

We selected a template duration of 30 days. Such a duration allows us to detect transient slip events from 10 to
50 days, which correspond to the durations we are searching for. A detailed analysis of template durations and
their influence on the analysis is described in Rousset et al. (2017). In Figure 3 is presented a synthetic correlation
example with transient events of durations 10, 20 and 30 days. The associated correlation peaks (Figure 3c) have
similar amplitudes well above the detection threshold, showing that the template duration does not impact the
detection results much, for this range of durations.
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Figure 3. Illustration of SSE detection on three synthetic SSEs with duration 10, 20 and 30 days. (a) Synthetic displacement
predicted by the dislocation theory for a M,, 6.0 SSE occurring on the light blue triangular patch of the PHS plate.

(b) Synthetic time series at station 3041, shown by the blue dots on the left panel, obtained by summing synthetic noise and
the synthetic displacements due to the slip events, (c) Stacked time series (Equation 5), (d) Total weighted correlation
(Equation 4) showing correlation peaks at the times of the three synthetic SSEs. The red horizontal dashed line is the
detection threshold at 8 times the MAD of the noise (MAD,)).

In order to detect transient slip events, we analyze the amplitude of the correlation functions to detect transient slip
events. To establish a reliable detection threshold, we analyze synthetic time series composed of realistic noise
and slip events on the subduction interface, for every patch. We vary slip amplitudes (and corresponding mag-
nitudes) and detection thresholds, calculating the True Positive/All Positive (TP/AP) ratio after correlation
analysis. This process is repeated 10 times for each parameter set, using various GNSS noise realizations, and we
retain the median value. Figure S2 in Supporting Information S1 illustrates the results for a single patch located on
the PHS plate subduction interface. Based on this analysis, we determined a maximum threshold of 8 X MAD,,
(Median Absolute Deviation on noise times series) on correlation functions without synthetic slip events ensures a
TP/AP ratio of 1 across all subduction interface patches. We confirm the reliability of detections at this threshold
by visually inspecting stacked GNSS time series for permanent static offsets at detection times. To adapt this
threshold for correlation functions based on real GNSS time series, potentially including SSEs, we calculate the
MAD; (Median Absolute Deviation on full times series) and apply a scaling factor a to maintain the 8 X MAD,,

equivalence. The final detection threshold becomes a X MAD,,, with @ computed separately for each patch.

n»

With this definition of a detection threshold, we computed the minimum magnitude that can be detected on every
location of the PAC and PHS subduction interfaces. Figure 4 shows that on the PAC plate, the minimum mag-
nitudes that can be detected at the trench correspond to events with M,, >7, while underneath Honshu the
minimum magnitudes that can be detected are between 6 and 6.5. On the PHS interface, given the closer proximity
of the GNSS stations to the slip interface, the minimum magnitudes that can be detected are M,, ~ 6 below the
Boso peninsula and as low as M,, 5.2 at shallower depths.

For the detections on real data, we merge together successive detections if they occur less than 2 days apart, the
final detection date then corresponds to the day of the largest correlation amplitude. The locations of the detected
events are taken as the barycenter of the correlation, and we also indicate the 75% correlation amplitude contours
as an estimation on the uncertainty on the location of the events (e.g., Figure 5). Finally, we validate the detections
by visually inspecting the stacked GNSS time series defined as:
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Figure 5. Example of detection for event 12 of the PHS plate, corresponding to the 2018 Boso SSE. The detection time is
2018.442, the estimated duration is 18 days and the estimated M,, is 6.7. (a) Amplitude of the correlation on the plate
interface. The green triangle highlights the patch 243 with the larger correlation amplitude. The white line indicates the 75%
contour, with the white circle corresponding to its barycenter. The black dots represent earthquakes within 50 km of the
detection (used in panel (d)) (b) Time series of the correlation function. The dashed red line indicates the detection threshold.
The purple rectangle shows the detected event. The blue rectangle shows the known Boso SSE. (c) GNSS weighted stacked
time series. (d) Daily seismicity rate averaged over a 7-day time window from the M,,, > 2 earthquakes within a radius of

50 km from the white circle.
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where G; is the surface displacement amplitudes (Green's functions) at station j for an unit slip on patch i, and Si(7)
is the displacement time series of the station j. A detection is validated as a transient slip event detection if we
observe a permanent offset in the S9(¢) time series.

3.2. Duration, and Moment Magnitude

To estimate the duration of the detected events, we model the stacked time series $)(¢) associated with the patch
of maximum correlation with a slow slip functional model, defined as:

30 = s(—%cos (Z ;Tﬂ:) + %) 6)

which is similar to the template defined in Equation 1 except that the modeled duration A is variable.
Parameter s corresponds to the amplitude of the observed offset in the stacked displacement time series. For a
time window of length D days, centered on the detection time, we test different model durations A, from 2 to
D —2 days. We first find the best scaling factor s, that minimizes the Root-Mean Square Error (RMSE)
between S(r) and 8(r). When computing the RMSE, we add more weight at the center of the time series by
multiplying the difference between S(z) and S(r) by a triangular-shaped function of duration D that has an
amplitude of one at its center and zero at its edges. We then compare the RMSE values for all durations A
and keep the A that minimizes the RMSE. As the length D of the window impacts the duration A obtained,
we iterate this procedure for D from 10 to 60 days. If the best A ends at the edge of the time window D, we
consider that a longer time window is needed to explain the time series (represented by black dashed lines in
Figure S3 of Supporting Information S1, top right). The final estimated duration is the median of the kept A
values. An example of duration estimation is shown in Figure S3 of Supporting Information S1 for 2018
detection in PHS.

We estimate the M|, of a given detection by fitting the amplitude of the static offset s on the stacked time series
S%(z). The slip area A is taken as the area of the patch with the largest correlation amplitude, and we compute the
slip value required so that the synthetic stacked offsets equal the amplitude observed in S”(r) (see Equation 5).
The moment is then estimated with M, = u s A where the rigidity x is 30 GPa. M, is then converted into M,
(Hanks & Kanamori, 1979).

4. Distribution and Characteristics of the Detected SSEs

We first discuss the results for the PHS plate, starting with the Boso area, which allows us to compare our es-
timates (location, M,,, duration) with already published observations.

4.1. Known Boso SSE Asperity

We detect 8 SSEs on the known Boso SSEs asperity, among which the 5 largest are documented events: the 2002,
2007, October - November 2011, 2014 and 2018 Boso SSEs (Figure 6). A sixth Boso SSE is detected in April
2005 (event 4 in Table S1 of Supporting Information S1) with an estimated M,, = 5.8, that corresponds to the first
SSE suggested by Gardonio et al. (2018) on the basis of a repeating earthquake analysis. The latter authors found
two bursts of repeaters separated by ~1 month, and estimated the SSE M, to be in the 5.8 to 5.9 interval. Our
detection is coincident with the second burst. Similarly, a seventh Boso SSE is detected in 2009 (centered on the
18 December 2009) with an estimated M,, = 6.2 and a duration of 8 days, occurring close in time to the second
suspected Boso SSE of Gardonio et al. (2018). The latter study evidenced a small burst of repeating earthquakes in
the Boso area just following an increase in displacement rate along the N 40°E direction at the two closest GPS
stations. We believe our detection indeed corresponds to this increase of repeating earthquakes, which occurred in
late 2009. The estimated M,, = 6.2 matches with the one of Gardonio et al. (2018), who found M,, = 6.1. Finally, a
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Figure 6. Detected SSEs on the Philippine Sea plate color-coded after their estimated M,,,. (a) The circles show the barycenter
of the detections and the colored areas contour the patches with a correlation larger than 75% of the maximum correlation.
The black bold line represents the PHS plate contour. The purple dots show repeating earthquakes from 2004 to 2016
(Gardonio et al., 2018). (b) Detected SSEs in a latitude-time diagram. The length of the bars corresponds to the latitudinal
extent of the 75% correlation amplitude. The orange vertical line marks the 2011 M,, 9.0 Tohoku earthquake occurrence time.
The cyan vertical lines indicate the Boso SSEs in 2002, 2007, 2010, 2011, 2014, and 2018 (Fukuda, 2018; Ozawa
et al., 2019), and the purple vertical bars are the small Boso SSEs detected in 2006 and 2010 by Gardonio et al. (2018).
eighth Boso SSE is found in February 2006 (M,, = 5.7, duration 14 days) that has not been documented elsewhere
as far as we know. We checked that it did not trigger any occurrences of repeating earthquakes, considering the
repeaters found by Gardonio et al. (2018).
In order to assess the quality of the method to find and characterize SSEs, we compare our results with
already published characterizations of the seven largest Boso SSEs (i.e., all events but the February 2006
one). Table 1 gives the estimated moment magnitudes and durations, compared to those of Fukuda (2018),
Gardonio et al. (2018) and Ozawa et al. (2019). The 2002 event correspond to two detections and is therefore
described as composed of two sub-events separated by a time delay
Table 1 (Figure 6 and Figure S7 in Supporting Information S1). The durations
Boso SSE Characteristics, Taken From (1) Fukuda (2018), (2) Gardonio obtained in our findings align well with previous studies, although duration
et al. (2018) and (3) Ozawa et al. (2019), Compared to Our Study estimates differ by 2—-10 days. This variation is likely due to the emergent
Year M, Duration (days) Reference  hature of SSEs, with slow beginnings and ends, making the duration es-
timates susceptible to change in the estimation procedure. Published du-
2002 6.7 84+ (13) + 23 (1) . . . . . . .
) rations often rely on single GNSS time series, while our stacked time series
6.7 () 40 2 this study approach captures the entire SSE duration. This difference may explain
2005 5.8-5.9 1 month @ slightly longer durations in our results, as stacked data account for varia-
5.8 42 this study  tions across GNSS sites that might occur during SSE propagation.
2006 5.7 14 this stud;
1 SMY T These seven largest Boso SSEs (2002, 2005, 2007, 2009, 2011, 2014 and
2007 6.6 10 M 2018) are also detected, when applying the detection analysis for the PAC
6.5 18 this study  plate, with centroids that are offset by about 50 km to the east compared to the
2009 6.1 10 2) expected location - with the exception of the M,, 5.9 2005 SSE, which is
6.1 8 this study located on the PAC plate at about the same latitude and longitude as it is on
2011 6.7 13 ) the PHS plate. This spatial bias, along with the fact that the direction of the
6.6 13 i i slip vector on the PAC plate is not optimized to explain slip on the PHS plate,
P i D ) explains the systematic offsets on the PAC-related M,, estimates, that are in
’ ] the +0.2—+0.3 range, compared to the M,, estimates for the PHS plate. These
6:3 18 this study are very clear cases of duplicate detections (i.e., simultaneous detections on
2018 6.8 12 (&) both plates). Other possible cases of duplicate events have been systemati-
6.7 18 this study  cally checked for. In case of a duplicate event, only one final detection is kept

Note. The 2002 event is made of two sub-events, the duration in parentheses and attributed to the plate for which the final correlation amplitude is the

being the delay between the two sub-events.

greatest relative to the threshold level.
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Figure 7. Same as Figure 5 but for event 3 detected on the PHS plate at time 2005.034, with estimated duration 18 days and
estimated M, of 6.1.

4.2. Rest of the PHS

On top of the eight Boso SSEs, four other events are found to the north-east, offshore Choshi in 2000, 2005
(Figure 7), 2009 and 2010. The spatial extent of the highest correlation amplitudes is larger than for the Boso
detections due to a larger uncertainty on their locations, which is expected for offshore events of rather small
magnitude (Figure 6). Those SSEs have estimated magnitudes ranging from 6.1 to 6.4, hence lower than the
largest Boso events. This, along with the fact that their centroids are located typically 50—100 km more to the East,
can explain why they have so far escaped detection in previous analyses. Their locations largely coincide with the
swarm-prone area of Nishikawa and Ide (2017) (their Figure 3), and could also be related to the easternmost patch
of SSEs of Nishimura (2021) along the Sagami Trough at about 141.5° of longitude (rectangle Sa2 on their
Figure 7). By comparing our detections in time with the ones of Nishimura (2021) in Figure S4 of Supporting
Information S1, we found that all the Boso SSEs with M,, 6.5+ match, as well as one event early 2006. However,
most of the detections outside the Boso area did not coincide in time, neither with the probable SSEs found by
Nishimura (2021) nor the swarms reported by Nishikawa and Ide (2017). We also checked whether the cumu-
lative moments of these four SSEs would show an accelerating pattern over the detection period up to 2011, as
could be expected given that this zone exhibits an acceleration of the seismicity rate from 1990 to 2011 (Marsan
etal., 2017) (their Figures 6 and 7) as well as decreased locking (Marill et al., 2021). The rate of released moment
by these four SSEs however appears steady from 2000 to 2011. No other SSEs are found in this zone after 2011,
which could possibly be caused by an observational bias due to the 2011 Tohoku earthquake post-seismic phase
being not perfectly modeled, that is, large residuals exist after 2011 that impact the correlation analysis.

Table S1 in Supporting Information S1 provides a list of the 12 PHS SSEs along with their characteristics. Figures
S5-S15 in Supporting Information S1 show the 10 PHS SSEs distinct to the two shown in Figures 5 and 7.

4.3. SSE Activity on the Pacific Plate

Long-term changes in locking, at the scale of years to tens of years (Hasegawa & Yoshida, 2015; Heki & Mit-
sui, 2013; Loveless & Meade, 2016; Marill et al., 2021; Mavrommatis et al., 2014; Yokota & Koketsu, 2015) have
been observed along the PAC plate before the 2011 Tohoku earthquake. However, short-period (at the scale of
days to weeks) SSEs have so far escaped detection, apart from two events captured by ocean-bottom pressure
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Figure 8. Detected SSEs on the Pacific plate color-coded after their estimated M,, and compared to known SSEs in the same
area. (a) The circles (whose scale correspond to the M) show the best locations (barycenter) of the detections and the colored
areas contour the patches with a correlation amplitude larger than 75% of the maximum correlation. The black bold line is the
PAC plate contour and the black dashed line the PHS plate contour. The blue rectangle shows the location of the SSE
observed by Y. Ito et al. (2013). The orange star with black contour shows the M, 9.0 2011 Tohoku earthquake. The orange
contour is the 40 m slip contour of the Tohoku earthquake (Sun et al., 2014). (b) Detected SSEs in a latitude-time diagram.
The length of the bars corresponds to the latitudinal extent of the 75% correlation amplitude. The orange vertical line shows
the 2011 M,, 9.0 Tohoku earthquake occurrence time. The cyan vertical lines indicate the Boso SSEs in 2002, 2007, 2010,
2011, 2014, and 2018 (Fukuda, 2018; Ozawa et al., 2019), and the blue vertical lines are the two SSEs detected by Y. Ito
et al. (2013) in 2008 and 2011.

gauges (Y. Ito et al., 2013) and possible detections from Nishikawa and Ide (2017) close to the PHS plate. There
are however strong hints that suggest the possible—if not likely—existence of other SSEs in the northern Japan
subduction zone. Such hints include (a) clusters of repeating earthquakes that would be caused by sudden in-
creases of slip rate along the subduction interface (Uchida et al., 2016), (b) swarm-like seismicity behavior
(Imanishi et al., 2012; Marsan et al., 2013), (¢) seismicity migration patterns, as for example, observed prior to the
2011 mainshock (Kato et al., 2012), (d) intermittency of the creep rate computed from spatial gradients of GNSS
velocities along trench-normal profiles, which does not however allow to resolve spatially slow slip locations
(Khoshmanesh et al., 2020), and (e) the existence of slow earthquakes (VLFEs and tremors) captured by the
seafloor observatory (Nishikawa et al., 2019).

Applying the geodetic matched filter, we detect 9 SSEs on the PAC slip interface, with M, ranging from 6.3 to 6.7
(see Figure 8 and Table S2 in Supporting Information S1). Two SSEs occurred in close succession (time gap of
20 days) in January and February 2012 at latitudes 39°-41°, and could possibly be two sub-events of a larger and
longer SSE affecting a wider slip area.

Like for the PHS plate SSEs found far offshore, the highest correlation footprints of those SSEs have large spatial
extents (between 100 and 300 km wide), implying that their localization is largely uncertain. For 3 of them (the
2003, 2010, and 2018 SSEs), the depth is however relatively well resolved based on high correlation amplitudes,
and points to slow slip occurring at 50-60 km depth, a depth range where slip at the plate boundary is expected to
be mostly aseismic. It must be emphasized that SSEs in subduction zones tend to be shallower, ~40 km depth
(Nishimura et al., 2013; Radiguet et al., 2012; Schmidt & Gao, 2010; Wallace & Beavan, 2010), and are
sometimes located directly underneath locked segments. Deeper SSEs are found in the 40-60 km depth range in
Chile (Klein et al., 2018), and in Alaska (Rousset, Fu, et al., 2019). We are not able to assign the other SSEs with
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Figure 9. Same as Figure 5 but for event 3 detected on the PAC plate at time 2004.807, with estimated duration 38 days and
estimated M,, of 6.5. The gray stars in (a) and (d) show the earthquake epicenters with M|, > 6.4 within a radius of 200 km
from the white circle.

confidence to a specific depth nor distance to the trench: they could indeed be located in the mostly locked updip
portion of the PAC, or downdip of it (down to about 60 km depth).

Among these nine events, seven are found in the northernmost part of the studied region (i.e., at latitudes greater
than 38°), hence in coherence with the previously discussed hints suggesting that this zone is prone to slow slip
processes. We show an example in Figure 9 (other events are shown in Figures S16-S23 of Supporting Infor-
mation S1). The other two SSEs are found near the Sagami Trough, in 2000 and 2014. The gap between the two
SSE-prone areas therefore extends from 35° to 38° of latitude. We note that this gap is documented by Nishikawa
etal. (2019) as hosting tremor and Very Low Frequency earthquakes, but, according to our study, is thus devoid of
M,, 6-class SSEs.

The two SSEs observed in the south (35-36° of latitude) are also detected when applying the detection al-
gorithm on the PHS plate, but with a smaller correlation amplitude above the threshold. Their spatial extents
overlap those seen for the SSEs on the PHS plate east of the Boso slipping patch, as described in Section 4.2.
Since the two plates are in contact in this area, and since the depth and location is not well resolved as they
are offshore, it cannot be excluded that those two events are additional instances of the 4 SSEs observed there
on the PHS. Nishikawa et al. (2021) also found this area of the PHS plate to be prone to SSEs, even though
we do not find as many events. Nishimura (2021) reports 25 probable and 64 possible SSEs with estimated
M,, ranging from 5.6 to 6.9 along the Japan Trench at these latitudes, for the period 1994-2020, while we
detected only two for 1997-2020.

Overall, the 9 SSEs on the PAC plate are found in areas with low locking (~0.3) (Figure 10a). The northern ones
also coincide with the deceleration area before the Tohoku-oki earthquake (Figure 10b). The large gap between
the northern and the southern SSE-prone areas corresponds to the asperity that broke in 2011. Some of the
aseismically slip occurring in these low locking zones seems thus accommodated through episodic transients,
although the cumulative moment released by these SSEs amounts to about 5.10' N.m over 24 years, hence the
equivalent of the yearly seismic moment rate of a 30 X 30 km? patch on the PAC plate, which is small compared to
the size of the low locking areas. Most of the aseismic slip is then accommodated either by smaller undetected
SSEs or continuous aseismic slip.
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Figure 10. Pacific plate SSE locations found in this study compared to (a) the inter-seismic locking and (b) the 14-year slip
acceleration before the 2011 Tohoku earthquake from Marill et al. (2021). The events are represented by colored circles, with
the color indicating their magnitude according to the colorbar of Figure 8. The gray triangles correspond to the patches not
resolved by inland GNSS data for the locking and slip acceleration. The gray contours, orange contours and orange stars are
the same as in Figure 1.
We do not find any SSEs that would correspond to the two events reported by Y. Ito et al. (2013) based on ocean
bottom pressure gauge and onshore strainmeter measurements. We paid specific attention to the correlation time
series for the interface patches that hosted these events, as they could have missed the detection threshold by little.
This is however not the case (Figures S24 and S25 in Supporting Information S1). We note that these SSEs have
estimated M,, of 6.1 for 2008 and 7.3 for 2011 (Y. Ito et al., 2013). The 2008 SSE is thus effectively well below
our detection limit of 6.5-6.6 here, but a more thorough investigation is needed to understand why the 2011 SSE is
undetected.
4.4. Spatio-Temporal Patterns
PHS There is no obvious temporal pattern in the SSE time series, see Figure 11.
/ ‘ Only the largest, repeating Boso SSEs display some regularity, with a
o o (@) ? recurrence interval of ~4 years (Ozawa et al., 2019). For the deeper PHS and
6o T ':) ¢ ? 1 PAC plates events, the low spatial resolution does not permit us to infer the
o existence of other repeating slow slip as in Boso. The pseudo-periodic pattern
5 | | | O Boso of Boso SSEs thus appears as unique at the scale of the northern Japan
2000 2005 2010 2015 2020 subduction.
PAC
7 ‘ :
A A A 4.5. Seismicity Related to Detected SSEs
v 4 A® v A
6 J We computed the M ,,, > 2 earthquake rate time series within 50 km of each
SSE centroid, as for example, displayed in Figure 5. The choice of this
th o . . .
v 5o specific range (50 km) is based on the Boso SSEs, for which burst-like
'fooo 2005 2010 2015 2020 earthquake activity occurs on the down-dip portion of the fault, so to make

Figure 11. Magnitude versus time for the PHS and PAC SSEs. We
distinguish the Boso and the deeper SSEs on PHS, and the North (latitude
38° and greater) and South (latitude 36° and less) groups of PAC SSEs. The
arrows point to the SSEs that have a clear burst of seismicity (within 50 km)
at the time of their occurrence.

sure that our selection does indeed encompass this activity. Apart from the

five largest Boso SSEs, no other SSE is accompanied by a coincident burst of
seismicity. Two smaller Boso SSEs were previously shown to be accompa-
nied by repeating earthquake activity (Gardonio et al., 2018) but no signifi-
cant increase in regular earthquake activity is seen for these two events. The
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fact that all other 16 SSEs (both on the PAC and PHS plates) have no clear coincident seismicity burst is likely due
to two reasons: (a) most of these SSEs have smaller slip amplitudes and thus produced smaller associated
Coulomb stress changes in their neighboring regions, and (b) they are all deeper, although, as mentioned pre-
viously, some PAC plate SSEs have an unresolved depth. Depth has been shown to be a first-order control on the
number of earthquakes triggered by slow slip (Delahaye et al., 2009; Passarelli et al., 2021), which may explain
the absence of burst-like seismicity for these deeper SSEs.

5. Conclusion

We applied a geodetic template matching method to the Sagami Trough and the Japan Trench in order to identify
new small SSEs. From tests on synthetic times series we objectively determined a detection threshold for each
patch of the PHS and PAC plates. We noticed that the limit magnitude of detectable SSEs depends on the depth of
the patch and its distance to the GNSS stations; we determined that this detection threshold ranges between 5.2
and 6.8 (in M,,) for the PHS plate and 6 and 7.5 for the PAC plate. Applying our detection method to the real data,
we found 12 SSEs on PHS, among which eight are located at the known Boso SSEs asperity, and 9 SSEs on PAC,
mostly located in the northernmost part of our study area (latitude 38° and greater) but also with two instances
near the Sagami Trough. All SSEs are located in areas of low interface locking (~0.3), but no clear link can be
made with slow changes in locking at the time scales of years.

Data Availability Statement

All time series used in this manuscript and software are available at (Marill et al., 2024).
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