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Abstract Two months after the 2016 Amatrice earthquake (AE), a strong (~M6) earthquake (Visso
earthquake, VE) struck the town Visso, Italy, 20 km north of the AE epicenter. Between these two events,
the aftershocks migrated gradually toward to the VE epicenter at a rate of ~0.4 km/d, indicating propagation
of pore pressure front. We use finite element models to simulate the postseismic fully coupled poroelastic
response. The results show that the pore fluid flows (up to 50 nm/s) both horizontally and vertically into the
VE hypocenter since the AE and destabilized the area with extra ~70% of Coulomb failure stress. Majority of
nearby aftershocks (>80%) tend to cluster within the zones of coseismic depressurization where fluid flow
converges. A maximum ACFS of ~35 kPa is calculated at the VE hypocenter during its rupture by a crustal
permeability, 107" * ®7 m?, suggesting that an intermediately fractured crust allows maximum rupture
tendency for the VE during poroelastic fluid recovery.

1. Introduction

Earthquakes interact within the upper crust of the Earth. Extensive work has demonstrated how the changes
of lithospheric stress initiated by an earthquake increase or decrease the likelihood of subsequent seismic
occurrence in vicinity (Harris & Simpson, 1992; Reasenberg & Simpson, 1992; Stein, 1999). A preceding earth-
quake acts as an energy source to perturb the stress field and triggers multiple crustal processes, to which the
hypocenters of aftershocks are subjected (Freed, 2007; Marone et al., 1991; Masterlark & Wang, 2002). During
the postseismic period, the earthquake-perturbed stress field continuously influences the stability of the
surrounding structures (Toda et al.,, 2005). Coulomb failure stress change (ACFS) quantifies the amount of
elastic stress transferred from large earthquakes to the proximal fault systems. Its contribution of triggering
aftershocks has been recognized in several past events such as the 2015 M7.8 Gorkha (Hayes et al., 2015) and
the 2009 M6.3 L'Aquila earthquake (Walters et al., 2009). In Central Italy, the towns of Amatrice and Visso have
been subsequently hit by strong earthquakes (M > 6) over a time span of 2 months (Chiaraluce et al.,, 2017).
The M,, 6.2 Amatrice earthquake (AE) first took place on 24 August 2016 and was followed by the M,, 6.1 Visso
earthquake (VE) on 26 October 2016, only 20 km to the north (Figure 1). Here we investigate the hypothesis
that the latter event is favored by the stress redistribution initiated by the former event that broke out
9 weeks earlier.

Transient postseismic mechanisms, such as crustal fluid migration (e.g., Jonsson et al., 2003), afterslip (e.g.,
Marone et al., 1991), and mantle viscoelastic relaxation (e.g., Birgmann & Dresen, 2008), interact with the
coseismic perturbation of stress fields and hence temporally evolve the ACFS experienced by the surround-
ing faults, in addition to instantaneous dynamic triggering and static stress changes (Convertito et al., 2017).
These mechanisms are capable of triggering seismicity (inducing ACFS > 10 kPa) or at least advancing or
delaying future earthquake occurrence. Their effects are generally location- and time-sensitive and provide
an opportunity to quantitatively interpret individual aftershock occurrence. The former two mechanisms
are observable in the first few months after an earthquake (Marone et al,, 1991; Masterlark & Wang, 2000),
whereas the latter endures for decades (Freed & Lin, 2001). Regarding the short time interval (~63 days)
separating the AE and the VE, our study focuses on how the fluid flow and pore pressure changes initialized
by the AE have encouraged the rupture of the VE. The mobilization of pore fluid is activated soon after an
earthquake, when a heterogeneous field of pore pressure, Ap, is momentarily built up in an undrained man-
ner within the crustal section of distributed volumetric strain (LaBonte et al., 2009; Wang, 2000). After that,
fluid flow modulates the pressure gradients and modifies the stress-pressure field at a rate proportional to
the rock hydraulic diffusivity and pressure-gradient steepness (Nur & Booker, 1972). The diffusion of ground-
water in the fluid-saturated elastic crust results in time dependence of both the distribution and magnitude
of postseismic ACFS (Hughes et al., 2010). Wang (2000) casts this transient process into a regime of linear
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poroelasticity describing how the shallow crust couples with pore fluid
flow after earthquakes. Poroelastic coupling has been suggested in
multiple events including the 2004 M9 Sumatra earthquake (Hughes
et al, 2010), the 2000 M6.5 Iceland earthquake swarm (Jonsson et al.,
2003), and the 1992 M7.3 Landers earthquake (Masterlark & Wang, 2000).
In these cases, the earthquake-induced fluid recovery causes substantial
hydraulic pressurization, which led to positive ACFS as high as 2 MPa
and brought the neighboring structures closer to failure.

In this paper, we study the poroelastic stress coupling between the AE and
the following the VE. Fully coupled poroelastic analysis demonstrates how
groundwater flux modulates pore pressure and the fault stability near the
VE epicenter in a timely manner and determines if this mechanism contri-
butes to its delayed occurrence. Because there are no available data of
coseismic groundwater-level changes, we resort to the numerical model-
ing of postearthquake fluid flow in 3-D finite element models whose dislo-
cation calculation is validated against the customary analytical solution
(Okada, 1985) (Figures S1 and S2 and supporting information). We
conduct a spatiotemporal analysis of aftershocks against poroelastic
coupling and optimize the rock permeability, k, against the occurrence
of the VE in the light of the time-dependent variations of Ap and ACFS
at its hypocenter (e.g., Deng et al., 2016; He & Peltzer, 2010). The results
complement the conventional analysis of static ACFS with a transient
crustal response after the earthquakes and provide insights into the timing
and location of aftershocks.

Figure 1. Tectonic map of the August Amatrice earthquake (with colored 2. Methods
slip) and the October Visso earthquake. Aftershocks between these two :

events are plotted as white dots.

The U.S. Geological Survey National Earthquake Information Center focal

plane solution of the VE suggests a fault strike, dip, and rake of 155°, 50°,
and —89°, respectively. The probability of frictional failure along the receiver fault of the VE increases with
positive ACFS (King et al., 1994). King et al. (1994) and Stein (1999) suggest a triggering threshold,
ACFSthresholas Of positive 10 kPa (King et al., 1994; Stein, 1999) associated with

ACFS = At + (Ao + Ap) (1)

where At denotes shear stress change, Ac refers to normal stress change, Ap denotes pore pressure change,
and f is the frictional coefficient assumed to be 0.85 (cf. Byerlee, 1978).

We calculate the postseismic transients of Ap and ACFS at the VE hypocenter under a fully coupled poroelas-

tic scheme, which is governed by a volumetric strain equation derived from mass conservation and Darcy'’s
law (Wang, 2000):

afkk 6p k 2

—+S—=—V 2

P + Se ot p ()

where a is the Biot-Willis coefficient; t indicates the elapsed time since the loading event (i.e., the AE);

€xk = OUK/OXy is the volumetric strain and subscript k cycles through the orthogonal axis 1, 2, and 3; S, is

the constrained storage coefficient; and k is the intrinsic rock permeability; i is the pore fluid viscosity

(Table S1 in the supporting information). It is also constrained by a force equilibrium equation (Detournay
& Cheng, 1993; Tung & Masterlark, 2016; Wang & Kiimpel, 2003):

G u  op

VU 4 =
Ui + (1 — 2v) Ox;0xk a@xi

3)

where G and v respectively denote the shear modulus and Poisson’s ratio which are determined by a local
velocity model (Cirella et al., 2012). The Cartesian coordinates and corresponding displacements are denoted
as x and u, respectively.
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3. Results
3.1. Static Changes of Coulomb Stress

Regarding the stress instantaneously transferred from the AE, the positively stressed zones are overall aligned
with the fault strike and form a “Y” shape near the ends of the fault, whereas zones of negative values widely
spread over the lateral sides overlapping zones of positive Ap (up to 0.2 MPa) (Figures 2a and 2b). The
dumbbell-shaped pressure gradient drives diffusive fluid flow (up to 50 nm/s) toward the lobes of negative
Ap near the VE epicenter and the southern fault section near Amatrice (Figure 2b). As such, these coseismic
changes subjected the VE hypocenter to a sudden decrease (—15.0 kPa) of pore pressure and an increase
(21.0 kPa) of ACFS shortly after the AE (Figure 2b).

3.2. Poroelastic Transients of Coulomb Stress

Our poroelastic simulation reveals that the stress field did not remain steady but kept evolving with
hydraulic reequilibration following the AE (Figures 2 and S3). Fluid migrated from zones of high pore
pressure to those of lower pressure once the pore pressure gradient was established by the AE
(Figure 2b). This pressure-gradient-driven mechanism dissipated the gradient retroactively at a rate related
to the crustal permeability structure, through which groundwater fluid interacted with the elastic crust and
altered the ACFS attained by surrounding structures (Figures 2 and S3). The negative Ap (—15.0 kPa)
estimated at the VE hypocenter enabled its near-field to become a concentration point to draw pore fluid
from the nearby high-pressure zones (Figure 2b). Adopting a representative crustal permeability of
107'® m? (cf. Ingebritsen & Manning, 2010), we simulate subsurface fluid flow (current velocity, v; up to
50 nm/s) migrating progressively from the lateral positive-Ap zones into those negative-Ap zones near
the northernmost and southernmost fault tips (Figure 2b), so that the hypocenter of the VE began to
receive an influx of pore fluid soon after the AE. A strong correlation is found between the distribution
of converging fluid currents and the aftershock clusters near the town Visso and Amatrice. The vertical
profile, AA” further describes that the inflow was not solely contributed by the fluid moving horizontally
from the east and the west but also from a region slightly deeper than the focus of the VE beneath the
surface (Figures 2b and 2c). The flow rate of this vertical flux near the VE hypocenter was as high as
30 nm/s. In addition, the vertical profile BB’ shows how the fluid was directed northward from the near-
field of the AE into that of the VE (Figure 2d). These net fluid influxes steadily pressurized the hypocenter
of the VE (Figure S3b), reduced the frictional strength of nearby faults, and brought them closer to rupture
(Figures 2e and S3a). Meanwhile, ACFS at the VE hypocenter was increased by ~70% from 21 kPa of
undrained coseismic conditions to 35 kPa at the incidence of the VE (63rd day since the AE) (Figure
S3a). On that day, most tectonic structures within 7.5 km from the VE epicenter were destabilized by a
positive ACFS up to 50 kPa (Figure 2e), as fluid continued flowing into this low-pressure region
(Figure 2b). As a result, the aftershock hazard near the town of Visso is dramatically elevated by the fluid
migration (Figure 2e). Similar phenomenon is modeled near the center and the southern end of the AE
fault where zones of negative ACFS dissipated and those of positive ACFS dilated (Figures 2a and 2e).

3.3. Spatiotemporal Analysis of Aftershocks and Poroelastic Stress Coupling

The aftershocks taking place between the AE and the VE show a prominent migration of seismicity particu-
larly for those located 15 km away the AE epicenter (Figure 3a). Aftershocks are not intermediately found near
the Visso town coseismically stabilized by negative Ap (Figures 2b and 3b). As our simulation shows that the
earthquake-induced fluid flow propagates the pore pressure front northward (Figures 2b and 3), the seismi-
city gradually propagated in a similar direction at a rate of 0.4 km/d. The traveling pressure front gradually
restores the Ap from being negative near the Visso town and increases the local ACFS beyond the static value
(Figures 2a, 2¢, 4a, and S3), underlining the combined effects of instantaneous elastic stress changes and the
slower fluid diffusion. Aftershocks appear to converge near the epicenter of VE similar to the flow vectors
(Figure 3b), highlighting a signature pattern of fluid diffusion. A majority (>80%) of them fall into the quad-
rant of postseismic pressurization (Figure 4a). A hydraulic diffusivity, D of 1.5 m?/s is found compatible with
the migration path, r = V/ArDt (where r is the epicentral distance and t is the time elapsed) (Shapiro et al.,
2003) (Figure 3a). This migration attains a similar speed to that of nonvolcanic tremors and of induced earth-
quakes caused by water-injection experiments (Shapiro, Huenges, & Borm, 1997; Tadokoro et al., 2000).
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Figure 2. Co/postseismic ACFS, Ap, and pore fluid migration. Instantaneous (a) Coulomb stress change, ACFS,, and (b) pore pressure change, Ap,, are calculated at
focal depth of the Visso earthquake (VE). (b—d) The arrows show the predicted 3-D field of fluid-flux vectors shortly after the Amatrice earthquake (AE). (e)
Poroelastic Coulomb stress changes after 63 days; ACFSgsq is resolved during the VE rupture. (a, b, and e) The gray dots represent those aftershocks
between the AE and the VE, while (e) the yellow dots denote those within 2 days after the VE.

Furthermore, we study the spatial distribution of aftershocks against the temporal poroelastic response in
four different regions along the fault (Figure 4c). As mentioned above, majority (83%) of those migrating
seismicities near the Visso town (Region 1 in Figure 4a) are subjected to postseismic fluid influx and
pressurization. In particular, the VE and ~40% of nearby aftershocks are hydraulically destabilized by an
extra ACFS of >10 kPa (Figure 4a). Such destabilization is more severe intermediately north of the AE
epicenter (Region 2 in Figure 4b), where 87% of aftershocks are favored by fluid coupling and 21% of
them (enclosed by cyan dashed line in Figure 4b) achieve the minimum failure threshold of 10 kPa
through in situ fluid pressurization. This is very similar to the southernmost aftershock clusters (Region 4 in
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Figure 3. Spatiotemporal analysis of aftershocks between the Amatrice earthquake (AE) and Visso earthquake (VE). (a) Aftershocks located 15 km outside AE epicen-
ter (red star) are color-coded by a 14 day time interval, while those within the 15 km epicentral distance (gray dots). Aftershocks overall migrate
northward at a rate of 0.4 km/d (D ~1.5 m2/s) and gradually approach VE epicenter (magenta star). (b) Map view of aftershock migration overlaid with
coseismic field of flow vector (colored arrows), the earthquake fault (black rectangle), and coseismic slip distribution.
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Figure 4. Spatiotemporal analysis of aftershocks coupled with poroelastic stress evolution. The aftershock reception of Coulomb failure stress and fluid-flow coupling
are scrutinized in four regions along the Amatrice earthquake rupturing fault. (a) Region 1 reveals a northward earthquake migration (Figure 3) and (>80%) most
aftershocks including the Visso earthquake experience increasing pore pressure and ACFSo/ACFSyccyr > 10 kPa. (b) Region 2, (c) Region 3, and (d) Region 4 have
majority (~90%) of aftershock occurrence (blue dots in both map and cyan-shaded ACFS time series) activated by pore fluid coupling. The cyan
dashed lines outline those aftershocks that do not have ACFS, > 10 kPa but are subjected to postseismic fluid pressurization.

Figure 4d) where nearly all aftershocks are favored by poroelastic coupling and ~40% of them sufficiently
reach ACFSinreshold @s fluid keeps flowing in. For the area near the AE epicenter (Region 3 in Figure 4d),
less than half of the aftershock occurrence is correlated with coseismic ACFS, > ACFSihyesholds While more
than 80% of them gain extra failure tendency due to elevated pore fluid pressure. This analysis shows that
static Coulomb stress cannot fully explain the aftershock occurrence as there exists at least ~30% of after-
shocks which are not anticipated by ACFS,, requiring another complementary mechanism to reveal the
temporal evolution of near-field failure condition. We found that the poroelastic coupling is compatible
with the observations, especially when coming to explain several aftershock clusters (outlined by cyan
dashed lines in Regions 2, 3, and 4 of Figure 4) as well as the aftershock sequence migrating toward
the Visso town (Figure 3). In particular, more aftershocks are found with ACFSoccur > ACFSinreshold When
including the poroelastic coupling effect, which is consistent with the aftershock-stress coupling observed
after the nearby 2012 M,, 5.7 Emilia-Romagna, ltaly earthquake (Albano et al, 2017) and 2009 M6.3
L'Aquila earthquake (Lucente et al.,, 2010).
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Figure 5. Maximization of ACFS at the Visso earthquake (VE) hypocenter by a stochastic permeability search between 10

and 10~ m? (a) The optimal perme-

ability, k* = 107167 m2, enables the VE to be triggered by a maximum ACFS* of 35.4 kPa. The black dots denote the Markov chain Monte Carlo-guided
sampling of permeability. (b) Temporal relationship between permeability and ACFS evolution experienced by the VE.

4, Discussion and Conclusions

The permeability structure of upper crust is a determining factor regulating the poroelastic mechanism
(supporting information and Figure S3). The crustal permeability generally decreases with depth and fol-
lows empirical power laws, which is implied by metamorphic and geothermal data (Ingebritsen &
Manning, 2010; Manning & Ingebritsen, 1999). As complicated by other factors within the local geological
and tectonic environments, the detailed permeability structure of Central Italy is largely unknown (Agosta
et al.,, 2007). However, the overpressurized reservoirs found within the Central Apennines confirm the pre-
sence of fluid-saturated crust over the epicentral area and hence accentuate the plausibility of poroelastic
triggering mechanism (Terakawa et al., 2010). Provided that these reservoirs are under hydraulic equili-
brium (i.e., nontime-dependent) before the AE (cf. Malagnini et al., 2012), we can narrow down the range
of permeability values that are in favor of triggering VE through studying the poroelastic coupling process
after the AE. We then compare this range to the local structural settings and the corresponding permeabil-
ity models and interpret the feasibility and manifestation of fluid-induced triggering both in space and
time. To begin with, we randomly search for an optimal permeability, k*, with which a maximum poroe-
lastic change of ACFS is attained during the VE rupture (Figures 5 and S4), under a Markov chain Monte
Carlo regime. Being insensitive to different frictional coefficients (e.g., 0.4, 0.6, and 0.85), the result shows
that the VE experienced the most favorable rupture condition of ACFS* = 35.4 kPa when k* = 107'%" m? or
7.94 x 10~ m? with a 1-sigma uncertainty ranging from 1.48 x 10~"7 to 4.27 x 10~ '® m? (Figure 5a). This
optimal value, k*, is consistent with the permeability range between 107'* and 10™'7 m? at 7.5 km depth,
as suggested by Ingebritsen and Manning (2002, 2010) (Figure 5a). This permeability value of k* is ~2
orders of magnitude smaller than the permeability, Kafiershock_migration = D@u#/Kr = 6.5 X 107" m?
calculated from the observed seismicity migration and a point-source approximation, provided that the
porosity, @, is 1.1% and pore fluid (water) bulk modulus, K, is 2.3 GPa (Antonioli et al., 2005). One possible
source of the difference between these estimates is that the former accounts for the heterogeneous field
of pore pressure variations, while the latter assumes a point source of pore pressure perturbation. In the
former case, the peak ACFS* achieved by the VE fault is ~350% higher than the ACFSireshold @and ~70%
more than the static value, ACFS, = 21.0 kPa, demonstrating the fundamental difference between the
undrained and drained (poroelastic) response.

We further compare the resolved k* with the power laws of permeability-depth model (Manning &
Ingebritsen, 1999)
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log(k) = —14.0 — 3.2 log(2) 4

where k (m?) is the permeability at depth z (km). At the 7.5 km depth, the power law yields a permeability of
107"%8 or 1.58 x 107" m? which is ~4 times smaller than the optimal permeability, k* = 10752 or
6.92 x 1077 m? (Figure 5a). The higher permeability of k* is common in seismogenic zones like Central
Italy due to the distributed conduits (Agosta et al., 2007; Caine et al., 1996) or the enhanced rates of meta-
morphic reaction (Ingebritsen & Manning, 2010) within major fault zones. Ingebritsen and Manning (2010)
and Kuang and Jiao (2014) update the model for the fractured crust respectively by

log (kfractured,lngebritsen) =—11.5-3.2 log(2) )

1og (Kfractured kuang) = —8.0 — 19.5 (1 +2)°% ©6)

359 x 107'° m? (Figure 5a). As k* = 107'°* m” is both lower than Kfactured_ingebritsenjz = 7.5km and

so that kfractured_lngebritsen|z = 7.5km 10_14'3 or 50 X 10715 m2 and kfractured_Kuang|z = 7.5km = 10_15'4 or
Kfractured_kuanglz = 7.5kms it implies that a moderately fractured upper crust would provide the most favorable
condition for the VE, which is quite coherent with the active tectonics of the Apennines range experiencing
constant seismic activity over the past centuries (Boschi, 2000). Therefore, we confirm that the poroelastic
stress coupling is a feasible mechanism for triggering the VE. Moreover, the analysis reveals that the higher
the crustal permeability, the earlier the VE hypocenter attains the peak ACFS (Figure 5b). The peak ACFS
occurs between the 6th and the 90th day for permeability between 107'%% and 107'** m? (Figure 5b).
Nonfractured crust (k= 107'%® m?) attains the maximum ACFS beyond the 90th day, whereas fractured crust
(k > 107">* m?) allows this to happen before the 20th day (Figure 4c).

We also examine the possibility of two other alternative mechanisms, namely, viscoelastic mantle relaxation
and afterslip (rate and state friction) responsible for triggering aftershocks (cf. Birgmann & Dresen, 2008;
Freed, 2007; Marone et al, 1991). Our preliminary analysis of a linear viscoelastic model shows that the
viscous behavior of the mantle contributes negligibly (<0.075 kPa) toward the ACFS at the VE hypocenter
over a postseismic period of 63 days, given a viscosity of 10~ '° or 10~>*Pas (Figure S2). Furthermore, very
limited postseismic surface displacements (<0.1 m, <10% of coseismic movements) are observed in the
region between the epicenter of the AE and the VE (Figure S2 of Cheloni et al., 2017). This implies that the
contribution of frictional afterslip (ACFS < 2 kPa) is negligible as compared to ACFSireshold and that
(ACFS~14 kPa) induced by the poroelastic effect for triggering the aftershocks.

In summary, the pore fluid migration modulates pore pressure and promotes significant decrease in fault
strength near the epicentral area of the VE. Given a reasonable permeability value, it is very likely that the
poroelastic stress coupling was involved in nucleating the VE and caused its delay after the AE. The uncertain
tectonic environment such as preseismic stress field and spatially varying rock strength and the contributions
of other known/unknown triggering mechanisms infer a certain degree of randomness for aftershock spatio-
temporal occurrence (cf. Kagan, 2002; Tormann et al., 2015). However, the nonstochastic nature of the VE tim-
ing is characteristically supported by the observable aftershock migration which indicates diffusive transient
process. With evidence showing aftershocks tend to cluster and propagate toward the regions of coseismic
depressurization where the fault stability is continuously reduced by postearthquake fluid influx, we
conclude that a complete assessment of aftershock hazard must include a temporal poroelastic component
for predicting those migrating aftershock-prone areas, where another earthquake episode could
be triggered.
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