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Sensitivity limits for strain
detection of hypothetical remote
fluid-induced earthquakes
(Mw ≥ 4): a case study in Taiwan

Alexandre Canitano*

Institute of Earth Sciences, Academia Sinica, Nankang, Taiwan

Capturing and quantifying the timing of remotely triggered earthquakes and
understanding the physical processes responsible for this delay represent major
challenges in earthquake forecasting. In this study, we propose a physical
framework for the integration of borehole strainmeter observations for the
investigation of remote triggering of moderate to large earthquakes (Mw ≥
4) in Taiwan. Based on the time-delay computation between regional events
and global earthquakes, we establish a selection of earthquakes showing
fault zone properties (hydraulic diffusivity and nucleation length) that may
be compatible with a magnitude-dependent fluid-induced nucleation process.
Using theoretical fault zones parameters, we calculate the evolution of fluid
pressure transiting along the nucleation region under the assumption of a one-
dimensional, homogeneous poroelastic medium. Pore pressure levels reached
before earthquake rupture are ranging fromabout 0.02 kPa to 3 kPa in the case of
teleseismic wave-induced elastic pressure ranging from 0.15 kPa to 27.3 kPa. To
compute the time-dependent evolution of deformation generated by a remote
diffusing pressure front, we model the nucleation region using the analogue
volcano source represented by a horizontal circular crack, and calculate
synthetic dilatation at the strainmeter location from displacements using a finite-
difference approach. In general, predictions are about two to four orders of
magnitude smaller than observations (∼ 10–5 to 10–3 nϵ). Therefore, this suggests
that detection of pore pressure-related deformationwould have required change
of volume in the nucleation region that is at least one order of magnitude
larger than for the hypothetical cases considered here. The study represents the
first attempt to analyze strain time-series for detecting pre-earthquake strain
anomalies related to fluid-induced earthquakes and illustrates the challenge
for detecting and characterizing intermediate-to far-field earthquake precursors
caused by fluid flow in active regions.

KEYWORDS

borehole strainmeter observations, detection limitations, fluid-induced earthquakes,
preparatory phase, Taiwan

1 Introduction

Seismic waves from large earthquakes induce ephemeral dynamic stress perturbations
over large distances (Huang et al., 2004). Despite leaving no permanent stress changes once
they pass, seismic waves are capable of triggering earthquakes at distances far beyond
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the aftershock region (Hill, 2008; Brodsky and van der Elst, 2014;
Miyazawa et al., 2021). Remote dynamic triggering is a rare (< 2%
of the time) (Pankow and Kilb, 2020) but ubiquitous phenomena
(Velasco et al., 2008), and the number of evidence keeps growing
since the first observations of entensive earthquake triggering in
the United States following the 1992 moment magnitude (Mw) 7.3
Landers earthquake (Hill et al., 1993) and the 2002 Mw 7.9 Denali
Fault earthquake (Gomberg et al., 2004). In general, dynamically
triggered earthquakes occur subsequent to the passage of the surface
waves (Hill, 2008; Velasco et al., 2008) with periods of 15–20 s,
since they dominate gound motion in the far field (waves with
smaller periods tend to be scattered and attenuated) (van der Elst
and Brodsky, 2010). However, the optimal conditions for triggering
remain unknown and the latter represents likely a complex
combination of wave characteristics (e.g., peak amplitude, duration)
and local environment (fault types and geometry andwave incidence
angle) (Parsons et al., 2014). If long-lasting (hundred of seconds)
dynamic perturbations at moderate to high strain level (> 100 nϵ or
equivalently ∼ 3 kPa) may be an efficient combination for triggering
(Pollitz et al., 2012; Johnson and Bürgmann, 2016), peak strain level
of teleseismic waves represents a key contribution to long-range
triggering (van der Elst and Brodsky, 2010) and critically stressed
faults can also rupture under strain level that is near the background
noise (∼ 2nϵ) (van der Elst andBrodsky, 2010;Miyazawa et al., 2021)
[Supplementary Figure S1 in the Electronic Supplement shows a
case of remote triggering at very low regional strain in Central
Greece (Bernard et al., 2006; Canitano et al., 2013)].

Establishing a temporal relationship between two events is
simple because seismicity is produced continuously in active
tectonic regions. More challenging is to establish temporal and
spatial causation between two distant earthquakes. The longer the
delay between the mainshock and the posited event, the more
difficult to connect them.This delay, which represents a fundamental
characteristics of remote triggering, may be difficult to explain
by a simple Coulomb failure model only (e.g., Belardinelli et al.,
2003). Conversely, a small, or the absence of delay between
two events does not necessarily imply remote triggering, as still
remains the possibility of coincidental occurrence of events. Indeed,
Parsons et al. (2014) found that as many as five earthquakes
with Mw ≥ 6 can occur purely by chance on any given day,
for example. Since most of observed remote triggering cases
concern microearthquakes and tectonic tremors (Peng et al., 2009;
Peng et al., 2011;Gonzalez-Huizar et al., 2012), themagnitude range
of the triggered earthquakes is still subject to debate. Many studies
report the very rare occurrence of moderate to large earthquakes
(Mw ≥ 5) remotely triggered hours to days following large teleseisms
(Mw ≥ 7) (Parsons and Velasco, 2011; Johnson et al., 2015) while
O’Malley et al. (2018) found that higher magnitude earthquakes
occur more often than smaller events within 3 days following
the passage of seismic waves. In Taiwan, detection of triggered
microseismicity and tectonic tremors has also been reported
(Chao et al., 2011; Sun et al., 2015), but whether larger events were
triggered has not been demonstrated yet. Remote triggering is
generally established using statistically significant variations in
earthquake rate coincident with the passage of seismic waves (e.g.,
Johnson and Bürgmann, 2016; Yao et al., 2021). However, going
beyond rate changes as the sole indicator for remote triggering
(Pankow and Kilb, 2020) is essential for capturing and quantifying

the timing of the triggered earthquakes and understanding the
physical processes responsible for this delay whose remain major
challenges in earthquake forecasting (Brodsky and van der Elst,
2014).

In this study, we propose a physical framework for the
integration of borehole strainmeter time-series for the investigation
of remote triggering of moderate to large earthquakes (Mw ≥ 4)
in Taiwan. We first analyze the time-delay between any regional
event with Mw ≥4 from 2000 to 2022 and the global earthquake
with Mw ≥ 7 that precedes it (Supplementary Section S1;
Supplementary Figure S2 in the Electronic Supplement) and then
establish a selection of regional earthquakes based on a magnitude-
dependent fluid-induced nucleation framework (Parsons et al.,
2017). We then investigate pre-earthquake strain signals and
propose an approach to compute far-field dilatation induced by
an overpressure front diffusing in a fracture. Finally, we discuss the
limitations faced for strain detection of the precursory phase related
to hypothetical remote fluid-induced earthquakes.

2 Event selection based on a
fluid-induced nucleation model

Among the diverse mechanisms proposed to explain delayed
remote triggering of earthquakes with all magnitudes (Parsons,
2005; Peng et al., 2011; Shelly et al., 2011), amechanism inparticular
shows that delays observed in the case of triggered earthquakes
are likely not randomly distributed but are rather proportional to
the event magnitudes (Parsons et al., 2017). The mechanism relies
on the fact that dynamic straining from seismic waves can break
a fluid seal previously blocked into a fault zone (Brodsky et al.,
2003) which then releases overpressurized fluid that progressively
invades the fault region. Pore fluid infiltration reduces clamping
normal stress (strength is reduced with increasing pore pressure)
and thus helps promote failure according to the Coulomb failure
criteria. Only critically stressed faults are hydraulically conductive
(Barton et al., 1995) and thus prone to fluid-induced triggering. As
such a process implies fluid flow through a fault zone, a delay is
required before failure conditions are met. This fluid transit time
increases with earthquake magnitude since the latter is directly
proportional to the dimensions of the fault rupture (Kanamori,
1977). Besides, earthquake magnitude also scales with the critical
nucleation dimension (2Lc, in meter) which represents the size of
the smaller asperity where rupture may initiate (Ohnaka, 2000):

2Lc =
3√10−9M0 (1)

where M0 represents the scalar seismic moment (in N.m).
The critical nucleation dimension represents the minimum transit
distance for a fluid to induce an earthquake of a given magnitude,
andmeasures 0.1 km to about 1.5 km for amagnitude range between
4 and 6.5, for example. Fluid transit from a highly pressurized
source through a porous medium follows a diffusion behavior
(Malagnini et al., 2012):

r = 2.32√Dt (2)

where r is the distance from the pressure source, t is time and D
is the hydraulic diffusivity.
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FIGURE 1
Location, magnitude and delay associated with the retained events. Triangles denote strong-motion stations (Broadband Array for Seismology in
Taiwan (BATS) Institute of Earth Sciences, Academia Sinica (1996), Taiwan Strong Motion Instrumentation Program (TSMIP) and Central Weather Bureau
Seismic Network (CWBSN) are shown in gray, orange and pink, respectively) used for estimating peak dynamic strain and black squares show borehole
strainmeters used for analyzing strain changes (11 events). LVF: Longitudinal Valley fault; CF: Chaochou fault; SF: Shanchiao fault; CHF: Chelungpu
fault; CKF: Chukou fault. (Inset) Geodynamic framework of Taiwan (RT: Ryukyu trench; EP: Eurasian plate; PSP: Philippine Sea plate). The black arrow
indicates the relative motion between the PSP and the EP.

Since the time-delay between a transient stressing of the Earth’s
crust and the eventual occurrence of remote earthquakes may be
diagnostic of their nucleation process (Parsons et al., 2017), we
establish a regional earthquake selection that may be compatible
with a possible fluid-induced nucleation model. We retain the
regional events for which estimated time-delays may be consistent
with commonly observed fault zone diffusivity values (typicallyD ∼
10–2 to 10 m2.s−1) (Parsons et al., 2017; Guo et al., 2021). We extend
our selection to a delay of approximately 1 week to include some
of the largest events (Mw ≥ 6.4) from the preliminary selection
(Supplementary Section S1). We estimate maximum trough-to-
peak dilatation of the Rayleigh wave using the waveform similarity

between dilatation ϵv and the vertical component of the seismic
acceleration az (Canitano, 2020):

ϵv = (
0.12Tc

πVr
)(

1− 2γ
γ
)az (3)

where Tc is the Rayleigh wave main period (Tc = 15 s),
γ denotes the Poisson’s ratio (γ = 0.25) and Vr the Rayleigh
wave phase velocity (Vr = 4 km.s−1). A good waveform coherence
is observed between signals (Supplementary Figure S3) while
amplitude discrepancies (about 10%–15%) may be related to
uncertainties in the borehole strainmeter calibration protocol
(Canitano et al., 2018). We consider a Rayleigh wave trough-to-
peak strain amplitude of 2 nϵ as limit and we adjust the delay
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TABLE 1 Characteristics of themainshocks (Mw ≥ 7) preceding the retained regional events.

Location Time Longitude (°) Latitude (°) Mw Distance (km) ϵm (nϵ) Ref. regional

Papua 2018-02-25 17:44:44 142.754 −6.070 7.5 4,075 30 1

New Zealand 2009-07-15 09:22:29 166.562 −45.762 7.8 8,976 8 2

Papua 2009-01-03 19:43:50 132.885 −0.414 7.7 2,983 32 3

Bonin Islands 2000-08-06 07:27:12 139.556 28.856 7.4 1,902 24 4

Java 2007-08-08 17:05:04 107.419 −5.859 7.5 3,502 24 5

Indonesia 2015-07-27 21:41:21 138.528 −2.629 7.0 3,528 9 6

Japan 2005-11-14 21:38:51 144.896 38.107 7.0 2,804 36 7

Alaska 2021-07-29 06:15:49 −157.888 55.364 8.2 7,259 15 8

North Sumatra 2012-04-11 08:38:36 93.063 2.327 8.6 3,759 580 9

Indonesia 2000-06-04 16:28:26 102.087 −4.721 7.9 3,889 145 10

E. Sichuan 2008-05-12 06:28:01 103.322 31.002 7.9 1,978 910 11

Philippines 2001-01-01 06:57:04 126.579 6.898 7.5 2,007 23 12

Nicobar Islands 2010-06-12 19:26:50 91.936 7.881 7.5 3,634 52 13

Russia 2020-02-13 10:33:44 148.959 45.616 7.0 3,448 11 14

Japan 2022-03-16 14:36:30 141.579 37.713 7.3 2,531 12 15

Indonesia 2010-09-29 17:11:25 133.760 −4.963 7.0 3,508 5 16

Banda Sea 2005-03-02 10:42:12 129.933 −6.527 7.1 3,575 6 17

Philippines 2012-08-31 12:47:33 126.638 10.811 7.6 1,401 69 18

New Caledonia 2018-12-05 04:18:08 169.427 −21.950 7.5 7,278 9 19

Maule 2010-02-27 06:34:11 −72.898 −36.122 8.8 18,052 61 20

Japan 2013-10-25 17:10:19 144.661 37.156 7.1 2,690 25 21

Indonesia 2000-06-04 16:28:26 102.087 −4.721 7.9 3,792 145 22

by estimating the time-difference between the arrival time of the
Rayleigh wave with maximum amplitude at the strong-motion
station and the regional event onset (Figure 1). Maximum Rayleigh
wave amplitude ϵm associated with the retained 22 regional events
are ranging from 5 nϵ to about 900 nϵ with epicentral distances from
about 1,400 km to 18,000 km (Supplementary Figure S3; Table 1).
Regional events are showing delays ranging from about 20 min to
6 days and Mw from 4.12 to 6.80 (Table 2). Figure 2A presents the
retained earthquakes integrated in a magnitude-dependent critical
nucleation model.

3 Investigation of pre-earthquake
strain anomalies

We investigate pre-earthquake anomalies using Sacks-Evertson
(Sacks et al., 1971) borehole strainmeter sensors. Given their
very high sensitivity at short-to intermediate-period (minutes
to weeks), strainmeters represent a powerful tool to search for
crustal strain transients, including anomalies preceding earthquakes
(Amoruso and Crescentini, 2010; Canitano et al., 2015). We process
the 1-min sampling strain time-series [see Canitano et al. (2018);
Canitano et al. (2021) for details] for stations located at a maximum

distance of about 50 km from our target events (11 events).
Other events are either too far from operating stations (>
80 km) or occurred prior to the network deployment. Figure 3
and Supplementary Figure S4 present the temporal evolution of
dilatation over a time-span of minutes to days preceding regional
events.

In general, dilatation level after correction of external
perturbations ranges from approximately 10–1 to 5.10–1 nϵ at the
period of minutes to hours and then increases to about 1 nϵ
at a daily period to a tens of nanostrain at the period of a few
days. For events 1 and 2, which occurred during the passage
of surface waves from global earthquakes, we observe no pre-
rupture strain variations at remote strainmeters (40 km away).
Event 3 (Mw 4.80) possibly represents the most favorable case for
detecting subnanometric near-source strain variations (Figure 3C).
It occurred at shallow depth (7 km), about 14 km away from SJNB
station, and 2 h following the Rayleigh wave arrivals of a Mw 7.7
earthquake in Papua. Strain variations are strongly correlated with
atmospheric pressure for about 45–50 min after the Rayleigh wave
arrivals (15 min after the mainshock origin time), then suddenly
the correlation breaks, suggesting the possible detection of an
other source of deformation. We observe a gradual expansion
starting about 1 h preceding the regional earthquake with a total

Frontiers in Earth Science 04 frontiersin.org

https://doi.org/10.3389/feart.2023.1213577
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Canitano 10.3389/feart.2023.1213577

TABLE 2 Regional earthquakes (Mw ≥ 4 with depth ≤25 km) integrated in a fluid-diffusion nucleationmodel. Events are listed by increasing time-delay.

References Time Longitude (°) Latitude (°) Depth (km) Mw Delay (hour)

1 2018-02-25 18:28:40.89 121.8958 24.4313 22.00 5.23 0.32

2 2009-07-15 10:37:36 121.4718 23.8345 18.50 4.42 0.42

3 2009-01-03 22:04:34.97 121.7331 24.1535 7.46 4.80 2.11

4 2000-08-06 09:51:40.84 121.1055 24.2671 7.44 4.18 2.28

5 2007-08-09 00:55:47.36 121.0845 22.6495 5.51 5.52 7.61

6 2015-07-28 06:59:10.32 121.4355 24.4291 5.98 4.28 9.03

7 2005-11-15 13:41:35.55 120.9303 23.3461 4.65 4.13 15.73

8 2021-07-29 22:55:17.29 121.5850 23.8432 4.78 4.28 15.83

9 2012-04-12 10:39:25.05 120.4148 23.3330 12.80 4.12 25.60

10 2000-06-06 01:49:39.3 121.8635 24.4870 21.55 4.41 32.97

11 2008-05-13 18:27:55.34 121.0410 22.7658 6.97 4.72 35.80

12 2001-01-02 22:54:58.13 121.7736 24.3538 8.46 4.27 39.61

13 2010-06-14 17:17:45.78 121.6258 24.0511 16.40 4.46 45.87

14 2020-02-15 11:00:06.5 121.5107 23.8563 8.32 5.58 48.28

15 2022-03-19 15:23:42.86 120.6862 23.6362 14.62 4.86 72.60

16 2010-10-02 19:23:12.36 121.7991 24.3585 19.38 4.78 73.83

17 2005-03-05 19:06:51.73 121.8408 24.6546 6.39 5.80 80.15

18 2012-09-04 20:00:18.32 121.0336 22.2196 9.91 4.95 103.10

19 2018-12-09 15:15:41.33 121.5170 24.0518 19.68 4.87 106.23

20 2010-03-04 00:18:52.14 120.7066 22.9691 22.64 6.44 111.73

21 2013-10-31 12:02:09.54 121.3485 23.5661 14.98 6.44 138.55

22 2000-06-10 18:23:29.45 121.1091 23.9010 16.21 6.80 141.35

deformation of about −7.10–1 nϵ, well above the short-period
strain noise of approximately 10–1 nϵ. For event 11, large pore
pressure variations (> 25 kPa) induced by the intense Rayleigh wave
straining in southern LV (about 1 μϵ) following the 2008 Eastern
Sichuan earthquake may be expected. However, we find no evidence
of pre-earthquake variations, which illustrates the complexity
for detecting subnanometric deformation at periods larger than
12–24 h because signals are also impacted by environmental
perturbations, especially rainfall (Hsu et al., 2015; Mouyen et al.,
2017), and by low tidal strain noise remaining after correction (∼
0.5-1 nϵ) (Supplementary Figure S4). Finally, strain contraction
of −10 nϵ and −20 nϵ are observed hours to days preceding
event 16 and event 21, respectively, and are analyzed in the next
section.

4 Connecting strain observations to
transient pressure anomalies

To connect the strain observations to potential transient
pressure anomalies, we follow a two-step approach. In a first
step, we calculate the temporal variation of the theoretical pore
pressure induced in the fracture by the passing seismic waves. In a

second step, we compute the time-dependent evolution of dilatation
generated by a remote diffusing pressure front at the sensor
location.

4.1 Theoretical pressure induced in the
fracture by elastic waves

The evolution of pore pressure P in the fracture in the case
of a one-dimensional (1-D), semi-infinite, isotropic, homogeneous
poroelastic medium, is given by (Duoxing et al., 2015):

P (x, t) = Pm[1− er f(
x

2√Dt
)] (4)

where Pm represents trough-to-peak stress of seismic waves
(obtained through ϵm for Hooke’s law), erf is the error function,
x is the distance in the fracture, t is transit time and D is the
hydraulic diffusivity. Pore pressure at x = 0 (i.e., before fluid initiates
transit) is equal to seismic wave elastic pressure (P(x = 0, t) = Pm)
and estimates range from 0.15 kPa to 27.3 kPa. To estimate the
pressure level at the time of the rupture, that is when the fluid
has transited along the entire nucleation region (x = 2Lc), we
estimate the nucleation length for each event (Eq. 1) and then
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FIGURE 2
(A) Magnitude-dependent nucleation dimension (2Lc) versus
time-delay for the target earthquakes (black dots). The red dots show
remotely triggered earthquakes from Parsons et al. (2017). Events for
which precursory deformation changes are investigated are outlined
by a blue shaded box. Fault zones diffusion rates (Eq. 2) are plotted for
diffusivity values ranging from 10–2 to 102 m2 s−1. (B) Theoretical
nucleation distance versus fault hydraulic diffusivity for the retained
regional earthquakes (Table 2).

calculate hydraulic diffusivity using the nucleation length and the
estimated time-delay (or transit time) following Eq. 2. Theoretical
diffusivity factors range from 0.03 to 30 m2.s−1 for nucleation
distances 2Lc of about 0.13–2.7 km (Figure 2B) and are generally
consistent with estimates from Feng et al. (2021). Pore pressure
levels before rupture occurs are ranging fromabout 0.02 kPa to 3 kPa
(Figure 4).

4.2 Dilatation computation at strainmeter
sites

Full and accurate modeling of crustal deformation induced
by a pressure front propagating in an heterogeneous fault zone
is a complex problem. To compute the time-dependent evolution
of dilatation generated by a remote diffusing pressure front, we
adopt some simplifications. We model the nucleation region using
the analogue volcano source represented by a horizontal circular
crack in a semi-infinite elastic solid. The three dimensional (3-
D) displacements generated by a sill-like source in a semi-infinite,
elastic half-space subjected to the time-dependent pressure change

P(t) (Eq. 4), are expressed as (Fialko et al., 2001):

UE (t) = a
P (t)
G

Ur
X
R

UN (t)= a
P (t)
G

Ur
Y
R

UZ (t) = −a
P (t)
G

Uz

(5)

where a represents the characteristic crack dimension (here
taken as the nucleation distance 2Lc), G is the half-space rigidity
(G = 30 GPa), X = x−x0

a
and Y = y−y0

a
are dimensionless distances

with respect to the characteristic crack dimension where (x0, y0,
z0) and (x, y, z) are the coordinates of the center of the crack
and of the observation point in an E-N-Z referential, respectively,
and R (= √X2 +Y2) represents the source-station radial distance.
Ur and Uz represent the radial and vertical displacements as
detailed in Fialko et al. (2001). We simulate the 3-D displacements
using dMODELS software (MATLAB-based) (Battaglia et al., 2013)
and estimate the temporal evolution of synthetic dilatation at the
strainmeter location from displacements using the finite-difference
approach proposed by Canitano et al. (2017).

A remarkable property of the 1-D pore pressure equation is
that the hydraulic diffusivity represents the only factor that controls
the pore pressure dynamics in the fracture (Shapiro et al., 2018).
In particular, D controls the pore pressure rise-time (Figure 4); the
greater the diffusivity, the earlier dilatation changes induced in the
crust by a pressure front diffusing in the fracture can be detected.The
temporal evolution of the synthetic dilatation generated by a remote
overpressure front based on the theoretical parameters related to
a fluid-induced nucleation mechanism (Figure 2B) is shown in
Figure 5. In general, predictions underestimate the observations by
at least two to four orders of magnitude. Namely, no predicted signal
is expected to be > ∼ 10–2 nϵ which represents the strainmeter
nominal resolution. Therefore any precursory signal, if occurred in
our earthquake selection, would have remained undetected.

5 Discussion

The detection of crustal strain anomalies and their
characterization as earthquake precursors is a complex problem
(Bernard, 2001). Although the quality of the data and of the applied
corrections play an important role in monitoring strain transients
(e.g., the detection level), complexities are mainly related to the
transient source characteristics and to the source-station distance
(quasi-static deformation decreases with a factor of 1/R2). In
particular, the detection capability strongly depends of the strength
of the source of deformation. Here, the latter is controlled by the
size of the nucleation region (which depends of the earthquake
magnitude) and by the pressure gradient, which is determined by
the fracture hydraulic diffusivity and by the elastic wave pressure.We
consider the volume change ΔV in the crack fracture resulting from
a uniform pressure gradient ΔP as a proxy for the source strength.
For an incompressible fluid, it is expressed as:

ΔV = −4π (1− ν) ΔP
G

a3
1

∫
0

tϕ (t)dt (6)
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FIGURE 3
Investigation of pre-earthquake anomalies in borehole strain data related to regional earthquakes occurring shortly following the passing of Rayleigh
waves (≤2 h) from global events: (A) 25 February 2018 Mw 5.23 earthquake (event 1), (B) 15 July 2009 Mw 4.42 earthquake (event 2) and (C) 3 January
2009 Mw 4.80 earthquake (event 3). (Left) From top to bottom: dilatation estimated from converted vertical seismic acceleration signal bandpassed
between 10 and 25 s (R denotes Rayleigh waves with maximum amplitude) and raw signal (P denotes P-wave arrivals), respectively and dilatation
recorded by borehole strainmeter (blue curve) and air pressure-induced dilatation (red curve). (Right) Residual dilatation signal (i.e., corrected for air
pressure-induced strain). Vertical black dashed lines depict the arrivals of Rayleigh waves with maximum amplitude and the regional event onset,
respectively. Strain expansion is positive.
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FIGURE 4
Evolution of pore pressure in the fracture resulting from an unitary elastic wave overpressure (1 kPa) as a function of hydraulic diffusivity: (A)
fluid-transit distance of 1 km and (B) fluid-transit distance of 200 m. (C) Estimate of initial (before fluid transit) and final (before rupture) pore pressure
level in the fracture with respect to the maximum seismic wave elastic pressure for observed time-delays (Table 2) and for fluid-transit distances and
diffusion factors given by the magnitude-dependent nucleation model (Figure 2). Events for which precursory deformation changes are investigated
are outlined by a blue shaded box.

where ϕ function is the solution of the Fredholm equation
of the second kind (Fialko et al., 2001; Battaglia et al., 2013).
Figure 6 presents the theoretical volume change in the fracture
for earthquakes with magnitude ranging from 4 to 7. To detect
the precursory phase of a remote fluid-induced earthquake at a
subdaily period within a few kilometer radius from the source
requires a source volume that is about 5–10 times larger than
for the hypothetical cases considered in this study. Since strain
measurement noise increases with period (Crescentini et al., 1997),
this would require monitoring crustal deformation with a station
located near a large regional earthquake that occurred shortly
following a large teleseismic event; a configuration that is highly
unlikely. Therefore, to improve our understanding of remote
earthquake triggering in Taiwan, the protocol adopted here should

be combined with a more conservative approach that relies on the
search of earthquakes with a wide range of magnitudes following
large global events.

Since it controls the dilatation level during computation, the
incident-wave strain level may also represent a critical parameter for
detection of fluid-induced seismicity. However, the effect of dynamic
peak strain on triggered seismicity is not well understood (Brodsky
and van der Elst, 2014), and a large strain perturbation doesn’t
necessarily imply remote triggering, and vice versa (Parsons et al.,
2014). The 2008 Mw 7.9 Eastern Sichuan earthquake, which
generated strong regional ground motions due to pronounced
rupture directivity effects (Kurahashi and Irikura, 2010), has
induced dynamic stress over Taiwan about twice larger than any
other great teleseismic earthquake (e.g., the 2011 Mw 9.0 Tohoku
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FIGURE 5
Example of temporal evolution of synthetic dilatation at the strainmeter location computed from 3-D displacements generated by a remote
overpressure front in a fracture. The onset time of predictions is scaled with the arrival of Rayleigh waves with maximum amplitude at the station. For
comparison, amplitude of the predicted signal is magnified to match the strain level observed before rupture.

and the 2012Mw 8.6 Sumatra events). Although, the event triggered
seismicity in northern China (Peng et al., 2010), it had little to
no impact on the seismicity in Taiwan (Chao et al., 2011), at
least during the first days following the wave passing (Section 3).
Recently, field (Bonini, 2020) and laboratory (Zheng, 2018; Jin et al.,
2021) observations have shown that pore pressure induced in a
fluid-filled fracture by a seismic wave can be amplified relative
to the incident-wave pressure [up to three orders of magnitude
(Zheng, 2018)]. This transient pore fluid amplification would
suggest that even seismic waves with insignificant stress levels
can induce substantial overpressure in fault zones. Besides, this
also implies that fluid level can remain high after transiting in
the fracture, therefore favoring nucleation in case of delayed
triggering or inducing large normal stress unclamping in case of
instantaneous (or nearly-instantaneous) triggering. Such a process
may also favor detection at remote distances of transient events
that generate little regional deformation, as analyzed here. For
example, in the case of event 3 (Figure 5), we observe that the

pore pressure rise-time and temporal evolution in the fracture is
well predicted for station SJNB (nearby station TRKB was shutted
off), but the strain level is underestimated by about three orders
of magnitude. Although the analyze of a pressure amplification
mechanism in the fault zone is beyond the scope of this study,
we cannot rule out that such a process may be at play for some
cases. On the other hand, moderate strain changes observed for
events 16 and 21 are too large to reflect a transient deformation
and likely represent the contraction response due to rainfall
loading (Canitano et al., 2021), which illustrates the impracticability
for detecting precursory strain during environmental
disturbances.

Finally, we recognize that our analogue volcano deformation
model is by no means complex enough to reflect the far-
field deformation caused by fluid flow in active regions, but
it provides a preliminary framework for the integration of
borehole dilatation observations for the search of precursory signals
associated with remote fluid-induced earthquakes (Parsons et al.,
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FIGURE 6
Theoretical volume change in the fracture ΔV/(a3ΔP/G) as a function of the source-station radial distance R/(z0/a) estimated for earthquakes with
magnitude ranging from 4 (a = 0.1 km) to 7 (a = 3 km). The blue region outlines the range where our observations fall. Strain levels associated with the
analyzed hypothetical remote fluid-induced earthquakes are at least two to three orders of magnitude lower than the strainmeter nominal resolution
(about 10–2 nϵ).

2017). A more elaborated model of fault valving (Zhu et al.,
2020), integrating fluid-driven aseismic creeep (Shelly et al., 2011;
Cebry et al., 2022) and seismicity (Shapiro et al., 2018), combined
with a multidisciplinary geophysical monitoring is fundamental for
enhancing detection and characterization of precursory phenomena
in Taiwan (Fu et al., 2020) or in other active regions (Delorey et al.,
2015).

6 Conclusion

We develop a protocol to integrate high-resolution borehole
strain measurements for the investigation of remote triggering
of moderate to large earthquakes (Mw ≥ 4) in Taiwan. The
physical framework is compatible with a magnitude-dependent
fluid-induced nucleation process where the nucleation region is
simplified using the analogue volcano source represented by a
horizontal circular crack. We observe that theoretical evolution
of dilatation generated by a remote diffusing pressure front in a
semi-infinite, elastic half-space is two to four orders of magnitude
smaller than observations (∼ 10–5 to 10–3 nϵ). This suggests
that detection of pore pressure-related deformation would have
required change of volume in the nucleation region that is at
least one order of magnitude larger than for the hypothetical
cases considered here. The study represents the first attempt
to analyze strain time-series for detecting pre-earthquake strain
anomalies related to fluid-induced earthquakes and illustrates
the challenge for detecting and characterizing intermediate-to
far-field earthquake precursors caused by fluid flow in active
regions.
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