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A B S T R A C T   

Earthquakes on faults in the brittle upper crust evoke sudden changes in pore fluid pressure as well as postseismic 
viscoelastic flow in the lower crust and lithospheric mantle but the relative importance of these processes during 
the postseismic phase has not been systematically studied. Here, we use two-dimensional finite-element models 
to investigate how pore fluid pressure changes and postseismic viscoelastic relaxation interact during the 
earthquake cycle of an intracontinental dip-slip fault. To isolate the effects from pore fluid flow and viscoelastic 
relaxation from each other, we performed experiments with and without pore fluid flow and viscoelastic 
relaxation, respectively. In different experiments, we further varied the permeability of the crust and the vis-
cosity of lower crust or lithospheric mantle. Our model results show poroelastic effects dominate the velocity 
field in the first months after the earthquake. In models considering poroelastic effects, the surfaces of both 
hanging wall and footwall of the normal fault subside at different velocities, while they move upwards in the 
thrust fault model. Depending on the permeability and viscosity values, viscoelastic relaxation dominates the 
velocity field from about the second postseismic year onward although poroelastic effects may still occur if the 
permeability of the upper crust is sufficiently low. With respect to the spatial scales of poroelastic effects and 
viscoelastic relaxation, our results show that pore fluid pressure changes affect the velocity field mostly within 
10–20 km around the fault, whereas the signal from viscoelastic relaxation is recognizable up to several tens of 
kilometres away from the fault. Our findings reveal that both poroelastic effects and viscoelastic relaxation may 
overlap earlier and over longer time periods than previously thought, which should be considered when inter-
preting aftershock distributions, postseismic Coulomb stress changes and surface displacements.   

1. Introduction 

A fault ruptured by an earthquake experiences sudden coseismic slip 
and a stress drop. On the surrounding region, the earthquake has several 
effects. First, the sudden coseismic slip alters the pore pressure in the 
fluid-saturated crust (e.g. King and Muir-Wood, 1994; Nur and Booker, 
1972; Sibson, 1994). These earthquake-induced poroelastic effects can 
lead to considerable pore fluid pressure gradients, which are subse-
quently relaxed in the postseismic phase by fluid flow from over- 
pressurized to under-pressurized regions given sufficient permeability 
(e.g. Antonioli et al., 2005; Chiarabba et al., 2009). The magnitude of 
the pore pressure change and the duration of the postseismic fluid 
migration depend on the elastic and hydraulic properties of the crust 

(Biot, 1941; Rice and Cleary, 1976). Poroelastic effects are typically 
strongest within 1–2 fault lengths around the source fault and act on 
timescales of days to a few years after the earthquake (Albano et al., 
2017; Antonioli et al., 2005; Chiarabba et al., 2009; Tung and Master-
lark, 2018). High pore fluid pressure gradients and the resulting post-
seismic pore fluid migration may trigger aftershocks by reducing the 
normal stress (Chiarabba et al., 2009; Malagnini et al., 2012; Nur and 
Booker, 1972). Second, the coseismic fault movement, which usually 
occurs in the brittle upper crust, causes a sudden stress increase below 
the brittle-ductile transition (e.g. Ellis and Stöckhert, 2004). This stress 
that is coseismically imposed on the lower crust and lithospheric mantle 
is relaxed by viscoelastic flow, a process called postseismic relaxation 
(Nur and Mavko, 1974). Postseismic viscoelastic relaxation in the lower 
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crust and/or lithospheric mantle typically acts on local to regional 
spatial scales and on timescales of years to decades depending on the 
viscosity of the lithospheric layers (Freed and Lin, 1998; Gourmelen and 
Amelung, 2005; Hampel and Hetzel, 2015; Kenner and Segall, 1999; 
Masterlark and Wang, 2002; Pollitz, 1997). 

Both pore fluid pressure changes and viscoelastic relaxation affect 
the stress and velocity fields in the crust (Barbot and Fialko, 2010). After 
major earthquakes, geodetic data provide information on the co- and 
postseismic surface deformation, which is then often used for calculating 
Coulomb stress changes induced on other faults in the region of the 
earthquake (e.g. Serpelloni et al., 2012). Based on the assumption that 
the spatial and temporal scales of the two processes are sufficiently 
different, analyses of geodetic data or Coulomb stress changes often 
neglect either pore fluid pressure changes (Freed and Lin, 2001; Luo and 
Liu, 2010) or viscoelastic relaxation (e.g. Albano et al., 2017, 2019, 
2021; Nespoli et al., 2018). Only few studies considered the contribu-
tions of both processes to surface deformation and Coulomb stress 
changes after a major intracontinental earthquake (e.g. Masterlark and 
Wang, 2002; Ryder et al., 2007, 2010; Tung and Masterlark, 2018). With 
respect to the relative importance of poroelastic effects and viscoelastic 
relaxation, the studies came to different conclusions. While Tung and 
Masterlark (2018) argue that poroelastic effects were the primary 
trigger of the Visso earthquake following the 2016 Amatrice earthquake, 
Ryder et al. (2007, 2010) observed a prevalence of the viscoelastic 
relaxation signal in the interferometric synthetic aperture radar (InSAR) 
data from the 1997 Manyi and 2008 Nima-Gaize (Tibet) earthquakes. 
This suggest that viscoelastic relaxation may be important already 
during the early postseismic phase, as indicated also by the results from 
numerical models (Hampel and Hetzel, 2015). However, these earlier 
models did not include poroelasticity. 

In this study, we investigate the relative importance of the poroe-
lastic effects and postseismic viscoelastic relaxation during the earth-
quake cycle of an intracontinental normal or thrust fault. To achieve 
this, we use two-dimensional finite element models, which include 
gravity, pore fluid pressure, viscoelastic lithospheric layers and inter-
seismic strain accumulation. By varying the permeability of the crust 
and the viscosity of the lithospheric layers in different experiments, we 
investigate the spatial and temporal evolution of poroelastic effects and 
viscoelastic relaxation in terms of co- and postseismic pore pressure 
changes as well as postseismic vertical and horizontal velocities. Our 
model results show that poroelastic effects and postseismic viscoelastic 
relaxation may overlap already in the early postseismic phase, with the 
consequence that the velocity field in the crust shows a combined signal 
of both processes. Our findings have important implications for the 

analysis of geodetic records of earthquakes and for the calculation of 
postseismic Coulomb stress changes. 

2. Model setup and conducted experiments 

2.1. Model setup 

The two-dimensional finite-element models in this study are gener-
ated by the commercial software ABAQUS (version 2018). The models 
represent a 500-km-wide and 100-km-thick section of the lithosphere, 
which is divided into a 15-km-thick elastic upper crust, a 15-km-thick 
viscoelastic lower crust and a 70-km-thick viscoelastic lithospheric 
mantle (Fig. 1). The general setup of the reference models with a 60◦- 
dipping normal fault or 30◦-dipping thrust fault and the rheological 
parameters of the layers (Poisson’s ratio ν, viscosity η, density ρ, Young’s 
modulus E) are shown in Fig. 1. The model fault is embedded in the 
model centre in the upper crust as a frictional contact interface between 
the footwall and the hanging wall (friction coefficient μ). The contact is 
implemented as surface-to-surface contact (cf. ABAQUS Documentation, 
2018), i.e. slip on the fault occurs by relative movement between the 
element surfaces of footwall and hanging wall. Whether slip on the 
model fault can occur during the model run, is controlled by the 
boundary conditions for the fault, which can be changed between locked 
(= no slip allowed) and unlocked (= slip is allowed) (cf. ABAQUS 
Documentation, 2018). When the model fault is unlocked, slip initiation 
is controlled by the Mohr-Coulomb criterion |τmax| = c + μ σn, where 
τmax is the critical shear stress, c is the cohesion (zero in our model), σn is 
the normal stress and μ is the coefficient of friction. The sense of slip, i.e. 
normal or reverse, is controlled by either extending or shortening of the 
model domain, respectively, which is achieved by applying a velocity 
boundary condition to the model sides (Fig. 1). 

Viscoelastic behaviour is implemented as linear, temperature- 
independent Maxwell viscoelasticity. To simulate the coupling be-
tween solid and fluid phase, we apply the coupled pore fluid diffusion/ 
stress analysis in ABAQUS, which requires – besides the Young’s 
modulus and Poisson ratio of the solid phase – the permeability, the void 
ratio and the saturation as input parameters. The permeability K enters 
ABAQUS as the hydraulic conductivity kf that can be calculated from kf 
= K * ρfluid * g / ηfluid (ρfluid: fluid density, 1000 kg/m3; acceleration due 
to gravity, 9.81 m/s2; ηfluid: fluid viscosity, 998 × 10− 6 kg m− 1 s− 1). The 
void ratio is defined as the proportion between the volume of voids and 
solids in the medium and the volume of fluid trapped in the medium. 
The void ratio typically is a few per cent for crystalline basement rocks 
(cf. Masterlark and Wang, 2002; Masterlark, 2003). In our models, we 

Fig. 1. Setup of the two-dimensional finite-element reference models (R1nf, R1tf) with a 60◦-dipping normal fault or a 30◦-dipping thrust fault. The lithosphere is 
subdivided into an elastic upper crust, viscoelastic lower crust and viscoelastic lithospheric mantle. The fault (friction coefficient μ) is embedded in the upper crust. 
Material properties are density (ρ), Young’s modulus (E), Poisson’s ratio (ν), viscosity (η) and permeability (K). Viscosity and permeability are varied in different 
experiments. Gravity is included as a body force. A lithostatic pressure and an elastic foundation, which represent the asthenosphere, are applied to the model bottom 
to implement isostatic effects (cf. Hampel et al., 2019). The model bottom is free to move in the vertical and horizontal directions; the model sides are free to move in 
the vertical direction. At the model sides a velocity boundary condition is applied to extend or shorten the model at a total rate of 6 mm/a. 
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use a void ratio of 0.06 and a saturation of 1. The fault is treated as 
impermeable, i.e. fluid cannot flow across it (cf. Albano et al., 2017, 
2019; Dempsey et al., 2013; Rudnicki, 1986). This is supported by ob-
servations from natural faults as well as by results from experiments, 
which show that faults act as a barrier to fluid flow once an impermeable 
fault gouge layer has developed (Ingebritsen and Manning, 2010; Par-
sons et al., 1999; Piombo et al., 2005; Scholz, 1987). Moreover, no pore 
fluid flow will occur across the model boundaries. The initial pore 
pressure (Ppore) distribution in the models is hydrostatic. Gravity is 
included as a body force in all models, as well as isostatic effects, which 
are simulated by applying a lithostatic pressure (Plitho) of 3 × 109 Pa and 
an elastic foundation to the model bottom (marked as arrows and 
springs in Fig. 1) (cf. Hampel et al., 2019). The property of the elastic 
foundation represents an asthenosphere with a density of 3200 kg/m3. 
The stiffness of the elastic foundation is calculated from the product of 
density of the asthenosphere ρasth and gravitational acceleration g. As 
initial condition, a lithostatic stress field is defined. All models are 
meshed by second-order rectangular elements with an average edge 
length of ~1 km. 

Each model run consists of three model phases (Table 1) (cf. Bagge 
and Hampel, 2016, 2017; Hampel and Hetzel, 2012, 2015; Hampel 
et al., 2013). Viscoelastic behaviour and pore fluid flow are activated 
during the first model phase and remain active until the end of each 
model run. During the first model phase, the frictional contact between 
the fault hanging wall and footwall, lithostatic and hydrostatic pressure 
distributions as well as a state of isostatic equilibrium are established in 
the model. The model fault is unlocked but slip, i.e. relative movement 
between footwall and hanging wall, is not yet initiated. The first model 
phase lasts 300 ka to ensure that pore fluid flow and viscoelastic 
deformation triggered solely by applying gravity has ceased before the 
next model phase. During the second model phase, the model is 
extended or shortened, which initiates slip on the fault. Once slip is 
initiated, the fault is allowed to continuously accumulate slip until it 
reaches a constant slip rate. Continuous fault slip at a constant slip rate 
simulates slip accumulation integrated over many earthquake cycles and 
ensures that the results obtained from the subsequent third model phase 
do not depend on the number of previous earthquake cycles (cf. Hampel 
and Hetzel, 2012, 2015; Hampel et al., 2013). The model time needed to 
achieve a constant slip rate depends primarily on the fault dip and the 
viscosity structure of the lithosphere (cf. Hampel et al., 2010). In the 
present study, the second model phase lasts ca. 250 ka in the normal 
fault model and 950 ka in the thrust fault, respectively. Extension or 
shortening continues through the third model phase, which comprises 
the preseismic, coseismic and postseismic phases. During the preseismic 
phase, during which the fault is locked, slip accumulation stops. The 
length of the preseismic phase is chosen such that the fault experiences 
2 m of coseismic slip during subsequent coseismic phase. Depending on 
the slip rate of the fault, the length of the preseismic phase varies be-
tween ca. 3800 and 4200 a in the different experiments. At the 

beginning of the coseismic phase (30 s), the fault is switched from locked 
to unlocked, which causes sudden slip on the fault. The slip distribution 
is not prescribed but develops freely. The size of the earthquake is 
controlled by the applied far-field extension or shortening rate, the 
rheological properties of the model, and the duration of the preseismic 
phase. In this study, we define the duration of the preseismic phase such 
that the maximum coseismic slip is 2 m, which would be the typical slip 
of an Mw ~ 7 intraplate earthquake if we assume a fault length of 40 km 
(Wells and Coppersmith, 1994). During the postseismic phase (50 model 
years), we lock the fault again while extension or shortening continues 
to simulate the interseismic deformation and the related stress increase. 
Note that potential afterslip is not considered because our intention is to 
evaluate the effects from pore fluid pressure changes and viscoelastic 
relaxation. 

2.2. Conducted experiments 

To investigate the relative importance of poroelastic effects and 
postseismic viscoelastic relaxation during the coseismic and postseismic 
phases, we conducted the following experiments. First, we computed 
normal and thrust fault reference models (R1nf, R1tf), in which we used 
permeability values and a viscosity structure typical of continental 
lithosphere (Fig. 1, Table 2) (Chen and Molnar, 1983; Ingebritsen and 
Manning, 2010; Klemperer, 2006; Manning and Ingebritsen, 1999; 
Ryder et al., 2014; Shi et al., 2015; Stober and Bucher, 2015). To isolate 
the effect of pore fluid flow and viscoelastic relaxation, we performed 
additional runs of the reference models, in which we switched off either 
viscoelastic behaviour (R2nf, R2tf) or pore fluid flow (R3nf, R3tf) during 
the postseismic phase. Second, we computed models, in which we varied 
the permeability of the crust from 10− 11 to 10− 17 m2 for the upper crust 
and 10− 17 to 10− 19 m2 for the lower crust while keeping the viscosity 
structure constant (P1-6nf, P1-6tf, Table 2) (Ingebritsen and Manning, 
2010; Manning and Ingebritsen, 1999; Stober and Bucher, 2015). For the 
lithospheric mantle, we apply a permeability of K = 10− 35 m2, which 
represents an impermeable layer (Tung et al., 2018a). Third, we ran 
experiments, in which we varied the viscosity for the lower crust and 
lithospheric mantle between 1019 and 1022 Pa s and between 1022 and 
1023 Pa s, respectively (V1-3nf, V1-3tf, Table 2). These values represent 
the range of viscosities derived for continental lithosphere (Burov and 
Watts, 2006; England et al., 2013; Gourmelen and Amelung, 2005; 
Henriquet et al., 2019; Kaufmann and Amelung, 2000; Klemperer, 2006; 
Nishimura and Thatcher, 2003). Fourth, we calculated selected end- 
member model configurations, in which we varied both permeability 
and viscosity values (PV1-4nf, PV1-4tf, Table 2). 

3. Results 

In the following, we first show the results from the normal and thrust 
fault reference models for the coseismic (Section 3.1) and postseismic 
phase (Section 3.2.1). In Sections 3.2.2 to 3.2.4, we present the post-
seismic velocity fields and pore pressure distributions from the models, 
in which we varied the permeability of the crust and/or the viscosity of 
the lower crust or lithospheric mantle (Table 2). 

3.1. Coseismic phase 

Fig. 2 illustrates the coseismic vertical and horizontal displacement 
fields as well as the coseismic pore pressure changes, as obtained from 
the normal and thrust fault reference models (R1nf, R1tf). The sudden 
slip on the model fault causes footwall uplift and hanging wall subsi-
dence in the normal fault model and hanging wall uplift and footwall 
subsidence in the thrust fault model (Fig. 2a, b). In the normal fault 
model, horizontal surface displacements are directed away from the 
fault (Fig. 2c, d), indicating extension across the fault. Within the fault 
footwall, shortening prevails, while alternating zones of extension and 
shortening occur within the hanging wall (Fig. 2e) (cf. Hampel and 

Table 1 
Overview of model phases.  

Model 
phase 

Description Applied model 
components 

State of fault 

1 Establishment of contact 
along fault and of 
isostatic and hydrostatic 
equilibrium 

Gravity, isostasy, pore 
fluid flow, viscoelastic 
material behaviour 

Unlocked (but 
slip not yet 
initiated) 

2 Extension or shortening 
of model domain until 
fault reaches constant 
slip rate 

Gravity, isostasy, pore 
fluid flow, viscoelastic 
material behaviour, 
extension/shortening 

Unlocked 
(continuous 
slip) 

3 Preseismic phase Gravity, isostasy, pore 
fluid flow, 

Locked 

Coseismic phase viscoelastic material 
behaviour, 

Unlocked 

Postseismic phase extension/shortening Locked  
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Hetzel, 2015; see Section 4.1 for discussion). In the thrust fault model, 
horizontal movements indicate coseismic shortening across the fault, 
while footwall and hanging wall experience extension (Fig. 2d, e). For 
comparison, vertical and horizontal displacements obtained from 
analytical solutions for an elastic half-space (Okada, 1985) are shown as 
dashed lines in Fig. 2b and d (cf. Beauducel, 2022) (see Section 4.1 for 
discussion). 

Coseismic pore pressure changes occur mainly in the lower part of 
the fault and reach highest positive or negative values around the fault 
tip with a radius of 1–2 km (Fig. 2f). In the normal fault reference model, 
the coseismic slip leads to an over-pressurization of the hanging wall 
(~11 MPa) and an under-pressurization of the footwall by ~10 MPa 
with respect to the hydrostatic pressure. In contrast, the pore pressure 
decreases by ~5 MPa in the thrust fault hanging wall and increases by 
~6 MPa in the footwall relative to the hydrostatic values. The zone of 
negative pore pressure changes in the thrust fault hanging wall expands 
from the fault tip to the surface of the model. 

3.2. Postseismic phase 

3.2.1. Reference models 
In this section, we analyse the postseismic vertical and horizontal 

velocity fields derived from the reference models (R1nf, R1tf) together 
with the results from the model runs without viscoelastic behaviour 
(R2nf, R2tf) or without pore fluid flow (R3nf, R3tf), respectively (Figs. 3, 
4). Afterwards, we present the postseismic pore pressure evolution at 
different time intervals in the normal and thrust fault reference models 
with and without viscoelastic relaxation (Fig. 5). To account for the 
generally non-linear evolution of the postseismic deformation, the 
model results are shown at irregular time intervals, i.e. for model stages 
between which the largest changes occur. In general, these are the first 
months and years after the earthquake. 

Fig. 3 shows the evolution of the vertical and horizontal velocity 
fields derived from the normal fault reference models (R1nf, R2nf, R3nf). 
In the reference model R1nf (Fig. 3a), high vertical and horizontal ve-
locities with absolute values ranging from ca. -1400 to 700 mm/a occur 
in the upper crust in the first month after the earthquake. Notably, the 
model surface subsides on both sides of the fault. Horizontal movements 
of the hanging wall and footwall are directed toward the fault. In the 
second month after the earthquake, the principal patterns of the velocity 
fields are similar to the first month, but the vertical and horizontal 

velocities decrease to − 70 and 10 mm/a and − 45 and 30 mm/a, 
respectively. From the third month onwards, the velocities further 
decrease. The hanging wall shows subsidence at a rate of − 4 mm/a near 
the surface while the footwall is uplifted at the fault tip by the same rate. 
The horizontal movements of the hanging wall and footwall change 
direction, with the highest velocities occurring in the hanging wall near 
the fault. The velocity patterns integrated over the first year largely 
reflect the patterns observed in the early stage of the year (see Section 
4.1 for discussion). In the following years, higher vertical velocities only 
occur within a few kilometres around the fault and slightly decrease over 
the next 50 years. The horizontal velocities also decrease over time but 
remain elevated up to distances of ~60 km compared to the undisturbed 
velocity field. 

The model without viscoelastic behaviour (R2nf, Fig. 3b) shows the 
same velocity patterns in the early postseismic phase as the reference 
model R1nf, but from the third month onwards, perturbations of both 
vertical and horizontal velocities become weaker. The vertical velocity 
field shows hanging wall subsidence (− 3 mm/a) in the third month after 
the earthquake, which largely disappears in the following month, and 
slight footwall uplift near the fault tip (0.7 mm/a) in the following 50 
years appears. From the sixth month onwards, the horizontal velocity 
field is dominated by the regional extension. In contrast to models R1nf 
and R2nf, the model without pore fluid flow (R3nf; Fig. 3c) shows foot-
wall uplift and hanging wall subsidence at maximum rates of 3 and − 4 
mm/a, respectively, near the fault tip from the first month onwards. The 
horizontal velocity field shows extension across the fault and velocity 
perturbations at distances of up to 60 km with highest velocities of 3 
mm/a near the fault tip. Over the entire period, the vertical and hori-
zontal velocity patterns remain similar, with a gradual decrease in the 
velocities over the next 50 years. 

The thrust fault reference model R1tf (Fig. 4a) shows high vertical 
and horizontal velocities ranging from − 400 to 2000 mm/a and from 
− 900 to 900 mm/a, respectively, in the first month after the earthquake. 
On both sides of the fault, the model surface is uplifted. The horizontal 
movements of the hanging wall and footwall are directed away from the 
fault. Over the next months, the velocity patterns change, with the 
footwall starting to subside and the horizontal movements changing to 
shortening across the fault. Similar to the normal fault reference model 
R1nf, the velocity patterns of the first year are dominated by the high 
velocities of the early postseismic phase. From the second year onwards, 
the hanging wall is uplifted and the footwall subsides at rates of up to 1 

Table 2 
Overview of numerical models of this study.  

Model namea Permeability of upper crust Kuc 

(m2) 
Permeability of lower crust Klc 

(m2) 
Viscosity of lower crust ηlc 

(Pa s) 
Viscosity of lithospheric mantle 
ηlm (Pa s) 

Results shown in 
figure(s) 

Reference models      
R1nf, R1tf 10− 12 10− 18 1020 1023 2–5 
R2nf, R2tf 10− 12 10− 18 – – 3–5 
R3nf, R3tf – – 1020 1023 3–5 
Models with variable permeability     
P1nf, P1tf 10− 11 10− 18 1020 1023 6a, S1a 
P2nf, P2tf 10− 13 10− 18 1020 1023 6b, S1b 
P3nf, P3tf 10− 15 10− 18 1020 1023 7a, S2a 
P4nf, P4tf 10− 17 10− 18 1020 1023 7b, S2b 
P5nf, P5tf 10− 12 10− 17 1020 1023 S3a, S4a 
P6nf, P6tf 10− 12 10− 19 1020 1023 S3b, S4b 
Models with variable viscosity     
V1nf, V1tf 10− 12 10− 18 1019 1023 8a, S5a 
V2nf, V2tf 10− 12 10− 18 1022 1023 8b, S5b 
V3nf, V3tf 10− 12 10− 18 1020 1022 S6 
Endmember models with variable permeability and viscosity   
PV1nf, PV1tf 10− 11 10− 18 1019 1023 9a, S7a 
PV2nf, PV2tf 10− 17 10− 18 1019 1023 9b, S7b 
PV3nf, PV3tf 10− 11 10− 18 1022 1023 10a, S8a 
PV4nf, PV4tf 10− 17 10− 18 1022 1023 10b, S8b  

a Subscripts nf and tf refer to normal fault and thrust fault, respectively. 
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and − 2 mm/a, respectively. The largest horizontal velocity perturba-
tions occur around the fault tip and in a > 50 km wide zone in the 
footwall and hanging wall. The velocities slightly decrease over the 
period of 50 years after the earthquake. 

The thrust fault model without viscoelastic behaviour (R2tf, Fig. 4b) 
shows the same velocity patterns in the early postseismic stage as model 
R1tf. In the third month, the velocity fields are still disturbed near the 
fault, but these perturbations dissipate over the next few years. After the 
second year, the velocity field induced by the regional shortening 
dominates. In the model without pore fluid flow (R3tf; Fig. 4c), the 
vertical and horizontal velocity fields are disturbed up to several kilo-
metres away from the fault, with highest velocities occurring near the 
fault tip (3 mm/a) from the first month onwards. In contrast to models 

R1tf and R2tf, which show uplift on both sides of the fault, model R3tf 
shows hanging wall uplift and footwall subsidence. The velocity patterns 
of model R3tf remain similar over the 50 years after the earthquake, with 
only negligible velocity changes. 

The postseismic evolution of the pore pressure in the normal and 
thrust fault reference models with and without viscoelastic relaxation 
(R1nf, R2nf, R1tf, R2tf) is illustrated in Fig. 5. A comparison with the 
coseismic phase (Fig. 2) shows that the pore pressure changes are 
inverted relative to the coseismic distribution, i.e. zones with previously 
positive values now exhibit negative values and vice versa. In the first 
month, the magnitudes of the pore pressure changes are almost equiv-
alent to the ones in the coseismic phase (i.e. ±11 MPa in the normal fault 
model R1nf and ±6 MPa in the thrust fault model R1tf), which implies 

Fig. 2. Model results for the coseismic phase in the normal 
fault reference model (left column) and thrust fault reference 
model (right column). a) Vertical displacement field around 
the fault. b) Vertical displacement for a profile along the model 
surface. c) Horizontal displacement field around the fault. b) 
Horizontal displacement for a profile along the model surface. 
e) Horizontal strain for a profile along the model surface. f) 
Pore pressure changes with respect to hydrostatic values. 
Model sections around the fault in figure parts a, c and f are 
shown without vertical exaggeration. Dashed lines in figure 
parts b and d represent curves based on the analytical solution 
(Okada, 1985; Beauducel, 2022).   
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Fig. 3. Postseismic velocity fields from the normal fault reference model (a) R1nf (with both poroelastic and viscoelastic effects), (b) R2nf (poroelastic effects, no 
viscoelastic relaxation) and (c) R3nf (viscoelastic relaxation, no poroelastic effects). Shown is a section in the model centre around the fault (no vertical exaggeration). 
Note that the velocity fields at all time points are averaged over the respective time interval, i.e. the velocity field for the first postseismic year is integrated over the 
time period between the beginning and the end of the first year after the earthquake. 
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Fig. 4. Postseismic velocity fields from the thrust fault reference model (a) R1tf (with both poroelastic and viscoelastic effects), (b) R2tf (poroelastic effects, no 
viscoelastic relaxation) and (c) R3tf (viscoelastic relaxation, no poroelastic effects). Shown is a section in the model centre around the fault. No vertical exaggeration. 
Note that the velocity fields at all time points are averaged over the respective time interval, i.e. the velocity field for the first postseismic year is integrated over the 
time period between the beginning and the end of the first year after the earthquake. 
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that the coseismically induced pore pressure changes have largely 
dissipated. In other words, the hydrostatic pore pressure distribution is 
almost recovered in both models already in the early postseismic phase. 
In the second month, the pore pressure changes decrease rapidly by two 
orders of magnitude and expand within the upper crust toward the 
surface because of the fluid diffusion. The pore pressure changes during 
the first year after the earthquake reflects the pore pressure pattern of 
the first month. Over the next 50 years, the values decrease by up to 
three orders of magnitude. Notable, while the pore pressure changes are 
concentrated around the fault during the first two years after the 
earthquake, zones of small positive and negative pore pressure changes 
develop in the lower crust beneath the fault during the late postseismic 
phase. Compared to the reference models R1nf and R1tf (left column of 
Fig. 5a and b), the models without viscoelastic relaxation (R2nf, R2tf) 
(right column of Fig. 5a and b) show a similar pore pressure evolution. 
Differences between the models occur mainly in the late postseismic 
phase, where the models without viscoelastic relaxation (R2nf, R2tf) 
show smaller zones with negative and positive pore pressure changes in 
the lower crust than the reference models R1nf and R1tf. 

3.2.2. Models with variable permeability 
In this section, we show the results for selected normal and thrust 

fault models, in which we varied the permeability of the upper or lower 
crust while keeping the viscosity structure constant (Table 2; Figs. 6-7 
and S1-S4). Compared to the reference models R1nf and R1tf the models 
with upper-crustal permeabilities of 10− 11 m2 (P1nf, P1tf) and 10− 13 m2 

(P2nf, P2tf) show a similar evolution of the velocity fields over the time 
interval of 50 years, with some minor differences in the early post-
seismic stage. These differences include slightly higher velocities during 
the first month in models P1nf and P1tf followed by a stronger decrease 
than in the reference models R1nf and R1tf (Fig. 6a, S1a), whereas 
models P2nf and P2tf show slightly lower initial postseismic velocities 
than the reference models (R1nf, R1tf) but velocities remain higher until 
the sixth month (Fig. 6b, S1b). Hydrostatic conditions in the pore fluid 
pressure changes are largely reached during the first month in the 
models P1nf and P1tf and during the second month in models P2nf and 
P2tf. 

For a permeability of 10− 15 m2 (P3nf, P3tf), the postseismic velocities 
are overall lower than in the reference models (R1nf, R1tf) and show a 
different evolution (Fig. 7a, S2a). In the first month and until the fifth 
year, the velocity fields are only perturbed around the fault tip and at the 
model surface on both sides of the fault, which show subsidence in the 
normal fault model (P3nf) and uplift in the thrust fault model (P3tf). The 
horizontal movements are directed toward the normal fault and away 
from the thrust fault, which persist until the second year after the 
earthquake. After the fifth year, the horizontal velocity field switches 
back to movements directed away from the normal fault and toward the 
thrust fault, respectively. With respect to the pore pressure changes, 
models P3nf and P3tf show a prolonged relaxation, i.e. in the first month, 
the pore pressure changes by only ±8 MPa in the normal fault model and 
by up to − 5 MPa in the thrust fault model. The pore pressure expands 
within the upper crust toward the surface in the fifth year in both models 
(P3nf, P3tf). The migration of the pore pressure changes along the 
boundary between upper and lower crust and into the lower crust is 
recognizable in the tenth year in both models. 

In the models with an upper-crustal permeability of 10− 17 m2 (P4nf, 
P4tf), the magnitudes of the vertical and horizontal velocities are one 
order lower during the first year after the earthquake than in the 
reference models R1nf and R1tf but the velocity decrease after this first 

year occurs more gradually (Fig. 7b, S2b). Regarding the horizontal 
movements and the resulting shortening or extension, the velocity field 
evolution resembles those of models P3nf and P3tf. The pore pressure 
changes decrease by up to ±4 MPa and ±3 MPa in the normal and thrust 
fault model, respectively. As a result, the coseismically induced pore 
pressure changes are not completely dissipated in the first year after the 
earthquake. Until the 50th year after the earthquake, the pore pressure 
changes decrease further and slowly expand around the fault tip. 

Changes in the permeability of the lower crust have only minor in-
fluence on the postseismic velocity fields (Supplementary Figs. S3, S4). 
Compared to the reference models (R1nf, R1tf), a higher permeability of 
10− 17 m2 (P5nf, P5tf) leads to a slower change of the velocity patterns 
after the second month (Fig. S3a, S4a). Up to the fifth year, velocities 
remain high in an area around the fault tip. Horizontal movements 
directed toward the normal fault (P5nf) and away from the thrust fault 
(P5tf) prevail already from the third month onwards. After the fifth year, 
the evolution of the velocity fields largely resembles the one of the 
reference models R1nf and R1tf. Pore pressure changes in the models P5nf 
and P5tf are similar to the reference models (R1nf, R1tf) during the first 
month while they are higher around the fault tip until the second year. 
In the following years, the pore pressure changes migrate into the lower 
crust. Using a permeability of 10− 19 m2 for the lower crust (P6nf, P6tf) 
does not change the evolution of the velocity field over the entire model 
time of 50 years relative to the reference models R1nf and R1tf (Fig. S3b, 
S4b). The pattern of the pore pressure changes develops largely similarly 
to the reference models, however, the gradual decrease after the first 
month and from the first year onward as well as the magnitude and the 
extent of the pore pressure changes into the lower crust differ from the 
reference models (R1nf, R1tf). 

3.2.3. Models with variable viscosity 
In the next model series, we varied the viscosity of the lower crust or 

lithospheric mantle while keeping the permeability structure constant 
(Table 2; Figs. 8 and S5-S6). Generally, a change in viscosity affects the 
magnitudes but not the patterns of the postseismic velocities during the 
first year. The pore pressure changes are largely similar to the reference 
models R1nf and R1tf during the first postseismic year, with their 
magnitude being somewhat higher. 

For a lower-crustal viscosity of 1019 Pa s (V1nf, V1tf), the maximum 
vertical and horizontal velocities during the third and sixth month are 
up to one magnitude higher than in the reference model R1nf and R1tf 
(Fig. 8a, S5a). In both models (V1nf, V1tf), the horizontal velocity field is 
highly disturbed around the fault tip but also >100 km away from the 
fault in both upper crust and upper part of the lower crust. In the 20th 
year, both models still show maximum velocities of 7–9 mm/a. Thus, a 
lower viscosity in the lower crust leads to higher velocities than in the 
reference models R1nf and R1tf until the 20th year. After 20 years, a new 
zone of subsidence (normal fault model V1nf) and uplift (thrust fault 
model V1tf) develops 50 km away from the fault. Below this zone, 
horizontal movements are directed toward the normal fault and away 
from the thrust fault, which is in contrast to the prevailing horizontal 
velocity fields induced by the regional deformation. With respect to the 
pore pressure, changes by ±12 MPa in the normal fault model (V1nf) and 
±6 MPa in the thrust fault model (V1tf) can be observed in the first 
month, which decrease by up to two orders of magnitude in the 
following month and expand into the upper crust toward the surface. 
Hydrostatic conditions are largely reached after the second month. Until 
the end of the model runs, the pore pressure changes migrate into the 
lower crust and the magnitude decreases. 

Fig. 5. Postseismic pore pressure changes with respect to hydrostatic values for (a) the normal fault reference model R1nf and (b) the thrust fault reference model R1tf 
and for the reference models without viscoelastic relaxation (R2nf, R2tf). Shown is a section in the model centre around the fault (no vertical exaggeration). Note that 
the pore pressure changes at all time points are averaged over the respective time interval, i.e. the pore pressure change for the first postseismic year is integrated 
over the time period between the beginning and the end of the first year after the earthquake. Reference models R3nf and R3tf are not shown here as they do not 
consider pore pressure effects. 
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Fig. 6. Postseismic velocity fields and pore pressure changes from normal fault models (a) P1nf with an upper-crustal permeability of Kuc = 10− 11 m2 and (b) P2nf 
with an upper-crustal permeability of Kuc = 10− 13 m2. No vertical exaggeration. Note that the velocity fields and pore pressure changes at all time points are averaged 
over the respective time interval, i.e. the velocity field and pore pressure change for the first postseismic year is integrated over the time period between the 
beginning and the end of the first year after the earthquake. 
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Fig. 7. Postseismic velocity fields and pore pressure changes from normal fault models (a) P3nf with an upper-crustal permeability of Kuc = 10− 15 m2 and (b) P4nf 
with an upper-crustal permeability of Kuc = 10− 17 m2. No vertical exaggeration. Note that the velocity fields and pore pressure changes at all time points are averaged 
over the respective time interval, i.e. the velocity field and pore pressure change for the first postseismic year is integrated over the time period between the 
beginning and the end of the first year after the earthquake. 
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Fig. 8. Postseismic velocity fields and pore pressure changes from normal fault models (a) V1nf with a lower-crustal viscosity of ηlc = 1019 Pa s and (b) V2nf with a 
lower-crustal viscosity of ηlc = 1022 Pa s. No vertical exaggeration. Note that the velocity fields and pore pressure changes at all time points are averaged over the 
respective time interval, i.e. the velocity field and pore pressure change for the first postseismic year is integrated over the time period between the beginning and the 
end of the first year after the earthquake. 
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In the models with a viscosity of 1022 Pa s in the lower crust (V2nf, 
V2tf), high velocity perturbations similar to the reference model R1nf 
and R1tf occur until the second month after the earthquake (Fig. 8b, 
S5b). In the third month, the largest velocity perturbations can be found 
in the hanging wall of both normal and thrust fault (V2nf, V2tf), similar 
to the third month of the reference model without viscoelastic relaxation 
(R2nf, R2tf). From the sixth month onwards and in the following years, 
the velocities decrease and the velocity fields slowly transition to the 
patterns induced by the regional deformation with weak perturbations 
occurring around the fault tip and at the transition between upper and 
lower crust up to 150 km away from the fault. The pore pressure changes 
in the first month reach ±15 MPa (normal fault model V2nf) and ±12 
MPa (thrust fault model V2tf). Until the 50th model year, the pore 
pressure distribution in both models evolves – with a slight temporal 
delay and a higher magnitude – similarly to the reference model R1nf 
and R1tf. 

In contrast to variations in the lower-crustal viscosity, varying the 
viscosity of the lithospheric mantle in our models (V3nf, V3tf: 1022 Pa s) 
does not have a large effect on the velocities and pore pressure distri-
bution around the fault (Figs. S6). Both temporal evolution and spatial 
patterns of the velocity field and the pore pressure changes are similar to 
the reference model (R1nf, R1tf). 

3.2.4. Endmember models with variable viscosity and permeability 
Based on the model results described in sections 3.2.1–3.2.3, this 

section presents four endmember models, in which we combined a high/ 
low permeability of the upper crust with a low/high viscosity of the 
lower crust to maximize or minimize the effects from the interaction 
between pore pressure changes and viscoelastic relaxation (Table 2, 
Figs. 9-10 and S7-S8). 

In models PV1nf and PV1tf we combine a high permeability of 10− 11 

m2 in the upper crust with a low viscosity of 1019 Pa s in the lower crust 
(Fig. 9a, S7a). In the first month after the earthquake, the results show 
the same velocity distributions as in the reference model R1nf and R1tf, 
models P1nf and P1tf with the same permeability and models V1nf and 
V1tf with the same viscosity but the magnitudes of the velocities best 
agree with models P1nf and P1tf. This also applies to the pore pressure 
changes in the first month. Already in the second month, the velocities 
strongly decrease. Hanging wall subsidence, footwall uplift and exten-
sion across the normal fault as well as hanging wall uplift and footwall 
subsidence and shortening across the thrust fault already start in the 
second month onwards. The velocity fields and also the pore pressure 
distributions now resemble the results obtained for third month of 
models V1nf and V1tf. The further evolution of PV1nf and PV1tf is similar 
to models V1nf and V1tf. 

Models PV2nf and PV2tf have a low viscosity of 1019 Pa s combined 
with a low permeability of 10− 17 m2 (Fig. 9b, S7b). This parameter 
combination yields considerably lower velocities in the first month and 
velocity fields comparable to the third month of models V1nf and V1tf. 
Like in models P4nf and P4tf, no major changes occur in the velocity 
fields during the following months until the fifth year. Until the 50th 
year, models PV2nf and PV2tf show a similar evolution of the velocity 
distributions as V1nf and V1tf, but with different magnitudes. The pore 
pressures develop comparable to models P4nf and P4tf, with slightly 
higher pore pressure changes around the fault tip in the first months and 
year after the earthquake and pore pressure expansion over the 
following years. 

The combination of a high permeability in the upper crust (10− 11 m2) 
and a high viscosity in the lower crust (1022 Pa s) in models PV3nf and 
PV3tf (Fig. 10a, S8a) leads to similar velocity fields in the first month, 
that occur in the reference models (R1nf, R1tf), the models with the same 
permeability (P1nf, P1tf) and viscosity structure (V2nf, V2tf). The pore 
pressure distributions are similar to models V2nf and V2tf for the first 
month and year after the earthquake. In the second month, velocities 
strongly decrease. While the patterns of the velocity fields are similar to 
models V2nf and V2tf, their magnitudes are one order of magnitude 

lower. The velocity patterns of the third month resemble the ones 
observed in the sixth month in models V2nf and V2tf, with a similar 
evolution over the following years, i.e. the velocity fields are dominated 
by the regional deformation and only weakly perturbed around the fault. 
The pore pressure changes of the second month in models PV3nf and 
PV3tf are equivalent to the ones occurring in the third month in model 
V2nf and V2tf. Afterwards, they develop similarly as in models V2nf and 
V2tf. 

Finally, models PV4nf and PV4tf combine a high viscosity (1022 Pa s) 
with a low permeability (10− 17 m2) (Fig. 10b, S8b). The results show the 
least pronounced perturbations in the velocities and pore pressure dis-
tributions of all models. During the first year, the velocity fields are 
mainly perturbed around the fault tip and at the surface near the fault, 
similar to models P4nf and P4tf. Until the tenth year, the models PV4nf 
and PV4tf also show slight opposite movements in the horizontal di-
rection. On both sides of the fault, subsidence occurs in the normal fault 
model and uplift in the thrust fault model until the 50th year. The ve-
locity perturbations around the fault tip and at the surface slowly 
dissipate over the years, similar to models V2nf and V2tf. The pore 
pressure evolution in models PV4nf and PV4tf is similar to model set P4nf 
and P4tf from the first month onwards, with the magnitudes of the pore 
pressure changes being slightly higher. 

4. Discussion 

Our parameter study reveals that both poroelastic effects and 
viscoelastic relaxation modify the postseismic pore pressure changes 
and velocities through space and time, depending on the permeability 
and viscosity, respectively. In the following, we discuss the main find-
ings and limitations of our models and evaluate the relative importance 
of poroelastic effects and postseismic viscoelastic relaxation for the ve-
locity and pore pressure distributions (Section 4.1). In Section 4.2, we 
qualitatively compare our findings with data and models from natural 
normal and thrust fault earthquakes. Note that the application of our 
models to data from specific earthquakes is beyond the scope of our 
study, because the main purpose of our study is advancing the general 
understanding of the underlying processes. Also, specific models 
including poroelastic and/or viscoelastic effects are already available for 
a number of earthquakes (e.g. Albano et al., 2017, 2019, 2021; Freed 
and Lin, 2001; Luo and Liu, 2010; Masterlark and Wang, 2002; Nespoli 
et al., 2018; Ryder et al., 2007, 2010; Tung and Masterlark, 2018). 

4.1. Discussion of model results, model limitations and implications for 
the relative importance of viscoelastic relaxation and poroelastic effects 

During the coseismic phase, the sudden slip on the model fault causes 
crustal movements typical of normal and thrust fault earthquakes, i.e. 
hanging wall subsidence and footwall uplift in the normal fault model 
and hanging wall uplift and footwall subsidence in the thrust fault model 
(Fig. 2a, b). Horizontal movements in the footwall and hanging wall are 
directed away from the normal fault and toward the thrust fault (Fig. 2b, 
d). Compared to the analytical solutions by Okada (1985), the vertical 
displacements occur in broader zones on both sides of the fault whereas 
the horizontal displacements are largely similar (Fig. 2b, d). The dif-
ferences between the displacements can be attributed to the fact that 
Okada (1985) simplifies the crust as an isotropic, homogeneous elastic 
half-space, whereas our models account for gravity, isostatic effects, 
rheological layering of the lithosphere and poroelastic effects. Further-
more, Okada (1985) assumes a constant amount of slip on a rectangular 
fault plane, whereas the slip distribution in our finite-element models is 
tapered, i.e. it goes to zero at the lower fault tip. As shown by previous 
studies, the consideration of tapered fault slip, isostatic effects and/or 
rheological layering in finite-element models leads to more realistic 
surface displacements in agreement with geodetically measured surface 
displacement patterns (e.g. Hampel and Hetzel, 2015; Hsu et al., 2011; 
Tung et al., 2018b). 
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Fig. 9. Postseismic velocity fields and pore pressure changes from normal fault models (a) PV1nf with an upper-crustal permeability of Kuc = 10− 11 m2 and a lower- 
crustal viscosity of ηlc = 1019 Pa s and (b) PV2nf with an upper-crustal permeability of Kuc = 10− 17 m2 and a lower-crustal viscosity of ηlc = 1019 Pa s. No vertical 
exaggeration. Note that the velocity fields and pore pressure changes at all time points are averaged over the respective time interval, i.e. the velocity field and pore 
pressure change for the first postseismic year is integrated over the time period between the beginning and the end of the first year after the earthquake. 
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Fig. 10. Postseismic velocity fields and pore pressure changes from normal fault models (a) PV3nf with an upper-crustal permeability of Kuc = 10− 11 m2 and a lower- 
crustal viscosity of ηlc = 1022 Pa s and (b) PV4nf with an upper-crustal permeability of Kuc = 10− 17 m2 and a lower-crustal viscosity of ηlc = 1022 Pa s. No vertical 
exaggeration. Note that the velocity fields and pore pressure changes at all time points are averaged over the respective time interval, i.e. the velocity field and pore 
pressure change for the first postseismic year is integrated over the time period between the beginning and the end of the first year after the earthquake. 
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With respect to the strain regime, the coseismic horizontal dis-
placements indicate extension across the normal fault and to shortening 
across the thrust fault (Fig. 2). In the footwall and hanging wall, how-
ever, shortening prevails in the normal fault model and extension in the 
thrust fault model (Fig. 2e). The phenomenon of coseismic shortening in 
the footwall of normal faults and of coseismic extension in the hanging 
wall of thrust faults is well known from geological field observations 
from natural earthquakes (e.g. Crone et al., 1987; King and Vita-Finzi, 
1981; Lin et al., 2009; Liu-Zeng et al., 2009; Meghraoui et al., 1988; 
Myers and Hamilton, 1964; Philip and Meghraoui, 1983; Slemmons, 
1957; Yu et al., 2010). As shown in a previous numerical modelling 
study (Hampel and Hetzel, 2015), the coseismic strain patterns are also 
recognizable in GPS data from intra-continental dip-slip faults (e.g. 
Cheloni et al., 2010; Chen et al., 2006; Serpelloni et al., 2012; Yu et al., 
2001). During the postseismic phase, the coseismically induced strain 
fields are gradually altered by the combined effect of viscoelastic flow 
and interseismic strain accumulation (Hampel and Hetzel, 2015). Again, 
the spatiotemporal evolution of the strain field is also visible in GPS data 
(e.g. Cheloni et al., 2010; Yu et al., 2003). 

In contrast to the coseismic vertical displacements, the vertical 
movements during the early postseismic phase depends on whether 
poroelastic effects are considered in the respective experiment. Models 
including poroelastic effects (e.g. R1nf, R1tf and R2nf, R2tf) reveal that 
the footwall and hanging wall move in the same vertical direction, i.e. 
both experience subsidence in the normal fault model and uplift in the 
thrust fault model, respectively (Figs. 3, 4). In contrast, models including 
only viscoelastic relaxation but no fluid flow (R3nf, R3tf) do not show 
this pattern (Figs. 3c, 4c). This implies that vertical movements are 
caused by the poroelastic effects, i.e. they are driven by pore fluid 
diffusion and depend on the permeability. The dependence of the ver-
tical movements near the fault on the presence or absence of pore fluid 
flow in a numerical model is supported by a comparison with models 
that either considered (e.g. Albano et al., 2017, 2019, 2021) or neglected 
pore fluid flow (e.g. Barbot and Fialko, 2010; Hampel and Hetzel, 2015; 
Pollitz, 1997). To further evaluate if the postseismic vertical movements 
of hanging wall and footwall in the same direction are indeed indicative 
of poroelastic effects, detailed geodetic data from both fault-bounding 
blocks at different time intervals after the earthquake would be desir-
able. So far, the available geodetic data from intra-continental earth-
quakes do not yield a consistent picture, partly because of the larger 
uncertainty involved with measurements of vertical movements. For 
example, 60 days after the 2009 L’Aquila normal fault earthquake, the 8 
GPS stations on the hanging wall of the Paganica fault show subsidence 
of up to 50 mm while the one station located on the footwall showed 5.4 
mm of uplift (Cheloni et al., 2010). In contrast, the postseismic defor-
mation field of the 2016 Amatrice-Norcia earthquakes was characterized 
by primarily subsidence of the hanging wall but subsidence and uplift in 
the footwall (Mandler et al., 2021). After the 2003 Chengkung (Taiwan) 
thrust fault earthquake, the 3 GPS stations located near the fault surface 
trace recorded uplift (Chen et al., 2006). 

The further spatio-temporal evolution of the postseismic velocity 
field depends on the permeability of the crust. Models with upper-crustal 
permeabilities higher than 10− 15 m2 show elevated vertical and hori-
zontal velocities and strong velocity perturbations in the first month 
after the earthquake, which decrease rapidly in the following few 
months. The velocities are highest in a small area around the fault of up 
to 20 km away from the fault. For lower permeabilities, the velocities in 
the first month show lower initial values but a slower decrease over 
time. Note that, although both vertical and horizontal velocities gener-
ally decrease over time, the specific velocity values and patterns depend 
on the time interval over which the velocities are integrated. In Figs. 3- 
10 and S1-S8, we illustrate this by showing the velocities for the first 
months and integrated over the first year after the earthquake. If the 
velocities are integrated over a month, the highest velocities occur 
during the first month but generally decrease until the sixth month after 
the earthquake. If the velocity field integrates over the entire first year 

after the earthquake, elevated values are obtained and the velocity 
pattern of the first year generally resembles the one of the first month. 
This indicates that a velocity field integrated over the first postseismic 
year may be dominated by the signal from poroelastic effects rather than 
by the signal from incipient viscoelastic relaxation (see Section 4.2 for a 
discussion of the relative importance of the two processes). Caution is 
therefore advised when choosing the time interval for analysing post-
seismic velocity fields obtained, for example, from geodetic data. 
Sometimes, postseismic velocity fields integrated over the early post-
seismic phase are interpreted to reflect the signal from incipient visco-
elastic relaxation, under the assumption that poroelastic effects have 
largely disappeared (e.g. Aoudia et al., 2003; Liu-Zeng et al., 2020; 
Mandler et al., 2021), which may not always be the case. 

The return to velocity patterns typical of normal and thrust faults 
occurs within the first few months in models P1nf and P1tf and R1nf and 
R1tf and in the second and after the fifth year in models P2nf and P2tf and 
P3nf and P3tf, respectively. For lower permeabilities (e.g. model P4nf, 
P4tf), the unusual movements are only slightly recognizable. Models 
R2nf and R2tf, which considers poroelastic effects but no viscoelastic 
relaxation shows the same velocity evolution in the first two months 
after the earthquake as the reference models R1nf and R1tf. In the third 
month, the velocity fields are still disturbed, and in the following months 
and years, only the regional velocity fields largely remain, without 
significant velocity perturbations. Hence, models R2nf and R2tf show 
that in absence of postseismic viscoelastic relaxation, poroelastic effects 
seem to affect the velocity fields until the third month. 

With respect to the pore pressure distribution, we observe in all 
models that the areas with maximum and minimum pore pressure 
changes are mostly located within a few kilometres around the fault tip. 
Relative to the coseismic phase, the postseismic pore pressure changes 
are inverted. Because of the higher magnitude, this dominant pattern of 
pore pressure changes in our models overprints the pore pressure 
changes with alternating zones of negative and positive pore pressure 
changes that may be expected from a double-couple earthquake source 
function with conjugate zones of extension and shortening. The alter-
nating zones of negative and positive pore pressure changes can be made 
visible by limiting the colour scale to a narrower range of values (Sup-
plementary Fig. S9; Zhou and Burbey, 2014). As noted by previous 
studies, deformation patterns may differ from the theoretically expected 
conjugate pattern if, for example, anisotropy, pore pressure and the 
background stress state are considered (e.g. Foulger and Julian, 2015; 
Hamiel et al., 2005; Vavrycuk, 2005; Wang, 1997). Notably, non- 
double-couple components in seismic moment tensors have been re-
ported for natural and induced earthquakes and related, for example, to 
anisotropies, pore pressure and/or stress state (e.g. Frohlich, 1994; 
Martinez-Garzon et al., 2017; Miller et al., 1998). 

The pore pressure changes normalize during the postseismic phase at 
different rates and slowly migrate into the lower crust over the years. 
Models P1nf and P1tf and P2nf and P2tf with high permeabilities in the 
upper crust (Kuc = 10− 11 m2 and Kuc = 10− 13 m2) show pore pressure 
changes of the same magnitude as the pore pressure changes of the 
coseismic phase of the reference models R1nf and R1tf, followed by pore 
pressure migration into the lower crust with only low magnitude, i.e. 
hydrostatic conditions are reached already in the first month (Fig. 6a, b, 
S1a and S1b). With decreasing permeability in the upper crust (lower 
than Kuc = 10− 13 m2), the magnitude of the pore pressure changes de-
creases in the first month, but remains higher in the following months 
and years, indicating that fluids diffuse slower within the upper crust, 
pore fluid pressure normalization lasts longer and hydrostatic conditions 
are therefore only reached after years or decades, respectively. In 
models P4nf and P4tf (Kuc = 10− 17 m2, Figs. 7b and S2b), this slow fluid 
diffusion is particularly well illustrated over the entire 50-year period. 

Fig. 11 shows the temporal evolution of the pore pressure in the over- 
pressurized model area near the fault tip for different permeabilities in 
the upper crust. With respect to the temporal decrease of the pore 
pressure changes, we note that dissipation times in 2D finite-element 

J. Peikert et al.                                                                                                                                                                                                                                  



Tectonophysics 838 (2022) 229477

17

models may somewhat differ from those in 3D models because the fluid 
flow is forced to occur in two dimensions only. A comparison between 
the 2D models presented in this study and the results from preliminary 
3D models suggests that the difference in dissipation times effect may 
become recognizable for permeabilities lower than ca. 10− 15 m2. How-
ever, the observed difference in dissipation times in 2D and 3D models is 
small and does not affect our conclusions obtained from the 2D models 
regarding the timescale of the interaction of poroelastic effects with 
viscoelastic relaxation. In the reference models R1nf and R1tf, the pore 
pressure changes decrease exponentially and reach largely hydrostatic 
conditions within four days. In models with permeabilities higher than 
10− 14 m2, the pore pressure normalizes within the first year after the 
earthquake. For a permeability of Kuc = 10− 15 m2 (models P3nf, P3tf), the 
pore pressure relaxation lasts ~10 years. In the models with a perme-
ability of Kuc = 10− 17 m2 (models P4nf, P4tf), the pore pressure relaxes 
very slowly, with the result that the hydrostatic pore pressure of the 
preseismic phase is still not fully recovered after 50 years. Thus, our 
results underline that the permeability of the upper crust has a strong 
effect on the pore fluid diffusion during the postseismic phase. The lower 
the permeability, the weaker is the fluid flow and the longer takes the 
pore pressure normalization. In contrast, the permeability of the lower 
crust has a negligible effect on the pore pressure evolution in the upper 
crust. However, an increase of the permeability in the lower crust may 
lead to an increased fluid flow into the lower crust. 

In summary, a high permeability in the upper crust causes strong 
poroelastic effects with large pore pressure changes and velocity per-
turbations, but these effects last only for a few days to a few months after 
the earthquake. A low permeability in the upper crust leads to weak, but 
long-lasting poroelastic effects, which are still recognizable several years 
after the earthquake. Therefore, the poroelastic effects observed in our 
models act on timescales that overlap with the spatio-temporal evolu-
tion of the postseismic viscoelastic relaxation process. A change in the 
viscosity in the lower crust compared to the reference models may 
therefore affect the model results already for the early postseismic 
phase. For example, a viscosity of 1019 Pa s leads to larger velocity 
perturbations, which slightly change over the period of 50 years, mainly 
in an area of 10–20 km around the fault, but up to several tens of kilo-
metres away from the fault (models V1nf, V1tf). The vertical and hori-
zontal velocities are high in the first years after the earthquake and 
decrease over the following years. For a higher viscosity (models V3nf, 
V3tf; 1022 Pa s), only weak velocity perturbations with low velocities 
occur, which are recognizable several tens of kilometres away from the 
fault and only change negligibly over the decades. Hence, as can be 
expected, an increase of the viscosity in the lower crust leads to slower 
but more prolonged viscoelastic relaxation. As illustrated by the models 
R3nf and R3tf, which considers viscoelastic relaxation but no pore fluid 
pressure (Fig. 3c and 4c), velocity perturbations occur from the first 
month onward, with only negligible changes over the next 50 years. This 
underlines that a signal from viscoelastic relaxation is already 

recognizable in the first month after the earthquake. In presence of pore 
fluid flow (models R1nf, R1tf and R2nf, R2tf), however, the signal from 
viscoelastic relaxation is overprinted by the signal from the poroelastic 
effects, which strongly influence the velocity fields in the early post-
seismic phase if the permeability is sufficiently high. As soon as the 
poroelastic effects decay, the viscoelastic relaxation signal starts to 
dominate the velocity fields, which is the case already in the third month 
in models with high permeabilities (e.g. models PV1nf, PV1tf and PV3nf, 
Pv3tf). Models with a low permeability and a low viscosity (PV2nf, PV2tf) 
highlight the possibility that viscoelastic relaxation may dominate the 
velocity fields with pronounced velocity perturbations already from the 
first month onwards because the poroelastic effects are weak. For the 
combination of a low permeability and a high viscosity, the signals from 
both effects are weak but long-lasting, with the result that they overlap 
over several decades and cause weak velocity perturbations (models 
PV4nf, PV4tf). 

4.2. Comparison with data and models for natural intra-continental 
earthquakes 

A key region where a wealth of studies has investigated poroelastic 
effects after normal and thrust earthquakes with magnitudes of up to 
Mw ~ 7 are the Apennines and Emilia-Romagna region (Italy) (e.g. 
Albano et al., 2019, 2021; Antonioli et al., 2005; Chiarabba et al., 2009; 
Nespoli et al., 2018; Tung and Masterlark, 2018). In addition, a few 
studies used geodetic data from the postseismic phase to determine the 
rheological structure of the lithosphere beneath the Apennines and 
found low viscosities (~1018 Pa s) for the lower crust (Aoudia et al., 
2003; Riva et al., 2007). Based on our model results, we would therefore 
expect an interaction between poroelastic effects and viscoelastic 
relaxation during the postseismic phase. Most studies, however, 
focussed on a specific time interval after the earthquake and therefore 
neglected either viscoelastic relaxation (e.g. Albano et al., 2017, 2019, 
2021; Chiarabba et al., 2009; Nespoli et al., 2018) or poroelastic effects 
(Aoudia et al., 2003; Riva et al., 2007). In the following, we evaluate the 
results from the previous studies on earthquakes in the Apennines and 
Emilia-Romagna region in the light of our model results. 

Poroelastic effects were studied, for example, by Albano et al. (2017, 
2019, 2021) for the 2009 L’Aquila, 2012 Emilia-Romagna and the 2016 
Amatrice-Visso-Norcia seismic sequences. Their finite-element models 
were either based on a simplified cross-section (Albano et al., 2019, 
2021) or adjusted to the respective region (Albano et al., 2017) and used 
permeabilities between 10− 12 and 10− 17 m2. Similar to our results, their 
findings indicate that the coseismic pore pressure changes are 
completely dissipated by fluid diffusion in the postseismic phase. Hy-
drostatic conditions are reached within a few days to up to one year, 
depending on the permeability in the crust. Compared to these results, 
our models indicate even longer pore pressure dissipation times of 
several years if the upper crust has a permeability of 10− 17 m2. Notably, 
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Fig. 11. Temporal evolution of the postseismic pore pressure changes in (a) normal fault and (b) thrust fault models.  
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Albano et al. (2017, 2019, 2021) obtain postseismic surface subsidence 
for the 2009 L’Aquila and 2016 Amatrice-Visso-Norcia normal fault 
earthquakes and uplift for the 2012 Emilia-Romagna thrust fault 
earthquakes, which agrees well with our model results obtained for an 
idealized fault geometry. In addition, our models show that these un-
usual surface displacements are largest in the first year after the earth-
quake in models with high permeabilities. 

The spatial distribution and dissipation time of the fluid overpressure 
is closely related to the spatio-temporal distribution of aftershocks. 
Seismological data from the 1997 Umbria-Marche earthquake sequence 
revealed that most of the main shocks and aftershocks occurred in areas 
where the pore pressure increased around the fault (Antonioli et al., 
2005; Chiarabba et al., 2009). For the 2016 Amatrice-Visso-Norcia 
earthquakes, Albano et al. (2019) showed that the 26 October 2016 
earthquake occurred when the fluid overpressure induced by the 24 
August 2016 Amatrice earthquake had not yet dissipated. Over- 
pressurization and pore pressure dissipation may trigger aftershocks, 
with the stress increase being related to the pore pressure dissipation 
time and hence to the permeability. In accordance with Albano et al. 
(2019)‘s findings, our models indicate that the pore pressure may not 
fully dissipate within a few months after the earthquake if the perme-
ability is lower than 10− 13 m2. For the crust beneath the Apennines, a 
permeability of 10− 16 m2 was derived by Tung and Masterlark (2018), 
who carried out modelling and Coulomb stress change calculations for 
the 2016 Amatrice-Visso-Norcia earthquakes. For such a permeability 
value, our model results indicate pore fluid dissipation times of more 
than a few months after the earthquake. With respect to the relative 
importance of poroelastic effects and viscoelastic relaxation for after-
shock triggering, Tung and Masterlark (2018) argued that the post-
seismic Coulomb stress changes are dominated by poroelastic effects and 
that the contribution from viscoelastic relaxation is negligible. However, 
their model only considered viscoelastic behaviour in the mantle but not 
the low viscosity of the lower crust that was reported by Aoudia et al. 
(2003) and Riva et al. (2007). 

Our model results support the notion that poroelastic effects domi-
nate the velocity field during the early postseismic phase, i.e. when the 
probability of strong aftershocks is high. However, our findings indicate 
that the velocity field may also contain a signal from viscoelastic 
relaxation for sufficiently low viscosities of the lower crust (Figs. 8a, 9, 
S5a, S7). This is in accordance with the findings by Riva et al. (2007), 
who analysed the postseismic deformation after the 1997 Umbria- 
Marche earthquake sequence based on campaign GPS data from the 
time period between 1999 and 2003. Based on forward modelling, Riva 
et al. (2007) found that the observed postseismic deformation requires a 
contribution of viscoelastic relaxation. Their preferred model included a 
viscosity of ~1018 Pa s for the lower crust. In additional models, Riva 
et al. (2007) also evaluated a possible contribution by poroelastic ef-
fects, which they found to be small for the time period covered by the 
GPS data. Therefore, they disregarded poroelastic effects in their final 
forward models of the GPS data. Our model results agree with Riva et al. 
(2007)‘s observation that poroelastic effects decrease within 2–3 years 
after the earthquake, however, poroelastic effects should not be 
neglected completely because for the observed permeability and vis-
cosity values poroelastic and viscoelastic effects may overlap for years 
after an earthquake in the Apennines. 

Compared to Italy, data on coseismically triggered poroelastic and 
viscoelastic effects are relatively sparse for other region with intra- 
continental dip-slip earthquakes. In Taiwan, for example, the 1999 
Chi-Chi thrust fault earthquake triggered fluid flow and considerable 
changes in groundwater levels and river discharges (Lai et al., 2004; 
Wang et al., 2001, 2004). For the postseismic deformation field, how-
ever, poroelastic effects apparently did not play a major role (e.g. Hsu 
et al., 2007; Rousset et al., 2012; Zhu and Cai, 2009). Instead, the 
postseismic deformation field was largely dominated by viscoelastic 
relaxation due the presence of layers with low viscosities in the litho-
sphere (Rousset et al., 2012; Zhu and Cai, 2009). Based on inversion of 

GPS data, Zhu and Cai (2009) derived viscosities of the lower crust and 
the upper mantle of 2.7 × 1018 and 4.2 × 1020 Pa s, respectively, while 
Rousset et al. (2012) obtained viscosities of 5 × 1017 and 0.5–1 × 1019 

Pa s at mid-crustal and lower crustal levels. As our models indicate, the 
absence of a major poroelastic signal in the early postseismic deforma-
tion field may be related to a low permeability in the upper crust, in 
particular when combined with low lower-crustal viscosities (Fig. S7). 
This may apply to Taiwan where a permeability of ca. 4 × 10− 15 m2 at a 
crustal depth of 10–20 km was derived from a seismological analysis of 
aftershocks and fluid migration after the 2016 Meinong earthquake (Hsu 
et al., 2020). Even lower permeabilities (10− 16 to 10− 18 m2) were ob-
tained from drill core samples of the host rock of the Chelungpu fault 
(Doan et al., 2006; Scibek, 2020). Taiwan may therefore provide an 
example of a region with thrust fault earthquakes where the timescales 
of poroelastic and viscoelastic effects overlap in a way that the resulting 
postseismic deformation is dominated by viscoelastic relaxation. 

5. Conclusions 

Based on two-dimensional finite-element models, we investigated 
the relative importance of poroelastic effects and postseismic visco-
elastic relaxation during the earthquake cycle of intracontinental dip- 
slip faults and evaluated the results in terms of co- and postseismic 
pore pressure changes as well as vertical and horizontal velocities. Our 
experiments with variable permeabilities in the crust and variable vis-
cosities in the lower crust or lithospheric mantle demonstrate that the 
earthquake induces pore fluid pressure changes especially around the 
fault tip, which dissipate by fluid diffusion within a few days to decades, 
depending on the permeability of the crust. These poroelastic effects 
dominate in the first few months, but still affect the velocity field years 
after the earthquake if the permeability of the upper crust is sufficiently 
low. Viscoelastic relaxation already occurs in the early postseismic 
phase, dominates the velocity field from about the second postseismic 
year onward and persists for several decades. Viscoelastic relaxation acts 
on spatial scales of up to several tens of kilometres away from the fault, 
whereas poroelastic effects occur mainly within 10–20 km around the 
fault. Our results show that poroelastic effects and postseismic visco-
elastic relaxation may overlap in the early postseismic phase for up to 
several years, depending primarily on the combination of upper-crustal 
permeability and lower-crustal viscosity. Therefore, both processes 
should be considered when analysing geodetic data on postseismic 
surface deformation or calculating postseismic Coulomb stress changes. 
In future investigations, we will use 3D numerical models that will 
include fault arrays as well as poroelastic effects and viscoelastic 
relaxation to evaluate the combined effect of both processes on Coulomb 
stress changes. 
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