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Abstract

The 2013 Ruisui earthquake represents the first unequivocal evidence of the activity of the Central Range fault in central
Longitudinal Valley, Taiwan. Using a joint Bayesian finite-fault source inversion of Global Navigation Satellite System and
strain time series, we infer that coseismic rupture occurred between 4 to 19 km depth with maximum slip of 0.5 m located
near the hypocenter. We then apply a variational Bayesian Independent Component Analysis approach to displacement signals
to infer a 3-month long afterslip located in the near-source region. This observation represents the first evidence of aseismic
slip on the Central Range fault. Combining geodetic and seismological analysis with simulations based on rate-and-state
friction mechanics, we analyze the interplay between seismic and aseismic deformation during the earthquake sequence. We
observe that afterslip represents the dominant postseismic deformation mechanism, with > 95% of the moment being released
aseismically in the postseismic phase. Besides, afterslip likely represents the driving force controlling aftershock productivity
and the spatiotemporal migration of seismicity. Finally, we infer the presence of a shallow velocity strengthening zone ( 0-4 km
depth) associated with spatially heterogeneous slip during the postseismic phase with maximum slip of 0.15 m located above

the zone of maximum coseismic deformation.
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Abstract.

The 2013 Ruisui earthquake represents the first unequivocal evidence of
the activity of the Central Range fault in central Longitudinal Valley, Tai-
wan. Using a joint Bayesian finite-fault source inversion of Global Naviga-
tion Satellite System and strain time series, we infer that coseismic rupture
occurred between 4 to 19 km depth with maximum slip of 0.5 m located near
the hypocenter. We then apply a variational Bayesian Independent Compo-
nent Analysis approach to displacement signals to infer a 3-month long af-
terslip located in the near-source region. This observation represents the first
evidence of aseismic slip on the Central Range fault. Combining geodetic and
seismological analysis with simulations based on rate-and-state friction me-
chanics, we analyze the interplay between seismic and aseismic deformation
during the earthquake sequence. We observe that afterslip represents the dom-
inant postseismic deformation mechanism, with > 95% of the moment be-
ing released aseismically in the postseismic phase. Besides, afterslip likely
represents the driving force controlling aftershock productivity and the spa-
tiotemporal migration of seismicity. Finally, we infer the presence of a shal-
low velocity strengthening zone (~ 0-4 km depth) associated with spatially
heterogeneous slip during the postseismic phase with maximum slip of 0.15

m located above the zone of maximum coseismic deformation.
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Plain Language Summary: Tectonic faults display a broad range of slip
patterns, ranging from fast slip (earthquakes) to episodic or continuous aseis-
mic slip. Aseismic transient slip events are now widely observed in active re-
gions and play an important role in stress redistribution in the Earth’s crust.
The Central Range fault is the second most active fault in the Longitudi-
nal Valley, in eastern Taiwan. During the past 15 years, the fault hosted large
to destructive earthquakes, but little is known about the presence and the
role of aseismic events on the fault deformation. The 2013 Ruisui earthquake
reveals for the first time the presence of transient slip regions on the Cen-
tral Range fault, capable of sustaining aseismic deformation over months.
Besides, slow stress relaxation on the fault plane may have also influenced
the behavior of seismicity following the mainshock. Monitoring and charac-
terizing the sources of aseismic slip is fundamental to identify areas with high
seismic hazard on the fault and to gain more knowledge about the interac-

tions between seismic and aseismic processes.
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1. Introduction

The Longitudinal Valley (LV), in eastern Taiwan, represents the collision boundary
between the Philippine Sea plate (PSP) and the Eurasian plate (EP) [Barrier and An-
gelier, 1986], and accounts for about a third of plate convergence [Yu and Kuo, 2001].
The Central Range fault (CRF) is dipping westward underneath the western flank of the
LV [Big, 1965], and contributes to the rapid uplift (3-10 mm.yr—!) of the Central Range
(CR) [Shyu et al., 2006] (Figure 1(a)). The CRF and the Longitudinal Valley fault (LVF),
which bounds the eastern flank of the LV, represent the major active structures in eastern
Taiwan. However, the role of the CRF in the regional geodynamics and even its existence
have long been debated because of the absence of unambiguous geomorphic expression of
the fault and its lack of recent seismic activity [Shyu et al., 2006]. In the past 15 years,
a succession of moderate to large ruptures (moment magnitude M, > 5.9) has led to
the activation of the CRF almost along its entire length [Lee et al., 2023]. The M, 6.1
Taitung earthquake that occurred in 2006 in southern LV represents the first large event
ever recorded on the CRF [Mozziconacci et al., 2013]. In May 2014, a M, 5.9 earthquake
ruptured the fault section located north of the Ruisui earthquake [Wen, 2018]. Then,
the northernmost section of the fault ruptured during the 2019 M, 6.1 [Lee et al., 2020]
and the 2021 M,, 6.2 [Hwang et al., 2022] earthquake sequences. Recently, in September
2022, a M, 6.6 earthquake struck the southern section of the CRF at the depth of 9 km,
and was followed about 16 hours later by an M, 7.1 event (8 km depth) [Yagi et al.,
2023]. The sequence shows a complex rupture pattern that possibly reflects the spatially

heterogeneous stress and structure properties of the CRF [Yagi et al., 2023]. Finally,
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the 18 September 2022 Chengkung earthquake also represents the largest event striking
the island since the 1999 devastating Chi-Chi earthquake [Rousset et al., 2012}, and thus

reveals that the CRF can also generate destructive earthquakes.

The 31 October 2013 Ruisui earthquake, which ruptured a shallow to intermediate sec-
tion (4 to 20 km depth) of the CRF [Lee et al., 2014], represents the first unequivocal
evidence of the fault activity in central LV [Chuang et al., 2014]. Based on dense seismo-
logical and geodetic (Global Navigation Satellite System (GNSS), strainmeters) networks,
previous studies have inferred a complex rupture pattern distributed over a ~ 30 km x
25 km fault plane [Lee et al., 2014; Canitano et al., 2017], striking 201°-209° NE, dip-
ping 44°-59° westward with a dominant left-lateral thrust-faulting mechanism (47°-57°)
[Chuang et al., 2014; Canitano et al., 2015; Lin et al., 2019]. In this study, we invert GNSS
and strain time series to infer a static finite-fault coseismic model of the earthquake. We
also present the first evidence of postseismic deformation on the CRF. Indeed, a frictional
afterslip is detected by near-source GNSS stations (< 25 km from the epicenter) dur-
ing about 3 months following the mainshock. We characterize the velocity strengthening
region of the CRF and its implication during the Ruisui mainshock by combining geode-
tic and seismological analysis with numerical simulations based on rate-and-state friction

mechanics [Marone et al., 1991; Dieterich, 1994].

2. Instrumentation and data processing

2.1. Aftershock catalog
We apply the time and spatial double-link cluster-analysis approach [Wu and Chiao,

2006] to analyze the aftershock sequence during the first 3 months following the main-
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shock. We apply the method to the Central Weather Bureau (CWB) catalog after 3-D
double-difference relocation [Wu et al., 2008; Huang et al., 2014]. The approach identifies
aftershocks via a space-time distance linking and we select 3 days and 5 km as optimal pa-
rameters, as widely utilized in Taiwan region [Hsu et al., 2021; Huang and Wang, 2022].
We then estimate the completeness magnitude M, of the aftershock sequence using a
magnitude correction factor of 0.1, which corresponds to the size of the event magnitude
binning [Schorlemmer et al., 2005]. Using the maximum curvature approach in ZMAP
software [ Wiemer, 2001], we infer M, = 1.6 £ 0.1, and we retain aftershocks with local
magnitude My > M. (423 events) (Figure 1(b)). We estimate a and b parameters in the
Gutenberg-Richter law [Gutenberg and Richter, 1944] using a maximum-likelihood ap-
proach (a = 3.671, b = 0.653 £ 0.032) (Figure 2(a)). b-value is consistent with estimates
inferred for thrust-faulting events (b ~ 0.7) [Schorlemmer et al., 2005] and with values
observed in the Ruisui region (b ~ 0.7-0.8) [Wu et al., 2018]. Finally, the evolution of af-
tershock activity is explained by the Omori-Utsu law [Utsu et al., 1995] with parameters:
p=0.99, k= 56.2, and ¢ = 0.041 day (Figure 2(b)). p-value estimate represents a typical

value for aftershock decay rate (median value of 1.1) [Utsu et al., 1995].

2.2. GNSS data

We process displacement time series for 82 GNSS stations in eastern Taiwan with the
GAMIT10.42/GLOBKS5.16 software packages [Herring et al., 2010]. We estimate daily
solutions through double-differenced carrier phase measurements. We also utilize addi-
tional stations (362 from Taiwan, 8 from Ryukyu and 17 International GNSS Service sites
in the Asia-Pacific region) to assess a more accurate pattern of regional deformation for

Taiwan. Finally, we process GAMIT output with GLOBK to estimate daily positions in
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ITRF2008 reference frame [Altamini et al., 2012]. Then, we use a Principal component
analysis (PCA) [Dong et al., 2006; Gualandi et al., 2014] to estimate horizontal and ver-
tical coseismic offsets related to the Ruisui earthquake. We apply the PCA to 40 GNSS
stations over a 2-month period (30 days prior and following the earthquake) (Figure S1 in
the Supplementary Information) and permanent coseismic displacements are obtained by

fitting the first principal component to a Heaviside function H (Figure 3(a) and Table S1).

To isolate postseismic deformation from signals of both non-tectonic (e.g., hydrological
loading cycles [Hsu et al., 2020]) and tectonic origin [Gualandi et al., 2017], we process the
displacement time series recorded by 28 near-source stations over a 1.5-year time period
(from January 2013 to May 2014). First, we model displacement time series x with a

trajectory equation described as follows:

Teq Nof f
w(t) =q+mt+ Y H(t—10) AQ + > H (1 -19),) A5,
=1 j=1

_—o

Neq _toteq
. . i i ()
+ Ay sin (27t + ¢y ) + Appyr sin (A7t + dppyr) + E H (t — tgf])) Al(m)st X |1 —e Tpost
i=1

(1)
where ¢ is a constant, m is the secular velocity, ¢ is time, Ag} is the coseismic step

starting at time tg?, Neq is the number of detected earthquakes, Agjf) 1 1s instrumental offset

at time tgc)f, Nofs is the number of detected offsets, A,, and Ay, are the amplitudes
of the annual and semi-annual seasonal motions with phase shifts ¢, and ¢, respec-

tively, AY

post 18 the maximum amplitude of the postseismic displacement with relaxation

time ngilt. Second, a linear trend and both instrumental and tectonic offsets are removed
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from position time series (first line in Equation (1)) and we keep all other signals (second
line). Finally, we input the corrected time series into a variational Bayesian Independent
Component Analysis (vbICA) algorithm [Choudrey and Roberts, 2003] adapted to study

complex geodetic signals [Gualandi et al., 2016].

The ICA method is an unsupervised learning technique commonly used to resolve blind
source separation problems [Gualandi et al., 2016], which allows us to model signals for
which the actual temporal functional form is unknown [Serpelloni et al., 2018]. Here we
use the vbICA, which assumes that observations are generated by a linear mixture of a
limited number of statistically independent sources, because it offers more flexibility in
characterizing and extracting sources with multimodal probability density functions, as
commonly observed in geophysical time series. We set the number of independent com-
ponents (IC) using an Automatic Relevance Determination method (nIC = 5) [Gualandi
et al., 2016]. The postseismic displacement signal is mapped in the first independent
component IC1 and represents the prominent signal in GNSS data for the selected epoch
(Figure S2). We infer 11 stations with resolvable postseismic relaxation (cumulative hori-
zontal displacements > 3 mm) (Figure S3), mainly located in the earthquake near-source

region (< 25 km from epicenter).

2.3. Strainmeter data

We estimate dilatation (€,) coseismic offsets for the 9 Sacks-Evertson borehole dilatome-
ters [Sacks et al., 1971] operating during the earthquake. We calibrate the dilatometers
through waveform correlation between observed and synthetic tides following Canitano

et al. [2018a]. We correct the 100-Hz sampling data for solid and ocean tidal strain, air
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pressure-induced strain and borehole relaxation [Hsu et al., 2015; Canitano et al., 2021]
and estimate coseismic strain offsets following Lin et al. [2022]. Coseismic static contrac-
tion of -900 ne to -360 ne, well above the measurement noise of ~ 1 ne, is recorded by
near-field dilatometers (15-20 km SE of the rupture) (Figure 4). Far-field stations (40-60
km away from the rupture) show moderate to little expansion (about 15 ne to 35 ne),

while no coseismic steps are recorded by DONB and FBRB stations.

3. Finite-fault coseismic model

We follow a two-step approach to estimate a finite-fault coseismic slip model. In a first
step, we estimate a preliminary model inverting geodetic data for a uniform slip distribu-
tion on a single patch. In a second step, we refine the fault discretization. Both solutions
are obtained by the joint inversion of horizontal and vertical coseismic displacements for
40 GNSS stations and dilatation for 9 strainmeters. We utilize the Geodetic Bayesian In-
version Software (GBIS, MATLAB-based software) [Bagnardi and Hooper, 2018], which
performs a rapid and robust characterization of source fault parameters and associated
uncertainties for multiple geodetic datasets using a Bayesian approach and assuming elas-
tic homogeneous half-space Green’s function for a rectangular source [Okada, 1992]. We
assume a rigidity of 30 GPa, as commonly used to model the Earth crust in the region
[Canitano et al., 2015]. We modified the GBIS algorithm to integrate the calculation of

internal deformations together with surface displacements [Okada, 1992].

To determine the preliminary source model, we invert for source dimensions and lo-
cation (length, width, midpoint of the fault upper edge (X, Y, and depth)) and source

parameters (strike, dip, uniform slip in the strike and in the dip direction) without im-
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posing constraints onto fault strike (0°-360° clockwise from north), dip (0° to 90° from
horizontal) angles and geologic slip direction to explore all possible fault kinematics and
orientations. We searched for a fault plane within 15 km from the epicenter with a depth
of the midpoint upper edge varying from 0 to 20 km and uniform slip ranging from -1.5 m
to 2.0 m (10 iterations). We define the weighted misfit between the GNSS observations
and the modeled coseismic displacements as follows:

rTWr

misfitg = m (2)

where r is the vector of residual displacements between GNSS observations and models,
W is the weight matrix, and 7r(.) the matrix trace. The dilatation misfit is estimated as

follows (all observations have identical weight):

n obs(i) _mod(i)y2
misfite = \/2121(&) e ) (3)

n
where 2@ and 7Y% are the observed and modeled dilatation for the " strainmeter,
respectively and n is the number of stations (n = 9). The source model reveals that sur-
face displacements and dilatation are well explained (misfitg = 5 mm and misfit. = 14
ne) by a left-lateral thrust-fault (rake = 45°-47°) striking 203° and dipping 48° westward

(Table S2). This source modeling agrees well with previous models [Canitano et al., 2015;

Lin et al., 2019], and is consistent with a rupture on the CRF.

Then, we aim to obtain a more realistic rupture model by discretizing the extended
previous fault plane (36 km x 30 km) into 270 subfaults (2 km x 2 km) and solve for

slip on each patch. We fix strike and dip angles to values inferred from the uniform-slip

DRAFT April 6, 2023, 1:23pm DRAFT



185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

LIN ET AL.: SEISMIC AND ASEISMIC DEFORMATION ON THE CRF X-11

model but we allow a variable rake on each subfault to account for the complex rupture
pattern [Lee et al., 2014; Canitano et al., 2017]. To avoid unrealistic slip values because
of the small amount of constraints west of the fault plane, we apply a zero slip boundary
constraint B (unapplied to the plane top edge). A weighted least squares inversion with

constraints on smoothness and boundary is performed by minimizing the cost function

¢(s):

6(s) = 155" (d = Gs) |” + BIILs|I + | Bs|? (4)

where Y, is the error covariance matrix, d is GNSS and strain observation matrix, G
is the Green’s function, s is the slip vector on each subfault and L is the 9-point stencil
finite difference Laplacian. § and « are the weighting factors for smoothing and boundary
constraints, respectively. We estimate the optimal smoothing factor (f = 152) by mini-
mizing the leave-one-out cross-validation mean squared error [Matthews and Segall, 1993]

(Figure S4).

Our preferred model (misfitg = 4 mm and misfite = 16 ne) (Figure 3(b)) shows that
the rupture occurs on a fault plane with dimensions of approximately 26 km x 22 km
located between 3 and 19 km depth (Figure 5). The main asperity is concentrated in a
region with dimensions of ~ 16 km x 10 km located between 6 and 16 km depth, with a
peak slip of about 0.5 m located near the hypocenter. The asperity exhibits a dominant
left-lateral thrust-faulting mechanism and aftershocks fall both within and at the edge of
coseismic slip distribution. The total seismic moment of the rupture is 3.12x10'® N.m,

corresponding to M, = 6.3, in agreement with other studies [Chuang et al., 2014; Canitano
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et al., 2015]. We estimate the earthquake stress drop A7 assuming a rectangular rupture
[Kanamori and Anderson, 1975] and found a value (2 MPa), about twice lower than what
obtained with seismological data (3.9 MPa) [Lee et al., 2014] under the assumption of

circular fault rupture [Eshelby, 1957].

4. Forward model of stress-driven afterslip

Several mechanisms are commonly involved in postseismic transient deformation. Vis-
coelastic lower crust or upper mantle relaxation can follow moderate-magnitude events
(M, ~ 6-6.5) [Mandler et al., 2021] and is characterized by large-scale and long-lasting
deformation (months to years) [Tang et al., 2019]. Here, postseismic relaxation is of short-
duration (~ 3 months) and is mainly recorded by near-source GNSS stations. Poroelastic
rebound is generated by changes in pore pressure in the near-source region due to a dislo-
cation [Peltzer et al., 1996]. We calculate the poroelastic deformation following Li et al.
[2021] protocol for an undrained Poisson’s ratio of 0.3. Predicted surface displacements (<
1 mm) are one order of magnitude smaller than near-field transient deformation, therefore
poroelastic rebound shows no appreciable contribution to postseismic deformation. We
thus consider frictional afterslip as the main contributor to the postseismic deformation of
the Ruisui earthquake. Typically, afterslip takes place on fault portions surrounding the
coseismic rupture. These regions exhibit velocity strengthening behavior and can resist
the rupture propagation [Marone et al., 1991]. Afterslip usually represents the predomi-
nant deformation mechanism in the postseismic phase during weeks to months after the

mainshock [e.g., Hu et al., 2016].
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Here, because of the small amount of stations detecting postseismic slip (11 stations)
(Figure 1(a)), we are not able to resolve afterslip distribution using the discretized fault
plane. Therefore, we perform a forward modeling of stress-driven afterslip to approxi-
mate the equivalent effects on the horizontal surface displacements generated by the time
dependent slip response v of a fault governed by nonlinear rate strengthening friction
parameters [Dieterich, 1994] using Relax software [Barbot and Fialko, 2010a, b], in which

afterslip is driven by coseismic shear stress change:

Ho . T
=2 h
v = 2vy exp =) sin TR (5)

where vy represents the reference long-term slip velocity, ug is the static reference fric-
tion at depth, a and b are frictional parameters, and 7 and o denote the shear and normal
stress changes on the fault, respectively (assumed constant in time). We use the finite-
fault coseismic model (26 km x 22 km) as the stress-driven source and explore parameters
vo, (@ — b)o, and the dimensions and location of afterslip regions. Given the size of the
mainshock and the limited extension of the postseismic deformation, we are seeking for
afterslip located in the vicinity of the coseismic slip region. We thus limit our search to
the 36 km x 30 km plane considered for finite-fault modeling (Figure 1(b)). Note that
forward modeling simulates relaxation taking place outside of the coseismic source area,
which does not preclude the possibility that afterslip and coseismic slip did overlap. We
explore two rupture scenarios: afterslip occurs only on the CRF (strike = 203°, dip = 48°,
rake = 47°) (Figure S5(a)), and afterslip occurs on the CRF and on the shallow, creeping
section of the LVF [Thomas et al., 2014] (about 0-4 km depth) beneath which the CRF

may be buried [Shyu et al., 2006]. We model the shallow LVF section with a 5 km-wide
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receiver striking 20°NE with variable length and location and with a dip of 60° [Thomas

et al., 2014] and a rake at the surface of 60° [Peyret et al., 2011] (Figure S5(b)).

In the case of the CRF, we analyze several receiver configurations to seek the simplest
model explaining near-source horizontal displacements (Figure S6). Observations are well
explained by postseismic relaxation surrounding the coseismic slip region. In particular,
we find that shallow relaxation is required to explain observations recorded in the eastern
rupture region (e.g., FENP, FONB, HRGN) and NS displacements for near-source stations
DNFU and DSIN (Figures 6 and S7). Lateral relaxation on the southwestern fault plane
region allows to predict horizontal displacements recorded by KNKO and NHSI stations.
Frictional parameters show vy = 5 mm.yr—!, agreeing with the long-term slip rate of the
CRF [Shyu et al., 2020] and (a — b)o = 3 MPa, which is about the earthquake stress drop,
and is also consistent with estimates for afterslip on continental faults (typically ~ 1
MPa) [Perfettini and Avouac, 2004]. This simple, forward relaxation model also explains
the absence of detection for remote stations (e.g., YUL1, NPRS, ZCRS or SHUL) but
tends to overestimate displacements for stations located south of the rupture (JSUI and
CMRS) and to underestimate EW displacements for stations located right above the
hypocenter (GUFU and DSIN) (Figure 7). Finally, adding the shallow section of the
LVF as a passive fault in the forward modeling does not improve displacement modeling
(Figure S8), suggesting that the fault did not appreciably contribute to postseismic stress

relaxation.

5. Aftershock activity possibly mediated by frictional afterslip
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To explore a possible connection between aftershock activity and afterslip, we first
compare the cumulative seismicity with the afterslip temporal function mapped in IC1
component (Figure 8(a)). We observe a good correlation between the signals, which sug-
gests that afterslip may represent the driving force behind aftershock productivity dur-
ing the Ruisui sequence [Perfettini and Avouac, 2004; Hsu et al., 2006; Gualandi et al.,
2020]. Besides, seismicity rate and postseismic relaxation decays are well explained by
the Omori-Utsu law with p-value = 1 (Figure 2(b)). This particular case also reflects a
temporal seismicity decay compatible with resisting stress on the fault plane increasing
as the logarithm of the sliding velocity, as typically observed during afterslip [Dieterich,

1994; Perfettini et al., 2018].

To further investigate how seismic and aseismic transient slip interact during the post-
seismic period, we analyze the spatiotemporal evolution of aftershocks. In particular, we
seek a possible expansion of the aftershock region reflecting aftershock migration driven
by afterslip [Frank et al., 2017; Perfettini et al., 2018]. For a rate strengthening rheology,
the aftershock region expansion with time AR,(t), since the onset time t; of the first

aftershock, is expressed as [Perfettini et al., 2018]:

AR,(0) = ¢la =)o 5105 (1) (6)

i
where ( is a constant and c represents the source radius assuming a circular crack model

following Eshelby [1957]:

B 7 M() 1/3
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We model the aftershock zone expansion using parameters related to our coseismic
model (¢ = 8.80 km, A7 = 2 MPa) and we also test Lee et al. [2014] model (¢ = 7.05 km,
AT = 3.9 MPa). We assume My = 3.12x10'® N.m, (a —b)o = 3 MPa, ( = 1 [Frank et al.,

2017] and ¢; = 194 s.

We observe that apparent propagation velocity shows substantial differences for these
coseismic models using (a —b)o constrained from rate-and-state simulations (Figure 8(b),
purple and blue curves). Aftershock propagation velocity is well reproduced using Lee
et al. [2014] coseismic parameters while our model tends to overestimate migration speed
by a factor of about 3. However, since Lee et al. [2014] coseismic model shows greater
resolution and related static stress drop was estimated under the assumption of circular
fault rupture [Eshelby, 1957], we may expect a good estimate of aftershock spatiotemporal
evolution. Conversely, our model is probably too complex to assume circular rupture
(Figure 5), so that stress drop is estimated based on a rectangular rupture [Kanamori
and Anderson, 1975]. We can note that (a—b)o parameter also strongly impacts migration
pattern. For instance, a value of (a — b)o = 1 MPa (which also yields a reasonable fit
to postseismic signals) would allow to predict well expansion velocity using our coseismic
model (Figure 8(b), green curve). Overall, the absence of resolution for characterizing
afterslip that possibly occurs in the coseismic slip region (where most of aftershocks are
located) limits our ability to investigate further the impact of afterslip on seismicity during

the postseismic phase of the Ruisui earthquake.

6. Discussion
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We analyze GNSS, strain, and seismological time series to investiage the spatiotemporal
evolution of crustal deformation related to the 2013 Ruisui earthquake. We observe that
the fault plane geometry and location inferred from the joint geodetic inversion agree well
with previous models [e.g., Chuang et al., 2014; Lin et al., 2019]. Our finite-fault model
shows that the rupture is distributed on a 26 km x 22 km fault plane located at a depth of
about 3 to 19 km. The absence of surface ruptures directly above the mainshock was also
reported previously [Lee et al., 2014; Chuang et al., 2014]. The dimension and location of
the main asperity are consistent with Lee et al. [2014] model, but the coseismic slip is un-
derestimated by approximately 30%. Lee et al. [2014] have also inferred a second, shallow
asperity (with average slip of 0.3-0.4 m) in the SW section of the fault plane associated
with a left-lateral slip component. Our model possibly shows shallow slip (~ 3 to 9 km
depth) (Figure 5) in the SW termination of the rupture associated with a dominant left-
lateral slip component and which concentrates a small cluster of aftershocks, albeit with
limited resolution. Finally, we observe that near-source deformation (recorded by HGSB,
SSNB, CHMB, and ZANB), previously used to infer the mainshock source parameters
[Canitano et al., 2015], is well explained (misfite = 1.0 ne) (Figure 4). Since joint geode-
tic inversion is dominated by GNSS and strain observations recorded in the near-source
region, far-field deformation (e. g., SINB and TRKB) is likely underestimated by our

model.

While the existence of aseismic transient slip regions on the CRF was previously sug-

gested based on geodetic [Canitano et al., 2019] and seismological (seismic swarms, repeat-

ing earthquakes) [Chen et al., 2020; Peng et al., 2021] observations, the Ruisui earthquake
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reveals unambiguously the presence of velocity strengthening regions capable of sustain-
ing transient deformation over months. Using frictional rate-and-state parameters from
our optimal relaxation model, we simulate the spatial evolution of postseismic slip on the
CRF plane as a function of time (Figure 9). We observe that during the early postseismic
phase (first 2 weeks to 1 month), afterslip spreads around the coseismic slip region with
relatively limited slip (< 0.1 m). Then, postseismic slip increases in the shallow fault
section, reaching a maximum cumulative slip of approximately 0.15 m about 3 months
following the mainshock. The velocity strengthening region extends toward the surface
and mainly covers the fault region located right above the main asperity (Figure 5). We
estimate the total moment released by the 3-month afterslip considering the slip asso-
ciated with the 0.5° x 0.5° cells distributed on the plane inferred from GNSS forward
modeling (30 km x 30 km) (Figure 7). We infer a moment of about 6.73x10'" N.m
(M, ~ 5.8), that represents about 20% of the cumulative seismic moment. Typically,
ratio estimates for thrust-faulting earthquakes with M,, ~ 6 to 6.5 range from about 10%
to 30% [Hawthorne et al., 2016]. However, since aftershocks appear to be primarily driven
by afterslip, the fraction of postseismic slip that possibly occurs within the coseismic area
remains unknown. Finally, the cumulative seismic moment released by aftershocks (423
events with My > 1.6) is My ~ 2.56x10' N.m (M, = 4.9) which represents less than
4% of the minimum cumulative moment released by afterslip. Consequently, aseismic slip
represents the dominant mechanism of postseismic deformation, a commonly observed

pattern in active regions [e.g., Gualandi et al., 2020].
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The presence of the shallow afterslip-prone region, possibly highly fractured [Lee et al.,
2014], has contributed to relieve stress aseismically in the postseismic phase, but may
have also arrested the rupture propagation, acting as a barrier that impeded locally seis-
mic slip to reach the surface [Rolandone et al., 2018]. Rupture propagation toward the
surface arrested by shallow fault creep was observed during the 2003 Chengkung earth-
quake [Hsu et al., 2009; Thomas et al., 2014] or during the 2020 Elazig (Turkey) event
[Cakir et al., 2023], for instance. Indeed, a field survey conducted shortly after the Ruisui
earthquake reported the absence of surface fractures in the region located right above
the main coseismic zone while fractures were found further south, near the southwestern
rupture termination [Lee et al., 2014], suggesting that coseismic slip has possibly pene-
trated the surface. Seismic rupture propagation may have been impacted by the spatially
heterogeneous properties of the velocity strengthening area that shows the largest post-
seismic slip level right above the main coseismic zone and a smaller amount above the
SW rupture section (Figure 9). Seismic rupture can partially or completely penetrate
a region of transient deformation provided effective stress difference between coseismic
and aseismic regions is large enough to facilitate it [Lin et al., 2020]. The presence of
this shallow transient zone may also be compatible with the very low level of historical
seismicity on the shallow section of the CRF in the Ruisui region (Figure 7(b)). Overall,
further investigations are needed to constrain the rheological properties of the CRF and
to understand the mechanisms that contribute to relieving the strain accumulated in the

crust.

7. Conclusions
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The 2013 Ruisui earthquake represents the first unequivocal evidence of the activity of
the CRF in central LV. In this study, combining geodetic and seismological observations
with numerical simulations based on rate and state-dependent friction, we present the
first evidence of postseismic transient deformation on the CRF. We observe that afterslip
represents the dominant mechanism during the postseismic period, releasing > 95% of the
moment through aseismic slip on the CRF. Further, we demonstrate that afterslip also
likely acts as the driving force controlling aftershock productivity and the spatiotemporal
migration of seismicity during the first 3 months following the mainshock. Such a mech-
anism was previously observed on the LVF [Canitano et al., 2018b] and we present the
first evidence that the CRF can also experience complex interactions between aseismic
and seismic slip in the postseismic phase. Finally, since the 2022 Chihshang earthquake
revealed that the CRF can generate major earthquakes (M,, > 7) but also that both the
CRF and LVF southern fault segments might be connected and might ruptured together
during a seismic event [Lee et al., 2023], enhancing detection and characterization of aseis-
mic fault slip in the LV will be fundamental to reducing earthquake hazards in Taiwan in

the future.
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Figure 1: (a) Map of eastern Taiwan. The red and black triangles denote the strain-
meters and GNSS stations, respectively. GNSS stations used for constraining postseismic
relaxation are outlined (green box: stations recording surface displacements, and red box:
stations with no displacements). The red star depicts the epicenter of the Ruisui earth-
quake (CGMT). The blue stars denote the epicenters of moderate to large earthquakes
(M, > 5.9) that struck the CRF from 2006 to 2022. The black dot shows Ruisui town.
The black box shows the region in (b). (Inset) Geodynamic framework of Taiwan. The
black arrow indicates the relative motion between the Philippine Sea plate (PSP) and
Eurasian plate (EP); (RT): Ryukyu Trench. LVF: Longitudinal Valley fault; CRF: Cen-
tral Range fault; LV: Longitudinal Valley. (b) Surface projection of the spatiotemporal
evolution of the relocated aftershocks (with My > 1.6) during the first 3 months following
the mainshock. Surface projection of the relocated plane used for finite-fault geodetic
inversion (36 km x 30 km) (black rectangle) and of the main region of coseismic slip (26

km x 22 km) (red rectangle). The thick line depicts the top edge of each plane.

Figure 2: (a) Cumulative frequency-magnitude distribution of aftershocks during
about 3 months following the mainshock. The dashed line represents the Gutenberg-
Richter law (logio(N) = a — bM, where N is the cumulative number of earthquakes
having magnitudes larger than M) with a = 3.671 and b = 0.653 £ 0.032 obtained
via a maximum-likelihood approach. The magnitude of completeness (M. = 1.6 £+ 0.1)
for the sequence is estimated using a maximum curvature approach. (b) Cumulative
number of aftershocks (N) over a ~ 3-month period following the mainshock (after

removing events with M, < M,) approximated with the cumulative Omori-Utsu law
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(N(t) = K(c" P — (t+¢)'"?)/(p — 1), where K, ¢ and p are constants).

Figure 3: Comparison of observed and modeled 3-D coseismic displacements associated
with the 2013 Ruisui earthquake. (a) GNSS coseismic displacements obtained through a
PCA approach (see Figure 1(a) for station details). Black vectors show horizontal dis-
placements with a 95% confidence ellipse and circles show vertical displacements with
uplift and subsidence indicated by warm and cold colors, respectively. The black star
denotes the mainshock epicenter. (b) Modeled horizontal displacements (red arrows) and
residual of vertical displacements (circles) inferred from the nonlinear joint inversion of
GNSS and strain time series for a finite-fault model (Figure 5). The black thick line

depicts the top edge of the fault plane and the dashed lines outline its surface projection.

Figure 4: Coseismic static dilatation offsets recorded by Sacks-FEvertson borehole
dilatometers over a 30-min period centered on the Ruisui earthquake onset timing. Ex-

pansion is positive.

Figure 5: Coseismic slip distribution resolved on 2 km x 2 km subfaults (5 = 152).
The dashed black rectangle denotes the ~ 26 km x 22 km fault plane hosting the rupture.
The projection onto the fault plane of the mainshock epicenter is depicted by a black star
and black dots show the projection of relocated aftershocks (with M > 1.6) occurring

during the first 3 months following the mainshock.
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Figure 6: Temporal evolution of stress-driven afterslip induced on the CRF over a
3-month period inferred from our best source combination (Figure 7(a)) (see Figure S7

for additional examples).

Figure 7: (a) Horizontal postseismic displacements detected by near-source GNSS sta-
tions estimated using a vbICA approach (black arrows) and predictions resulting from a
forward nonlinear rate strengthening friction model (purple arrows). Near-source stations
with insignificant detections are shown by red triangles. The purple rectangle outlines
the receiver located on the CRF considered in the simulation. The thick line depicts the
top edge of each plane. The plain red rectangle outlines the main coseismic slip region
(stress-driven source) and the black star is the mainshock epicenter. (b) Relocated seis-
micity (M > 1.5) in central LV from 1990 to 2020 from the CWB. Relocated aftershocks
of the Ruisui earthquake are shown by black dots. The shallow section of the CRF in the

Ruisui region is associated with a very low level of historical seismicity.

Figure 8: (a) Comparison between the cumulative number of aftershocks (with M,
> 1.6) and the temporal evolution of afterslip (IC1 component). (b) Along-strike expan-

sion of the aftershock zone of the Ruisui earthquake predicted using Equation (6).

Figure 9: Spatiotemporal evolution of postseismic slip along the CRF (Equation (5))
inferred from our optimal parameters (vy = 5 mm.yr~!, (a — b)o = 3 MPa). Postseis-
mic relaxation surrounds the coseismic slip region (dark blue region) with average slip of

~ 0.05-0.1 m and shows a spatially heterogeneous distribution in the shallow fault sec-
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oo tion, with maximum cumulative slip of approximately 0.15 m about 3 months following
e the mainshock.
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Abstract.

The 2013 Ruisui earthquake represents the first unequivocal evidence of
the activity of the Central Range fault in central Longitudinal Valley, Tai-
wan. Using a joint Bayesian finite-fault source inversion of Global Naviga-
tion Satellite System and strain time series, we infer that coseismic rupture
occurred between 4 to 19 km depth with maximum slip of 0.5 m located near
the hypocenter. We then apply a variational Bayesian Independent Compo-
nent Analysis approach to displacement signals to infer a 3-month long af-
terslip located in the near-source region. This observation represents the first
evidence of aseismic slip on the Central Range fault. Combining geodetic and
seismological analysis with simulations based on rate-and-state friction me-
chanics, we analyze the interplay between seismic and aseismic deformation
during the earthquake sequence. We observe that afterslip represents the dom-
inant postseismic deformation mechanism, with > 95% of the moment be-
ing released aseismically in the postseismic phase. Besides, afterslip likely
represents the driving force controlling aftershock productivity and the spa-
tiotemporal migration of seismicity. Finally, we infer the presence of a shal-
low velocity strengthening zone (~ 0-4 km depth) associated with spatially
heterogeneous slip during the postseismic phase with maximum slip of 0.15

m located above the zone of maximum coseismic deformation.
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Plain Language Summary: Tectonic faults display a broad range of slip
patterns, ranging from fast slip (earthquakes) to episodic or continuous aseis-
mic slip. Aseismic transient slip events are now widely observed in active re-
gions and play an important role in stress redistribution in the Earth’s crust.
The Central Range fault is the second most active fault in the Longitudi-
nal Valley, in eastern Taiwan. During the past 15 years, the fault hosted large
to destructive earthquakes, but little is known about the presence and the
role of aseismic events on the fault deformation. The 2013 Ruisui earthquake
reveals for the first time the presence of transient slip regions on the Cen-
tral Range fault, capable of sustaining aseismic deformation over months.
Besides, slow stress relaxation on the fault plane may have also influenced
the behavior of seismicity following the mainshock. Monitoring and charac-
terizing the sources of aseismic slip is fundamental to identify areas with high
seismic hazard on the fault and to gain more knowledge about the interac-

tions between seismic and aseismic processes.
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1. Introduction

The Longitudinal Valley (LV), in eastern Taiwan, represents the collision boundary
between the Philippine Sea plate (PSP) and the Eurasian plate (EP) [Barrier and An-
gelier, 1986], and accounts for about a third of plate convergence [Yu and Kuo, 2001].
The Central Range fault (CRF) is dipping westward underneath the western flank of the
LV [Big, 1965], and contributes to the rapid uplift (3-10 mm.yr—!) of the Central Range
(CR) [Shyu et al., 2006] (Figure 1(a)). The CRF and the Longitudinal Valley fault (LVF),
which bounds the eastern flank of the LV, represent the major active structures in eastern
Taiwan. However, the role of the CRF in the regional geodynamics and even its existence
have long been debated because of the absence of unambiguous geomorphic expression of
the fault and its lack of recent seismic activity [Shyu et al., 2006]. In the past 15 years,
a succession of moderate to large ruptures (moment magnitude M, > 5.9) has led to
the activation of the CRF almost along its entire length [Lee et al., 2023]. The M, 6.1
Taitung earthquake that occurred in 2006 in southern LV represents the first large event
ever recorded on the CRF [Mozziconacci et al., 2013]. In May 2014, a M, 5.9 earthquake
ruptured the fault section located north of the Ruisui earthquake [Wen, 2018]. Then,
the northernmost section of the fault ruptured during the 2019 M, 6.1 [Lee et al., 2020]
and the 2021 M,, 6.2 [Hwang et al., 2022] earthquake sequences. Recently, in September
2022, a M, 6.6 earthquake struck the southern section of the CRF at the depth of 9 km,
and was followed about 16 hours later by an M, 7.1 event (8 km depth) [Yagi et al.,
2023]. The sequence shows a complex rupture pattern that possibly reflects the spatially

heterogeneous stress and structure properties of the CRF [Yagi et al., 2023]. Finally,
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the 18 September 2022 Chengkung earthquake also represents the largest event striking
the island since the 1999 devastating Chi-Chi earthquake [Rousset et al., 2012}, and thus

reveals that the CRF can also generate destructive earthquakes.

The 31 October 2013 Ruisui earthquake, which ruptured a shallow to intermediate sec-
tion (4 to 20 km depth) of the CRF [Lee et al., 2014], represents the first unequivocal
evidence of the fault activity in central LV [Chuang et al., 2014]. Based on dense seismo-
logical and geodetic (Global Navigation Satellite System (GNSS), strainmeters) networks,
previous studies have inferred a complex rupture pattern distributed over a ~ 30 km x
25 km fault plane [Lee et al., 2014; Canitano et al., 2017], striking 201°-209° NE, dip-
ping 44°-59° westward with a dominant left-lateral thrust-faulting mechanism (47°-57°)
[Chuang et al., 2014; Canitano et al., 2015; Lin et al., 2019]. In this study, we invert GNSS
and strain time series to infer a static finite-fault coseismic model of the earthquake. We
also present the first evidence of postseismic deformation on the CRF. Indeed, a frictional
afterslip is detected by near-source GNSS stations (< 25 km from the epicenter) dur-
ing about 3 months following the mainshock. We characterize the velocity strengthening
region of the CRF and its implication during the Ruisui mainshock by combining geode-
tic and seismological analysis with numerical simulations based on rate-and-state friction

mechanics [Marone et al., 1991; Dieterich, 1994].

2. Instrumentation and data processing

2.1. Aftershock catalog
We apply the time and spatial double-link cluster-analysis approach [Wu and Chiao,

2006] to analyze the aftershock sequence during the first 3 months following the main-
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shock. We apply the method to the Central Weather Bureau (CWB) catalog after 3-D
double-difference relocation [Wu et al., 2008; Huang et al., 2014]. The approach identifies
aftershocks via a space-time distance linking and we select 3 days and 5 km as optimal pa-
rameters, as widely utilized in Taiwan region [Hsu et al., 2021; Huang and Wang, 2022].
We then estimate the completeness magnitude M, of the aftershock sequence using a
magnitude correction factor of 0.1, which corresponds to the size of the event magnitude
binning [Schorlemmer et al., 2005]. Using the maximum curvature approach in ZMAP
software [ Wiemer, 2001], we infer M, = 1.6 £ 0.1, and we retain aftershocks with local
magnitude My > M. (423 events) (Figure 1(b)). We estimate a and b parameters in the
Gutenberg-Richter law [Gutenberg and Richter, 1944] using a maximum-likelihood ap-
proach (a = 3.671, b = 0.653 £ 0.032) (Figure 2(a)). b-value is consistent with estimates
inferred for thrust-faulting events (b ~ 0.7) [Schorlemmer et al., 2005] and with values
observed in the Ruisui region (b ~ 0.7-0.8) [Wu et al., 2018]. Finally, the evolution of af-
tershock activity is explained by the Omori-Utsu law [Utsu et al., 1995] with parameters:
p=0.99, k= 56.2, and ¢ = 0.041 day (Figure 2(b)). p-value estimate represents a typical

value for aftershock decay rate (median value of 1.1) [Utsu et al., 1995].

2.2. GNSS data

We process displacement time series for 82 GNSS stations in eastern Taiwan with the
GAMIT10.42/GLOBKS5.16 software packages [Herring et al., 2010]. We estimate daily
solutions through double-differenced carrier phase measurements. We also utilize addi-
tional stations (362 from Taiwan, 8 from Ryukyu and 17 International GNSS Service sites
in the Asia-Pacific region) to assess a more accurate pattern of regional deformation for

Taiwan. Finally, we process GAMIT output with GLOBK to estimate daily positions in
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ITRF2008 reference frame [Altamini et al., 2012]. Then, we use a Principal component
analysis (PCA) [Dong et al., 2006; Gualandi et al., 2014] to estimate horizontal and ver-
tical coseismic offsets related to the Ruisui earthquake. We apply the PCA to 40 GNSS
stations over a 2-month period (30 days prior and following the earthquake) (Figure S1 in
the Supplementary Information) and permanent coseismic displacements are obtained by

fitting the first principal component to a Heaviside function H (Figure 3(a) and Table S1).

To isolate postseismic deformation from signals of both non-tectonic (e.g., hydrological
loading cycles [Hsu et al., 2020]) and tectonic origin [Gualandi et al., 2017], we process the
displacement time series recorded by 28 near-source stations over a 1.5-year time period
(from January 2013 to May 2014). First, we model displacement time series x with a

trajectory equation described as follows:

Teq Nof f
w(t) =q+mt+ Y H(t—10) AQ + > H (1 -19),) A5,
=1 j=1

_—o

Neq _toteq
. . i i ()
+ Ay sin (27t + ¢y ) + Appyr sin (A7t + dppyr) + E H (t — tgf])) Al(m)st X |1 —e Tpost
i=1

(1)
where ¢ is a constant, m is the secular velocity, ¢ is time, Ag} is the coseismic step

starting at time tg?, Neq is the number of detected earthquakes, Agjf) 1 1s instrumental offset

at time tgc)f, Nofs is the number of detected offsets, A,, and Ay, are the amplitudes
of the annual and semi-annual seasonal motions with phase shifts ¢, and ¢, respec-

tively, AY

post 18 the maximum amplitude of the postseismic displacement with relaxation

time ngilt. Second, a linear trend and both instrumental and tectonic offsets are removed
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from position time series (first line in Equation (1)) and we keep all other signals (second
line). Finally, we input the corrected time series into a variational Bayesian Independent
Component Analysis (vbICA) algorithm [Choudrey and Roberts, 2003] adapted to study

complex geodetic signals [Gualandi et al., 2016].

The ICA method is an unsupervised learning technique commonly used to resolve blind
source separation problems [Gualandi et al., 2016], which allows us to model signals for
which the actual temporal functional form is unknown [Serpelloni et al., 2018]. Here we
use the vbICA, which assumes that observations are generated by a linear mixture of a
limited number of statistically independent sources, because it offers more flexibility in
characterizing and extracting sources with multimodal probability density functions, as
commonly observed in geophysical time series. We set the number of independent com-
ponents (IC) using an Automatic Relevance Determination method (nIC = 5) [Gualandi
et al., 2016]. The postseismic displacement signal is mapped in the first independent
component IC1 and represents the prominent signal in GNSS data for the selected epoch
(Figure S2). We infer 11 stations with resolvable postseismic relaxation (cumulative hori-
zontal displacements > 3 mm) (Figure S3), mainly located in the earthquake near-source

region (< 25 km from epicenter).

2.3. Strainmeter data

We estimate dilatation (€,) coseismic offsets for the 9 Sacks-Evertson borehole dilatome-
ters [Sacks et al., 1971] operating during the earthquake. We calibrate the dilatometers
through waveform correlation between observed and synthetic tides following Canitano

et al. [2018a]. We correct the 100-Hz sampling data for solid and ocean tidal strain, air
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pressure-induced strain and borehole relaxation [Hsu et al., 2015; Canitano et al., 2021]
and estimate coseismic strain offsets following Lin et al. [2022]. Coseismic static contrac-
tion of -900 ne to -360 ne, well above the measurement noise of ~ 1 ne, is recorded by
near-field dilatometers (15-20 km SE of the rupture) (Figure 4). Far-field stations (40-60
km away from the rupture) show moderate to little expansion (about 15 ne to 35 ne),

while no coseismic steps are recorded by DONB and FBRB stations.

3. Finite-fault coseismic model

We follow a two-step approach to estimate a finite-fault coseismic slip model. In a first
step, we estimate a preliminary model inverting geodetic data for a uniform slip distribu-
tion on a single patch. In a second step, we refine the fault discretization. Both solutions
are obtained by the joint inversion of horizontal and vertical coseismic displacements for
40 GNSS stations and dilatation for 9 strainmeters. We utilize the Geodetic Bayesian In-
version Software (GBIS, MATLAB-based software) [Bagnardi and Hooper, 2018], which
performs a rapid and robust characterization of source fault parameters and associated
uncertainties for multiple geodetic datasets using a Bayesian approach and assuming elas-
tic homogeneous half-space Green’s function for a rectangular source [Okada, 1992]. We
assume a rigidity of 30 GPa, as commonly used to model the Earth crust in the region
[Canitano et al., 2015]. We modified the GBIS algorithm to integrate the calculation of

internal deformations together with surface displacements [Okada, 1992].

To determine the preliminary source model, we invert for source dimensions and lo-
cation (length, width, midpoint of the fault upper edge (X, Y, and depth)) and source

parameters (strike, dip, uniform slip in the strike and in the dip direction) without im-
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posing constraints onto fault strike (0°-360° clockwise from north), dip (0° to 90° from
horizontal) angles and geologic slip direction to explore all possible fault kinematics and
orientations. We searched for a fault plane within 15 km from the epicenter with a depth
of the midpoint upper edge varying from 0 to 20 km and uniform slip ranging from -1.5 m
to 2.0 m (10 iterations). We define the weighted misfit between the GNSS observations
and the modeled coseismic displacements as follows:

rTWr

misfitg = m (2)

where r is the vector of residual displacements between GNSS observations and models,
W is the weight matrix, and 7r(.) the matrix trace. The dilatation misfit is estimated as

follows (all observations have identical weight):

n obs(i) _mod(i)y2
misfite = \/2121(&) e ) (3)

n
where 2@ and 7Y% are the observed and modeled dilatation for the " strainmeter,
respectively and n is the number of stations (n = 9). The source model reveals that sur-
face displacements and dilatation are well explained (misfitg = 5 mm and misfit. = 14
ne) by a left-lateral thrust-fault (rake = 45°-47°) striking 203° and dipping 48° westward

(Table S2). This source modeling agrees well with previous models [Canitano et al., 2015;

Lin et al., 2019], and is consistent with a rupture on the CRF.

Then, we aim to obtain a more realistic rupture model by discretizing the extended
previous fault plane (36 km x 30 km) into 270 subfaults (2 km x 2 km) and solve for

slip on each patch. We fix strike and dip angles to values inferred from the uniform-slip
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model but we allow a variable rake on each subfault to account for the complex rupture
pattern [Lee et al., 2014; Canitano et al., 2017]. To avoid unrealistic slip values because
of the small amount of constraints west of the fault plane, we apply a zero slip boundary
constraint B (unapplied to the plane top edge). A weighted least squares inversion with

constraints on smoothness and boundary is performed by minimizing the cost function

¢(s):

6(s) = 155" (d = Gs) |” + BIILs|I + | Bs|? (4)

where Y, is the error covariance matrix, d is GNSS and strain observation matrix, G
is the Green’s function, s is the slip vector on each subfault and L is the 9-point stencil
finite difference Laplacian. § and « are the weighting factors for smoothing and boundary
constraints, respectively. We estimate the optimal smoothing factor (f = 152) by mini-
mizing the leave-one-out cross-validation mean squared error [Matthews and Segall, 1993]

(Figure S4).

Our preferred model (misfitg = 4 mm and misfite = 16 ne) (Figure 3(b)) shows that
the rupture occurs on a fault plane with dimensions of approximately 26 km x 22 km
located between 3 and 19 km depth (Figure 5). The main asperity is concentrated in a
region with dimensions of ~ 16 km x 10 km located between 6 and 16 km depth, with a
peak slip of about 0.5 m located near the hypocenter. The asperity exhibits a dominant
left-lateral thrust-faulting mechanism and aftershocks fall both within and at the edge of
coseismic slip distribution. The total seismic moment of the rupture is 3.12x10'® N.m,

corresponding to M, = 6.3, in agreement with other studies [Chuang et al., 2014; Canitano
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et al., 2015]. We estimate the earthquake stress drop A7 assuming a rectangular rupture
[Kanamori and Anderson, 1975] and found a value (2 MPa), about twice lower than what
obtained with seismological data (3.9 MPa) [Lee et al., 2014] under the assumption of

circular fault rupture [Eshelby, 1957].

4. Forward model of stress-driven afterslip

Several mechanisms are commonly involved in postseismic transient deformation. Vis-
coelastic lower crust or upper mantle relaxation can follow moderate-magnitude events
(M, ~ 6-6.5) [Mandler et al., 2021] and is characterized by large-scale and long-lasting
deformation (months to years) [Tang et al., 2019]. Here, postseismic relaxation is of short-
duration (~ 3 months) and is mainly recorded by near-source GNSS stations. Poroelastic
rebound is generated by changes in pore pressure in the near-source region due to a dislo-
cation [Peltzer et al., 1996]. We calculate the poroelastic deformation following Li et al.
[2021] protocol for an undrained Poisson’s ratio of 0.3. Predicted surface displacements (<
1 mm) are one order of magnitude smaller than near-field transient deformation, therefore
poroelastic rebound shows no appreciable contribution to postseismic deformation. We
thus consider frictional afterslip as the main contributor to the postseismic deformation of
the Ruisui earthquake. Typically, afterslip takes place on fault portions surrounding the
coseismic rupture. These regions exhibit velocity strengthening behavior and can resist
the rupture propagation [Marone et al., 1991]. Afterslip usually represents the predomi-
nant deformation mechanism in the postseismic phase during weeks to months after the

mainshock [e.g., Hu et al., 2016].
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Here, because of the small amount of stations detecting postseismic slip (11 stations)
(Figure 1(a)), we are not able to resolve afterslip distribution using the discretized fault
plane. Therefore, we perform a forward modeling of stress-driven afterslip to approxi-
mate the equivalent effects on the horizontal surface displacements generated by the time
dependent slip response v of a fault governed by nonlinear rate strengthening friction
parameters [Dieterich, 1994] using Relax software [Barbot and Fialko, 2010a, b], in which

afterslip is driven by coseismic shear stress change:

Ho . T
=2 h
v = 2vy exp =) sin TR (5)

where vy represents the reference long-term slip velocity, ug is the static reference fric-
tion at depth, a and b are frictional parameters, and 7 and o denote the shear and normal
stress changes on the fault, respectively (assumed constant in time). We use the finite-
fault coseismic model (26 km x 22 km) as the stress-driven source and explore parameters
vo, (@ — b)o, and the dimensions and location of afterslip regions. Given the size of the
mainshock and the limited extension of the postseismic deformation, we are seeking for
afterslip located in the vicinity of the coseismic slip region. We thus limit our search to
the 36 km x 30 km plane considered for finite-fault modeling (Figure 1(b)). Note that
forward modeling simulates relaxation taking place outside of the coseismic source area,
which does not preclude the possibility that afterslip and coseismic slip did overlap. We
explore two rupture scenarios: afterslip occurs only on the CRF (strike = 203°, dip = 48°,
rake = 47°) (Figure S5(a)), and afterslip occurs on the CRF and on the shallow, creeping
section of the LVF [Thomas et al., 2014] (about 0-4 km depth) beneath which the CRF

may be buried [Shyu et al., 2006]. We model the shallow LVF section with a 5 km-wide
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receiver striking 20°NE with variable length and location and with a dip of 60° [Thomas

et al., 2014] and a rake at the surface of 60° [Peyret et al., 2011] (Figure S5(b)).

In the case of the CRF, we analyze several receiver configurations to seek the simplest
model explaining near-source horizontal displacements (Figure S6). Observations are well
explained by postseismic relaxation surrounding the coseismic slip region. In particular,
we find that shallow relaxation is required to explain observations recorded in the eastern
rupture region (e.g., FENP, FONB, HRGN) and NS displacements for near-source stations
DNFU and DSIN (Figures 6 and S7). Lateral relaxation on the southwestern fault plane
region allows to predict horizontal displacements recorded by KNKO and NHSI stations.
Frictional parameters show vy = 5 mm.yr—!, agreeing with the long-term slip rate of the
CRF [Shyu et al., 2020] and (a — b)o = 3 MPa, which is about the earthquake stress drop,
and is also consistent with estimates for afterslip on continental faults (typically ~ 1
MPa) [Perfettini and Avouac, 2004]. This simple, forward relaxation model also explains
the absence of detection for remote stations (e.g., YUL1, NPRS, ZCRS or SHUL) but
tends to overestimate displacements for stations located south of the rupture (JSUI and
CMRS) and to underestimate EW displacements for stations located right above the
hypocenter (GUFU and DSIN) (Figure 7). Finally, adding the shallow section of the
LVF as a passive fault in the forward modeling does not improve displacement modeling
(Figure S8), suggesting that the fault did not appreciably contribute to postseismic stress

relaxation.

5. Aftershock activity possibly mediated by frictional afterslip
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To explore a possible connection between aftershock activity and afterslip, we first
compare the cumulative seismicity with the afterslip temporal function mapped in IC1
component (Figure 8(a)). We observe a good correlation between the signals, which sug-
gests that afterslip may represent the driving force behind aftershock productivity dur-
ing the Ruisui sequence [Perfettini and Avouac, 2004; Hsu et al., 2006; Gualandi et al.,
2020]. Besides, seismicity rate and postseismic relaxation decays are well explained by
the Omori-Utsu law with p-value = 1 (Figure 2(b)). This particular case also reflects a
temporal seismicity decay compatible with resisting stress on the fault plane increasing
as the logarithm of the sliding velocity, as typically observed during afterslip [Dieterich,

1994; Perfettini et al., 2018].

To further investigate how seismic and aseismic transient slip interact during the post-
seismic period, we analyze the spatiotemporal evolution of aftershocks. In particular, we
seek a possible expansion of the aftershock region reflecting aftershock migration driven
by afterslip [Frank et al., 2017; Perfettini et al., 2018]. For a rate strengthening rheology,
the aftershock region expansion with time AR,(t), since the onset time t; of the first

aftershock, is expressed as [Perfettini et al., 2018]:

AR,(0) = ¢la =)o 5105 (1) (6)

i
where ( is a constant and c represents the source radius assuming a circular crack model

following Eshelby [1957]:

B 7 M() 1/3
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We model the aftershock zone expansion using parameters related to our coseismic
model (¢ = 8.80 km, A7 = 2 MPa) and we also test Lee et al. [2014] model (¢ = 7.05 km,
AT = 3.9 MPa). We assume My = 3.12x10'® N.m, (a —b)o = 3 MPa, ( = 1 [Frank et al.,

2017] and ¢; = 194 s.

We observe that apparent propagation velocity shows substantial differences for these
coseismic models using (a —b)o constrained from rate-and-state simulations (Figure 8(b),
purple and blue curves). Aftershock propagation velocity is well reproduced using Lee
et al. [2014] coseismic parameters while our model tends to overestimate migration speed
by a factor of about 3. However, since Lee et al. [2014] coseismic model shows greater
resolution and related static stress drop was estimated under the assumption of circular
fault rupture [Eshelby, 1957], we may expect a good estimate of aftershock spatiotemporal
evolution. Conversely, our model is probably too complex to assume circular rupture
(Figure 5), so that stress drop is estimated based on a rectangular rupture [Kanamori
and Anderson, 1975]. We can note that (a—b)o parameter also strongly impacts migration
pattern. For instance, a value of (a — b)o = 1 MPa (which also yields a reasonable fit
to postseismic signals) would allow to predict well expansion velocity using our coseismic
model (Figure 8(b), green curve). Overall, the absence of resolution for characterizing
afterslip that possibly occurs in the coseismic slip region (where most of aftershocks are
located) limits our ability to investigate further the impact of afterslip on seismicity during

the postseismic phase of the Ruisui earthquake.

6. Discussion
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We analyze GNSS, strain, and seismological time series to investiage the spatiotemporal
evolution of crustal deformation related to the 2013 Ruisui earthquake. We observe that
the fault plane geometry and location inferred from the joint geodetic inversion agree well
with previous models [e.g., Chuang et al., 2014; Lin et al., 2019]. Our finite-fault model
shows that the rupture is distributed on a 26 km x 22 km fault plane located at a depth of
about 3 to 19 km. The absence of surface ruptures directly above the mainshock was also
reported previously [Lee et al., 2014; Chuang et al., 2014]. The dimension and location of
the main asperity are consistent with Lee et al. [2014] model, but the coseismic slip is un-
derestimated by approximately 30%. Lee et al. [2014] have also inferred a second, shallow
asperity (with average slip of 0.3-0.4 m) in the SW section of the fault plane associated
with a left-lateral slip component. Our model possibly shows shallow slip (~ 3 to 9 km
depth) (Figure 5) in the SW termination of the rupture associated with a dominant left-
lateral slip component and which concentrates a small cluster of aftershocks, albeit with
limited resolution. Finally, we observe that near-source deformation (recorded by HGSB,
SSNB, CHMB, and ZANB), previously used to infer the mainshock source parameters
[Canitano et al., 2015], is well explained (misfite = 1.0 ne) (Figure 4). Since joint geode-
tic inversion is dominated by GNSS and strain observations recorded in the near-source
region, far-field deformation (e. g., SINB and TRKB) is likely underestimated by our

model.

While the existence of aseismic transient slip regions on the CRF was previously sug-

gested based on geodetic [Canitano et al., 2019] and seismological (seismic swarms, repeat-

ing earthquakes) [Chen et al., 2020; Peng et al., 2021] observations, the Ruisui earthquake
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reveals unambiguously the presence of velocity strengthening regions capable of sustain-
ing transient deformation over months. Using frictional rate-and-state parameters from
our optimal relaxation model, we simulate the spatial evolution of postseismic slip on the
CRF plane as a function of time (Figure 9). We observe that during the early postseismic
phase (first 2 weeks to 1 month), afterslip spreads around the coseismic slip region with
relatively limited slip (< 0.1 m). Then, postseismic slip increases in the shallow fault
section, reaching a maximum cumulative slip of approximately 0.15 m about 3 months
following the mainshock. The velocity strengthening region extends toward the surface
and mainly covers the fault region located right above the main asperity (Figure 5). We
estimate the total moment released by the 3-month afterslip considering the slip asso-
ciated with the 0.5° x 0.5° cells distributed on the plane inferred from GNSS forward
modeling (30 km x 30 km) (Figure 7). We infer a moment of about 6.73x10'" N.m
(M, ~ 5.8), that represents about 20% of the cumulative seismic moment. Typically,
ratio estimates for thrust-faulting earthquakes with M,, ~ 6 to 6.5 range from about 10%
to 30% [Hawthorne et al., 2016]. However, since aftershocks appear to be primarily driven
by afterslip, the fraction of postseismic slip that possibly occurs within the coseismic area
remains unknown. Finally, the cumulative seismic moment released by aftershocks (423
events with My > 1.6) is My ~ 2.56x10' N.m (M, = 4.9) which represents less than
4% of the minimum cumulative moment released by afterslip. Consequently, aseismic slip
represents the dominant mechanism of postseismic deformation, a commonly observed

pattern in active regions [e.g., Gualandi et al., 2020].
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The presence of the shallow afterslip-prone region, possibly highly fractured [Lee et al.,
2014], has contributed to relieve stress aseismically in the postseismic phase, but may
have also arrested the rupture propagation, acting as a barrier that impeded locally seis-
mic slip to reach the surface [Rolandone et al., 2018]. Rupture propagation toward the
surface arrested by shallow fault creep was observed during the 2003 Chengkung earth-
quake [Hsu et al., 2009; Thomas et al., 2014] or during the 2020 Elazig (Turkey) event
[Cakir et al., 2023], for instance. Indeed, a field survey conducted shortly after the Ruisui
earthquake reported the absence of surface fractures in the region located right above
the main coseismic zone while fractures were found further south, near the southwestern
rupture termination [Lee et al., 2014], suggesting that coseismic slip has possibly pene-
trated the surface. Seismic rupture propagation may have been impacted by the spatially
heterogeneous properties of the velocity strengthening area that shows the largest post-
seismic slip level right above the main coseismic zone and a smaller amount above the
SW rupture section (Figure 9). Seismic rupture can partially or completely penetrate
a region of transient deformation provided effective stress difference between coseismic
and aseismic regions is large enough to facilitate it [Lin et al., 2020]. The presence of
this shallow transient zone may also be compatible with the very low level of historical
seismicity on the shallow section of the CRF in the Ruisui region (Figure 7(b)). Overall,
further investigations are needed to constrain the rheological properties of the CRF and
to understand the mechanisms that contribute to relieving the strain accumulated in the

crust.

7. Conclusions

DRAFT April 6, 2023, 1:23pm DRAFT



375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

X-20 LIN ET AL.: SEISMIC AND ASEISMIC DEFORMATION ON THE CRF

The 2013 Ruisui earthquake represents the first unequivocal evidence of the activity of
the CRF in central LV. In this study, combining geodetic and seismological observations
with numerical simulations based on rate and state-dependent friction, we present the
first evidence of postseismic transient deformation on the CRF. We observe that afterslip
represents the dominant mechanism during the postseismic period, releasing > 95% of the
moment through aseismic slip on the CRF. Further, we demonstrate that afterslip also
likely acts as the driving force controlling aftershock productivity and the spatiotemporal
migration of seismicity during the first 3 months following the mainshock. Such a mech-
anism was previously observed on the LVF [Canitano et al., 2018b] and we present the
first evidence that the CRF can also experience complex interactions between aseismic
and seismic slip in the postseismic phase. Finally, since the 2022 Chihshang earthquake
revealed that the CRF can generate major earthquakes (M,, > 7) but also that both the
CRF and LVF southern fault segments might be connected and might ruptured together
during a seismic event [Lee et al., 2023], enhancing detection and characterization of aseis-
mic fault slip in the LV will be fundamental to reducing earthquake hazards in Taiwan in

the future.
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Figure 1: (a) Map of eastern Taiwan. The red and black triangles denote the strain-
meters and GNSS stations, respectively. GNSS stations used for constraining postseismic
relaxation are outlined (green box: stations recording surface displacements, and red box:
stations with no displacements). The red star depicts the epicenter of the Ruisui earth-
quake (CGMT). The blue stars denote the epicenters of moderate to large earthquakes
(M, > 5.9) that struck the CRF from 2006 to 2022. The black dot shows Ruisui town.
The black box shows the region in (b). (Inset) Geodynamic framework of Taiwan. The
black arrow indicates the relative motion between the Philippine Sea plate (PSP) and
Eurasian plate (EP); (RT): Ryukyu Trench. LVF: Longitudinal Valley fault; CRF: Cen-
tral Range fault; LV: Longitudinal Valley. (b) Surface projection of the spatiotemporal
evolution of the relocated aftershocks (with My > 1.6) during the first 3 months following
the mainshock. Surface projection of the relocated plane used for finite-fault geodetic
inversion (36 km x 30 km) (black rectangle) and of the main region of coseismic slip (26

km x 22 km) (red rectangle). The thick line depicts the top edge of each plane.

Figure 2: (a) Cumulative frequency-magnitude distribution of aftershocks during
about 3 months following the mainshock. The dashed line represents the Gutenberg-
Richter law (logio(N) = a — bM, where N is the cumulative number of earthquakes
having magnitudes larger than M) with a = 3.671 and b = 0.653 £ 0.032 obtained
via a maximum-likelihood approach. The magnitude of completeness (M. = 1.6 £+ 0.1)
for the sequence is estimated using a maximum curvature approach. (b) Cumulative
number of aftershocks (N) over a ~ 3-month period following the mainshock (after

removing events with M, < M,) approximated with the cumulative Omori-Utsu law
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(N(t) = K(c" P — (t+¢)'"?)/(p — 1), where K, ¢ and p are constants).

Figure 3: Comparison of observed and modeled 3-D coseismic displacements associated
with the 2013 Ruisui earthquake. (a) GNSS coseismic displacements obtained through a
PCA approach (see Figure 1(a) for station details). Black vectors show horizontal dis-
placements with a 95% confidence ellipse and circles show vertical displacements with
uplift and subsidence indicated by warm and cold colors, respectively. The black star
denotes the mainshock epicenter. (b) Modeled horizontal displacements (red arrows) and
residual of vertical displacements (circles) inferred from the nonlinear joint inversion of
GNSS and strain time series for a finite-fault model (Figure 5). The black thick line

depicts the top edge of the fault plane and the dashed lines outline its surface projection.

Figure 4: Coseismic static dilatation offsets recorded by Sacks-FEvertson borehole
dilatometers over a 30-min period centered on the Ruisui earthquake onset timing. Ex-

pansion is positive.

Figure 5: Coseismic slip distribution resolved on 2 km x 2 km subfaults (5 = 152).
The dashed black rectangle denotes the ~ 26 km x 22 km fault plane hosting the rupture.
The projection onto the fault plane of the mainshock epicenter is depicted by a black star
and black dots show the projection of relocated aftershocks (with M > 1.6) occurring

during the first 3 months following the mainshock.
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Figure 6: Temporal evolution of stress-driven afterslip induced on the CRF over a
3-month period inferred from our best source combination (Figure 7(a)) (see Figure S7

for additional examples).

Figure 7: (a) Horizontal postseismic displacements detected by near-source GNSS sta-
tions estimated using a vbICA approach (black arrows) and predictions resulting from a
forward nonlinear rate strengthening friction model (purple arrows). Near-source stations
with insignificant detections are shown by red triangles. The purple rectangle outlines
the receiver located on the CRF considered in the simulation. The thick line depicts the
top edge of each plane. The plain red rectangle outlines the main coseismic slip region
(stress-driven source) and the black star is the mainshock epicenter. (b) Relocated seis-
micity (M > 1.5) in central LV from 1990 to 2020 from the CWB. Relocated aftershocks
of the Ruisui earthquake are shown by black dots. The shallow section of the CRF in the

Ruisui region is associated with a very low level of historical seismicity.

Figure 8: (a) Comparison between the cumulative number of aftershocks (with M,
> 1.6) and the temporal evolution of afterslip (IC1 component). (b) Along-strike expan-

sion of the aftershock zone of the Ruisui earthquake predicted using Equation (6).

Figure 9: Spatiotemporal evolution of postseismic slip along the CRF (Equation (5))
inferred from our optimal parameters (vy = 5 mm.yr~!, (a — b)o = 3 MPa). Postseis-
mic relaxation surrounds the coseismic slip region (dark blue region) with average slip of

~ 0.05-0.1 m and shows a spatially heterogeneous distribution in the shallow fault sec-
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oo tion, with maximum cumulative slip of approximately 0.15 m about 3 months following
e the mainshock.
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This supplement presents seismological and geodetic data processing and additional
simulations of afterslip (Figures S1 to S8). Tables S1 and S2 present the GNSS stations
analyzed for the Ruisui coseismic deformation and the source parameters inferred from

the joint inversion of GNSS and strain data, respectively.
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Figure S1: Example of analysis in principal component (PCA) over a 2-month period showing

the extraction of the coseismic displacements related to the 2013 Ruisui earthquake.
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The component associated with the Ruisui afterslip (IC1) represents the dominant signal in

GNSS time series.
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Figure S6: Horizontal displacements generated by stress-driven afterslip for initial receiver con-

figuration on the CRF (see Figure S5(a)) (v = 5 mm.yr!, (a — b)o = 3 MPa).
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Figure S7: Additional examples of horizontal displacements generated by stress-driven afterslip

on the CRF (see Figure 6 for
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Figure S8: Horizontal displacements generated by stress-driven afterslip for initial receiver con-

figuration on the LVF (see Figure S5(b)) (vy = 5 mm.yr™!, (a — b)o = 3 MPa).
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Table S1: GNSS stations analyzed for the Ruisui coseismic deformation.

X-11

Station | Lon. (°E) | Lat. (°N)|N (mm) | ey (mm) |E (mm) | eg (mm) |Z (mm) | ez (mm)
CHNT | 121.6619 | 24.1492 -1.95 0.45 7.83 0.53 -8.91 1.25
SHUL | 121.5627 | 23.7876 -1.53 0.42 4.38 0.44 2.61 0.90
NDHU | 121.5508 | 23.8972 -3.84 0.40 2.26 0.41 1.61 0.88
FONB | 121.5220 | 23.5982 9.02 0.49 -17.03 0.49 -4.35 0.88
FENP | 121.5194 | 23.5985 8.60 0.54 -14.26 0.51 -4.30 1.15
KNKO | 121.5057 | 23.4722 15.89 0.45 -11.30 0.50 -4.23 0.90
DNFU | 121.4823 | 23.6851 -0.43 0.52 18.73 0.56 21.89 0.96
PING | 121.4543 | 23.3195 7.66 0.39 -3.02 0.37 -0.88 0.86
FLNM | 121.4534 | 23.7463 -5.68 0.41 13.87 0.51 13.31 0.80
NHSI | 121.4530 | 23.4062 7.44 0.49 -3.34 0.50 -2.09 0.94
CMRS | 121.4455 | 23.4969 2.49 0.47 -7.07 0.48 0.55 0.97
WARO | 121.4409 | 23.8120 | -12.25 0.49 8.28 0.51 1.97 0.80
JSUT | 121.4239 | 23.4920 -0.58 0.41 -6.07 0.45 4.48 0.81
NPRS | 121.4139 | 23.2443 5.26 0.39 -1.35 0.36 3.04 0.83
HRGN | 121.4051 | 23.5553 | -41.15 0.70 -4.45 0.48 38.88 0.95
DSIN | 121.3980 | 23.6312 | -36.19 0.66 -7.59 0.54 131.99 1.32
CHUN | 121.3931 | 23.4529 -1.76 0.37 -5.08 0.45 4.47 0.86
GUFU | 121.3910 | 23.6074 | -56.81 0.80 -16.55 0.53 120.56 1.20
JMRS | 121.3910 | 23.4942 | -17.02 0.50 -3.36 0.44 9.75 0.93
CHGO | 121.3745 | 23.0983 4.12 0.36 -1.69 0.41 2.10 0.87
JPEIL | 121.3714 | 23.5316 | -42.02 0.70 -15.09 0.51 33.73 0.88
HYRS | 121.3454 | 23.4946 | -30.02 0.60 -12.34 0.49 12.62 0.86
JULI | 121.3182 | 23.3417 | -4.09 0.40 -1.27 0.45 3.73 0.83
NGAO | 121.2845 | 24.0495 -4.44 0.75 5.17 2.09 7.40 5.83
HUAN | 121.2726 | 24.1435 -3.92 0.34 2.73 0.44 -0.14 0.65
JYAN | 121.2263 | 24.2425 -2.62 0.44 8.00 0.51 -1.34 0.90
LSAN | 121.1822 | 24.0293 -5.11 0.38 3.74 0.40 4.21 0.72
MFEN | 121.1725 | 24.0822 -3.74 0.35 3.15 0.35 0.43 0.70
DNDA | 121.1412 | 23.7536 -2.52 0.97 3.55 1.58 5.95 4.14
KAFN | 121.1165 | 23.9876 -4.62 0.36 4.05 0.34 4.81 0.80
HUYS | 121.0294 | 24.0923 -3.16 0.37 5.04 0.39 3.35 0.81
HLIU | 120.9942 | 23.7930 -2.05 0.43 4.03 0.49 5.01 0.98
PLIM | 120.9820 | 23.9739 -2.24 0.44 6.77 0.47 1.51 0.92
S167 | 120.9341 | 23.9544 | -3.95 0.31 4.28 0.40 6.26 0.75
DPIN | 120.9328 | 24.0431 -2.91 0.33 3.79 0.36 5.68 0.81
SUNT | 120.9084 | 23.8812 -1.31 0.38 3.88 0.44 5.67 0.83
HOPN | 120.8949 | 24.1708 -5.69 0.49 7.94 0.55 -5.91 1.17
S016 | 120.8029 | 24.1796 -1.75 0.30 3.99 0.38 3.71 0.61
NSHE | 120.8009 | 24.2258 -2.43 0.53 4.49 0.44 -0.85 0.95
SLIN | 121.4414 | 23.8119 -8.31 0.99 5.10 1.28 -4.74 1.92
Note: N, E and Z are the north, east, and vertical components of coseismic displace-

ments, respectively; ey, €g, and €z are the errors in north, east, and vertical compo-
nents, respectively.
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Table S2: Source parameters inferred from joint GNSS and strain data using GBIS inversion.

DRAFT

Parameter | Optimal | Lower | Upper | 2.5% | 97.5%
Length (km) | 152 | 10 | 40 |13.2] 195
Width (km) 8.1 1 20 8.1 | 14.7
Depth (km) | 6.5 0 | 20 | 46 | 69

Dip (°) 17 0 | 90 | 39 | 57

Strike (°) 203 | 0 | 360 | 196 | 212

X (km) 78 0 | 15 |68 96
Y (km) 9.0 0 | 15 | 7.1 105
Strike-Slip (m)| 0.32 -1.5 | 2.0 |0.28 | 0.38
Dip-Ship (m) | 0.37 | -1.5 | 2.0 |0.34| 0.43

Note: We report maximum probability solution, 2.5
and 97.5 percentiles of posterior probability density
functions of source fault parameters. Strike-slip is >
0 if left-lateral and dip-slip is > 0 for thrust-faulting.
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