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The mechanism by which faults interact each other is still a debated matter. One of the main issues is the role of pore-pressure diffusion in the delayed triggering of successive events. The 2016 Amatrice–Visso–Norcia seismic sequence (Central Apennines, Italy) provides a suitable dataset to test different physical mechanisms leading to delayed events. The sequence started on August 24, 2016, with the Amatrice mainshock (MW = 6), and was followed after more than 60 days by events in Visso (MW = 5.4) and Norcia (MW = 5.9). We analyzed the contribution of the static stress change and the role of fluids in the delayed triggering. Through 3D poroelastic modeling, we show that the Amatrice mainshock induced a pore-pressure diffusion and a normal stress reduction in the hypocentral area of the two aftershocks, favoring the rupture. Our parametric study employs a simple two-layered conductivity model with anisotropy in the seismogenic layer, characterized by larger conductivity values (K > 10–5 m/s) along the NNW-SSE direction. The one-way coupled pore-pressure 3-D diffusion modeling predicts the maximum increase of the pore pressure at the location of the two Visso earthquakes 60 days after the mainshock. The occurrence of anisotropic diffusivity is supported by the pattern of active faults and the strong crustal anisotropy documented by S-wave splitting analysis. We conclude that the temporal evolution of the sequence was controlled by the anisotropic diffusion of pore-pressure perturbations through pre-existing NNW-trending fracture systems.
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KEY POINTS


•Coulomb static stress transfer due to the Amatrice event did not instantaneously trigger the two large Visso aftershocks.

•Pore pressure diffusion, initiated with the deformation of the Amatrice mainshock, triggered the two Visso aftershocks.

•Anisotropic conductivity modelling is mandatory for pore pressure diffusion computation in central Apennines.





INTRODUCTION

Understanding physical mechanisms by which faults interact is crucial for mitigating earthquakes impact, particularly on highly exposed regions. One of the most controversial issues concerns the time delay between successive events specially when the subsequent events seem to be already favored in terms of Coulomb stress transfer but do not occur (Kilb et al., 2002).

As detailed below, the mechanisms invoked to explain delayed triggering of secondary events involve static and dynamic stress/strain transfer, viscous relaxation, afterslip relaxation and fluid diffusion. Coulomb static stress changes can partially explain aftershock distribution; indeed, as noted by Parsons (2002), only about 60 per cent of the aftershocks observed globally are correlated with a stress increase, while 40 per cent are related to a stress decrease. A tentative for explaining the time delay has been done by introducing the rate-and-state constitutive laws in the static stress redistribution. This approach allows to justify delays of the order of 10 s (Stein, 1999; Bizzarri, 2011), while the delayed triggering can occur on time scale of hours to decades (Scholz, 2002), with the longer time delays being related to the tectonic loading that sums to the Coulomb loading from prior earthquakes (Scholz, 2002). At distances larger then 1–2 fault lengths from the original event, Coulomb static stress change can be not effective and, for events with strong directivity dynamic triggering, related to the passage of seismic waves, can better predict aftershocks distribution (Kilb et al., 2000, 2002; Gomberg et al., 2001; Convertito et al., 2013; Convertito et al., 2016). As reported by Kilb et al. (2002 and reference therein) peak-dynamic stress/strain changes, which are always larger than static stress change, can promote delayed failure by physically altering properties of the fault or its environs (e.g., erosion of asperities, chemical changes in bulk composition, or the generation of fault gouge). Another invoked mechanism is afterslip relaxation, which is generally observed to occur after large earthquakes (e.g., Miyazaki et al., 2004; Hsu et al., 2006) but also after moderate-size earthquakes (Takai et al., 1999; Helmstetter and Shaw, 2009) and is connected with postseismic deformation whose time duration is proportional to the mainshock seismic moment (Takai et al., 1999).

However, whatever the triggering mechanism is invoked a key role seems to be played by fluids. In the hypothesis of a Coulomb failure criterion, an increase of fluid pore pressure can reduce the effective normal stress value, unclamping the fault and promoting the rupture. In fact, pore-pressure diffusion and in situ fluid flow driven by pressure gradient, have been proposed to explain observed migration of natural and induced seismicity (Shapiro et al., 2003; Gavrilenko, 2005; Brawn and Ge, 2018). It has also been suggested that the fluid mobilization depends on the tectonic style and, in particular, extensional tectonic settings, such as the one considered in the present study, may favor fractures closing and fluids expulsion during the coseismic stage (e.g., Muir-Wood and King, 1993; Doglioni et al., 2014). Furthermore, it has been shown that fluids also contribute to decreasing the fault friction (e.g., Scholz, 2002).

In this framework, the Amatrice–Visso–Norcia seismic sequence (hereinafter, AVN) that interested in 2016 a wide area in Northern and Central Apennines in Italy (Figure 1) represents a suitable example to investigate the different mechanisms of earthquakes interaction. In fact, it was characterized by a main event followed by thousands aftershocks, some of which with large magnitude – even larger than the mainshock – occurring at considerable later times. The sequence initiated on 24 August with a MW = 6.0 shock located close to the town of Amatrice (Amatrice earthquake, thereinafter AE). Similarly to almost all the recent significant seismic sequences in Italy (Tramelli et al., 2014), the first event of the AVN sequence was followed by events of comparable – if not larger – magnitude. In fact, a MW = 5.4 event occurred 1 h later and, after more than 60 days, two large earthquakes occurred on 26 October about 10 km north-north west from the first event near the town of Visso, with magnitude MW = 5.4 and MW = 5.9 (VEs), respectively. The sequence culminated with the MW = 6.5 Norcia earthquake occurred on 30 October that enucleated in between the two zones activated by the AE and VE, and its occurrence was favored by the preceding events (Pino et al., 2019). Each main event was followed by a burst of aftershock activity (Improta et al., 2019) and after 6 months from the AE the activated zone extended NNW-SSE for about 70 km along the Apennines range (Chiaraluce et al., 2017).
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FIGURE 1. Geographic map, seismicity recorded from August 24, 2016 to October 26, 2016 (Chiaraluce et al., 2017). Thin dashed black lines show coseismic surface traces of the Vettore-Bove Fault System (VBFS) that ruptured during the AE (southern segment), the VE (northern and central segments) and NE (central and southern segments); dotted black lines show the Laga Fault System (LFS) that ruptured during the AE and NE; black line with triangles show the Mts. Sibillini Thrust (MST); black lines show main antithetic normal faults that bound the aftershock region (thicks denote the down-thrown block). The dashed black box identifies the upper face of the investigated volume. The beach balls indicate the fault mechanisms of the three analyzed events (see Table 1). Events (crosses) are color-coded according to their origin time. The inverted light-blue triangle identifies the Varoni 1 well.



TABLE 1. Location, fault plane solutions, and moment magnitude for the three earthquakes in the Amatrice 2016 seismic sequence analyzed in the present study (Chiaraluce et al., 2017).

[image: Table 1]The main events of the sequence nucleated in the upper 8 km, within the Umbria-Marche carbonate multi-layer, and are characterized by normal fault mechanisms in accordance with the regional SW-NE trending extensional stress field (Chiaraluce et al., 2017). Source mechanisms of the three mainshocks, geodetic data, co-seismic surface ruptures, and aftershock distribution indicate the activation of NNW-SSE trending and WSW-dipping normal faults referable to two Quaternary systems: the Laga Fault system to the south and the Mt. Vettore-Mt. Bove system to the north [see Pizzi et al. (2017), among others] (Figure 1). The two segmented fault systems are crossed by the NNE-SSW trending oblique ramp of the Mts. Sibillini Thrust (MTS in Figure 1), which is a major regional arcuate structure of the Miocene-Pliocene compressional phase in central-northern Apennines (Pizzi et al., 2017). The aftershocks distribution (Improta et al., 2019) and the finite-fault inversion of geodetic data for the Norcia earthquake (Walters et al., 2018) indicate that main NE-dipping antithetic normal faults were also activated during the seismic sequence.

The present analysis aims at contributing to the understanding of the delayed triggering of the October 26, 2016, MW = 5.4 and MW = 5.9, Visso earthquakes. Previous studies have investigated some of the aforementioned triggering mechanisms for the AVN sequence. In particular, 3D Coulomb static stress redistribution has been computed by Convertito et al. (2017), Mildon et al. (2017), Tung and Masterlark (2018), Walters et al. (2018), Pino et al. (2019) and, although in all these cases the stress change value at the Visso hypocenters was enough to trigger them – if 0.01 MPa is assumed as threshold (e.g., Reasenberg and Simpson, 1992; King et al., 1994) – the delay remains unresolved. In addition, Tung and Masterlark (2018) have also shown that the afterslip (rate and state friction) and the viscoelastic mantle relaxation provide a negligible contribution to sequence evolution. Likewise, dynamic triggering, with associated in situ permeability increase and delayed peak in the local pore pressure rate, has proven to be an effective trigger (Convertito et al., 2017) but it seems to be inadequate to explain 60 days time delay.

Fluids flow and pore pressure diffusion has already been invoked as a viable mechanism to explain the evolution of two previous sequences in central Italy, i.e., the 1997 Umbria-Marche sequence (Antonioli et al., 2005) and 2009 L’Aquila sequence (Di Luccio et al., 2010; Malagnini et al., 2012), using a point source and isotropic or anisotropic hydraulic diffusivity assumption.

As for the AVN sequence, the fluid-earthquake interaction has been investigated by several authors using poro-elastic or diffusivity modeling. Tung and Masterlark (2018) interpreted spatial and temporal evolution of the aftershocks as the effect of pore fluid migration. These authors solved the fully coupled poroelastic equation in a 3D medium and using an extended source model searched for the optimal value of homogeneous and isotropic permeability that maximizes the value of the Coulomb stress change at the hypocentral location of the October 26, 2016 VEs, at their origin time. Their results indicate a permeability of 10–16 ± 0.7 m2. Albano et al. (2019) used a simplified 2D poroelastic modeling along a W-E trending section orthogonal to the Amatrice causative fault to compute the coseismic and postseismic stress perturbations and predict the temporal evolution of the pore pressure change. Their main aim was to reproduce the temporal decay of the aftershocks observed after the AE. Permeability is assumed to increase with depth and is adjusted to optimize the fitting between the observed aftershock daily rate and the rate predicted with the simulated pore fluid diffusion. The obtained best fit permeability decreases from ∼5 × 10–13 to ∼1 × 10–13 m2 between 0 and 20 km depth. To explain the poor spatial correlation found between the aftershocks’ distribution and the pattern of postseismic Coulomb stress change, the authors indicated the use of the 2-D modeling approximation (infinite fault length) and unmodeled features, such as heterogeneities and anisotropies in the elastic and hydraulic material properties. Walters et al. (2018) used a simple 1D diffusive model to verify whether the spatio-temporal evolution of the aftershocks occurred to the north of the Amatrice source was consistent with a diffusive process. Their forward modeling shows a diffusive-like temporal trend and the permeability fitting the aftershock triggering front is on the order of 10–14m2.

In summary, previous works face the problem by considering 3D crustal conductivity models, but homogeneous and isotropic (e.g., Tung and Masterlark, 2018) or 2D models with depth dependent conductivity (e.g., Albano et al., 2019).

Here we propose an additional modeling approach to study the role of fluids in triggering the Visso aftershocks. Our study roots on the following considerations and evidences:


(1)The geological and structural complexity of the Apennine chain and relative position of the causative fault and the aftershocks distribution require a 3D modeling of the crustal structure;

(2)In addition to variation with the depth, the conductivity is controlled by the widespread fracture systems in carbonate rocks in the Apennine chain, which underwent to multiphased contractional and extensional deformation. In particular, in the Apennines seismic belt, detailed studies on hydraulic properties of fractured carbonate reservoirs (Trice, 1999) indicate that open and conductive cracks and fractures, controlling effective fluid flow and propagation of the pore pressure perturbation over long distances, are those aligned by the active extensional stress field;

(3)The presence in this area of anisotropy in terms of conductivity, as revealed by S-wave splitting analysis (Pastori et al., 2019), previous studies of diffusivity related to aftershocks migration (e.g., Antonioli et al., 2005), and predicted by fault zone architecture (Caine et al., 1996).



We modeled pore pressure variations solving a one-way coupled pore pressure equation (Wang, 2000) in a 3D conductivity model. We performed a parametric study exploring isotropic and anisotropic models with conductivity values selected according to permeability profiles proposed by Kuang and Jiao (2014). For each investigated model we computed the pore pressure excess produced by the strain field associated with the AE at the hypocenter of the VEs occurred on 26 October, 2 h apart from each other and about 60 days since the AE.



MATERIALS AND METHODS

Pore-pressure relaxation in an anisotropic and heterogeneous poro-elastic fluid-saturated medium is described by the Darcy’s equation that, under the hypothesis of one-way poroelastic coupling, is given by
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where Dij are the components of the hydraulic diffusivity tensor D, and xj are the components of the coordinates vector of a given observation point with respect to the causative source. The one-way coupling approximation is justified when at least one of the following circumstances occurs: (i) under steady state conditions, (ii) the fluid compressibility is much greater than the frame compressibility, (iii) dealing with irrotational displacement fields in infinite or semi-infinite domain without body forces, (iv) in the presence of uniaxial strain and constant vertical stress (Wang, 2000). For the present study the one-way assumption is supported by the fact that the fluid considered is water whose compressibility is about 4.5 × 10–10 Pa–1 (assuming 2.2 GPa for compressibility modulus) while the frame compressibility is about 2.0 × 10–11 Pa–1 (using a compressibility modulus of about 50 GPa, see section Model parameterization). To evaluate the diffusion of pore fluid pressure P due to crustal deformation generated by the 24 August 2016, MW = 6.0, earthquake, we used the numerical code PFlow (Wolf and Lee, 2009), which has been employed for applications similar to our study (Dyer et al., 2009; Wolf et al., 2010). PFlow performs 3D time-dependent numerical computation, based on linear finite elements for spatial discretization and implicit second order, finite difference in time. All the technical details about its implementation are reported in the Supplementary Material section. Since in elastic deformation stress is related to strain, crustal deformation is obtained from the Coulomb stress change field ΔCFS, which is given by:
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where Δτ is the change in the shear stress, Δσ is the change in the normal stress and μ is the friction coefficient. In the present study, Coulomb stress changes were computed by using Coulomb 3.3 software (Lin and Stein, 2004). As reported by Harris (1998), μ ranges between 0.6 and 0.8 for most rocks. Following Albano et al. (2019) we assumed μ = 0.6, which is appropriate for fractured carbonate rocks (Scuderi and Collettini, 2016). Given the deformation, it is thus possible to obtain the initial pore pressure through the relation ΔP = −BΔε/G (Rice and Cleary, 1976), where Δε is the deformation, G is the bulk compressibility, and B is the Skempton coefficient (0 ≤ B ≤ 1). The initial pore pressure is then allowed to dissipate in model space over time.

The space-time evolution of pore pressure P can be computed by solving the Eq. (1) in the following form (Wang, 2000):

[image: image]

once initial and boundary conditions have been selected. The tensor k is the permeability tensor (k = DSη, being S the storage coefficient), η is the fluid viscosity, Ss is the specific storage coefficient, and Q is the fluid source term, as induced by seismic faulting.



MODEL SET-UP

In order to compute the space-time evolution of pore pressure, poroelastic and hydraulic properties of the medium must be defined. With reference to Eq. (3) these properties are: the bulk modulus, the Skempton coefficient B, the specific storage coefficient SS, and the hydraulic conductivity tensor K = ρgk/η (being ρ the density of the fluid, k the permeability, and g the gravity acceleration). In addition, the initial condition must also be specified.

In this section we describe the procedure adopted to select the suitable parameters and to compute the initial conditions.


Strain Computation and Initial Condition

The modeling assumes that the initial event produces a stress/strain field in the volume surrounding the causative fault, whose shape depends on fault geometry and extent, and on slip distribution. To compute the ΔCFS field (Figure 2) and the strain field in the volume embedding the fault of the main event (24 August, Mw = 6.0) and those of the two 26 October Visso main aftershocks (Figure 1), we used the fault geometry and the slip distribution inferred from the InSAR and GPS data (Cheloni et al., 2017). We considered a volume of 60 km × 60 km × 28 km (dashed black box in Figure 1). We note the ΔCFS field in Figure 2A does not significantly change when a value of 0.7 or 0.8 is used as friction coefficient. Since the code PFlow operates in the principal axes system – that is, the conductivity tensor K is diagonal – for simplicity, we rotated the fault in such a way that one (Ky) of the two horizontal principal directions coincides with the strike direction of the source of the Amatrice earthquake (Table 1). The initial condition for the pore pressure at t = 0 is obtained by converting the strain in pore pressure by using the Skempton coefficient B, which is defined as the ratio between the induced pore pressure and the stress loading. The boundary conditions are of Neumann type (no flow) on the top of the volume and of Dirichlet type (constant pore pressure) on the other sides of the volume. Source parameters of the AE and of the two VEs are listed in Table 1. As for the Skempton coefficient, for high to moderate effective pressures (>10 MPa), values between 0.35 and 0.6 have been observed for saturated limestone and dolomite (Kumpel, 1991). A B-value of 0.5 was used by Astiz et al. (2014) for the geomechanical modeling of the Cavone carbonate reservoir in the northern Apennines, which consists of low to medium porosity, fractured Mesozoic carbonates similar to those drilled in the Amatrice area. Thus, for the modeling we adopted the same value for B. Nevertheless, due to the marked increase of B with decreasing effective pressure (carbonate rocks at low effective pressures <5 MPa show B-values up to 0.8; see Kumpel, 1991), larger values could be also considered for the uppermost sedimentary crust in the source region that according to local earthquake tomography surveys should consist of fractured, overpressurized carbonates (Chiarabba et al., 2018).
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FIGURE 2. (A) Coulomb stress field (in kPa) following the August 24, 2016, MW = 6.0, event, computed at 5 km depth. Receiver faults are assumed the same as the source (see Table 1). The black rectangle identifies the surface projection of the fault, while the green line represents the fault trace at surface. The epicenters of both the October 26, 2016, MW = 5.4, and the October 26, 2016, MW = 5.9, aftershocks are also displayed. The beach balls indicate the fault mechanisms of the three analyzed events (see Table 1). (B) Strain field – dilatation – computed at 5 km depth. Symbols are same as shown in (A).




Model Parameterization

The Amatrice and Visso earthquakes interested an area that spans two major structural domains, the Umbria-Marche thrust belt and the Laga foredeep domain, at the boundary between central and northern Apennines (Mazzoli et al., 2005). The upper crustal structure is very complex because thrusting involved different Meso-Cenozoic sedimentary sequences and the tectonic evolution was controlled by multiphased contractional and extensional deformation. Hydrocarbon exploration carried out in the 80s provided seismic reflection images of the thrust belt architecture, but due to the lack of oil discoveries the area was not investigated further and, consequently, specific information on the hydraulic properties of the drilled sedimentary rocks are lacking.

Seismic reflection profiles that cross the ruptured Vettore fault just in between the epicentres of the AE and VEs shocks show the Mts. Sibillini Thrust juxtaposing the Meso-Cenozoic carbonate multilayer of the Umbria-Marche succession on to Miocene foredeep basin deposits of the Laga domain (Porreca et al., 2018). In the hanging-wall of the Vettore fault, the thrust sheets stack is about 9 km thick and mainly formed by carbonate sequences consisting of slope-basinal limestones (Jurassic-Oligocene), platform limestones and dolomites (Triassic-Jurassic), evaporites (dolostones interbedded with anydrites, Triassic). The Triassic evaporites cover Permo-Triassic phyllitic basement (Bally et al., 1986) imaged locally at about 9 km depth (Porreca et al., 2018).

Field surveys and seismic reflection profiles evidence a complex interplay between Miocene-Pliocene reverse faults and mature Quaternary extensional systems, the latter formed by NNW-SSE striking synthetic and antithetic faults (Figure 1) that bound large intermontane basins. As a consequence, the Meso-Cenozoic carbonate multilayer is affected by pervasive systems of fractures and faults with a wide range of orientations, developed during the contractional tectonics and Quaternary extension (Pierantoni et al., 2013). The presence of thick, highly fractured zones is also suggested by seismic profiles, which show reflectivity and lateral coherence strongly decreasing in the carbonate crustal wedge comprised between the Vettore fault to the east and the antithetic normal faults to the west (Figure 1) (Porreca et al., 2018). Furthermore, the well Varoni 1 – located 5 km to the west of Amatrice town (Figure 1) – penetrated from 4.1 km to final depth (5.7 km) thick and strongly fractured zones in Triassic dolomites evidenced by total mud losses (well logs1).

This geological complexity requires that the conductivity would be modeled by at least two layers. The first one 9 km thick for the carbonate sequences and corresponding to the seismogenic layer and a second one corresponding to the crystalline basement. Moreover, the presence of a widespread network of cracks and fractures in the carbonate rocks, developed during the contractional and extensional tectonic phases that interested this sector of the Apennines from Miocene to Quaternary, suggests an anisotropic behavior of the first layer. In particular, the cracks and fractures favorably oriented with respect to the active local stress field, mostly at high angle and NNW-SSE orientation, should be open and conductive, and allow the propagation of pore pressure perturbations over long distances.

This interpretation reconciles with the results of extensive S-wave splitting analysis carried out on numerous seismic stations installed in the epicentral area (Pastori et al., 2019). In particular, the mean fast S-wave direction is N146°, which is in agreement with the both NNW-SSE strike of the active normal faults (Figure 1) and the SHmax direction of the local stress field. Based on the spatio-temporal distribution of the anisotropic parameters and their relation to the stress field, Pastori et al. (2019) interpret the seismic anisotropy as due to a combination of two physical mechanisms: (i) stress-induced anisotropy (Crampin, 1991) caused by vertically aligned, opened and fluid-filled microcracks that pervade the carbonate rocks and are parallel to the direction of maximum horizontal stress SHmax, (ii) structural-induced anisotropy (Boness and Zoback, 2006) attributable to the alignment of parallel planar macroscopic fractures related mainly to major fault zones of the Quaternary extensional systems. Both sources of seismic anisotropy can be modeled by transverse isotropy, with S-waves polarized parallel and orthogonal to the planes normal to the formation symmetry axis (Boness and Zoback, 2006). However, the analysis does not allow to distinguish the predominant contribution between the stress- and structural-induced anisotropy because Quaternary faults tend to parallel the SHmax direction. The same dual physical mechanism was proposed by Pastori et al. (2009) for the Val d’Agri extensional basin in the southern Apennines, where the interpretation of S-wave splitting analysis benefits from detailed information on the physical/hydraulic properties and stress conditions of the local hydrocarbon carbonate reservoir.

Based on the observed dependence of the delay times on the hypocentral depth of the AVN aftershocks Pastori et al. (2019) concludes that the bulk of seismic anisotropy is confined in the upper crust (<10 km depth), within strongly fractured carbonate rocks, and above the brittle-ductile transition separating the Umbria-Marche carbonate multi-layer from the underlying metamorphic basement. Therefore, other possible sources of structural anisotropy such as parallel bedding planes, or preferential mineral alignment in the metamorphic mid-crust play a minimal role. The delay times presents very high average and normalized values (up to 0.75 s and 0.01 s/km, respectively) in a NNW-SSE trending strip delimited by the Mt. Vettore-Mt. Bove fault system and its antithetic faults that extend between the northern tip of the Laga Fault system and the source of the Visso largest event. This zone is interpreted as a heavily fractured and anisotropic crustal wedge, in which pressurized fluids are preferentially channeled.

To set an appropriate bulk modulus value for the study region, we used: (i) the sonic log of the deep exploration well Varoni 1 that drilled the entire Umbria-Marche carbonate multilayer, (ii) P-wave velocity profiles adopted for depth-conversion of time-migrated stack sections in the region (Bally et al., 1986, among others); (iii) the local earthquake tomography of Chiarabba et al. (2018) that gives insights into VP and VP/VS (i.e., Poisson Ratio) in the source region, (iv) reference density values for the carbonate rocks and evaporites of the Umbria-Marche succession derived through laboratory measurements, density logs, and gravity data modeling (Girolami et al., 2014). Thus, by setting VP = 5.0–6.4 km/s, density ρ = 2.5–2.7 × 103 kg/m3, and Poisson Ratio between 0.29 (VP/VS = 1.85) and 0.32 (VP/VS = 1.95), we obtained bulk modulus values in the range 40–65 GPa. Lower values of the range attain to shallow slope-basinal carbonates, larger ones to Triassic evaporites.

Finally, as for the specific storage (SS), values for moderately-to-highly fractured carbonates having low-to medium porosity range between 10–6 and 10–5 m–1 (Younger, 1993). Using the compressibility values reported by Astiz et al. (2014) for the throughout studied oil/aqueous carbonate reservoir of the Cavone field in northern Apennines and assuming a porosity of 0.05, we obtained a value of 8 × 10–5 m–1 that falls within the reference interval of Younger (1993). For the poro-elastic modeling, we assumed a constant SS value of 10–6 m–1 considering the overall low porosity of the Mesozoic carbonate rocks in the source region.

Direct estimates of rock hydraulic parameters lack in the study area. Thus, we investigated several permeability-depth models obtained according to the equation proposed by Kuang and Jiao (2014):

[image: image]

where z is the depth, ks and kr are the permeability at the surface and at greater depth, respectively, while the parameter α (dimensionless) specifies the decay rate and its value is −0.25 for the crust in general and −0.45 for disturbed crust. Using Eq. (4) to set up a permeability model requires that both ks and kr are specified for the area under study. To this aim, we explored ks and kr values on the basis of both information available for hydrocarbon reservoirs located in other regions of the Apennine seismic belt, sharing with the Amatrice-Visso area similar structural and lithological characteristics, and most general values present in literature. Concerning ks, we refer to permeability values as large as 7 × 10–14 m2 obtained by Agosta et al. (2007) through laboratory measurements made on samples of a carbonate fault zone exposed at about 90 km distance from the epicentral area. On the other hand, for the area under study Albano et al. (2019) used ks = 1 × 10–12 m2, thus in our parametric study we explored both these two values. In terms of conductivity, this corresponds to explore values in the range 10–8 to 10–6 m/s for the Mesozoic carbonate sequences. As for kr, we explored values ranging between 1 × 10–17 and 1 × 10–15 m2, which correspond to conductivity values of 10–10–10–8 m/s characterizing low permeable basement units (>9 km depth), consisting of phyllite and crystalline rocks (Townend and Zoback, 2000; Porreca et al., 2018).

To account for the expected anisotropy in the carbonate sequences we investigated values as large as 10–5 to 10–4 m/s, which are plausible for shallow, strongly fractured carbonate thrust sheets under low lithostatic pressure and for possible deeper fractured zones filled by fluids (Chiarabba et al., 2018), as those recognized in the source region of the Umbria-Marche 1997–1998 sequence (Miller et al., 2004).



POROELASTIC MODELING

On the basis of what described in the previous section, in addition to a basic homogeneous conductivity model, we considered a two-layer model that accounts for the separation, at 9 km depth, between the Meso-Cenozoic carbonate multi-layer (i.e., the seismogenic layer) and the underlying basement units. For the layered model, we first considered the case in which each layer is homogeneous and isotropic and then we accounted for the anisotropic conductivity of the seismogenic layer. In particular, we considered larger conductivity values in the NNW-SSE direction, parallel to the conductive cracks kept open by the local extensional stress field – characterized by NNW-SSE trending SHmax (i.e., stress-induced anisotropy) – and to the major fault zones associated with the Quaternary extensional systems (i.e., structural-induced anisotropy).

For the isotropic and anisotropic layered models we explored the values of conductivity listed in Tables 2, 3, respectively, and used B = 0.5. The conductivity-depth profiles have been obtained by using in Eq. (4) ks and kr listed in the same Tables assuming α = −0.25. Then, the value assigned at each layer corresponds to the mean conductivity obtained by averaging the values of the profile in each layer.


TABLE 2. Hydraulic parameters used to solve the 3D one-way coupled poroelastic diffusion equation: isotropic models.

[image: Table 2]
TABLE 3. Two-layer conductivity models used to solve the 3D one-way coupled poroelastic diffusion equation: anisotropic models.

[image: Table 3]For each model, using the PFlow code we computed the pore pressure as function of time at the hypocenter of the 26 October 2016, MW = 5.4 and MW = 5.9, Visso events.

As for the homogeneous and isotropic conductivity model, we first used the one proposed by Tung and Masterlark (2018) together with their hydraulic parameters. In particular, using their best permeability value 7.94(±0.13) × 10–17 m2, assuming a viscosity of 1 × 10–3 (Pa × s) and a density of 1 g/cm3 the corresponding conductivity is K = 8 × 10–10 m/s. As for the hydraulic parameters we used their values for Skempton coefficient B = 0.85, specific storage coefficient Ss = 4.4 × 10–8 m–1, and bulk compressibility G = 8.2 × 10–12 Pa–1.

The result of our simulation indicates that the pore pressure does not ever exceed the zero level and remains almost constant at about −8 kPa for the first aftershock and −10 kPa for the second one, in the whole considered period. By increasing the conductivity value by four orders of magnitude the pressure increases reaching its maximum value of 0.4 and 0.3 KPa at about 20 days for the two aftershocks, respectively. Constant pressure values are obtained also by considering all the isotropic models listed in Table 2 (Figures 3A,B).
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FIGURE 3. Pore pressure at Visso aftershocks hypocenter. (Left) panels refer to the 26 October 2016, MW = 5.4, event and (Right) panels refer to the October 26, 2016, MW = 5.9, event. Each panel refers to the model indicated. The curves have been obtained for the anisotropic conductivity models listed Table 3. The black horizontal lines correspond to the isotropic models listed in Table 2. The vertical dashed line in each panel identifies the occurrence time of the two Visso aftershocks.


The above results indicate that, assuming a one-way process, the eventual delayed triggering cannot be explained by pore pressure diffusion modeled in isotropic conductivity models, suggesting the intervention of anisotropic conductivity during the diffusion process. Given the assumed reference system this corresponds to a higher conductivity (Ky) along the NNW-trending W-dipping high-angle segments of the Mt. Vettore–Mt. Bove fault system and antithetic faults delimiting the aftershock zone (Figure 1). For all the isotropic models listed in Table 2, we performed a suite of simulations by increasing the conductivity Ky up to two order of magnitude with respect to Kx = Kz in the seismogenic layer. The investigated models are listed in Table 3.

For all the considered models, we verified that Ky values larger than 1 × 10–4 m/s and lower than 5 × 10–6 m/s provide at the hypocenter of the two Visso aftershocks, respectively, pore-pressure changes characterized by either a too early maximum or values below the triggering threshold, at the origin time of the two events (Figure 3). We found that, when Ky is on the order of 10–5 m/s, models M1–M3 give rise to pore pressure changes with increase higher than 5–30 kPa (Figure 3A) at the time of the aftershocks. By adding any of these values to the estimated Coulomb static stress change (ΔCFS ∼ 10 kPa) (Figure 2A), the result exceeds the threshold assumed for the stress triggering. However, concerning the triggering threshold it should be considered that, although an optimal value does exist, there is no lower limit (Kilb et al., 2002). Note that the above models are characterized by K-values in the second layer ranging between 3 × 10–9 and 3.5 × 10–8 m/s. On the other hand, values of K on the order of 1 × 10–7 m/s in the second layer, as for the case of models M5 and M6 (Figure 3B), cause fluids diffusing mainly downward. This effect dominates with respect to the anisotropy and by increasing Ky up to 1 × 10–4 m/s, in order to overcame the vertical diffusion, the maximum of the computed pore pressure profile occurs too early compared to the aftershocks’ origin time. However, values on the order of 1 × 10–7 m/s seem to be not consistent with those generally reported for the crystalline basement units (Townend and Zoback, 2000).

For the first 5–10 days, the pressure changes for both aftershocks, regardless of the conductivity model, are indistinguishable. Moreover, in the same time window they all show pore pressure decrease. This is due to the fact that the deformation generated in the considered volume by the AE, at the depths of the two aftershocks, produces dilatation causing the pore pressure to decrease. On the other hand, the spatial distribution of the strain produces pore pressure gradients between the two areas east and west of the AE source where there is a negative strain, therefore compression (ΔP > 0), and the area north of it, where there is a positive strain and therefore dilatation (ΔP < 0) (Figure 2B). These gradients are at the origin of the pore pressure diffusion toward the hypocenters of the aftershocks. In the following days, the pore pressure continues to grow and, based on the conductivity value, reaches either a value higher than the prescribed threshold for triggering an event or its maximum value at the origin time of the two aftershocks.

Finally, the parametric study suggests that pore pressure diffusion is effective when anisotropic conductivity models are considered. We note that, given the epistemic uncertainty on the conductivity for the area under study, it is hard to provide the optimal conductivity model able to explain the delayed triggering but a range of conductivity values can be identified. Moreover, the models listed in Table 3 and the associated pore pressure profiles shown in Figures 3A,B result from a combination of the considered permeability values for ks and kr in Eq. (4). Although representing a finite set out of all the possible models, the analysis allows to draw general conclusions about the main properties of the crustal structure in terms of conductivity. In particular, we find that all the models having conductivity in the first layer larger than 1 × 10–8 m/s and up to 1 × 10–7 m/s, and conductivity in the second layer on order of 10–8 m/s, 10–9 m/s, and also 10–10 m/s (this latter not shown here), provide pore pressure profiles compatible with the delayed triggering if a first layer features anisotropy with Ky on the order of 10–5 m/s.

We also verified that uncertainty on the hypocentral depth does not change the final conclusions. Indeed, as an example, for model M3, using as upper limit for the events depth those proposed by Chiaraluce et al. (2017) (4.2 and 4.4 km, respectively) varying the depth by ±1 km, results in pore pressure value higher than the triggering threshold (Figure 4). In addition, we note that using different values for the Skempton coefficient (0.5, 0.6, 0.7, and 0.8) does not change the time at which the maximum of the pore pressure arrives at the location of the two aftershocks, but increases the value of the pore pressure (Figure 4). This is because the Skempton coefficient controls how much of the initial strain is converted in pore pressure.
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FIGURE 4. Testing different depths and Skempton coefficients. The upper panels (A,B) show pore pressure changes at the Visso aftershocks evaluated using the four Skempton B-values reported in the figure. Left panel refers to the October 26, 2016, MW = 5.4, event and right panel refers to the October 26, 2016, MW = 5.9, event. Lower panels (C,D) depict pore pressure as function of time computed at different hypocentral depths of the two Visso earthquakes. In all the panels the yellow line refers to the pore pressure profile computed using the models M3 listed in Table 3. The bold yellow lines refer to model M3c in Table 3 (ky = 2.5 × 10–5 m/s). The black horizontal lines correspond to the isotropic model listed in Table 2.




CONCLUSION

We have investigated the delayed triggering of the two large aftershocks of the August 24, 2016, Amatrice, MW = 6.0, earthquake occurred near Visso after 62 days and about 2 h apart. The Coulomb stress transfer analysis indicates that the two aftershocks are located in a positively stressed area (ΔCFF > 0) but it cannot account for the time delay. Among the possible delayed triggering mechanisms listed in the Introduction section, here we focused on the role of the fluids.

The mobilization of fluids during the Amatrice–Visso–Norcia sequence has been also reported by Barberio et al. (2017) who analyzed the hydrogeochemical changes in a set of springs in Central Apennines.

For the sequence investigated in the present study, the parametric analysis allowed to conclude that a set of possible conductivity models do exist that provide pore pressure values at the hypocenter of two Visso earthquakes occurred on 26 October, exceeding the generally assumed threshold of 0.01 MPa (e.g., Reasenberg and Simpson, 1992; King et al., 1994). In addition to the modeling proposed by Tung and Masterlark (2018) and Albano et al. (2019), we show that the time-space evolution of the seismic sequence can also be modeled by using a simpler one-way coupling diffusion process when an anisotropic conductivity model for the seismogenic layer is taken into account. In particular, we have verified that one-way poroelastic fluid diffusion is not effective to explain delayed earthquakes triggering when an isotropic conductivity model is used, but we show that this conclusion is overturned if anisotropic conductivity is introduced. However, for the study area, the anisotropic nature of the conductivity is consistent with: (i) the orientation of the major NNW-trending, W-dipping normal faults and associated antithetic faults activated during the seismic sequence, (ii) the direction of open and conductive fractures in the heavily fractured carbonate multilayer that are aligned by the local extensional stress field, as suggested by S-wave splitting analysis (Pastori et al., 2019). We remark that, aside from the specific conductivity values, the most effective models share as common feature the anisotropic nature of the conductivity. In particular, Ky should be about two or three orders of magnitude larger than Kx = Kz.

Incidentally, we note that although the hypocenter of the 30 October, MW 6.5, Norcia earthquake is in between the August 24, 2016, Amatrice event and the two Visso aftershocks, it only occurred 4 days after these latter ones. This is an indication that the pore fluid pressure change following the Amatrice event was not enough to effectively reduce the normal stress and trigger the Norcia event, suggesting the contribute of additional favoring mechanisms. In this respect, Pino et al. (2019) have demonstrated that, in addition to the effect of the Amatrice earthquake, the two Visso events further increased the Coulomb stress in the central portion of the fault where the Norcia event nucleated, but those authors also invoked the intervention of a progressive weakening mechanism of the asperity contour through stress corrosion enhanced by fluids.

In conclusion, anisotropic conductivity is an actual characteristic of the crustal structure, in particular in tectonically active area. Although often neglected in model parameterization when fluid diffusion is analyzed, it should be taken into account.
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