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Abstract Triggered seismicity in karst regions has been explained assuming the existence of a
hydraulically connected fracture system and downward diffusion of surface pore pressures. Karst systems
are, in fact, able to swiftly channel large amount of rainfall through networks of conduits increasing the
hydraulic head loading upon the fluid-saturated, poroelastic crust. Here we use Global Positioning System
and hydrological and seismicity data to show that poroelastic strain in the shallow crust (0-3.5 km) controls
seasonal and multiannual modulation of seismicity along the Irpinia Fault Zone (Southern Italy) without
requiring a hydraulically connected fracture system from the surface to hypocentral depths. We suggest
that groundwater recharge of karst aquifers along the Irpinia Fault Zone produces stress perturbations
large enough to modulate strain accumulation and seismicity and temporarily modify the probability of
nucleation of seismic events such as the 1980 Irpinia, Mg 6.9, earthquake.

Plain Language Summary Redistribution of water masses on the surface of the Earth has long
been known to alter the state of stress in the crust and trigger seismicity. Karst aquifers form in chemically
soluble bedrock, mostly carbonate rocks. In these aquifers most of the rain and snowmelt water infiltrates
underground and contributes to climatically modulated groundwater recharge. In this study we use Global
Positioning System measurements, together with accurate location of earthquakes, to show that crustal
deformation and seismicity in the tectonically active Southern Apennines (Italy) are modulated by seasonal
and multiannual phases of groundwater recharge of karst aquifers. The small stress variations induced

by hydrological forcing add to the long-term tectonic loading and help to illuminate the behavior of the
Irpinia Fault Zone which, on 23 November 1980, produced the largest Italian event in the last 100 years
(magnitude 6.9).

1. Introduction

Variations of the spatial and temporal distribution of hydrological masses deform the lithosphere (van Dam
et al,, 2001) and modulate stress buildup in active fault zones (Ader et al., 2014). One of the most obvious
manifestations of hydrological forcing is expressed by modulations of seismicity (Heki, 2003; Saar & Manga,
2003) triggered by stress variations as small as a few kilopascals (Christiansen et al., 2007). Two mechanisms
have been proposed to explain triggering of seismicity in response to hydrological forcing. The first predicts
instantaneous elastic stress perturbation at depth as a consequence of hydrological loading (Bettinelli et al.,
2008; Heki, 2003). The second mechanism requires the existence of a hydraulically connected fracture system.
Pore pressure variations, altering the strength of the faults, reach hypocentral depths after a time lag depen-
dent on the hydraulic diffusivity (Roeloffs, 1988; Saar & Manga, 2003). Due to the capacity of channeling large
amount of water in the conduits network, karst aquifers rapidly develop large increases in hydraulic head
after rainfall. This property has been invoked to explain rainfall-triggered seismicity (Miller, 2008). A statisti-
cally significant causal relationship has been proposed based on fluid diffusion and rate-and-state-dependent
frictional nucleation (Hainzl et al., 2006). However, it is unclear if seismicity is only due to pore pressure dif-
fusion or may also be triggered in response to poroelastic solid stress changes (Segall, 1989) which may
overcome the shortcomings associated with the requirement of a hydraulically connected fracture system to
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Figure 1. (a) Shaded topography and Global Positioning System velocities in a Tyrrhenian reference frame (D'Agostino, 2014). The red dashed line encloses the
area used for strain modeling. The trace of Irpinia Fault Zone from Galli and Peronace (2014) is shown in red. Carbonate rocks are emphasized in green. (b) Inset
map (area enclosed by the black line in a) showing 2008-2017 seismicity from the Irpinia Seismic Network (stations represented as blue triangles). Global
Centroid Moment Tensor project focal solution and surface projections of the three segments activated during the 23 November 1980, Mg 6.9, event. (c)
Topographic profile (trace shown as a black line in a) and simplified hydrogeological scheme of the Caposele spring. The blue dashed line and the reversed
triangle show the hypothetical elevation of the water table within the karst aquifer. (d) Two-month binned histogram of the 2008-2017 seismicity.

seismogenetic depths. An important aspect concerns the extent to which this process is relevant for the nucle-
ation of large earthquakes. Along the Mediterranean-Alpine belt, large parts of tectonically active countries
(Italy, Balkans, and Turkey) are underlain by carbonate rocks where hydrological forcing from groundwater
recharge in karst aquifers provides the opportunity to discriminate alternative models and investigate the
modulation of stress buildup and seismicity. Here we comprehensively investigate the mechanism relating
groundwater storage, stress buildup, and seismicity in the Southern Apennines (Italy) exploiting the concur-
rent presence of karst regions with dense seismic and geodetic networks. It is within this context that we
finally assess the hydrological contribution to the 1980 Irpinia, Mg 6.9, earthquake.

2. Geological and Hydrogeological Framework

Historical seismicity, Quaternary faulting and geodetically measured ~3 mm/year SW-NE extension show that
active deformation in the Southern Apennines (Figure 1a) defines a coherent, northwest-southeast align-
ment of activity (D'Agostino, 2014; Galli & Peronace, 2014; Rovida et al., 2016). The 23 November 1980 Irpinia,
M; 6.9, earthquake was a complex, normal faulting event rupturing three distinct fault segments (Bernard &
Zollo, 1989) comprehensively called IFZ (Irpinia Fault Zone, Figure 1a). The event ruptured through a stack of
rootless nappes overthrusted over the Mesozoic carbonates of the Apulia Platform (AP) (Nicolai & Gambini,
2007). Active and passive seismological investigations and boreholes suggest that fluid-saturated, clay-rich
mélange zone at the top of AP (depth 3.5-4 km in the IFZ area) defines an efficient barrier to fluid circulation
between the oil-producing AP carbonates at depth and the overlying, extensively fractured allochthonous
units (Amoroso et al.,, 2014). The Caposele spring (417 m a.s.l; Figures 1b and 1c) has a mean annual discharge
of about 4 m3/s, drains directly the saturated zone of an aquifer composed of fractured Mesozoic limestones,
and is bounded, to the northeast, by the IFZ. As no man-made modifications occur in its catchment, this spring
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Figure 2. (a) Spring discharge of the Caposele spring (in blue, location in Figure 1). Arrows indicate drought years. (b)
Declustered seismicity rate (in blue, calculated in 90-day sliding windows. (c—e) East component detrended Global
Positioning System displacements from sites MCRV, MRLC, and CDRU (blue circles; locations in Figure 1b). Red lines in
(a—e) show the summation of the first three reconstructed components (RC) as determined by Multichannel Singular
Spectrum Analysis. (f-j) Show separately the first three reconstructed components. RC2 and RC3 form an oscillatory
seasonal signal and are shown together. RC1 is a long-term multiannual signal common to all the five time series.

is strictly controlled by climate trends (Allocca et al., 2014). The peaks of maximum discharge (Figure 2a), cor-
responding with high hydraulic head in the aquifer, occur in spring-summer (May -July), some (4 to 5) months
after the period of maximum precipitation, whereas the minimum discharge takes place during the rainy
months (November-December). Drought years (2008 and 2012) are typically characterized by reduced dis-
charge during the entire hydrological year (Figure 2a). The smooth shape of the hydrograph and its delayed
response to rainfall indicate that spring discharge is not affected by single events of rainfall (Fiorillo, 2009).
Here we argue that these characteristics, shared by the largest karst aquifers in the Apennines (Fiorillo et al.,
2015), allow the buildup of significant hydraulic head modulating stress accumulation and seismicity rates on

the IFZ.

3. Seismicity and GPS Data

The 2008-2017 seismicity (Figure 1b and supporting information for details) along the IFZ is characterized by
low-magnitude events (—0.1 < M, <3.9), mostly concentrated at depths smaller than 15 km (supporting infor-
mation Figure S2), dispersed within a crustal volume including the fault segments activated during the 1980
M, 6.9 earthquake (De Matteis et al., 2012). To avoid biases related to seasonal variations of network sensitivity
and aftershock clustering, we select events above the magnitude of completeness (Mc 1.2) and decluster the
catalog. A more detailed discussion of the applied methodologies can be found in the supporting information
(Aki, 1965; Amoroso et al., 2014; Lomax et al., 2000, 2009; Reasenberg, 1985; Schorlemmer & Gerstenberger,
2007; Shi & Bolt, 1982; Wiemer, 2001; Woessner & Wiemer, 2005). After these steps the seismicity is prefer-
entially concentrated (61%) in the May—-October semester (Figure 1d). A 90-day sliding average consistently
displays seasonal peaks of seismicity in July—August and two prominent peaks in 2009 and 2013 corre-
sponding to substantial groundwater recharge following drought years (Figure 2b). Separation of seismicity
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in two different depth ranges shows that peaks of seismicity at 0—6 km are essentially in phase with spring
discharge whereas delayed 0.1-0.2 years at 6-12 km (supporting information Figure S3).

Time series of crustal displacements from permanent Global Positioning System (GPS) stations show the
occurrence of seasonal and multiannual modulation of extensional strain transients near to karst aquifers
with a distinct temporal correlation with phases of groundwater recharge (Silverii et al., 2016). A descrip-
tion of GPS data and analysis can be found in the supporting information (Avallone et al., 2010; Bertiger
et al., 2010; Blewitt et al., 2016; Métois et al., 2015; Rebischung et al., 2012). Peak-to-peak seasonal variations
(maximum in May-June) exceed 5-10 mm of northeastward displacement for GPS sites located northeast
(Figures 2c and 2d) of the largest karst aquifers. The sites located to the southwest (Figure 2e) show an oppo-
site behavior, resulting in maximum horizontal seasonal dilatation in late spring/early summer centered on
karst aquifers. A complementary study shows that this behavior is found throughout the Apennines where
limestone lithologies allow the development of karst aquifers (Silverii et al., 2019).

We use Multichannel Singular Spectrum Analysis (Ghil et al., 2002) to investigate forcing patterns shared by
spring discharge, seismicity, and GPS displacements time series (see supporting information for details). Mul-
tichannel Singular Spectrum Analysis can be considered as an extension of classical Principal Component
Analysis and exploiting the spatial and temporal correlation of geophysical signals; it extracts transient defor-
mation, seasonal oscillations, and background noise from multivariate time series without a priori knowledge
about their period and amplitude or their spatiotemporal structures. We use spring discharge, seismicity rate,
and GPS data, in the time interval 2008-2018 covered by all data time series (Figure 2), selecting the three
GPS stations (location in Figure 1a) on the basis of data continuity and intensity of the seasonal/multiannual
signals. Figures 2f and 2j show the three most significant components from the five data series. The combined
reconstructed components RC2 and RC3 represent a seasonal oscillation, whereas RC1 represents a longer,
multiannual signal with a poorly constrained 4- to 5-year time scale. The amplitude-modulated seasonal
oscillation consistently displays the largest amplitudes in the same years (2009 and 2013) for the different
observables. It therefore appears that both annual and multiannual hydrological signals are present and reveal
a strong correlation in time with surface displacements and seismicity rates.

4. Seismicity, Strain, and Hydrological Forcing

The hypothesis of seismicity modulation associated to the elastic response of the lithosphere to hydro-
logic loading conflicts with Gravity Recovery and Climate Experiment observations indicating maximum total
hydrological loading in December-January, 5-6 months earlier than the increase in seismicity rate (Silverii
etal., 2016). The positive correlation between horizontal strain transients with phases of maximum groundwa-
ter recharge appears, instead, more consistent with a poroelastic process. We assess the role of pore pressure
diffusion with simple models of crustal diffusivity. In case of harmonic variations of the hydrological forcing,
diffusivity c can be estimated from the time lag between peaks of surface pressure and seismicity rate at depth
z using the relation (Saar & Manga, 2003):

122
c= o (1)
where t is the observed time lag and T is the forcing period (1 year for seasonal variations). A time lag of
0.1-0.2 years between spring discharges, used as a proxy for hydraulic head at the surface, and seismicity
at depth of 6-12 km (supporting information Figure S3) yields diffusivities in excess of ~10 m?/s, a value
generally considered as the upper range of observed crustal diffusivity (Talwani et al., 2007). Suprahydro-
static pressures in the AP at depths > 4 km estimated from boreholes logging and seismological analyses
(Amoroso et al., 2017; Improta et al., 2014), however, conflict with the idea of a high-permeability fracture
system hydraulically connected from the surface to the deepest hypocenters (~12-km depth).

This evidence prompts us to posit the existence of a layered hydromechanical structure in which a
high-permeability upper layer (<3.5 km) at hydrostatic pore pressures overlies a lower layer where suprahy-
drostatic pore pressures are maintained by the low-permeability barrier at the top of AP. The high permeability
causes the upper layer to expand horizontally almost instantaneously in response to the increase of hydraulic
head in karst aquifers. The underlying elastic crust is driven into horizontal extension by elastic coupling
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Figure 3. (a, b) Maps of distributed hydrological strain with calculated/observed Global Positioning System
displacements. The complete, continuous strain evolution is shown in supporting information Movie S1. The two frames
display opposite conditions of groundwater recharge in karst aquifers (green lines) and opposite dilatational patterns.
(c) Time series of calculated strain (red lines) in two distinct locations (MM, Monte Marzano and MP, Monti Picentini)
compared with Caposele spring discharge (blue, locations in Figure 1). (d, ) Cross sections (trace in a and b) across the
Irpinia Fault Zone (dashed red line) showing dilatational strain in the upper layer (0-3.5 km) and the Coulomb failure
function stress perturbations (evaluated on a N310, 60° dipping normal fault) in the underlying elastic half-space.

(Segall, 1989), allowing stress perturbations to occur instantaneously without the need of direct pore pressure
diffusion. We test the hypothesis of hydrological-driven stress using Green’s function approach employing
analytical solutions for the displacement, strain, and stress of elementary cuboid sources (Barbot et al., 2017).
The method of Barbot et al. (2017) separates out the anelastic component of strain from the elastic strain to cal-
culate the effect of anelastic deformation (including poroelastic effects) within an elastic body allowing us to
calculate the stresses, displacements, and strains produced by pore fluid pressure variations within an elastic
matrix. We invert detrended GPS time series to estimate the temporal evolution of the ¢,, and ¢,, strain tensor
components in a three-dimensional grid of cuboid sources extending to a depth of 3.5 km and calculate the
stress perturbations induced in the underlying elastic half-space. Toimpose smoothness constraints and avoid
unreasonable distributions of strain, we applied a Laplacian operator in the vertical and horizontal directions
and an additional operator to penalize strain on cuboid sources not directly overlain by karst areas (see sup-
porting information for details on the modeling). Our observations and inversion approach have poor depth
resolution, and strain monotonically decreases with depth down to the limit of cuboid sources, consistent
with the hypothesis of hydraulic head loading upon a fluid-saturated, poroelastic crust (Figure S6). Figures 3a
and 3b show two frames extracted from the 20062018 strain time series (continuous time series are shown in
Movie S1). These two episodes are representative of episodes of maximum and minimum dilatational strains
corresponding to a high/low groundwater recharge conditions, respectively. The good agreement between
observed and calculated displacements and the opposite sign of deformation in response to high/low phases
of groundwater recharge yield a plausible spatial and temporal connection between hydrological forcing of
karst aquifers and the observed deformation. The comparison between Figures 1a and 3 shows that alter-
nating contractional and extensional NE-SW hydrological strain transients temporally modulate the similarly
oriented NE-SW extensional tectonic strain accumulation along the IFZ.
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Figure 4. (a) The 2008-2018 hydrological stress perturbations resolved as shear and normal stresses on a N310,

60° dipping normal fault at various depths (5, 7, and 9 km). (b) CFF stress (blue line) calculated using u = 0.4 at a depth
of 9 km compared to seismicity rate at 6- to 12-km depth. (c) Same as (b) but after application of high-pass filtering
(Gaussian 60 width = 2.5 years). Seasonal seismicity peaks correlate with CFF. (d) Same as (b) but after application of
low-pass filtering. Multiannual seismicity peaks correlate with time derivative of CFF rates (dashed line). CFF = Coulomb
failure function.

5. Seismicity Response to Hydrological Stress Perturbations

We calculate stress perturbations as shear and normal stresses (tensile stresses positive) on a N310, 60° dip-
ping normal fault in consideration of the prevalent focal solutions of large (Figure 1) and small (De Matteis
et al.,, 2012) earthquakes and express these as variations in the Coulomb failure function (CFF) given a fric-
tion coefficient y = 0.4 (see supporting information for details). Results show that peak-to-peak seasonal
and multiannual CFF stress perturbations of 5-10 kPa occur beneath the karst aquifers down to 10-km depth
(Figures 3d and 3e). We evaluate the seismicity response to stress perturbation (Figure 4) in the southwestern
part of the IFZ (cross sections in Figure 3) where events are relatively equally distributed between the top of AP
and 12-km depth. Perturbations of calculated CFF stresses as large as 4—5 and 10- 15 kPa for seasonal and mul-
tiannual time scales, respectively, extend to depth of ~10 km (Figures 4b and 4c) and are mainly contributed
by variations of normal stress (Figure 4a). If the stress forcing function is given by a hydrological harmonic
component of magnitude b and period T superimposed on a linear term g, periodic reversal and decreasing
stress accumulation occur if a < 2zb/T (Ader et al., 2014). Geodetic estimates (D’Agostino, 2014) of secular
NE-SW extensional strain rate on IFZ equal 40-60 x 10~° year~" resulting in CFF secular stress loading rate
of 2-4 kPa/year (see supporting information) on the IFZ. These values imply that a < 2z /T at both seasonal
and multiannual time scales. Stress accumulation is thus significantly accelerated, relative to the secular rate,
during seasonal and multiannual phases of groundwater recharge, and the opposite occurs during phases of
groundwater discharge supporting the hypothesis of seasonal and multiannual seismicity modulation.

The response of seismicity to harmonic stress perturbations is evaluated in the framework of the rate and state
friction theory (Ader et al,, 2014). Rate and state and finite fault models exhibit two regimes in their seismicity
response to periodic stress perturbations. Both the amplitude (8) and phase (¢) of the change in seismicity
rates depend on the relationship between the period of the stress perturbation (T) and a critical period (T,).
Seismicity correlates with stress perturbations (¢ = 0) at periods T < T,whereas it correlates with the rate
of stress perturbations (¢ ~ x/2) for T > T, with the characteristic period separating the two regimes being
T, = 2xt, where t, is the rate and state nucleation time. The amplitude § of the seismic response is maxi-
mum at T &~ T, and decreases with both smaller and larger periodsas T — 0 and T — oo, respectively. Stress
variations along the southwestern part of the IFZ are dominated by the multiannual signal (Figure 4b). The
phase of the seismicity response, however, appears to change with the period of the stress perturbation. By
separating high (seasonal, T = 1 year) and low (multiannual, T = 4-5 years) frequency stress perturbations,
we observe different responses of the seismicity. Seasonal seismicity (Figure 4c) correlates with stress pertur-
bations (¢ ~ 0), whereas low-pass multiannual variations of seismicity (Figure 4d) correlate with periods of
stress increase (¢ ~ x/2). This observation shows that the response of seismicity changes with the period of
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Figure 5. (a) The 1920-2018 Caposele spring discharge data (blue line) and its low-pass value (pink, Gaussian 66 width
= 5 years) filtered to suppress the effect of seasonal oscillations. Daily and monthly rainfall data from two distinct rain
gauges at Serino (location in Figure 1a) shown as cumulative sums over the preceding 5 years. Both discharge and
rainfall data indicate an increasing recharge conditions in the 5 years (gray area) before 23 November 1980. (b) Reverse
cumulative distribution of the 1920-2018 spring discharge values. The raw value observed on 23 November 1980 is
exceeded by 28.0% of the observations, whereas its low-pass, filtered value is exceeded only by 1.1% of the
observations. (c) The 1963-2003 cumulative daily rainfall time series (gray lines) from Serino rain gauge for individual
hydrological years (1 September to 31 October) and their average (black, dashed +2¢). Exceptional rainfall (red line)
released one third (~500 mm) of the average yearly cumulative rainfall between 9 and 13 October 1980. The discharge
at Caposele spring only increased after the earthquake.

stress perturbation consistently with 1 < T, < 4-5 years. Figure 2g indicates that the amplitude of seismicity
response (f) is slightly more sensitive to seasonal than multiannual oscillations indicating that T, is proba-
bly closer to 1 year. This situation appears to be intermediate between rapidly deforming regions as Nepal
(Bettinelli et al., 2008), where T, ~ 1 year, and intraplate areas, such as the New Madrid Seismic Zone (Craig
etal, 2017), where T, > 10 years. In light of significant uncertainties and approximations of simple models of
elastic stress and earthquake nucleation, we emphasize that the proposed scenario provides only a first-order,
plausible interpretation connecting hydrological forcing, stress perturbations, and seismicity.

6. Hydrological Triggering of the Ms 6.9 1980 Irpinia Earthquake

Similar to seismicity triggered by wastewater injection (van der Elst et al., 2016), intense groundwater recharge
of karst aquifers may temporarily increase the probability of earthquake occurrence at a wide range of
magnitudes. Reliable catalogs are not available to detect a significant increment of seismicity before the
23 November 1980, M; 6.9, earthquake. Analyses of century-long rainfall and spring discharge time series
(Figure 5a), however, show that exceptional recharge conditions preceded the 1980 event and may have tem-
porarily increased the probability for an earthquake to occur. The cumulative distribution of the 1920-2018
discharge values shows that the raw value observed on 23 November 1980 had been exceeded by 28.0% of
the observations, whereas its low-pass filtered value, more indicative of multiannual state of recharge, had
only been exceeded by 1.1% of the observations (Figure 5b). Rainfall cumulated over the previous 5 years
recorded at the Serino rain gauges (located 27 km from Caposele spring; Figure 1) confirm the hypothesis of
multiannual recharge showing a continuous increase starting in 1975 (gray area in Figure 5a). At the height of
the high multiannual groundwater recharge, exceptional rainfall occurred from 9 to 13 October 1980 releas-
ing ~ 30% (500 mm) of the average cumulative precipitation (Figure 5b) and continuing in the following
month to reach ~ 55% of the average yearly amount on the eve of the earthquake. During this exceptional
rainfall event the discharge of the Caposele spring was continuously decreasing (Figure 5c) implying that all
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the infiltrated recharge was stored in the conduits network. The spring significantly increased its discharge
(Muir-Wood &King, 1993) only after the 23 November 1980 Irpinia, Ms 6.9, earthquake reaching its maximum
historical value on 19 January 1981 (Fiorillo, 2009; 7.32 m3/s). The large, exceptional rainfall preceding the
earthquake may have flooded the karst conduits by concentrated recharge resulting in an additional incre-
ment of the hydraulic head proportional to the height of the interconnected water column above the water
table. Considering the ~700-m elevation difference between the reconstructed water table and the maxi-
mum recharge area (supporting information Figure S6), a hydraulic head variation of several megapascals
may had additionally loaded upon the fluid-saturated, poroelastic crust. The hydrological conditions at the
eve of the 1980 earthquake thus appears to result from the rare combination of high multiannual recharge
and exceptional rainfall concentrated in a few days.

The analysis of seismic moment budget constrained by geodetic data and historical seismicity (D’Agostino,
2014) requires a M > 6.5 event to strike, on average, every 240-600 years in any ~ 50 km-long section of the
Central-Southern Apennines. Considering the elapsed time since the previous M > 6.5 event in the Irpinia
region (1694, Rovida et al., 2016; Galli & Peronace, 2014), a sufficient level of tectonic strain may have loaded
the IFZ to require only a minor contribution from hydrological forcing to finally strike in 1980. In view of the
high strain sensitivity of the IFZ to groundwater recharge we suggest that favorable hydrological stresses may
have triggered the 1980 earthquake.

7. Conclusions

Our results document the high sensitivity of crustal strain to hydrological forcing by karst aquifers in the
Southern Apennines. It is likely that our simple modeling approach to poroleastic deformation neglects two
important aspects: the first is related to significant depth variations of the AP whose top boundary lies at
3.5-4km near the southeastern part of the IFZ but varies substantially beneath the karst aquifers elsewhere in
the Southern Apennines (Nicolai & Gambini, 2007). The second aspect is related to the hydrologically related
volumetric deformation within the AP. This volumetric deformation may be associated with diffusion of pore
pressure variations and migration of seismicity possibly contributing to the 0.1-0.2 years time lag between
the surface hydrological forcing and the deeper seismicity.

One important finding of this study underlines the role of shallow poroelastic strain of karst aquifers in modu-
lation of deeper seismicity and the importance of geodetic data for robust hydromechanical characterization
of the upper crust. More generally, the assumption of a hydraulically connected fracture system between the
surface and hypocentral depths may lead to incorrect inferences about the hydromechanical structure of the
crust based only on spatiotemporal patterns of seismicity.

The retrospective analysis of hydrological conditions at the time of the 1980 Irpinia, M 6.9, earthquake using
century-long hydrological time series shows that a combination of high multiannual recharge and intense
seasonal rainfallinduced favorable stress conditions for nucleation and propagation of a large event. Although
assessing the general significance of hydrological triggering requires a thorough statistical evaluation, our
observations support the hypothesis that large earthquakes might also be triggerable from low-amplitude
hydrological stress modulation (Johnson et al., 2017). If the mechanism that we describe is characteristic of
tectonically active karst regions, earthquake occurrence in large parts of the Mediterranean-Alpine belt can
be influenced by groundwater recharge.
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