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Abstract

Using borehole strainmeters, we detected a 13-day long slow slip event on the Longitudinal Valley Fault, Taiwan. It is located
between 8 to 15 km depth and has an equivalent moment magnitude of 5.5. The slow event has likely been promoted by the
significant Coulomb stress changes ( + 1 MPa) imparted by a combination of coseismic and postseismic slip of the M w 6.8
Chengkung earthquake. Besides, insignificant coseismic slip is observed in the slow event region, suggesting that the latter could
have acted as a barrier during the Chengkung earthquake. We also found a spatiotemporal correlation between the slow event
and a cluster of repeating microearthquakes, suggesting aseismic slip as a possible driven mechanism of repeating ruptures.

These results highlight the complex interplay between seismic and aseismic processes along the fault.
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Using borehole strainmeters, we detected a 13-day long slow slip event on
the Longitudinal Valley Fault, Taiwan. It is located between 8 to 15 km depth
and has an equivalent moment magnitude of 5.5. The slow event has likely
been promoted by the significant Coulomb stress changes (~ + 1 MPa) im-
parted by a combination of coseismic and postseismic slip of the M,, 6.8 Chengkung
earthquake. Besides, insignificant coseismic slip is observed in the slow event
region, suggesting that the latter could have acted as a barrier during the
Chengkung earthquake. We also found a spatiotemporal correlation between
the slow event and a cluster of repeating microearthquakes, suggesting aseis-
mic slip as a possible driven mechanism of repeating ruptures. These results
highlight the complex interplay between seismic and aseismic processes along

the fault.
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1. Introduction

Over the last two decades, the growing development of dense geodetic and seismolog-
ical monitoring arrays in active regions has revealed episodic aseismic slip in the crust,
spanning timescales from seconds to years [e.g., Peng and Gomberg, 2010]. These slow
slip events (SSEs), which play an important role in redistributing stress in the Earth’s
crust [e.g., Linde et al., 1996], are now observed in various tectonic regions and fault
environments [e.g., Birgmann, 2018]. SSEs are often accompanied by earthquake swarms
[Vallée et al., 2013; Gualandi et al., 2017; Fasola et al., 2019] or nonvolcanic tremors [e.g.,
Beroza and Ide, 2011], and together, represent an important mechanism of strain release
in active regions. Therefore, investigating the stress conditions, the faulting mechanisms
of slow slip and what role they play in the earthquake cycle is fundamental to determine

time-dependent earthquake hazard.

In eastern Taiwan, the Longitudinal Valley (LV) is an active collision boundary be-
tween the Eurasian and Philippine Sea plates [Barrier and Angelier, 1986], and accounts

! of oblique plate convergence [Yu et al., 1997]. The

for more than half of the 9 cm.yr~
Longitudinal Valley Fault (LVF), which runs along the eastern side of the LV, represents
the major active structure in the region and accounts for about 4.5 cm.yr—! of total plate
convergence [Thomas et al., 2014] (Figure 1). The fault is creeping at the surface at
the rate of 1-6 cm/yr between latitudes 23°00" and 23°30" [Thomas et al., 2014] and also

experiences seasonal and transient creep episodes [Lee et al., 2003; Murase et al., 2013].

Despite significant historical earthquakes, there is a paucity of large shocks along the
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X-4 CANITANO, GODANO AND THOMAS: SSE ON THE LONGITUDINAL VALLEY FAULT

fault relatively to the high convergence rate, suggesting that a significant fraction of the
long-term slip rate, in the seismogenic depth range, is released aseismically [Liu et al.,
2009]. Indeed, based on the analysis of geodetic data for the 1992-2010 period, Thomas
et al. [2014] demonstrate that a major fraction of the long-term slip budget (80-90%) on
the southern section of the LVF is the result of aseismic slip. Following the 2003 M, 6.8
Chengkung earthquake, a 7-year long afterslip has been detected by Global Positioning
System (GPS) stations along the Chihshang Fault (CF) [Thomas et al., 2014], a 30-km
long section of the southern LVF. Borehole strainmeters have captured a very shallow SSE
(2 to 4 km depth) with geodetic moment magnitude M ~ 4.5 in central LV [Canitano
et al., 2019]. A l-month long afterslip following a M, 4.6 earthquake on the CF was
also shown to control the rate of aftershocks near the earthquake source region [Cani-
tano et al., 2018a]. However, the dearth of aseismic transient observations in the region
strongly limits our ability to investigate the mechanisms of deformation along the fault

and to further interpret the interplay between seismic and aseismic processes.

In this study, we document a 2-week long SSE with an equivalent moment magnitude
of 5.5. It occurred in January-February 2011 on the central section of the LVF, northeast
of the source rupture of the 2003 Chengkung earthquake. This event occurred between
8 to 15 km depth and was detected by borehole strainmeters deployed in two networks
distant by about 35 km. Using static Coulomb stress modeling, we investigate a pos-
sible contribution of coseismic and postseismic slip of the Chengkung event to the SSE

occurrence. We also analyze the spatiotemporal pattern of a cluster of earthquake mul-
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tiplets occurring during the SSE episode and investigate its relationship with aseismic slip.

2. Near-fault instrumentation and data processing

Beginning in 2003, to shed additional light on the nature of the deformation in the
LV, the Institute of Earth Sciences (IES) Academia Sinica, in cooperation with the De-
partment of Terrestrial Magnetism, Carnegie Institution of Washington, has deployed 11
Sacks-FEvertson [Sacks et al., 1971] borehole strainmeters along the LVF (Figure 1). They
monitor rock volume change (dilatation €,) and complement the GPS measurements for
detecting crustal transients at short to intermediate periods (minutes to weeks). Iden-
tifying SSEs requires a careful separation of noise and various environmental signals in
the geodetic time-series. We calibrate the dilatometers using solid-Earth and ocean tides
[Canitano et al., 2018b] (Figure S1), and process the strain data to correct for borehole
relaxation, to remove solid-Earth and ocean tidal strain and air pressure induced strain.
Hydrological variations induce strain changes larger than hundreds of nanostrain (ne) [Hsu
et al., 2015], that should be quantified and corrected when necessary. Groundwater level
changes are recorded by hydrological stations deployed by the Water Resources Bureau in
Taiwan. Rainfall stations are operated by the Central Weather Bureau (CWB) in Taiwan,
and sea level changes are continuously monitored by a tide gauge installed near Chengkung
and operated by the CWB. The corrected strain signals and environmental signals are
presented in Figure 2. We process the GPS data with the GAMIT10.42/GLOBK5.16

software packages [Herring et al., 2010] using the 2005 International Terrestrial Reference
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Frame (ITRF2005) [Altamini et al., 2007] coordinates in GLOBK processing (Figure S2).

3. Detection and characterization of the SSE

Starting on 29 January 2011, we observe a dilatation of 49 ne at the SSTB station
while ZANB strainmeter recorded a contraction of -39 ne (Figure 2a). A moderate strain
contraction (~ -10 ne) is also visible on HGSB signal while FBRB did not record any
relevant signal (SSNB and CHMB experienced a power outage). The sudden and gradual
volumetric changes occurred during a period of minimum precipitation as expected during
the dry season (October to April). Only a very light rainfall (< 1 mm/hr) occurred during
days 28.1 to 28.9 in the valley (Figure 2b), and induced a low contraction at SSTB and
ZANB (~ -5 ne and -10 ne, respectively). However, the mass loading of rainwater induces
contractional strain in the crust [Mouyen et al., 2017], while SSTB recorded dilatational
strain. Therefore, the observed strain changes are not associated with precipitation and,
neither are they induced by hydrology as no transient change in groundwater level is de-
tected during January-February 2011 (Figure 2b). There are also no appreciable sea level
changes during the SSE episode. The largest variations occurred during days 34 to 35

(~ 0.1 m) and remain undetected by near-coastal stations (ZANB and SSTB) (Figure 2c).

Sudden changes in strain excursions are visible around day 29.06 and have nearly sim-
ilar temporal evolution until day ~ 41.8 (Figure 2d), which corresponds to the timing
for which signals recorded by ZANB and HGSB simultaneously stopped their evolution

(SSTB experienced a power outage during days 42-47). We are however not able to resolve
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the SSE onset with a precision better than a few hours since the SSE may have started
during the light rain episode (Figure S3). Nonetheless, rainfall-induced strain during day
28 is low and has likely no influence on the final amplitude of the SSE signals. Therefore,
coherent strain changes over 13 days, unrelated to environmental changes, are observed
in two networks distant by about 35 km, and therefore likely represent the signature of a
slow transient deformation. The SSE has not been detected by the GPS stations in the

region (Figure S2).

We estimate the optimal source location and magnitude (i.e., source dimensions and
aseismic slip) using a grid search approach. We search for a source compatible with the
LVF with a strike of 23°NE and a geologic rake of 70°, which corresponds to the mean slip
vector direction in the Yuli-Fuli region [Peyret et al., 2011]. At each step, we calculate
the dilatation at the sensor locations resulting from a static dislocation in an elastic ho-
mogeneous half-space for a planar rectangular fault with uniform slip [Okada, 1992], and
estimate the absolute difference between observed and predicted strain (residual strain)
to infer the best source model (Section S1). Our preferred source (with residual strain
< 1.2 ne and maximal surface displacements < 1.9 mm for CHGO) is located between
8 and 15 km depth, it has length (L) and width (W) of 12 km x 8 km, respectively,
and a total displacement of D = 7.5 cm. The depth of the source is particularly well
constrained, even with a limited number of stations, as buried sources result in dilata-
tion that changes sign at distances strongly dependent on the source depth. Insignificant

change recorded by FBRB is thus explained by a nodal plane passing through the station
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location (Figure S5). The SSE has a geodetic moment magnitude of 5.5, a typical value
for a 2-week long SSE [Biirgmann, 2018; Michel et al., 2019] and verifies an earthquake-
like cubic moment-duration scaling, as reported in Cascadia [Michel et al., 2019; Dal Zilio
et al., 2020] and Mexico [Frank and Brodsky, 2019]. We compute the static stress drop

Ao following Madariaga [1977):

8 D
Ao = > G2 1
° =35 (1)

The average stress drop ranges from 0.19 MPa to 0.37 MPa with Ac = 0.23 MPa for
our best source model. This is consistent with values predicted by Gao et al. [2012] for

aseismic moment versus fault area scaling laws.

We search for recurrent events using a geodetic template matching but found no addi-
tional events (Section S2). At the minimum, the recurrence time of such event is about 7
to 8 years. Our search is however limited by the strain templates allowing only to detect
events with nearly similar duration and location as the 2011 SSE. We cannot exclude
neither that our method failed to detect recurrent events with lower magnitude. Indeed,
such signals are below the GPS ambient noise level and frequent rainfall strongly impact

strainmeter records, potentially concealing transient signals.

4. Influence of static stress changes from the 2003 Chengkung earthquake
The SSE occurred at a distance of about 10 km from the epicenter of the December

2003 M, 6.8 Chengkung earthquake. The mainshock was followed by an afterslip with
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an aseismic moment equivalent to 0.8 times the seismic moment at the end of the study
period (end of November 2010) [Thomas et al., 2014, 2017]. The SSE occurred two months
after the end of the study period while some parts of the fault were still creeping at higher
rate than during the preseismic period [Thomas et al., 2014, 2017]. Given that SSEs are
highly sensitive to small stress perturbations (a few kPa) [e.g., Hawthorne and Rubin,
2010], we estimate the contribution of coseismic and postseismic slip to the SSE occur-
rence using the Coulomb failure criterion. If do,, and 7 represent respectively the changes
in normal stress (tensile stress is positive) and shear stress on the fault plane (positive
in the direction of the long-term fault slip) induced by the cumulative slip, then accord-

ing to the Coulomb failure criterion, the static Coulomb stress change §C'F'F' is defined as:

SCFF =01 + i 0, (2)

where 1" is the effective friction coefficient, here taken as 0.4. The fault moves closer
to failure if JC'F'F > 0 and away from failure if SCFF < 0. JCFF is resolved onto the
LVF plane using Coulomb 3.3 [Toda et al., 2005; Lin and Stein, 2004] for a rake angle
parallel to the geologic slip vector of the SSE, using the coseismic and postseismic slip

distribution models from Thomas et al. [2014].

The time-evolution of postseismic slip is modeled using 7 years of geodetic data follow-
ing the mainshock. Thus, modeled dCF'F' represents a very close estimate of the static
stress changes on the fault at the SSE onset timing (only 2 out of 86 months of afterslip

are missing). Moreover, it is worth noticing that this model predicts the cumulative stress
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as if it had occurred instantaneously and does not account for the complex interactions
between fault plane patches that occurred over the 7 years of afterslip. The SSE source
is located in an area of very low coseismic slip (< 0.1 m) and moderate cumulative post-
seismic slip (about 0.2-0.4 m during the 7-yr period) (Figure 3). The source also lies in
an area where coseismic and postseismic slip induced a positive §C'F'F exceeding of 0.3

MPa and 0.5 MPa, respectively.

5. Analyze of earthquake multiplets during the SSE episode

We analyze the seismicity during the SSE episode and find no evidence for the occurrence
of nonvolcanic tremors or for a temporary increase in seismicity (Figure S7). Additionally,
we search for possible repeating earthquakes (REs), which consist of repeated ruptures
of the same asperity, and represent velocity-weakening regions that rupture repeatedly,
embedded in an otherwise velocity-strenghtening region [e.g., Beeler et al., 2001]. REs
illuminate the spatiotemporal behaviour of aseismic slip [Uchida and Birgmann, 2019].
We calculate the cross-correlation coefficients (ccc) of the vertical velocity signals for all
earthquake pairs for stations FULB, YULB, CHKH and ELDB. We filter the 100-Hz sam-
pling signals between 3 and 20 Hz to suppress microseismic noise and the cross-correlation
window has a length of 2 s and begins 0.1 s before manual P-wave picks. Three events
(over 12) show high waveform coherence (ccc ~ 0.88-0.98) at all the stations (Figure 4a).
They occurred during a 40-min period on 5 February 2011 (day 36) and have local mag-

nitude M, < 2 (events 1-3, Table S1).
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To further characterize the earthquake multiplet, we search for additional events for the
2003-2019 period using waveform template matching. We use event 1 as template and
perform sliding-window cross correlations |Yang et al., 2009] for 10 broadband seismic
stations (Figure 1). New events are added to the multiplet if their P-wave cross correla-
tion coefficient is higher than 0.75, at minimum, for two stations. We find a total of 32
events (Table S1 and Figure S8). The multiplet is relocated using the double-difference
algorithm HypoDD [Waldhauser and Ellsworth, 2000] with manually picked P- and S-
wave absolute arrival times and relative P- and S-wave delay times. The relative times
are determined by cross-correlating all earthquakes pairs in the multiplet (ccec > 0.75 for
at least 2 stations). It corresponds to 403 pairs, among which 50% (202 pairs) show high
similarity for 3 stations or more. To ensure a good constraint on the absolute location
of the multiplet, we jointly relocate it with 100 earthquakes selected near and within the
SSE source (Figure S9). For these additional earthquakes, only manually picked P- and

S- arrival times are inverted.

As a result, 22 events of the multiplet are relocated at the depth of about 14.5 km
inside a ~ 300 m x 200 m area roughly dipping 50° southeastward (Figure 4b), which is
compatible with the geometry of the LVF. We assess the relative location uncertainties by
a bootstrap resampling method following Waldhauser and Ellsworth [2000] for two types
of uncertainties (see Figure S10 for details). First is the relative uncertainty inside the
multiplet, assessed by bootstrapping residual times from the relocation of the multiplet

without the additional earthquakes. Second is absolute uncertainty of the multiplet lo-
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cation estimated from the bootstrapping performed on the joint relocation. We obtain
relative horizontal and vertical uncertainties of about 20 m and 27 m, and absolute hori-

zontal and vertical uncertainties of about 150 m and 200 m, respectively.

6. Discussion and concluding remarks

The 2003 Chengkung earthquake represents the largest event impacting the LVF during
the past decades. It generated maximum static Coulomb stress perturbations in the SSE
source region two orders of magnitude larger than any other regional M, > 6 earthquake
or aseismic event (Figure S11). We propose that the SSE occurrence has been promoted
by the significant Coulomb stress changes (JC'FF ~ + 1 MPa, about 4 times greater than
the SSE average stress drop) imparted by a combination of coseismic and postseismic slip
from the earthquake, and which persists several years after the mainshock. Further, since
afterslip dominates the Chengkung postseismic relaxation [Thomas et al., 2014], the slow
loading process is largely dominated by the large elastic stress redistribution following the

mainshock rather than by viscoelastic stress transfer [e.g., Freed and Lin, 2001].

Coseismic static stress changes are permanent perturbations, with effects lasting from
days to years [e.g., Segou and Parsons, 2020], and can therefore explain an extended period
for triggering of aftershocks [King et al., 1994] and SSEs [Hayes et al., 2014; Rolandone
et al., 2018]. Besides, long-lasting stress effects from postseismic deformation can also
play a significant role in promoting delayed rupture [Segou and Parsons, 2018]. The 2017

M, 7.1 Puebla earthquake, Mexico, was likely triggered by postseismic stress changes
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(up to 0.1 MPa) following the 2012 M,, 7.5 Oaxaca event [Segou and Parsons, 2018],
while a combination of postseismic stress changes from the 1964 M,, 9.2 Alaska earth-
quake and a 12 year-long SSE possibly promoted the 2018 M, 7.1 Anchorage earthquake
[Segou and Parsons, 2020]. Finally, since no strain data are available shortly following
the mainshock, we cannot rule out the possibility that SSEs have also already occurred in
the early stage of the seismic cycle [Voss et al., 2017], while stress conditions in the SSE

region were already favourable for promoting rupture.

The multiplet is located in an area of negative Coulomb stress changes imparted by the
SSE (Figure S12). Because the horizontal separation between the multiplet location and
the positive Coulomb stress lobe (~ 1 km) is much larger than the resolution of the SSE
plane horizontal location (about 200 m), we can rule out a possible triggering through
Coulomb stress transfer. On the other hand, given the largest uncertainties on the verti-
cal locations of the cluster and the SSE source, sources can be spatially co-located. This
would suggest that the 40-min burst of earthquakes is likely the result of recurrent seismic
ruptures to accommodate aseismic slip in the surrounding area [e.g., Beeler et al., 2001].
Postseismic slip was proposed as a likely driven mechanism of repeating earthquakes in
the region following small-magnitude earthquakes [Canitano et al., 2018a]. However, sim-
ilar earthquake sequences are also observed in 2005, 2008, 2014 and 2016 in the absence
of aseismic slip (Figure S6). This periodicity of 2-3 years coincides with observations for
repeater sequences unrelated to geodetic transients [Chen et al., 2009, 2020]. Therefore,

we cannot exclude that ruptures occurred spontaneously, earthquakes rupturing close-by,
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but distinct, asperities in a triggering cascade of ruptures [e.g., Lengliné and Marsan,

2009].

In addition to triggering aseismic slip, the Chengkung earthquake had also impacted the
dynamics of repeater sequences along the LVF, notably halving their recurrence interval
[Chen et al., 2020]. However, the absence of additional transient signals and the resolu-
tion limits for microseismicity analysis impact our ability to further interpret the complex
interplay between seismic and aseismic processes on the fault, and their relationship with

the Chengkung rupture (Figure 4c).

The source region of the SSE coincides with a region of low interseismic coupling (< 0.2)
while the Chengkung rupture area coincides with high coupling (Figure S13a). We can
note that in 2011, the fault region hosting the SSE has accumulated about 0.3 m of slip
deficit (Figure S13b), mainly due to the 7-yr postseismic slip. A limited fraction (about
20%) of this deficit has been accommodated by the SSE, and additional and/or recurrent
SSEs as well as postseismic slip should likely help to release the remaining slip deficit.
Further, the SSE region lies in an area of moderate afterslip, suggesting that areas of the
fault zone experiencing afterslip can also host SSEs [Yarai and Ozawa, 2013; Rolandone
et al., 2018]. Conversely, insignificant coseismic slip is observed in the SSE region. Thus,
the region could have acted as a barrier, impeding the Chengkung rupture to propagate
further northeast, as observed during some megathrust earthquakes [Dizon et al., 2014;

Rolandone et al., 2018; Perfettini et al., 2010]. However, further analysis are needed to
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decipher whether a dominant aseismic slip mode prevails throughout the earthquake cycle
for the transient slow slip zone [e.g., Rolandone et al., 2018] (i.e., a permanent barrier),

or if seismic ruptures can partially or completely penetrate it [e.g., Lin et al., 2020].

To conclude, we document the largest SSE detected onshore Taiwan to date. A SSE
was detected at the transition between the aseismic, creeping section of the LVF and the
locked zone [Canitano et al., 2019], we now show evidence that the fault can also host
larger events at seismogenic depths. Better monitoring and characterizing slow transient
events is fundamental to identify areas with high seismic hazard on the LVF, to connect
SSEs to large, destructive earthquakes [e.g., Radiguet et al., 2016], and to understand how

they contribute to relieve the long-term strain budget of the fault.
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Figure 1. (a) Map of southern Taiwan. Inverted triangles denote broadband seismome-
ters used in this study. (Inset) Geodynamic framework of Taiwan. Black arrow indicates
relative motion between Philippine Sea plate (PSP) and Eurasian plate (EP). Black box
shows the area in (b). (b) Map of the Longitudinal Valley. Gray rectangle indicates the
surface projection of the SSE fault plane. Green and red dots represent the earthquake
multiplet before and after relocation, respectively (Section 5). Black star denotes the
epicenter location of the Chengkung earthquake. LV: Longitudinal Valley; CR: Coastal

Range; LVF: Longitudinal Valley fault; CF: Chihshang fault.

DRAFT August 11, 2020, 2:5l1am DRAFT



CANITANO, GODANO AND THOMAS: SSE ON THE LONGITUDINAL VALLEY FAULT X-25

a *  |—ssTB

40 - —ZANB |{
—HGSB
—FBRB

n
=}

Nanostrain
o

)
=]

T~
o

A
S

30 35 40

25
b 14 —0.5
—C0T9MO
12 F C0Z070
MANAL C0S740 =
=10 E
< o =
.E [
£ 8 H
E | po
= 6 %
2 1-05 2
s 4 'g
o 3
2r 2
(O]
0 -1
2

(@)

o

o
=}
a

e
o
a

Sea level change (m)
o

o

N

Day in 2011

a

-

5 [—ssTB [ [ ]
—-1 x ZANB
—-1x HGSB

0 5 10 15
Days after SSE onset
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[9)]

.

(expansion strain > 0), (b) hourly rainfall and groundwater level variations (black curves),
and (c) detided sea level variations (black curve) and smoothed signal (red curve). Vertical
black and green dashed lines indicate the SSE episode duration (around days 29.06 to 41.8)
and the light rainfall period, respectively. (d) Dilatation signals from 01/27 to 02/13/2011
normalized by the value reached at the end of the SSE episode (ZANB and HGSB are
inverted). Vertical red dashed lines indicates the timing of repeaters, occurring when 85%

of aseismic slip (6.35 cm) was relieved (horizontal red dashed line).
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Figure 3. (a) Coseismic and (c) 7-year postseismic (12/2003-11/2010) slip models of the

2003 Chengkung earthquake. Static Coulomb stress changes imparted by (b) coseismic
and (d) postseismic slip resolved onto the LVF fault plane. Black rectangle outlines
the SSE rupture area and black star denotes the epicenter location of the Chengkung
earthquake. Black curves show the contour lines of coseismic slip distribution (in meter)

in (b) and (c) and final postseismic slip distribution (in meter) in (d).
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Figure 4. (a) Multiplets identified during the SSE episode. (b) Double-difference

relocation of the earthquake cluster. (Left) Longitude-latitude map of the seismicity.

(Right) Projection of the seismicity on the LVF fault plane. (Bottom) Cross-section
perpendicular to the LVF. Red and grey dots denote events identified during the SSE
episode and the other events of the cluster, respectively. (c) Aseismic and seismic activities
possibly affected by the 2003 Chengkung earthquake (black star). Periodic REs and
REs bursts are events with M > 2 for the 2000-2011 period (see Chen et al. [2020] for
details). Gray and plain red rectangles outline the 2011 SSE and 2010 afterslip fault
planes, respectively.
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