[image: image1]Quantifying the mechanisms of rain-triggered seismicity in karstic regions

		HYPOTHESIS AND THEORY
published: 20 October 2023
doi: 10.3389/feart.2023.1234856


[image: image2]
Quantifying the mechanisms of rain-triggered seismicity in karstic regions
Léa Perrochet1*, Giona Preisig2 and Benoît Valley1
1Centre d’Hydrogéologie et de Géothermie, Université de Neuchâtel, Neuchâtel, Switzerland
2Département du Développement Territorial et de l’Environnement, Service des Ponts et Chaussées, Office des cours d’eau et dangers naturels, Neuchâtel, Switzerland
Edited by:
Nibir Mandal, Jadavpur University, India
Reviewed by:
Yawar Hussain, Sapienza University of Rome, Italy
Matteo Picozzi, University of Naples Federico II, Italy
* Correspondence: Léa Perrochet, leaperrochet@gmail.com
Received: 05 June 2023
Accepted: 25 September 2023
Published: 20 October 2023
Citation: Perrochet L, Preisig G and Valley B (2023) Quantifying the mechanisms of rain-triggered seismicity in karstic regions. Front. Earth Sci. 11:1234856. doi: 10.3389/feart.2023.1234856

Seismicity following heavy rainfall events is often considered to be triggered by the pore pressure diffusion front migrating from the surface towards the focal depth, assuming a homogeneous crust. Although this assumption can be justified in some cases depending on local geology (e.g., a homogeneously fractured basement), it is too simplistic for known karst areas. Indeed, the hydraulic behaviour of karst during a flood event is not dominated by pressure diffusion but by highly transmissive karst conduits. This generates rapid and large variations in hydraulic head, possibly leading to large changes in pore pressure at seismogenic depth. We consider the conditions and data from three different case studies with karstic features to evaluate possible seismicity-triggering mechanisms. We identify four potential mechanisms to explain the influence of rainfall on fault stability: crustal loading and its associated poroelastic deformation, pore pressure diffusion, and direct hydraulic connection. We quantify the effect of these mechanisms for parametrisation corresponding to our case studies by considering the specific features of karst and using simplified analytical solutions. Results show that the pore pressure increase resulting from the crustal loading and poroelastic deformation is much smaller than the pore pressure increase resulting from a direct hydraulic connection and its diffusion towards depth over small distances. Moreover, the timing between the intense precipitations and the beginning of seismicity may indicate the mechanism behind the triggering process: no time lag to a time lag of a few hours supposes a direct hydraulic connection, whereas a time lag of a few hours to a few days suggests a coupled solution of a rapid pressure increase resulting from direct hydraulic connection followed by the diffusion process prograding towards the focal depth. Our results highlight the importance of considering the intrinsic properties of karst and its spatial distribution, especially its depth, when studying rain-triggered seismicity in a karstic environment.
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1 INTRODUCTION
Water at elevated pressures plays a key role in earthquake mechanics. Direct observation of earthquake triggering related to water includes 1) water injection in deep wells (Parotidis et al., 2004; Evans et al., 2012; Ellsworth, 2013; Keranen et al., 2013; Diehl et al., 2017), 2) reservoir impoundment (Gupta, 2002; Kangi and Heidari, 2008) and 3) seasonality or cyclicity in the occurrence of earthquakes due to natural phenomena (Saar and Manga, 2003; Scholz et al., 2019). The latter includes case studies reporting seasonal patterns of seismicity and their relation to groundwater recharge or snow load (Wolf et al., 1997; Saar and Manga, 2003; Bettinelli et al., 2008; Braunmiller et al., 2014; Birhanu et al., 2018; Bragato, 2021). Triggering is observed in a variety of tectonic settings, from intraplate regions to volcanic islands. These regions have different hydrogeologic settings and climate conditions and show a broad range of time lags between the rainfall and the seismicity, varying from hours to months (Costain and Bollinger, 2010). Three case studies show relatively small time lags (hours to days) and have a similar local geology. As pointed out by Miller (2008), the cases of Hochstaufen (Germany) (Kraft et al., 2006), Muotathal (Switzerland) (Husen et al., 2007) and Avignon (France) (Rigo et al., 2008) all occur in known karstic regions. The primary mechanism invoked for explaining seismicity following rainfall is pore fluid pressure diffusion, similar to what is described in reservoir-induced seismicity (Talwani and Acree, 1984; Talwani, 1997), considering a homogeneously fractured crust. However, for the cases of Germany, Switzerland, and France and considering the intrinsic properties of karst, the model of a homogeneously fractured crust might be too simplistic, leading to the necessity to explore other possible mechanisms. The study aims to identify and differentiate which mechanism is more likely to induce seismicity following heavy rainfalls according to local stress conditions and local geology by quantifying their effects using simplified analytical solutions with data from the aforementioned case studies (Germany, Switzerland, and France). The analytical modelling requires several values to be estimated, based either on average values from the literature or using data from existing case studies. We present one scenario for each case study to illustrate orders of magnitude between the different mechanisms for a given set of conditions. The aim is to compare the mechanisms with each other, not to find the best-fitting parameters or propose an extensive and systematic sensitivity analysis.
2 KARST GEOLOGY, TRIGGERING MECHANISMS, AND CONCEPTUAL MODEL
2.1 Karst-specific features
Mature karst systems consist in well developed channels of various morphologies within a relatively low permeable rock matrix, typically consisting of soluble rocks such as limestones, dolomites or evaporites. Different hydraulic parameters between channels and a matrix lead to the so-called duality of karst (Király, 1994, 1998). On the surface, the epikarst, consisting of a highly altered surface bedrock, is thought to enhance the concentrated infiltration within the karst conduits (Király, 1998). Bonacci (1987) carried out numerous analyses on karst and found that the effective porosity of karst host rock is between 0.1% and 1% on average, being locally much higher in the presence of large caves or conduits. This configuration, i.e., high permeable conduits and a low porosity matrix, explains satisfactorily karstic spring hydrographs following recharge events. Figure 1 illustrates the characteristic hydrographs of springs related to 1) a fractured rock mass Figure 1A, 2) a bare karst Figure 1B, and 3) a fractured rock mass with karst conduits. The shape of the hydrographs depends on the extent of the fractures within the host rock. The hydrograph resulting from the combination of a fractured host rock with karst conduits (Figure 1C) represents the global response of both the high permeable conduits and low permeable matrix in response to recharge events. In this scenario, the recharge event involves the inversion of the flow regime. During flood events, the evacuation capacity of the karst system is exceeded and results in a rapid and large water level increase within the channels. This leads to a flow from the channels to the matrix, recharging the matrix. During low-water periods, the water stored in the matrix flows back to the conduits, maintaining base flow levels. Such hydrographs are typical of karstic regions and are clear evidence of rapid hydraulic head increases. For example, Figure 2 shows the discharge of the Schlichenden spring draining the Hoelloch cave system (Muotathal, Switzerland). During an important recharge event, a cave located 540 m above the permanent water table was flooded Miller (2008).
[image: Figure 1]FIGURE 1 | Characteristic spring hydrograph for (A) a fractured rock mass, (B) bare karst, and (C) karst conduits in a fractured host rock. Figure has been modified from Bonacci (1993). The form of the hydrograph varies according to the fracture system and the presence or not of karstic conduits.
[image: Figure 2]FIGURE 2 | Top: Discharge curve at the Schlichenden spring, the main outflow of the Hoelloch cave system in the region of Muotathal, Switzerland, during the month of August 2005 (Federal Office for the Environment - Hydrological data and forecast). The daily precipitations, measured at the meteorological station in Muotathal (Federal Office of Meteorology and Climatology MétéoSuisse), are shown in green. The shaded area illustrates the time at which a cave located 540 m from the spring altitude was flooded. The exact timing is not known. Bottom: Cross-section through the Hoelloch cave system. The low and flood water tables are shown as blue lines. The dashed line represents the level at which a cave was flooded during August 2005. The figure has been modified from Wildberger et al. (2010).
Another important aspect to consider is the relationship that can exist between karst systems and fault zones. A fault zone’s hydraulic properties depend on various parameters and are subject to changes over time and space. Considered either as a barrier or conduits for fluid circulation, their role depends greatly on their anatomy (fault core and damaged zone) and composition (breccia, cataclasite, or ultracatalasite) (Caine et al., 1996; Faulkner et al., 2010), which will influence the spatial distribution of permeabilities (Caine et al., 1996; Evans et al., 1997). Additionally, the hydraulic properties of a fault zone can vary in time as has been observed in laboratory tests (Seront et al., 1998) and modelling experiments (Preisig et al., 2016), in which a shear slip on a fault increases the permeability in response to dilation. As karst development is driven by water flow and faults can favor flow paths, it is likely that karst systems develop in relation to faults and that the two systems are hydraulically connected. However, the exact role of the fault, i.e., whether fluids can pass through the fault zone or flow along, is determined by its internal structure and composition (Matonti et al., 2012). This potential link between karst and faults makes the latter particularly sensitive to rainfall and karst flooding events.
2.2 Possible effects of rainfall on the stability of the fault
External changes in the stress regime might impact the stability of the fault depending on its orientation, initial stress regime, and pore pressure. We identify four potential mechanisms to explain the influence of rainfall on fault stability:
1. crustal loading,
2. poroelastic pore pressure changes associated with crustal loading,
3. pore pressure diffusion and,
4. direct hydraulic connection
The impact of crustal loading 1), i.e., the weight of precipitation as an additional load on the crust, depends on the stress regime. From Anderson’s stress regime classification (Anderson, 1951), an additional load in a normal faulting stress regime (NF) reduces the stability of the fault, increases stability in a thrust-faulting stress regime (TF), and leaves the stability unchanged in a strike-slip stress regime (SS). Additionally, the additional load on the crust modifies normal effective stresses due to increasing pore-fluid pressure through poroelastic deformation 2), reducing the shear strength and hence the stability of the fault. A rising fluid pressure at the surface might also initiate a pressure diffusion front 3), increasing pore pressure and reducing the effective normal stress gradually while the pressure front propagates. A rising water level and a direct hydrogeological connection through the karst between the surface and the fault plane 4) result in an instantaneous increase in pore pressure, impacting the stability of the fault.
2.3 Conceptual model
We propose a conceptual model (Figure 3) that considers specific karst features and rainfall-induced mechanisms that potentially lead to fault instability. An important difference between these mechanisms depends on the relationship between the karstic network and the faulted system and whether a direct hydraulic connection exists (iv) or not (ii and iii). In cases in which the karstic network is connected to a highly permeable fault zone (iv), the groundwater pressure increase at a given depth is quasi-instantaneous. In cases in which the karstic network lies above a fault, and there is no direct hydraulic connection, the mechanism leading to stress changes is similar to the one described for reservoir impoundment, i.e., (ii) a rapid increase in pore pressure resulting from the elastic deformation due to the vertical load and undrained conditions and/or (iii) a delayed response due to fluid migration towards depth. Although an increasing groundwater pressure occurs in all scenarios, they can be differentiated by the timing, which is quasi-instantaneous for (ii) and (iv) and delayed for (iii).
[image: Figure 3]FIGURE 3 | Schematised scenarios illustrating mechanisms leading to pore pressure increase in the case in which the karstic network is in direct hydraulic connection with a fault (left) or lying above (right). The vertical load (i) increases pore pressure through poroelastic deformation (ii). (iii) Pore pressure increase is delayed due to the pressure front migration. (iv) Pore pressure increases quasi-instantaneously following an increasing water level. Note that (i), (ii), (iii), and (iv) might act concomitantly.
3 METHODOLOGY
3.1 The stability of the fault and Coulomb Failure Stress
According to the classical Mohr–Coulomb failure criterion, failure on a fault initiates when the following stress conditions are met:
[image: image]
where τ is the shear stress, μ the coefficient of internal friction, the effective normal stress [image: image], with σn the normal stress, c the cohesion, and p the pore pressure in the fault zone. The coefficient of internal friction μ typically lies between 0.6 and 0.85 (Byerlee, 1978) and in the context of reactivation, faults are often considered to be cohesionless (c = 0) (Sibson, 1985). For constant fault properties, the external parameters affecting fault stability are the shear stress τ and the effective normal stress [image: image], which are both dependent on the fault’s orientation (angle θ between [image: image] and the normal to the fault plane) and stress magnitude as expressed in two-dimensional plane strain conditions or when the intermediate stress is coplanar with the fault by the following relations (Jaeger et al., 2009):
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For a fault favorably oriented (θ = 60°) and according to Eqs 1–3, rupture can be initiated by an increasing shear stress τ through an increase of [image: image] and/or a decrease in [image: image] or through a decrease of the effective normal stress [image: image].
To evaluate the proximity of a fault to failure, the Coulomb failure stress is a good indicator and is defined as follows (see, e.g., Beeler et al., 2000):
[image: image]
A negative value resulting from Eq. 4 indicates that failure has not been reached, as the shear strength [image: image] is greater than the shear stress (τ). The change in Coulomb failure stress shows the impact of stress changes on the stability of the fault. Coulomb failure stress change is defined as follows (Beeler et al., 2000):
[image: image]
where Δσn is the change in normal stress and is positive for compression. Positive values of ΔCFS indicate that the fault is closer to failure, whereas negative values indicate that the fault is moving away from the rupture point.
3.2 Direct connection
If the fault zone is in direct hydraulic connection with the karstic network, and considering a simplified environment with no pressure losses, an increasing hydraulic head in the karst conduits due to heavy precipitation will generate a quasi-instantaneous and non-attenuated pressure signal. The increase in pore pressure (and the decrease of the effective principal stresses [image: image] and [image: image]) will directly relate to the increase in the hydraulic head ΔH by the relation ΔP = ρgΔH, leading to a decreasing [image: image].
The variation in the hydraulic head ΔH [m] depends on the storage coefficient S [-], a considered area A [m2], and the volume of infiltrated water Vw [m3], which is controlled by the (effective) rainfall intensity i [m/d] falling over the area A during a given time dt [d] (Fetter, 2001):
[image: image]
where
[image: image]
Combining Eqs. 6, 7 gives:
[image: image]
In a porous rock mass in which the water table can fluctuate freely, S is equal to the effective porosity, which can range from less than 0.01 to 0.30 in sedimentary karstic rocks. In a porous rock mass in which the water table cannot fluctuate freely, i.e., the piezometric level is above the top of the permeable unit (confined aquifer), S is in the order of 0.005 or less (Fetter, 2001).
3.3 Crustal loading
Considering a karst network without a direct hydraulic connection with the fault zone, fault stability might be influenced by a supplementary load, i.e., the infiltrated water. In such a case, an underlying saturated fault system will behave as a poroelastic medium with increasing pore pressure (and decreasing effective stress) in response to the vertical loading.
3.3.1 Boussinesq’s solution
To evaluate the impact of an increasing load Pa on the vertical stress Δσv beneath the center of a karstic network, Boussinesq’s solution for a circular load on the surface of a semi-infinite elastic space is used, as expressed in Poulos and Davis (1974):
[image: image]
where R is the radius of the circular area and can be seen as the catchment area of the karstic network and z is the depth. This solution is then used to calculate the change in pore pressure resulting from the change in vertical stress (Eq. 11).
3.3.2 Poroelastic deformation
Under undrained conditions, the impact of stress changes on pore pressure is expressed as follows (Rice and Cleary, 1976):
[image: image]
where Δσkk/3 corresponds to (Δσx + Δσy + Δσz)/3 and is the average compressive stress. Assuming that stress changes in only the vertical direction, then Eq. 10 becomes:
[image: image]
where B is the Skempton coefficient and νu is the undrained Poisson’s ratio.
3.4 Fluid pressure diffusion
An increasing hydraulic head will lead to fluid pressure diffusion from zones of high to zones of low hydraulic head. Considering a step increase in pressure at time t = 0, the simplified one-dimensional diffusion problem has the solution (Carslaw and Jaeger, 1959):
[image: image]
where erfc is the complementary error function, p is the pressure at depth z and time t resulting from the applied pressure Pa on a medium with diffusivity D, where D = T/S, with T the transmissivity and S the storage coefficient.
Now considering a step increase in pressure at time t = 0 and a linear decrease over a time τ from Pa to 0, the solution reads as follows (Perrochet P., personnal communication, presented in Supplementary Material S1):
[image: image]
where H(u) is the Heaviside step function (H(u) = 1 when u > 0 and H(u) = 0 when u < 0) and m = Pa/τ. Note that Eqs. 12 and 13 do not consider the coupled poroelastic response.
4 CASE STUDIES
Three different case studies in which rain-induced seismicity occurred in karstic regions after a period of intense rainfall are presented and discussed: 1) Mount Hochstaufen in Germany (Hainzl et al., 2006; Kraft et al., 2006), 2) Muotathal and Riemenstalden in Switzerland (Husen et al., 2007), and 3) the Avignon region in France (Rigo et al., 2008). In the following, we present these case studies in a consolidated and homogeneous manner to facilitate comparisons. Relevant data from the three case studies will be considered as input for our simplified analytical models.
4.1 Mount Hochstaufen, Germany
In 2001, the University of Munich, together with the Bavarian State, installed a new seismic monitoring network in Bavaria, as well as a subnet of six stations around Mount Hochstaufen (Kraft et al., 2006). These were installed following preliminary observations made by Schwarzmann (1996), who analyzed 2 months of seismic records from a temporary network installed after a ML 2.7 of 26 June 1995 in the region of Bad Reichenhall. The author suggested a possible relationship between seismicity and rainfall.
Mount Hochstaufen experienced two seismic swarms in 2002, both occurring after an extended period of rainfall in March and August. In August, ∼300 mm fell over the region of Bad Reichenhall (German Weather Service, DWD) in less than 1 week, with a maximum intensity of ∼120 mm/day and ∼110 mm/day on the sixth and the 11th of August, respectively. In all, 1,171 earthquakes were recorded with a maximum event magnitude of ML = 2.4. The located events have epicenters distributed over the Staufen Massif with a focal depth mostly lying between 0 and 3 km depth. Figure 4 summarises the geologic context around the Staufen Massif, which is part of the Northern Calcareous Alps (NCAs), forming an east-west striking fold-and-thrust belt. The NCAs are part of the Upper Austroalpine unit and are commonly divided into three main nappes units: (1) Bajuvaric, (2) Tirolic, and (3) Juvavic. Mount Hochstaufen is part of the Tirolic nappes overthrusting the Bajuvaric Nappes, which are overthrusting the Helvetic and Penninic units (Figures 4A, B) (Tollmann, 1976; Henrich and Zankl, 1981). Mount Hochstaufen is located south of this major thrust fault oriented E-W and north of an important SW-NE sinistral strike-slip fault called the ISAM fault (Innsbruck-Salzburg-Amstetten). Contemporaneous stress filed measurements provided by the Stress Map Germany (Reiter et al., 2016) suggest an N-S maximum horizontal stress orientation.
[image: Figure 4]FIGURE 4 | (A) Northern Calcareous Alps (NCAs) with the different nappes and indication for the locations of (B,C). (B) Simplified cross-section through the northern part of the NCAs, illustrating the successive thrusting (modified from Leitner and Spötl (2017)). (C) Schematic sketch of Mount Hochstaufen illustrating the different lithologies of the Tirolic unit (left) and simplified tectonic map around Mount Hochstaufen [modified from Schweigl and Neubauer (1997)], and (D), the main hydraulic properties of the lithologies of the Tirolic nappe (left) as well as a brief description of the succession of the unit below the Tirolic towards the basement (right) (Leitner and Spötl, 2017)
The stratigraphic sequence of the Staufen Massif consists in units from the lower to middle Triassic with lithologies mainly dominated by limestones and dolomites. Figures 4C, D show the lithologies, along with their hydraulic properties (Bayerisches Landesamt für Umwelt, last accessed in January 2021) The higher part of the Staufen Massif consists of Wetterstein limestone (Tollmann, 1976). This formation, along with the Dachstein formation outcropping in the southern and eastern NCAs, is the most important karst host rock in the NCAs.
For the analytical modelling, we consider an average altitude of 1,500 m.a.s.l and an average focal depth of 1,000 m.b.s.l. The altitude of a perennial karstic spring located 4.5 km west of Hochstaufen is taken as the base water level. The horizontal distribution of epicenters simplified as a circle with a radius of 5 km is also considered.
4.2 Muotathal and Riemenstalden, Switzerland
In August 2005, the regions of Muotathal and Riemenstalden in central Switzerland experienced a succession of events over a 12-h period after 4 days of heavy rain with a total precipitation of ∼200 mm, with a maximum intensity of ∼75 and 90 mm/day on the 21 and 22 of August. The return period of such intensive rainfall periods is approximately 300 years (Husen et al., 2007). A total of 47 earthquakes were recorded and distributed in two clusters (regions of Muotathal and Riemenstalden). The focal depths are between 0 and 5 km. Muotathal and Riemenstalden are both located in the Helvetic unit in central Switzerland and are part of the Axen nappe (Pfiffner, 2011). The Axen nappe consists of a formation from the Triassic to the Paleogene. In the area of interest, the lithologies are dominated by Cretaceous limestones. Due to extensive thrusting, the units are stacked on top of each other, leading to an important thickness of Cretaceous units Figures 5A and B (Schmid et al., 2004).
A major thrust delimits the Axen nappe with the Drusberg nappe close to the villages of Muotathal and Riemenstalden. Numerous fault lineaments are visible on the geological map and show an N-S general trend as well as minor lineaments showing a WNW-ESE strike. Some of these faults show distinct horizontal offsets, indicating a strike-slip environment. Data provided by the World Stress Map (Reiter et al., 2016) suggest a ∼SE-NW orientation of the maximum horizontal stress for this region.
With a total length of more than 250 km of galleries (Wildberger et al., 2010), the region is a well-known karstic area. The Hölloch cave and Silberen system are part of this karstic network and are located east of the village of Muotathal. Karst developed mostly in the upper Cretaceous, in the Urgonian and Seewen limestones, and as a result of thrusting, the thickness of these karstified rocks can be doubled or tripled (Figure 5C) (Wildberger et al., 2010). The lithologies and their hydraulic properties are presented in Figure 5D.
[image: Figure 5]FIGURE 5 | (A) Tectonic map around central Switzerland and the different nappes and indications for (B) and (C). (B) Cross-section through the Helvetic and Infra Helvetic near the locations of Muotathal and Riemenstalden (modified from Pfiffner (2011)). (C) (left) Schematic of the Hoelloch and Silberen cave system and (right) a simplified tectonic map around Muotathal and Riemenstalden (modified from the Swiss Tectonic Map, Swiss Federal Office for Topography, swisstopo). (D) Lithologies and associated hydraulic properties of the different Helvetic and Ultra Helvetic units (Nagra, 1996).
For the analytical modelling, we consider an average altitude of 1,400 m.a.s.l. and an average focal depth of 2,000 m.b.s.l. The altitude of the perennial Schlichenden karstic spring, the outlet of the Hölloch cave system, is taken as the base water level. The horizontal distribution of epicenters simplified as a circle with a radius of 2.5 km is also considered.
4.3 Avignon region, France
In south-eastern France, in the Gard department, a catastrophic storm occurred in September 2002. In 2 days, accumulated precipitation reached ∼400 mm in Pujaut Basin, near Avignon, and even reached 650–700 mm further to the north, near the city of Alès. Seismicity increased during the 2 weeks following the storm. Eleven earthquakes were recorded within a temporary network centered around the Pujault Basin, and two events were located outside the network but still relatively close in distance. The focal depth mostly lies between 0 and 10 km (Rigo et al., 2008).
The Gard department located in the Provence region between the Alps in the northeast and the Pyrenees in the southwest. The regional geology consists of a sedimentary cover of Mesozoic and Cenozoic ages, varying in thickness from 2 to 7 km (Figures 6A and B) (Rigo et al., 2008). Three major faults exist in the area of interest: the Nîmes Fault, the Pujaut fault, and the Roquemaure fault. The Nîmes fault has an NE-SW orientation and a senestral strike-slip movement (Schlupp et al., 2001). The Pujaut fault, parallel to the Nîmes fault, corresponds to a normal fault steeply dipping towards the north and is the result of the Oligocene extension regime (Jolivet and Faccenna, 2000). The northern compartment of the Pujaut fault results in a depression called the Pujaut basin or graben. The Roquemaure fault is considered inactive or even non-existent (Rigo et al., 2008). Further east, the Salon-Cavaillon fault system strikes SE-NW and has a normal component possibly combined with a dextral sense of movement (Terrier et al., 2007). The present-day maximum horizontal stress orientation is thought to be N-S to NW-SE (Jolivet and Faccenna, 2000).
[image: Figure 6]FIGURE 6 | (A) Tectonic map of the Provence area with the major deformation structures and location of (B) and (C). (B) Simplified cross-section over the Nîmes fault zone. (C) Schematic of the Pujaut Basin and the development of the karst network during the Messinian crisis. (D) Lithologies and their hydraulic properties.
The area is well known for its deep karstic conduits that developed during the Messinian crisis (Julian and Nicod, 1984; Audra et al., 2004). Exploration by a remotely operated vehicle (ROV) in the Fontaine-de-Vaucluse brought evidence of former epiphreatic karst conduits down to 100 m below sea level (Bayle and Graillot, 1987). From seismic data, drilling, and field observations, evidence shows that canyons are lying approximately 1,000 m below sea level near the city of Avignon (Clauzon, 1982; Gargani, 2004). At the end of the Messinian crisis, the canyons were flooded and filled with terrigeneous sediments Clauzon (1982). Figure 6C shows the relationship between the deep karstic system and the ancient canyons and Figure 6D illustrates the lithologies in the area of interest.
For the analytical modelling, we consider an average altitude of 200 m.a.s.l. and an average focal depth of 3,000 m.b.s.l. The altitude of the Rhone River near Avignon is taken as the base water level. The horizontal distribution of epicenters simplified as a circle with a radius of 19 km is also considered.
4.4 Analytical modelling
We quantify the effect of each mechanism on fault stability for the different case studies by considering a semi-infinite environment with initial stress conditions of σ1, σ3 and the initial pore pressure pinit at depth z, with cohesion c and internal friction coefficient μ. The environment is saturated at depth and unsaturated towards the surface with an unsaturated layer of thickness zunsat (see Figure 7). Further considered is a circular area on the surface of the saturated layer of radius r being loaded with pressure P, which is inferred from the rain intensity i.
[image: Figure 7]FIGURE 7 | Considered environment for the analytical modeling of pressure front diffusion in a karstic area. A two layered semi-infinite environment of thickness z with initial stress conditions of σ1, σ3 and the initial pore pressure pinit at depth z. On top of this semi-infinite environment, a circular area of radius r is loaded with water from the precipitation of intensity i. Pi corresponds to the pressure induced from the load. d1 and d2 correspond to the distance the pore pressure front induced by Pi has to migrate to reach focal depth and depends on the presence or not of a saturated karstic network below the permanent water table. Arrows indicate the layer interface at which the onset of pore pressure diffusion takes place. See text for further explanations.
Values for z, zunsat, r, and P are based on the case studies and initial stress conditions are estimated using average lithostatic and hydrostatic pressure gradients of 0.0225 and 0.0098 MPa/m, respectively. The depth z is inferred from the focal depth, the unsaturated thickness zunsat is calculated by subtracting the altitude of local springs from the average altitude of the area. The radius r corresponds approximately to the horizontal spatial distribution of seismicity. The pressure P is inferred from the rain intensity. In the case of a direct hydrogeologic connection, the pressure is quasi-equivalent to ΔH (Eq. 8). In the case that there is no hydrogeologic connection, the pressure load corresponds to the additional weight of the infiltrated water. For the stress conditions, we consider a strike-slip environment where σH = σ1, which is at least equal to σv, and σh = σ3, which is set to the minimum possible value to have a CFS < 0, meaning that rupture has not yet occurred. Cohesion c is thought to be negligible and a value of 0.6 for the internal friction coefficient μ is taken.
Input values for the analytical modelling are shown in Table 1. Precipitations are inferred from the case studies as shown in Figure 9. Note that we slightly simplify the rainfalls for the analytical modelling by considering only two rainfall events for each case study (i1 and i2). The storage coefficient S is set according to the observed water level fluctuations in the karstic network reported in the literature, which range between a few tens of meters (Lesparre et al., 2017) to several hundreds of meters (Jeannin, 2001). For Muotathal, a water level increase of 540 m for 200 mm of rain corresponds to a storage coefficient of 0.0004 (Eq. 8). As Muotathal is the only case study in which this value can be calculated, we decided to use a more conservative value of S = 0.001, which corresponds to a level fluctuation of 100 m for 100 mm of infiltrated water.
TABLE 1 | Input values for the analytical modelling. The initial stress conditions are calculated for the focal depth.
[image: Table 1]Using Eqs. 1–12 and data from Table 1, changes in pore pressure are calculated, as well as changes in the Coulomb Failure Stress (CFS). Results are separated between direct and delayed effects. Direct effects include changes in pore pressure resulting from the hydraulic head increase, as well as poroelastic deformation resulting from an increasing vertical stress, while the delayed effect is a pore pressure increase resulting from the diffusion process.
For poroelastic computations, we assume undrained conditions. We consider high rainfall intensity events, which implies that the drainage capacity of the karstic network is overcome during the rainfall. This results in a rapid increase in the hydraulic head within the karstic channels. For the delayed effect, simplified drained conditions are considered and represented by a linear decrease occurring over 12 days from the maximum pore pressure increase induced by ΔH at time t = 0 to 0 at time t = 12 days. The diffusion front is considered to migrate from the bottom of the karstic network towards focal depths. The distance d varies according to the extent of the karstic network below the water table. Two different values are tested. The first one, d1, considers that the pressure front starts migrating from the top of the saturated thickness, meaning that the distance d1 corresponds to the total depth z minus the unsaturated thickness zunsat. The second, d2, considers a saturated karstic network with a thickness zKsat of 1,000 m, meaning that the distance d2 corresponds to the total depth z minus the unsaturated thickness zunsat minus zKsat (Figure 7).
Note that the analytical modelling aims to compare the mechanisms with each other, not to conduct a sensitivity analysis of the different parameters.
5 RESULTS AND DISCUSSION
Figure 8 shows the impact of heavy rainfall on pore pressure through a direct hydrogeologic connection, poroelastic deformation, and diffusion. For the first two processes, the maximum increase occurs rapidly after the precipitations, reaching values of the order of MPa for the direct connection and only kPa for the poroelastic deformation. Pore pressure increase resulting from the diffusion process varies over two orders of magnitude, depending on the distance traveled by the diffusion front. The maximum increase is delayed in regards to the precipitation event. A successive rainfall, even though of smaller intensity, results in an even higher pore pressure change due to the already accumulated water in the system. Thus, not only is the intensity of a given rain event important but also the history of precipitation preceding the event.
[image: Figure 8]FIGURE 8 | Considered rainfall intensity for the analytical modelling and the evolution of pore pressure changes over time for the different mechanisms, considering a linear decrease over 12 days for the system to drain the infiltrated water. Lines with an open circle at the top represent the onset of seismicity. The dashed lines in the first and third case studies show the response in pore pressure considering a hydraulic diffusivity of 10 m2/s and the shorter distance for both cases (1,135 and 2,010 m, respectively).
Table 2 shows the maximum values of pore pressure increase as well as their corresponding CFS changes. Changes in CFS are positive for each process but have different orders of magnitudes: from kPa for the vertical stress increase and the poroelastic deformation, towards the order of MPa when considering the diffusion process, and clearly in the order of MPa for the direct connection.
TABLE 2 | Estimated initial conditions using the average lithostatic and hydrostatic pressure gradients and the results of the direct and delayed effects and their impact on the CFS.
[image: Table 2]Based on the timing of the beginning of seismicity at the three test sites with regard to the increasing pore pressure resulting from the different mechanisms, we suggest that seismicity is highly influenced by the direct effect of an increasing hydraulic gradient (direct connection) for all three cases, as seismicity occurs very shortly after the maximum rain intensity. However, the diffusion process can still be considered: setting a higher diffusivity and a smaller distance drastically impacts the response of pore pressure by increasing the amplitude of the change and reducing the time for the pressure front to reach the focal depth. Thus, by adjusting the diffusivity and distance, the response of the diffusion process could also correspond to the beginning of seismicity (dashed line in Figure 8). We propose that for the case of Muotathal and Avignon, the direct connection dominates the triggering mechanisms, as rupture occurs only hours after the maximum pore pressure is reached (1.8 and 3.65 MPa, respectively). For Hochstaufen, we suggest a coupled mechanism between the direct connection and the diffusion process, in which the pore pressure at the bottom of the karstic network induced by the direct connection (up to 2 MPa) diffuses towards the focal depth and triggers seismicity approximately 1 day after the rainfall, when the pore pressure increases 0.5 and 0.8 MPa for the first and second rainfall, respectively.
For the three investigated case studies, authors have determined time lags between the rainfall event and the seismicity. These time lags are often used for comparison when discussing meteorological-triggered seismicity. As Figure 9 shows, these time lags do not correspond to the same time period in each case. For Germany, the time considered is between the onset of the first important rainfall and the maximum increase in seismicity 10 days later. For Switzerland, it is the time between the onset of rain and the beginning of seismicity, and for France, it is the time after the end of the storm and the beginning of seismicity. The case of Germany (Kraft et al., 2006), however, shows that seismicity increases directly after the first important rainfall on the sixth of August. After the second rainfall, on the 11th of August, seismicity increases again to reach its maximum around the 16th of August. For Switzerland, the beginning of the rainfall is considered to be 4 days before the beginning of seismicity; however, Figure 9 clearly shows that more than 80% of the total precipitations fell during the last 2 days. Considering the same time period for each case study, for example, the time between the onset of heavy rainfall and the beginning of seismicity, leads to time lags that are comparable, between 24 and 48 h. These time lags are well below the times observed for the delayed effects (Table 2), but as already mentioned, a change in diffusivity and distance can lead to comparable time lags. Considering the direct effects, one would expect seismicity to occur simultaneously with peak rain intensity; however, a time lag could result from the time needed for the water to be drained towards the water table. A combination of both, the effect of a direct hydraulic connection towards an important depth followed by the diffusion process over a relatively small distance, could also explain a smaller time lag.
[image: Figure 9]FIGURE 9 | Abnormal rainfall event for Germany, Switzerland, and France. The maximum recorded seismicity for Hochstaufen (Germany), the first recorded events for Muotathal (Switzerland) and Avignon (France), and the time lag considered by the authors of the case studies are indicated.
However, setting time lags between the beginning of rainfall and seismicity is not optimal. As each region has its own drainage capacity, depending on the amount of soil and epikarst thickness, the maximum head increase will not be reached at the same time after rainfall. To better evaluate the impact of each mechanism on the stability of the fault for each case study and to simplify comparison, the considered time lag should be taken between the maximum water head increase and the beginning of seismicity. Yet, such data are often difficult to collect, but the time at which a nearby karstic spring reaches its maximum discharge could be taken as a proxy, as the discharge is directly related to the hydraulic head.
The case of Muotathal offers good data to estimate the fluid pressure when seismicity started using spring discharge values and hydraulic head variation observations (Figure 10). The region presents a karstic spring at 635 m.a.s.l. draining the Hoelloch and Silberen karstic system (Jeannin, 2001). During the heavy rainfall of 2005, a cave located 540 m above the permanent water table was flooded (Miller, 2008), implying an increase of approximately 5.4 MPa of fluid pressure. The normal water table fluctuation due to seasonality is between 40 m near the spring to approximately 250 m at a 5,200 m distance from the spring (Jeannin, 2001), meaning a maximum variation of approximately 2.5 MPa between low waters and high waters during a hydrological year. Consequently 5.4 MPa corresponds to an increasing pressure of 2.9 MPa above the maximum usual high water pressure.
[image: Figure 10]FIGURE 10 | Schlichenden spring hydrograph, precipitations (red bars), and observed seismicity at specific discharge values (circles on the hydrograph). The flow rates corresponding to specific water levels are indicated in grey on the right side of the figure. The water levels 25, 250, and +540 m are used for the elaboration of the rating curve (bottom) to obtain a relationship between the flow rate Q and the water level h. The equation of the curve is used to calculate the water level at a given discharge. Additionally, the determination coefficient R2 is shown.
The time at which the cave located at 540 m above the permanent spring was flooded is unknown and cannot be associated with a discharge value at the Schlichenden Brunnen. However, assuming that this cave was flooded during the maximum discharge rate at 22 m3/s (Figure 10), and that during the average high waters the level is approximately 250 m at 5′200 m from the spring, with a discharge of 12 m3/s (Swiss Federal Office for the Environment, 2017), it means that the critical value of the hydraulic head, i.e., the level at which hydroshear slip is enhanced in the faulted system, is between 250 and 540 m above the low water table.
Considering the data from Muotathal (Husen et al., 2007), seismicity starts when the discharge value reaches 16 m3/s (Figure 10). To obtain an approximate estimation of the water column at this discharge rate, an experimental curve using three levels has been calculated. Using the values of 540, 250, and 25 m with, respectively, the discharge values of 22, 12, and 3 m3/s (values 25 m and 3 m3/s are taken from Jeannin (2001)) the following experimental function is found:
[image: image]
For a discharge value of 16 m3/s, and according to the relationship shown in Eq. 14, the water level would be approximately 345 m above the usual low water level and consequently 95 m above the high water level (250 m) at 5′200 m from the spring. In terms of increasing fluid pressure, it represents an increase of 0.95 MPa. This result assumes that during the maximum discharge of 22 m3/s, the groundwater level was at its maximum at 540 m above the altitude of the spring (635 m), which means that this result is a minimum. It is important to note that this value is an estimation based on a relatively poorly constrained rating curve (three values). Supplementary discharge values corresponding to specific groundwater levels are necessary to improve this estimation. However, according to this simple analysis, seismicity starts when the critical value of +0.95 MPa is reached, which is of the same order of magnitude as the results obtain from the analytical modelling, in which seismicity occurs following a pore pressure increase of ≈1.8 MPa.
The literature suggests that the necessary stress changes to trigger seismicity on pre-existing faults can be as low as 0.01–0.1 MPa (Roeloffs, 1988; King et al., 1994; Lockner and Beeler, 1999; Saar and Manga, 2003; Hainzl et al., 2006). The upper bound of these values (10–100 kPa) is found in studies of triggered seismicity resulting from wastewater injection (e.g., Keranen et al., 2014; Stokes et al., 2023). Lower values (1–10 kPa) are similar to stress changes resulting from Earth tide effects (e.g., Tolstoy et al., 2002; Scholz et al., 2019; Zaccagnino et al., 2022). However, although a correlation has been demonstrated between Earth tides and earthquakes globally (Métivier et al., 2009), the high frequency of Earth tides is usually inconsistent with the occurrence of seismicity locally, as demonstrated by Figure 4 in Hainzl et al. (2013). In that sense, we suggest that changes of the order of kPa are insufficient to trigger seismicity, which implies that changes in vertical stress as well as poroelastic deformation due to the increasing load of water can hardly be considered as the triggering process for rain-induced seismicity.
Nonetheless, modelling of seismicity in karstic regions has been performed previously, especially for the case of Hochstaufen, Germany (Hainzl et al., 2006, 2013). The authors found that seismicity was very well correlated with heavy rainfalls but values found to trigger seismicity were of the order of kPa, which is three orders of magnitude lower than the present study. The major difference between the results of Hainzl et al. (2006) and our study principally lies in the difference in magnitude of the input signal used to model pore pressure variation at depth. For the diffusion process, we suggest that the pressure step increase is equivalent to the increasing hydraulic head in the karst conduits (100 m of water level increase ≈1 MPa of pore pressure increase) and that the distance the front has to migrate is the distance from the bottom of the karstic network (which can be several hundreds of meters below the surface) towards the focal depth. Hainzl et al. (2006) use the precipitation data as input signal (mm of water) and the distance the front has to migrate is between the surface and focal depth. The difference in magnitude of the input signal explains the major difference between our results and theirs. Additionally, considering a shorter distance in our study also influences the magnitude of pore pressure change (greater changes at shorter distances). The study by Hainzl et al. (2013) considers possible water accumulation. They observe that an amplification factor of the rainfall signal of at least 10 (simulating water accumulation in open fractures) improves their model. These results corroborate the idea that water accumulation within karstic channels must be considered when modelling seismicity in karstic regions. We suggest that the amplification factor of the rainfall signal should be at least 1,000 to correspond to the observed hydraulic head increase in karst conduits following important rainfalls.
6 CONCLUSION
From the simplified analytical model tested on three different case studies, neither the increasing vertical load nor the pore pressure increase due to the poroelastic deformation are considered to be sufficient to trigger seismicity following heavy rainfall. Considering the channelling effect of a karst network in direct connection with focal depth, the effect of the water table increasing by several tens of meters rapidly impacts the pore pressure in the range of MPa. A small-time lag between the beginning of the rainfall and seismicity could be explained by the time needed for the system to drain water towards the water table. If the karstic network is not in connection with focal depth, the diffusion process takes over and changes in pore pressure are attenuated over time and distance, but still possibly reaching the range of MPa.
Figure 11 illustrates the final conceptual model and the most important parameters to consider, such as focal depth, water table elevation, and the extent of the karstic network below the water table. To trigger seismicity after an intense rainfall event in a karst environment, we suggest that either the karst network is in direct hydrogeologic connection with focal depth (Figure 11A) or is relatively close to it (Figure 11B), such that the pressure front rapidly reaches the focal depth due to pressure diffusion and the amplitude in pore pressure change is sufficiently large. To accommodate for a relatively small time lag, we propose that the superficial layer is considered to have a possible delaying effect depending on its structure and composition.
[image: Figure 11]FIGURE 11 | Final conceptual model considering the different layers and their impact on the pressure propagation towards the focal depth, whether the pressure is rapidly (direct effect) or slowly (delayed effect) transmitted towards it. (A) Direct connection between the karst network and the fault zone. Drainage of the superficial layers (soil, epikarst, and unsaturated karst) may act as a delaying factor until the water reaches the water table, after which the effect is quasi-instantaneous at the focal depth if the fault acts like a conduit. (B) No direct hydrogeologic connection between the fault zone and the karst network. The superficial layers may act as a delaying factor as in (A). Once the water reaches the water table, the effect of the increasing water column is instantaneous at the bottom of the karst network. From there, the diffusion process takes over and acts as a delaying factor. Once the pore pressure front reaches the fault zone, which possibly acts like a conduit, pressure is transmitted rapidly towards the focal depth.
We suggest that the mechanisms behind seismicity following heavy rainfalls in karstic regions can be inferred from the observed time lag between the maximum discharge rate and the beginning of seismicity: no time lag to a time lag of a few hours supposes a direct connection between the karstic network and the focal depth, whereas a time lag from a few hours to a few days suggests a coupled solution of rapid fluid pressure diffusion towards the bottom of the karstic network followed by the diffusion process prograding towards the focal depth. Based on our analysis, we conclude that the mechanisms behind the seismicity of the three case studies are mainly driven by the direct connection, especially in the cases of Muotathal and Avignon, where seismicity occurs only hours after the end of the precipitations, suggesting well-developed and well-connected karst networks for both sites. For Mount Hochstaufen, the direct effect might be coupled with the diffusion process as the beginning of seismicity is delayed for a day after the maximum rain intensity.
Although the pore pressure diffusion process alone is not ruled out as a mechanism, we advocate that the important hydraulic head variation in a karstic network and the extent of the depth of the network are the most important parameters to consider. Hence, having a deeper comprehension of the geological and hydrogeological setting is essential.
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