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Earthquakes in fluid-saturated rocks induce sudden changes in pore-pressures that can lead to appreciable postseismic deformation. However, earthquakes can also release fluids from overpressured parts of the crust, which can also contribute to additional postseismic effects. In this study, we use two-dimensional poroelastic models to investigate postseismic deformation and fluid pressures following ruptures on overpressured dip-slip faults that slide according to rate- and state-dependent friction. We show that when the crust prior to rupture has pore pressures in hydrostatic equilibrium, then ruptures induce fluid pressure anomalies according to the field of coseismic elastic volumetric strain. These pore pressure anomalies relax with time to produce characteristic postseismic deformation that depends on the slip magnitude and fault style, as typically observed. However, very different results are obtained if the crust is appreciably overpressured at the time an earthquake is nucleated. In this case, the poroelastic response is overwhelmingly dominated by drainage and fluid pressure drop within the overpressured crust, which is facilitated by an increase in permeability on the fault during rupture. This results in transient postseismic subsidence that occurs irrespective of the faulting style, fault geometry, slip magnitude or details of the coseismic strain field. The time scale and magnitude of this postseismic subsidence are controlled by the magnitude of the fluid overpressure prior to rupture, the maximum coseismic permeability and how rapidly the fault permeability recovers following an earthquake. The poroelastic effects associated with rupturing of overpressured faults may be at least an order of magnitude greater that the classic poroelastic response (i.e., relaxation of pore pressures generated by coseismic elastic volumetric strain). Overall, our results highlight the potentially dramatic effect that the breaching of deep overpressured fluid reservoirs can have on fluid pressures and surface displacements following earthquakes.
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1 INTRODUCTION
After a major earthquake, surface deformation is influenced by many post-seismic processes occurring at different spatial and temporal scales. These processes include postseismic slip along the fault plane (Shrivastava et al., 2016; Freed et al., 2017; Huang et al., 2017; Guo et al., 2019a), viscoelastic relaxation in the lower crust and underlying mantle (Freed and Lin, 2001; Guo et al., 2019b; Peña et al., 2020), and poroelastic deformation due to the migration of pressurized pore fluids (Peltzer et al., 1996; 1998; Jónsson et al., 2003). Most previous research on poroelastic effects (e.g. (Peltzer et al., 1996; 1998; Jónsson et al., 2003)) has focused on how pore pressure changes that result from coseismic faulting induce time-dependent postseismic deformation. In this research, we focus on the poroelastic response linked to earthquakes on overpressurised dip-slip faults, especially immediately following large ruptures.
TABLE 1 | Model parameters.
[image: Table 1]When an earthquake occurs in a fluid-saturated porous medium, changes in mean stress resulting from differential displacements may induce variations in pore fluid pressure in the surrounding crust. These fluid pressure anomalies then relax, inducing time-dependent displacement, a phenomenon known as poroelastic rebound (Segall, 2010). Depending on the permeability of the rocks, poroelastic rebound can last for months (Jónsson et al., 2003; Árnadóttir et al., 2005), or even years (Fialko, 2004). Understanding the poroelastic response induced by earthquakes is essential because it may control stress transfer, earthquake triggering and afterschocks (Freed and Lin, 2001; Miller et al., 2004; Hughes et al., 2010).
Poroelastic rebound is generally thought to be strongly linked to the tectonic regime and style of faulting (Muir-Wood and King, 1993; Segall, 2010; Doglioni et al., 2014). For example, in the case of normal faulting, dilational volumetric coseismic strain in the handingwall block close to the surface is expected to reduce fluid pressures whereas contractional strain in the footwall block will tend to increase pore pressures (Segall, 2010). Relaxation of these pore fluid pressures anomalies following rupture may then result in additional deformation. The opposite is expected for reverse faulting. No changes in mean stress will occur adjacent to infinitely long strike-slip faults. However, finite length strike slip faults will perturb volumetric strain in the vicinity of fault tips (or fault jogs), which may induce significant poroelastic effects [e.g., see Jónsson et al. (2003)].
Although some observations of pore pressure changes and postseismic deformation are broadly consistent with coseismic strain fields (Muir-Wood and King, 1993; Quilty and Roeloffs, 1997; Jónsson et al., 2003; Akita and Matsumoto, 2004), other studies indicate a more complicated picture (Wang and Manga, 2015). For example, following the 1999 M7.5 Chi-Chi earthquake in Taiwan, most wells experienced a coseismic increase in water levels where the strain field should have caused dilation (Koizumi et al., 2004; Wang et al., 2001). Cox et al. (2021) suggested that earthquake-induced liquefaction and changes in well levels following the 2010 Darfield earthquake in New Zealand indicate that porous flow is not generated by the coseismic displacement field but by the breaching of an overpressured fluid reservoir at depth, facilitated by an abrupt change in coseismic permeability. Similar conclusions have been made by Miller et al. (2004) and Terakawa et al. (2010). These interpretations are consistent with the general view that some faults may act as pressure valves, opening abruptly during earthquakes, thus enabling fluid overpressures to dissipate, before closing by mineral precipitation during the interseismic period (Sibson, 1990).
In this study, we investigate how drainage from overpressured fault zones during and immediately following rupture impacts on the displacement and pressure fields in the surrounding crust. Our analysis is based on a two dimensional numerical model of poroelastic deformation associated with reverse and normal faults that rupture according to rate- and state-dependent friction. Our model includes classic poroelastic effects generated in response to coseismic volumetric strain, as modeled previously by others (Peltzer et al., 1996; 1998; Jónsson et al., 2003). In addition, we consider that faults are overpressured at the time of rupture and that permeability on the fault increases sharply during an earthquake before decreasing postseismically. Our objectives are to understand how these phenomena influence the poroelastic response in comparison to the classic theory. We do not consider why or how fluid overpressures in the crust may be generated, which may involve a variety of processes including devolatisation reactions (Connolly, 1997), magmatic dewatering (Norton, 1984) or compaction (Walder and Nur, 1984). Additionally, we have not incorporated additional features that may lead to postseismic deformation such as viscoelastic deformation or postseismic fault afterslip. These features are omitted only in order to highlight the poroelastic response, not because we believe them to be unimportant.
2 METHODOLOGY
Our model considers two dimensional poroelastic deformation adjacent to a predefined normal or reverse fault that slips according to rate-state friction. Faults with background friction coefficients of 0.6 are assumed to be optimally oriented with respect to frictional sliding. Thus, for convergent experiments, the reverse fault has a dip of about 30°, while in extension, the normal fault has a dip of close to 60°. Faulting is assumed to be confined to the upper half of an elastic layer that has a total thickness of 30 km.
Our model is a variant of that already presented by Marguin and Simpson (2023). It is based on quasi-static force balance, which in two-dimensions can be written as
[image: image]
where [image: image] is the gradient operator, [image: image] is the effective stress vector (using Voigt notation), [image: image] is Biot’s coefficient, [image: image] is the vector form of kronecker’s delta [image: image], [image: image] is fluid pressure, [image: image] is rock density, and [image: image] is the acceleration due to gravity (see Table 1 for notation).
The stress-strain relation for an isotropic elastic material can be written as
[image: image]
where [image: image] and [image: image] is the strain vector. The kinematic relation between strains and velocities (assuming small strains) can be written as
[image: image]
where [image: image] the velocity vector. Combining the last two equations (i.e., Equations 2, 3), gives
[image: image]
We discretise this equation using a forward Euler finite difference approximation and substitute it into Equation 1 to leave a system of equations with velocities and fluid pressure as the unknowns.
Fault motion is governed by Coulomb behaviour combined with rate- and state-dependent friction. Here, the Coulomb condition is modified to account for radiation damping:
[image: image]
where [image: image] is the shear stress, [image: image] is the effective normal stress, [image: image] is the radiation damping term (where [image: image], with [image: image] is the shear modulus and [image: image] is the shear wave speed) and [image: image] is the friction coefficient that is given by (Dieterich, 1979; Ruina, 1983; Marone, 1998)
[image: image]
In this equation [image: image] is the friction coefficient at a reference sliding rate [image: image], [image: image] is the sliding velocity, [image: image] is a dimensionless friction parameter measuring the strength of the direct velocity dependency, [image: image] is a dimensionless coefficient measuring the strength of the state dependence (see Figure 1B), [image: image] is a state variable (that can be interpreted as the average age of asperity on the fault) and [image: image] is the state variable at [image: image]. In this work, we use the aging law for the evolution of the state (Dieterich, 1979):
[image: image]
where [image: image] is the state evolution distance. Our approach to solving for the sliding rate on the fault is as follows: 1) solve the equations governing deformation of the poro-elastic solid for the shear stress on the fault (see Equation 4), 2) set the result to the Coulomb condition (see Equation 5 combined with Equation 6 and Equation 7) and 3) solve for the fault slip rate [image: image].
[image: Figure 1]FIGURE 1 | (A) Fluid production rate in model with [image: image] (kg [image: image]O) (kg Rock)−1 [image: image] (see Equation 9). (B) Rate and state friction parameters on the fault (see Equation 6).
The fluid pressure equation is obtained by combining mass balance of the fluid with Darcy’s law. This equation can be written as
[image: image]
where [image: image] the fluid pressure in excess of hydrostatic (i.e., [image: image]), [image: image] is the effective bulk compressibility (which subsumes the porosity, fluid compressibility, solid compressibility, etc.), [image: image] is the gradient operator, [image: image] the permeability (considered to vary as a function of sliding rate and depth, as outlined below), [image: image] is the viscosity of the fluid, [image: image] is Biot’s coefficient, [image: image] are velocities of the solid and [image: image] is a fluid pressure source term (with units (kg [image: image]O)/[(kg rock)/s] that varies of a function of space (see below). This equation states that variations in fluid pressures occur in response to three effects: porous flow (term 1 on the right-hand side of Equation 8), volumetric deformation of the poro-elastic solid (term 2) and fluid production (term 3).
Fluid overpressures are introduced into the model by considering a fluid source in the crust that increases exponentially with depth:
[image: image]
where [image: image] the depth, [image: image] the maximum fluid production rate [(kg [image: image]O)/(kg rock)/s], and [image: image] is a length scale. This source could represent fluid pressure production by metamorphic devolatisation reactions (Connolly, 1997) or by viscous compaction (Walder and Nur, 1984). The parameters in this equation are chosen in order to obtain a moderate overpressure (amounting to about 65% of the lithostatic pressure for the reverse fault and 45% for the normal fault) close to the base of the fault by the time it ruptures. Similar or greater degrees of overpressure have been estimated in numerous independent studies (e.g., see Sibson et al., 1988; Cox, 2005; Suppe, 2014).
Regarding the crust permeability, we have taken the empirical relation established by Manning and Ingebritsen (1999):
[image: image]
where [image: image] is the depth (in km). The fault permeability is known to change drastically over the duration of the seismic cycle (Miller, 1997). Rapid sliding during an earthquake can produce an extremely high permeability due to fracturing and dilatancy (Cox and Munroe, 2016; Heap and Kennedy, 2016; Im et al., 2019; Ishibashi et al., 2018; Lamur et al., 2017; Sibson, 1986) whereas after an earthquake compaction and mineral precipitation act to reduce permeability (Renard et al., 2000; Tenthorey et al., 2003). We capture these mechanisms using the following heuristic evolution equations
[image: image]
where [image: image] is the permeability on the fault, [image: image] corresponds to the maximum fault permeability during an earthquake, [image: image] the fault velocity, [image: image] is a critical sliding velocity and [image: image] and [image: image] are characteristic time scales for the permeability to increase (due to fracturing) and decrease (by healing), respectively. The first equation accounts for an increase in permeability once the slip rate exceeds [image: image], while the second equation describes the exponential decay of permeability once rapid sliding has terminated (see Figure 2).
[image: Figure 2]FIGURE 2 | Illustration of permeability evolution (see Equation 11) on the fault during (A) coseismic period (when [image: image]) and (B) postseismic-interseismic period (when [image: image]). In this example, [image: image] [image: image], [image: image] = 1 s and [image: image] = 2 years. The actual permeability variation during a model rupture can be significantly more complicated.
The parameters appearing in these equations are poorly constrained owing to the complexity of the governing processes and the difficulty of obtaining measurements at the relevant spatial and temporal scales. The most important parameter is undoubtedly [image: image], which controls fluid redistribution during and immediately following earthquakes. Miller et al. (2004) estimated the fault zone permeability to be 4 × 10−11 [image: image] immediately following the M6 Colfiorito earthquake sequence of 1997 in central Italy. Noir et al. (1997) inferred a higher fault zone permeability of 10−8 [image: image] for the Dobi earthquake sequence in Afar in 1989. Due to large uncertainties in [image: image], we investigate a range of values extending from [image: image] to [image: image]. For the evolution time scales, we take 1 s for [image: image] and 2 years for [image: image]. This latter value is within the range suggested by healing observed on natural faults (Xue et al., 2013). For injection-induced seismicity, the slip is considered seismic if the slip velocity is between 0.1 mm/s and 0.1 m/s (McClure and Horne, 2011; McClure, 2015; Gischig, 2015). Therefore, we take 1 mm/s for the critical sliding velocity ([image: image]) that controls the transition between a permeability increase and decrease. We note that a similar though different evolution equation for the fault zone permeability was proposed by Zhu et al. (2020). However, whereas we assume that there is a clear distinction between that the permeability changes linked to fracturing and healing (i.e., they are separated in time by a threshold condition), Zhu et al. (2020) consider that the permeability evolution reflects competition between fracture are healing. We also note that in our study (as in that by Zhu et al., 2020), changes in volume linked to sliding are neglected (Segall and Rice, 1995). This is probably a reasonable assumption for a mature fault, but is unlikely to be acceptable during initial fracture development when plastic volume changes are expected to be significant. The total permeability is computed as
[image: image]
Note that kb appearing in Equation 12 is computed from Equation 10 while kf is calculated from Equation 11.
The above system of partial differential equations is solved for velocities and fluid pressure using the continuous Galerkin Finite Element method employing 7-node triangles and 7 integration points (Simpson, 2017). We use an unstructured mesh that permits local refinement adjacent to the fault, where the node spacing is [image: image]70 m. Adaptive time stepping is used to transition between the interseismic period (where time steps are on the order of 1 year) and times when rupture occurs (where time steps are on the order of 1 [image: image]s). To obtain it, we divide an assumed maximum permitted amount of slip during a time step by the maximum calculated fault velocity.
Boundary conditions employed for the numerical calculations are illustrated in Figure 3. We assume that the vertical effective stress is initially given by
[image: image]
where [image: image] is the pore pressure parameter for hydrostatic conditions (=0.37 [image: image]). The horizontal effective stress is initially assumed to be given by
[image: image]
[image: Figure 3]FIGURE 3 | Geometry of the model, consisting of an elastic layer with an embedded discrete planar fault. For convergent experiments (A) we assume that the fault has a dip of 30°, while for extensional experiments (B) the fault has a dip of 60°, implying that faults are optimally oriented for frictional sliding (assuming a background friction angle of 30°). Figures 10–13 show surface displacements at locations indicated by red dots.
where
[image: image]
where [image: image] the reference friction coefficient. We combine Equations 13–15 and assume zero initial shear stress (i.e., [image: image]) and zero initial excess pore pressure, which together defines the initial stress state.
3 RESULTS
We seek to understand how coseismic and post-seismic drainage of an overpressured fault zone influences the pressure and displacement fields following ruptures on normal and reverse faults. For comparison we compute results with no fluid pressure variations (i.e., fully drained), which might refer to a system with a very high permeability. In addition, we present results with no pre-rupture fluid overpressure, so that all poroelastic effects are induced by coseismic volumetric strain. We focus mainly on fluid pressure variations and vertical displacements or velocities at the surface.
Figure 4 illustrates the mean slip on normal and reverse faults based on three models: fully drained, without overpressure, and with overpressure at the onset of rupture. For the normal fault, the inter-seismic periods are approximately equivalent. In this case, because the earthquakes nucleate around 6–7 km below the surface, the influence of the fluid source (greatest near the base of the fault) is secondary on the earthquake recurrence. For reverse faults, where nucleation occurs at greater depths (see Supplementary Figure S1), we find that for simulations with overpressure at the onset of the fault slip, the inter-seismic period and co-seismic slip are reduced compared to others simulations, consistent with many previous studies (Kozdon and Dunham, 2013; Lapusta and Rice, 2003; Liu et al., 2005; Marguin and Simpson, 2023).
[image: Figure 4]FIGURE 4 | Mean slip for a normal fault (A) and reverse fault (B) encompassing 3 simulations: fully drained (black curve), no pre-rupture fluid overpressure (red curve) and with a pre-rupture fluid overpressure (blue curve).
Figure 5 shows excess fluid pressures shortly before, during and immediately after ruptures on normal and reverse faults in partially-drained simulations without a fluid source. In both cases, fluid pressure variations are directly linked with changes in coseismic volumetric strain, with compressional zones generating positive fluid pressure anomalies and extensional regions leading to reduction in fluid pressures. The fluid pressure anomalies associated with the normal fault rupture are opposite in sign to those related to the reverse rupture and they are a factor of several times smaller because the ruptures are smaller in extension, due to the less compressive stress state and lower shear stress level (see also Supplementary Figure S1). Although the coseismic fluid pressure anomalies dissipate somewhat after rupture, they continue to persist during the interseismic period, especially near the base of faults due to relatively low permeabilities at depth.
[image: Figure 5]FIGURE 5 | Snapshots of the fluid overpressure at different times shortly before, during, and after ruptures on normal (left) and reverse (right) faults in simulations with no pre-rupture fluid overpressure (i.e., without fluid source, [image: image] = 0). The model domain in each panel is 80 km wide and 30 km deep. All times indicated are relative to the onset of rupture. The black line in each panel indicates the fault plane.
Figures 6, 7 illustrate fluid pressures associated with ruptures on normal and reverse faults in simulations with a long term fluid source at depth. In both cases, the bases of the faults are significantly overpressured at the onset of ruptures. During ruptures, fluid pressure variations are mostly induced by changes in coseismic volumetric strain, as they were previously (i.e., see Figure 5 and also Figures 8A, B). Although the faults experience a large coseismic increase in permeability on the faults, there is insufficient time during ruptures to enable significant drainage of the pre-rupture fluid pressure anomalies. However, large decreases in excess fluid pressures are observed close to the faults in the few years following ruptures (see also Figures 8C, D), which results from fluid flow up the fault. Efficient fluid pressure drainage is favoured by large increases in coseismic permeability and relatively long permeability healing times (i.e., large [image: image] and [image: image]).
[image: Figure 6]FIGURE 6 | Snapshots of the fluid overpressure at different times shortly before, during, and after a large mainshock on a normal fault with a preexisting fluid overpressure due to fluid production ([image: image] = 7.5 × 10−14 [image: image]). Only the part of the model close to the fault (20 km wide and 20 km deep) is shown. The white line in each panel indicates the fault plane.
[image: Figure 7]FIGURE 7 | Snapshots of the fluid overpressure at different times shortly before, during, and after a large mainshock on a reverse fault with a preexisting fluid overpressure due to fluid production ([image: image] = 10−13 [image: image]). Only the part of the model close to the fault (40 km wide and 20 km deep) is shown. The white line in each panel indicates the fault plane.
[image: Figure 8]FIGURE 8 | Excess fluid pressure at 12.5 km depth several years before and after earthquakes on normal (A, C) and reverse (B, D) faults. The two upper panels (A, B) are results from simulations without a fluid source, whereas the lower panels (C, D) are from simulations that included a fluid source. The dashed black lines indicate the fault position. Times are relative to the onset of rupture.
Figure 9 illustrates vertical velocities at the surface (with the background velocity removed) following ruptures on normal and reverse faults for the various fluid pressure scenarios. For the fully drained cases (Figure 9A), one observes only minor differences in velocities following rupture, which are localised close to the fault trace and largely independent of time. For simulations that include coseismic fluid pressure variations but without a fluid source, the surface velocity depends sensitively on the loading regime, with post-seismic subsidence in the case of normal faulting and postseismic uplift in the case of reverse faulting (Figure 9B). These effects are directly linked to the relaxation of coseismic fluid pressure anomalies generated close to the surface. For the simulations that included a finite fluid source, one observes post-seismic subsidence for both faulting regimes. In such cases, the surface subsidence is the result of drainage of a deep fluid pressure anomaly permitted by the permeability increase during rupture. The time scales of the post-seismic velocity variations at the surface in all models are controlled by the permeability structure of the crust and fault zone following rupture, since it controls how rapidly fluid pressure anomalies can be equilibrated. For the permeability parameters used in the simulations, the poroelastic response lasts a few years and is largely complete after about 1-2 decades.
[image: Figure 9]FIGURE 9 | Vertical velocities at the surface (with the background velocity removed) following ruptures on normal (left) and reverse (right) faults with different fluid pressure regimes and [image: image]. Times are relative to the onset of rupture. Three simulations are illustrated: fully drained (A), no pre-rupture fluid overpressure (B) and with a pre-rupture fluid overpressure, resulting from a finite fluid source (C).
Figures 10, 11 shows similar results but in this case plotted in terms of vertical displacements and fluid pressures of single points versus time. Several aspects are noteworthy. First, in fully-drained models, displacements of the hangingwall blocks are linear in time (Figures 10A, 11A), whereas in all other models they are nonlinear, due to variations in fluid pressure. Second, in partially-drained models without a fluid pressure anomaly prior to rupture, the variations in displacement and fluid pressure are opposite for normal and reverse faulting (Figures 10B, 11B). This is because the fluid pressure anomalies result from variations in coseismic volumetric strain, which depend directly on the faulting style. Third, in models where faults are overpressured prior to rupture, both the fluid pressure and surface displacement responses are independent of fault style and are dominated by drainage of the pre-rupture fluid pressure anomaly. For the models investigated, the magnitude of the poroelastic response is significantly larger (by a factor of about 10) that in models where fluid pressure variations result solely from faulting.
[image: Figure 10]FIGURE 10 | Vertical surface displacements in the hanging wall (−10 km from the fault, see Figure 1) and excess fluid pressure at 12.5 km depth and ± 2 km from the fault (i.e., light blue curve for the hanging-wall block and dash dark blue curve for the footwall block) for the time interval immediately following an earthquake (time = 0) on a normal fault with [image: image]. Results from three different simulations are shown: fully drained (A), no pre-rupture fluid overpressure (B) and with a preexisting fluid overpressure (C). The plots on the left show total surface displacements, whereas those on the right have a linear trend removed. The linear trend is indicated as dashed lines in panels on the left, except in (A) where the linear trend is the solid line.
[image: Figure 11]FIGURE 11 | Vertical surface displacements in the hanging wall (−10 km from the fault, see Figure 1) and excess fluid pressure at 12.5 km depth and ± 2 km from the fault (i.e., light blue curve for the hanging-wall block and dashed dark blue curve for the footwall block) for the time interval immediately following an earthquake (time = 0) on a reverse fault with [image: image]. Results from three different simulations are shown: fully drained (A), no pre-rupture fluid overpressure (B) and with a preexisting fluid overpressure (C). The plots on the left show total surface displacements, whereas those on the right have a linear trend removed. The linear trend is indicated as dashed lines in panels on the left, except in (A) where the linear trend is the solid line.
Figure 12 shows horizontal displacements of single points versus time following ruptures on normal and reverse faults for the same fluid pressure scenarios. In the case of a normal fault (see Figure 12A), we found that the horizontal displacement at the surface following an earthquake is linear and decreases in time, indicating that the hangingwall block moves to the left (i.e., in the extensional direction, see Figure 1B). For this fault type, there is little difference in horizontal displacement between the three model scenarios (fully drained, without fluid overpressure before rupture, and with fluid overpressure before rupture). Thus, in this case, horizontal displacements are insensitive to postseismic drainage of fluid pressure anomalies. In the case of reverse faulting, the hangingwall block is expected to move in the direction of compression following an earthquake, as is observed in the fully drained model (see black curve in Figure 12B). However, in the model where the fault was overpressured at the time of rupture, the hangwall block experiences a phase lasting [image: image]20 years when it moves in the opposite direction (i.e., it moves towards the left), which is presumably related to relaxation of the fluid pressure anomaly at depth (see blue curve in Figure 12B). A similar though far less pronounced phase of “reversed motion” is observed in the partially drained model with no fluid source (red curve in Figure 12B).
[image: Figure 12]FIGURE 12 | Horizontal surface displacements in the hanging wall (−10 km from the fault, see Figure 1) for the time interval immediately following an earthquake (time = 0), with [image: image], on a normal (A) and reverse (B) fault encompassing 3 simulations: fully drained (black curve), no pre-rupture fluid overpressure (red curve) and with a pre-rupture fluid overpressure (blue curve).
In models where faults are overpressurised at the onset of rupture, the time scale for poroelastic relaxation is dependent on the maximum coseismic permeability [image: image] and the permeability healing time scale [image: image]. Reducing the maximum coseismic permeability or the healing time scale leads to a faster recovery of permeability after an earthquake, decreasing the duration of poroelastic deformation caused by fault drainage (Figure 13). In addition, we find that the larger the maximum coseismic permeability [image: image], the greater is the magnitude of poroelastic subsidence (Figure 13).
[image: Figure 13]FIGURE 13 | Vertical surface displacements in the hanging wall (−10 km from the fault, see Figure 1) versus time following ruptures on normal (A) and reverse (B) faults from simulations with long term fluid production, computed with different coseismic fault permeabilities [image: image]. Long-term deformation has been removed (see dashed black curve in Figures 10, 11).
4 DISCUSSION
Many studies have drawn upon poroelasticity in order to explain transient displacement fields following large earthquakes (e.g., Peltzer et al., 1996; 1998; McCormack et al., 2020; Peña et al., 2022). However in most previous work, the poroelastic effects investigated are linked to the relaxation of pore pressure anomalies created during coseismic slip. Here we focus on a different poroelastic phenonemon that stems from the possibility that faults may already be overpressured at the time of rupture (e.g., see Sibson et al., 1988; Sibson, 1990; Cox, 2005; Curzi et al., 2023). We highlight that drainage from an overpressured fault zone can have an important additional influence on the postseismic displacement field following rupture. Ultimately, our results suggest that the postseismic displacements (especially in the vertical direction) may contain important information concerning the fluid pressure state and permeability structure of faults during and immediately following earthquakes.
In this research we have shown that in situations where faults are overpressurised at the time they rupture, then fluid drainage along a ruptured fault and the resulting fluid pressure decrease may induce a distinct phase of postseismic subsidence, observable at the surface. The time scale and magnitude of this poroelastic subsidence (i.e., above overpressurised faults) depends on the coseismic permeability and on how rapidly the fault permeability recovers following an earthquake, whereas it is independent of the size of an earthquake, since it is driven not by the magnitude of coseismic slip but by the magnitude of fluid pressure relaxation. This relaxation occurs irrespective of the faulting regime and fault geometry and is therefore quite different from the classic coseismic poroelastic response (Segall, 2010) as well as other postseismic effects related to either post-rupture fault slip (e.g., Freed et al., 2017; Guo et al., 2019a; Huang et al., 2017; Shrivastava et al., 2016) or viscous deformation (e.g., Freed and Lin, 2001; Guo et al., 2019b). In addition, whereas the magnitude of pore pressure changes induced by coseismic strain are typically on the order of 1 MPa, the variations resulting from rupture of previously overpressurised fault zones are potentially at least an order of magnitude greater.
Although we have not attempted to apply our models to specific observations, our results might aid in interpreting and understanding some data. For example, Pritchard et al. (2013) observed significant post-seismic subsidence in the weeks following the 2010 Maule earthquake in Chile. They suggest that this subsidence is possibly associated with the release of fluids from hydrothermal systems, facilitated by increased permeability in fault zones, which is consistent with our models (see Figures 10, 11, 13). A similar explanation was proposed to account for anomalous subsidence of the Yellowstone caldera linked to seismicity which began in 1985 (Waite and Smith, 2002). In cases when faults are not significantly overpressured at the time of rupture, we expect a normal poroelastic postseismic geodetic response, similar to that which has been described in previous studies (e.g., Peltzer et al., 1996; 1998; McCormack et al., 2020; Peña et al., 2022). Some studies have noted that the hydrological changes induced by earthquakes that are not well predicted by the coseismic strain field (e.g., Cox et al., 2012; Manga and Rowland, 2009; Wang et al., 2004), which is consistent with our model results when faults are overpressurised. Cox et al. (2012) in particular suggested that groundwater changes and liquefaction associated with the 2011 Darfield earthquake near Christchurch (New Zealand) resulted from rapid fluid release from an overpressured reservoir, which is entirely plausible based on our results. Similar interpretations have been made by Miller et al. (2004) and Terakawa et al. (2010). Other studies have noted significant changes in seismic velocities of the crust surrounding recently ruptured faults (Chaves and Schwartz, 2016; Chiarabba et al., 2022). Large fluid pressure changes resulting from rupture would provide a potential explanation for these transient variations, though other explanations are also possible (Rubinstein and Beroza, 2004).
At this stage, there are several factors that severely limit the predictive capability of our modelling. First, we have somewhat arbitrarily assumed that fluid pressures are generated in the lower part of the crust. Although we think this is plausible, we have not attempted to incorporate specific processes responsible for fluid production (e.g., dehydration reactions) or to quantify whether our fluid production rates are physically reasonable. Having said that, the magnitude of our fluid pressure anomalies at the time of rupture are reasonable in that many studies have reported evidence for significant fluid overpressures at mid-crustal depths (Etheridge et al., 1984; Fisher et al., 1995; Sibson, 2017; Suppe, 2014). Second, we have assumed an ad hoc law describing how the permeability changes over an earthquake cycle. Our equation is physically reasonable but governed by two poorly constrained parameters, the maximum coseismic permeability [image: image] and the time scale for permeability recovery [image: image]. We have employed a range of values for [image: image], accepting that is both poorly known and difficult to directly measure. We have only studied one value for [image: image] (=2 years), though this is consistent with some research (Xue et al., 2013). Despite these uncertainties, we observe poroelastic response time scales of 1–10 years, which are plausible based on observations (e.g., Manga and Wang, 2015). Third, we have neglected other more widely accepted factors that may be responsible for postseismic deformation, especially post-rupture fault slip (e.g., Freed et al., 2017; Guo et al., 2019a; Shrivastava et al., 2016) and viscous deformation in the lower crust or mantle (e.g., Freed and Lin, 2001; Guo et al., 2019b). We omitted these factors not because we think that they are unimportant, rather because we wanted to be able to clearly identify poroelastic effects. More research is required to evaluate how the poroelastic behaviour identified here operates in a crust with other viscoelastic effects. Interested readers are referred to studies such as Barbot and Fialko (2010) and Dal Zilio and Gerya (2022) who have combined poroelastic behaviour with viscous and/or visco-plastic flow. Finally, we have also neglected dynamic effects (i.e., related to the propagation of seismic waves) that may be be produced by earthquakes and that may also induce various hydrological changes (Maestrelli et al., 2017; Lupi et al., 2013).
5 CONCLUSION
Our study shows that the poroelastic response to earthquakes on dip-slip faults depends critically on the fluid pressure state in the crust prior to rupture. If the crust is normally pressurised (i.e., with hydrostatic fluid pressures) then pore-pressure variations induced by rupture are entirely controlled by the field of volumetric elastic strain. In this case, the poroelastic response depends on the magnitude of coseismic slip and the faulting style. On the other hand, if the crust is appreciably overpressured at the time of rupture, these effects may be entirely overwhelmed by the overall tendency for drainage and fluid pressure decrease from the overpressured crust. In this case, postseismic subsidence is observed at the surface irrespective of fault style or details of the strain field. The magnitude of this postseismic subsidence could be at least an order of magnitude greater than the classic poroelastic response (i.e., relaxation of pore pressures generated by coseismic elastic volumetric strain). Large postseismic subsidence is favoured by large pre-rupture fluid overpressures, large permeabilities during rupture and slow recovery of the permeability following rupture. The results suggest that postseismic deformation associated with overpressured crust may be distinctly different from that in crust with no long term fluid overpressure.
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