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It is known that surface water accumulation by natural or anthropic causes like precipitation
and reservoir impoundment can trigger earthquakes. The phenomenon is amplified and
sped up in karst areas, where fracture systems can store large quantities of water and
facilitate its percolation to seismogenic depths, increasing both elastic stress and pore
pressure on pre-existent faults. The present work explored the possibility that this
mechanism had systematically triggered major earthquakes in northeastern Italy, where
seismicity is concentrated along the pre-Alpine thrust belt, characterized by the alignment
of a series of karst massifs. The time occurrence of damaging and destructive earthquakes
(moment magnitude Mw between 4.8 and 6.4) since 1901 was compared with the
evolution of the Palmer Drought Severity Index (PDSI), an index of soil moisture that
summarizes precipitation and, through temperature, water evaporation. Statistical analysis
based on the bivariate Ripley’s K-function shows a significant time correlation between
earthquakes and the peaks of PDSI since 1934, with the two strongest earthquakes
(1936 Alpago-Cansiglio earthquake and 1976 Friuli earthquake, Mw 6.1 and 6.4,
respectively) placed by the two PDSI maxima. The analysis was extended back in time
to the last millennium, showing a time correlation between the occurrence of destructive
earthquakes (Mw ≥ 6.2) and the peaks of ice extension in the European Alps, assumed as a
proxy for groundwater accumulation in the study area. This evidence presented herein
coupled with geological characteristics of the area and recent observations on large crustal
deformations induced by heavy precipitation suggests that, if PDSI is a valid ground water
indicator, karst water recharge may play a role in triggering major earthquakes in
northeastern Italy, also relating their occurrence to the large scale climate changes
affecting precipitation and evaporation.
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INTRODUCTION

Seismic activity is mainly driven by plate tectonics, which induces strain in the crust and causes its
rupture along faults. Observations and modeling suggest that various processes can interfere with the
main mechanism and modulate seismicity in different ways, by either accelerating or delaying the
occurrence of earthquakes, acting from the local to the global scale. These include, among the others,
the mutual triggering between earthquakes by stress diffusion (Hough, 2005) or viscoelastic
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relaxation (Mantovani et al., 2010), sea-level changes (Luttrel and
Sandwell., 2010), tidal and astronomic effects (Tolstoy et al., 2002;
Scafetta and Mazzarella, 2015), impulses in the Earth’s rate of
rotation and interaction of adjacent seismic regions (Liritzis et al.,
1995). In particular, it is known that inland water accumulation in
form of groundwater, lakes, ice, snow, reservoir impoundment as
well as underground injection can enhance seismicity at time
scales that range from days to millennia (Raleigh et al., 1976;
Huang et al., 1979; Kafri and Shapira, 1990; Liritzis and
Petropoulos, 1992; Liritzis and Petropoulos, 1994; Gupta, 2002;
Heki, 2003; Saar and Manga, 2003; Kraft et al., 2006; Bettinelli
et al., 2008; Hampel et al., 2010; Wang and Manga, 2010;
D’Agostino et al., 2018). The basic mechanism is delineated in
Figure 1 for the case of precipitation in a karst environment: the
portion of the meteoric water which is not dispersed by
evaporation, plant transpiration and surface runoff is stored as
groundwater. The accumulation of water can trigger earthquakes,
and the two main mechanisms (arrows in magenta in Figure 1)
are explained by poroelastic models (Mulargia and Bizzarri,
2014): the addition to faults of further elastic stress caused by
the groundwater load; the propagation through faults of pulses of
fluid pore pressure that reduce their frictional strength. Elastic
stress triggering is almost instantaneous and selective on the type
of fault, as it depends on its geometry and its relative position in
respect to the surface load (Johnson eta al., 2017). In general,
according to the failure model illustrated by Saar and Manga
(2003), an additive vertical load should enhance normal faulting,
inhibit thrust faulting, and be neutral for strike-slip faults. The
triggering mechanism based on pore-pressure propagation acts
within days or years. It is less dependent on the fault geometry but

requires hydraulic continuity from the surface to the seismogenic
fault. According to Talwani et al. (2007) the pulse of fluid pressure
can transmit even at long distances (up to 30 km) travelling along
pre-existing narrow paths (fractures and joints) characterized by
higher permeability than the confining medium. In the setting of
karst aquifers, like those observed in northeastern Italy, where
meteoric water resides at depth for long times (up to several
thousand years as reported by Torresan et al., 2020), the new
precipitation water can trigger seismicity without reaching the
seismogenic depth. Its infiltration, in fact, generates the pulse of
pressure that transmits by means of the pre-existing water. A
further critical point concerns the features of the loading process
most affecting seismicity. El Hariri et al. (2010) analyzed
reservoir-induced seismicity in Brazil and concluded that both
the absolute water level, the magnitude of the water-level rise and
the time since a previous water-level peak contribute to trigger
earthquakes. Bettinelli et al. (2008) suggested that in the
Himalayan area seismicity is better controlled by the rate of
the hydrological load rather than by the load itself. Huang et al.
(1979) pointed out that also a severe drought period preceding an
intense rainfall could contribute to the triggering of large
earthquakes in Southern California.

Karst environments (Figure 1) are particularly suitable for
earthquake triggering (Miller, 2008). Their fracture systems can
store large quantities of water and allow the necessary hydraulic
continuity between the surface and the seismogenic structures.
This role emerged for extreme precipitation episodes triggering
minor seismicity within days (Hainzl et al., 2006; Kraft et al.,
2006; Miller, 2008; Rigo et al., 2008). It is left open the question if
karst water recharge can trigger large earthquakes in systematic

FIGURE 1 | Cycle of water and earthquake triggering in a karst environment: precipitation water recharges the karst network increasing elastic stress and pore
pressure on faults. The figure depicts the tectonic setting typical of north-eastern Italy, with thrust faults dipping northwards under the Alpine-Prealpine belt.
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way, even for mild variations of groundwater occurring at longer
time scales. The question is of general interest, because important
seismic districts affected by destructive earthquakes are
characterized by surface karst geology. Liritzis and Petropoulos
(1992), Liritzis and Petropoulos (1994) addressed the theme for
the region of Athens in Greece. Other possibly affected karst areas
include southern and central Italy (D’Agostino et al., 2018; Silverii
et al., 2019), the entire Dinaric region (Figure 2) and various
zones of China, including those hit by the 1976 Tangshan
earthquake, Mw 7.6 (Hu et al., 2001), and by the 2008
Sichuan earthquake, Mw 7.9 (Lu et al., 2013). The tight
connection between seismicity and the hydrogeology of karst
environments works also in the opposite direction, with strong
earthquakes that are able to affect and modify groundwater
circulation (Amoruso et al., 2010).

Northeastern Italy has favorable conditions for investigating
the effect of groundwater recharge on seismicity because it
combines geological features (active tectonics and developed
karst) with long time series of observed earthquakes and
meteorological parameters. The optimal method of study
should apply accurate hydrogeological and geophysical
modeling, taking into account precise measures or, at least,

realistic estimations of the variables that are involved. Due to
the large number of details and the inherent complexity, such a
deep investigation can be carried out for limited portions of the
territory. Furthermore, important observations are available just
for the last few decades (e.g., values of geodetic deformation from
GNSS or gravity data from GRACE) and are still insufficient to
investigate on the systematic connection between precipitation
and the rare occurrence of serious earthquakes. Nevertheless
Pintori et al. (2021) have carried out an important research of
this type for the central sector of the study area, analyzing the
relationship between precipitation and minor seismicity in the
time period 2010–2019. The present study adopted a
complementary approach and looked at major seismicity in a
long time period using solely statistical methods (no physical
modeling). The occurrence of damaging earthquakes (magnitude
Mw ≥ 4.8) in the last 120 years was compared with the evolution
of the Palmer Drought Severity Index (PDSI), a coarse index of
soil moisture introduced for agriculture applications that takes
into account the effect of precipitation and temperature
cumulated through time. Despite its limitations (Alley, 1984)
and the lack of a direct applicability to karst environments (it was
devised for agricultural soils) PDSI has shown to correlate over

FIGURE 2 | Tectonic setting of Italy with the indication of the study area (dashed red rectangle). In light blue the carbonate rock outcrops (https://www.fos.
auckland.ac.nz/our_research/karst/).
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most land areas with the water storage changes estimated from
GRACE (Gravity Recovery and Climate Experiment) satellite
observations (Dai, 2011). The hypothesis here investigated was
that major groundwater increases at the regional level detected by
means of PDSI could indicate favorable conditions for the
occurrence of strong earthquakes and a situation of
augmented seismic hazard in a broad area.

The relationship between groundwater and strong
earthquakes was explored further in this work by extending
the analysis to the last millennium: the series of historical
destructive earthquakes with Mw ≥6.2 since 1000 AD was
compared with the fluctuations of the ice cover in the Alps,
which demonstrated to be an indicator of groundwater
accumulation at the continental level (Holzhauser et al., 2005).

STUDY AREA

The investigation was carried out in the area comprised between
latitude 45.1–46.8°N and longitude 10.0–14.0°E, corresponding to
northeastern Italy and a limited portion of southern Austria and
western Slovenia (Figures 2, 3). The area is positioned at the
collisional boundary between the Adria microplate and the
Eurasia plate, characterized by a compressive regime (Sugan
and Peruzza, 2011; Bressan et al., 2019). It includes a series of
seismogenic structures along the margin of the eastern Southern
Alps, shown as dotted areas in Figure 3 (DISS Working Group,
2018). According to the Italian seismic catalog (Rovida et al.,
2019) they originated at least six destructive earthquakes in the
last millennium (moment magnitude Mw between 6.2 and 6.5,

stars in Figure 3) and 27 damaging-destructive earthquakes since
1901 (Mw between 4.8 and 6.4, red circles in Figure 3).
Altogether these earthquakes delineate four spatial clusters:
from east to west, the broad Friuli area roughly centered on
Mt. Canin; the Cansiglio Plateau; the Mt. Grappa area and the
lake Garda area, with approximate center on Mt. Baldo. The
mountainous part of the investigated area is largely covered by
calcareous rock (light blue shadow in Figure 3), mainly limestone
with developed karst systems hosting large aquifers (Società
Speleologica Italiana, 2002; Christian and Spötl, 2010; Turk
et al., 2014). There are numerous karst massifs, often thicker
than 2,000 m, located by the main seismic clusters (triangles in
Figure 3).

The study area is the rainiest in Italy, reaching an average
yearly precipitation larger than 2,500 mm on east, by the
Slovenian border (Auer et al., 2007), which is also the zone of
maximum release of seismic energy (Figure 4). Due to the
orography and general circulation patterns, the area of most
intense precipitation (more than 1,200 mm/year, Figure 4)
roughly follows the alignment of the seismogenic structures
and the main clusters of earthquakes. By filling karst aquifers,
precipitation causes significant transients of crustal deformation,
an effect studied in detail based on recent GPS measurements
(Devoti et al., 2015; Serpelloni et al., 2018).

DATA

Seismic data were drawn form the catalog CPTI15, version 2.0
(Rovida et al., 2019, 2020), considering earthquakes with moment

FIGURE 3 | Epicenters of damaging and destructive earthquakes located in northeastern Italy (Rovida et al., 2019; Rovida et al., 2020): M ≥ 6.2 earthquakes since
1000 AD (yellow stars) and M ≥ 4.8 earthquakes since 1900 (red circles). The diamonds are alternative epicenters of the 1117 earthquake proposed by various authors,
collected by Guidoboni et al. (2005). The dotted areas are the composite seismogenic sources from the DISS database (DISS Working Group, 2018). In light blue the
carbonate rock outcrops (http://web.env.auckland.ac.nz/our_research/karst). The triangles are the karst massifs placed by the main clusters of earthquakes. The
blue squares are geothermal fields fed by meteorological water from karst areas.
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FIGURE 4 | Cumulative yearly precipitation (average 1901–2012) in northeastern Italy (only areas with at least 1200 mm/year). The other elements are the same of
Figure 3.

FIGURE 5 | Relationship between the occurrence of M ≥ 4.8 earthquakes and the evolution of sc-PDSI in northeastern Italy in the time period 1901–2012 (in grey
the time period 1934–2012): (A) earthquakes (red bars) and sc-PDSI time series (thin blue line) with the indication of its smoothed version obtained by kernel regression
using a smoothing bandwidth ±2 years (thick blue line) and its trend estimated by linear regression (dashed blue line); (B) earthquakes (red bars) and detrended sc-PDSI
(only values larger than 1, blue bars).
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magnitude Mw ≥4.8 occurred in the study area since 1901. The
magnitude threshold corresponds, on average, to the lowest limit
for damaging earthquakes (Gasperini, 2004) and, according to
magnitude/frequency analysis (Bragato, 2014), it guarantees the
completeness of the catalog. The investigation concentrated on
the mainshocks, with aftershocks removed. The events were
selected using the declustering algorithm by Gardner and
Knopoff (1974) but preliminary tests showed that other
algorithms (Reasenberg, 1985; Uhrhammer, 1986) give almost
identical results. The final catalog includes 27 earthquakes with
epicenters shown in Figures 3, 4 (red circles) andmagnitude/time
distribution shown in Figure 5 (red vertical bars). The largest
event is the 1976 Friuli earthquake (Mw 6.45). Since 1901, two
other earthquakes exceeded magnitude 6: the 1936, Alpago-
Cansiglio earthquake and the 1928, Tolmezzo earthquake (Mw
6.06 and 6.02, respectively).

Earthquake data were compared with the time evolution of the
Palmer Drought Severity Index (PDSI). The PDSI is a
standardized measure of soil moisture used in agriculture
(Palmer, 1965; Dai, 2011; Dai and National Center for
Atmospheric Research Staff, 2019) computed from rainfall
data and a model of evapotranspiration based on surface
temperature and soil characteristics. It takes values between
−10 and 10 going from extremely dry to extremely wet
conditions. Its main application is for drought monitoring,
with values below −3 representing severe to extreme drought.
For example, referring to a well-documented recent case, in the
years 2012–2016 California suffered one of the worst droughts of
its history (Lund et al., 2018), with PDSI reaching values between
−5 and −3 (data from the NOAA National Climatic Data Center
available at https://www7.ncdc.noaa.gov/CDO/
CDODivisionalSelect.jsp, Vose et al., 2014). PDSI has memory
of the climate history (9–18 months in North America, Vicente-
Serrano et al., 2010) and works at a resolution of about one year
(i.e., it is insensitive to drought episodes shorter than one year).
As mentioned in the Introduction, the adoption of PDSI for the
present work is justified by the geophysical meaning pointed out
by Dai (2011), according to which PDSI correlates well with
groundwater recharges estimated using GRACE data. The data
source was the Old-World Drought Atlas (OWDA) by Cook et al.
(2015) restricted to the time interval 1901–2012 (the portion of
the atlas entirely based on instrumental measurements). The
OWDA reports values of the self-calibrated PDSI (sc-PDSI), a
variant of the original PDSI proposed by Wells et al. (2004) to
improve its spatial comparability. The time series of sc-PDSI are
provided for a grid of points spaced 0.5° in latitude and longitude,
covering Europe, North Africa, and the Middle East. This work
refers to the spatial average computed over the study area,
obtained directly from the web page of the OWDA (http://
drought.memphis.edu/OWDA). At OWDA the values of sc-
PDSI are available for a specific month of the year (e.g., every
June) or as the average over consecutive months (maximum the
entire year). The following analysis refers to the default (average
over the summer months June-July-August). The time series of
sc-PDSI is shown in Figure 5A (thin blue line). It is characterized
by large oscillations, both annual and multi-annual (smoothed
curve, thick blue line), with a marked drought period (sc-PDSI

near to -3.5) around 1945 and a few maxima near to the value 2.
Noticeably, it is characterized by a decreasing trend that reflects
the ongoing climate change in the study area, towards higher
temperature and less precipitation.

PRELIMINARY ANALYSIS

The present work aimed to assess the time correlation between
seismicity and sc-PDSI using a statistical formal test. In order to
choose the best statistical approach, some preliminary analysis
was performed. Figure 5A shows the time evolutions of the sc-
PDSI and the occurrence of Mw ≥4.8 mainshocks in the study
area between 1901 and 2012 (thin blue line and red bars,
respectively). Following the indications by El Hariri et al.
(2010) mentioned in the Introduction, the comparison was
performed by looking at both the absolute levels of the
groundwater recharge and to the amplitude of the increase
compared to a base level (in this case the sc-PDSI signal with
the long-term trend removed). According to Figure 5A the two
strongest earthquakes (1936 Alpago-Cansiglio earthquake, Mw
6.06, and 1976 Friuli earthquake, Mw 6.45) occurred near to the
two largest peaks of sc-PDSI: the 1936 earthquake follows the
peak by 2 years; the 1976 earthquake precedes the largest peak by
1 year, but within a multi-year increasing trend evidenced by the
smoothed sc-PDSI curve (thick blue line). The third strongest
earthquake (1928 Tolmezzo earthquake, Mw 6.02) also follows a
minor peak by 2 years Figure 5B is more concise and allows a
thorough assessment of the time correlation between peaks of sc-
PDSI and earthquake occurrence. The best correlation was
obtained by removing the long-term linear trend of sc-PDSI
(dashed blue line in Figure 5A) and considering the values larger
than 1 (blue bars in Figure 5B). In the figure it is possible to
recognize two time periods, evidenced by different background
colors: one before 1934 (white background), more chaotic, with

FIGURE 6 | Earthquakes with M ≥ 4.8 occurred between 1934 and
2012 classified according to the time lag computed for the nearest sc-PDSI
peak in Figure 5B.
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three clusters of seismicity that are uncorrelated with sc-PDSI
(before 1910, around 1920 and just after 1930, 9 earthquakes in
total); a second period, after 1934 (grey background) more
regular, where the earthquakes are almost in one-to-one
relationship with the peaks of sc-PDSI. Here (see the
histogram in Figure 6) 15 out of 16 earthquakes are within
2 years from a peak of soil moisture (in 4 cases preceding the peak
by one year). On the other hand, just one peak of sc-PDSI (on
1951) has no corresponding earthquake. This apparent time
correlation will be formally tested in the following section, in
order to assess its statistical significance and the probability that a
similar combination could emerge for a random distribution of
the events.

ASSESSMENT OF THE TIME
CORRELATION

The time correlation between earthquakes and sc-PDSI was
formally tested using the technique proposed by Doss (1989)
and implemented in the software package K1D by Gavin et al.
(2006). This technique is based on a simplification for one
dimension of the bivariate Ripley’s K-function (Ripley, 1977):
for two sets of arrival times P � {P1,. . .,PnP} and E � {E1,..EnE) (for
peaks of sc-PDSI and earthquakes, respectively), the one-
dimensional K-function is given by

KPE(t) � T
nPnE

∑
nP

i�1
∑
nE

j�1
I(
∣∣∣∣Pi − Ej

∣∣∣∣< t), (1)

where T is the overall observation period and I () is the identity
function which gives 1 if the argument is true, 0 otherwise. The

function KPE(t) returns the number of couples (Pi,Ej) having a
time lag shorter than t, normalized for the number of data and the
time period of observation. From it derives the function

LPE(t) � KPE(t)
2

− t (2)

Furthermore, the 95% confidence envelope for LPE(t) in
Equation 2 is computed using N randomizations of P and E
(1,000 in the present case). If the function LPE(t) obtained for the
original data sets is above the confidence envelope, then the
number of couples (Pi,Ej) with |Pi-Ej|<t is significantly larger than
those awaited in a random distribution, which is an indication of
significant synchrony within the time lag t.

The application of the test to peaks of sc-PDSI and
earthquakes is illustrated by Figure 7. Between 1934 and 2012
the time correlation is significant within a time lag of both 2 and
3 years, in agreement with what suggested by the visual
inspection. On the other hand, no significant correlation is
found considering the time period 1901–1934.

EXTENSION TO THE LAST MILLENNIUM

The Italian seismic catalog CPTI15 covers the last millennium. It
is particularly reliable for the destructive earthquakes occurred in
northeastern Italy since the late Middle Age, this because the
earthquakes were clearly felt and able to produce damage in
developed cities like Venice, Padua and Verona. Stucchi et al.
(2011) estimated that, in the whole northern Italy (Alpine and Po
Plain areas), the catalog is complete for Mw ≥6.14 earthquakes
occurred since 1300. For northeastern Italy it reports five of these
earthquakes, occurred on 1348, 1511, 1695, 1873, and 1976,
whose epicenters are represented by yellow stars in Figures 3,
4. Another strong earthquake struck northeastern Italy on 1117,
with major damages in the city of Verona. Although its existence
is almost certain, the epicentral localization is still debated.

FIGURE 7 | Test for synchronization between M ≥ 4.8 earthquakes in
northeastern Italy and peaks of sc-PDSI of Figure 5B restricted to the time
period 1934–2012. The three curves indicate the function LPE (t) computed
according to equation 2 (continuous line) and its 95% confidence
envelope (dashed lines).

FIGURE 8 | Relationship between the occurrence of M ≥ 6.2
earthquakes in northeastern Italy (vertical bars) and the glacial evolution in the
Swiss Alps between 1000 and 1900 AD (continuous line).
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CPTI15 assigns it to a seismogenic structure buried in the Po
Plain (yellow star on the left of Figure 3), but various studies
summarized by Guidoboni et al. (2005) placed it northerly
(yellow diamonds in Figure 3), leaving open the possibility of
a connection with the karst area of the Lessini Mountains.

As a long-term indicator of groundwater recharge, it was
considered the reconstruction of the glacial evolution in the
Alps. This because glacial expansion is mainly controlled by
the same factors that improve water absorption in the soil:
increased precipitation and low temperature (Bragato and
Holzhauser, 2019 and references therein). A widely used
glacial indicator is the length of the Great Aletsch Glacier
(Alps of Valais, Switzerland, the largest glacier in the
European Alps) reconstructed by Holzhauser (1997). Such a
reconstruction was considered in many climate studies and
was at the basis of the recognition of the Little Ice Age in
Europe (Matthews and Briffa 2005). In particular, since 1000
AD (Figure 8) it evidences three main phases of expansion in the
14th, 18th and 19th centuries (termed Little Ice Age-Type Events
by Wanner et al., 2000) and a minor expansion around 1100 AD.
According to Holzhauser et al. (2005) the behavior of the Great
Aletsch is time correlated with that of other glaciers and lakes in
the western and central Europe, so that it is an index of water
accumulation at the continental level. Under this hypothesis,
Bragato and Holzhauser (2019) compared the glacial expansion
with seismicity throughout Italy, finding a good correlation with
variable earthquake rate of the last millennium. In Figure 8 the
comparison is restricted to the earthquakes occurred in
northeastern Italy between 1000 and 1900 AD: even in the
long term it is confirmed an almost one-to-one match
between seismicity and groundwater accumulation, with only
one out of five major earthquakes occurred out of phase (the 1511
earthquake).

DISCUSSION AND CONCLUSIONS

Statistical analysis for the time period 1901–2012 based on the
one-dimensional Ripley function and graphical comparison
extended back to the last millennium show a tight temporal
connection between groundwater recharge and damaging
earthquakes in northeastern Italy. The study area is positioned
on an active plate boundary and subjected to compressive stress
and faulting. It is therefore conceivable a triggering effect on pre-
existing faults near to their critical state. The effect appears strong
and systematic since 1934, with the two strongest earthquakes
(1936 and 1976) placed by the two largest peaks of PDSI
(Figure 5A) and almost all the damaging/destructive
earthquake (15 out of 16 earthquakes with Mw ≥4.8) placed
within two years from a relative maximum of PDSI (Figures 5B,
6). A similar proportion is observed for the destructive historical
earthquakes, with four out of five major earthquakes (Mw ≥ 6.2)
occurred between 1100 and 1900 AD that are synchronous with
the main phases of glacial expansion and raising of lakes in the
Alpine area (Figure 8). On the other hand, it is to recognize the
groundwater contribution is not sufficient to explain the totality
of earthquakes, as it is for a few clusters of earthquakes in the early

part of the 20th century and the destructive earthquake of 1511
(Figures 5, 8, respectively).

Apparently contradictory with the triggering effect, in a few
occasions (1956, 1959, and 1976) the earthquake preceded the
peak of sc-PDSI by one year. In those cases the earthquake
occurred during a multi-year increasing phase of the soil
moisture parameter (most evident in the smoothed curve,
thick blue line in Figure 5A), so that the time inversion might
be explained by the long-term memory (9–18 months mentioned
before) and consequent inertia of sc-PDSI, which records with
delay significant changes of soil moisture. This delay evidences
that sc-PDSI, although useful for a preliminary analysis of the
triggering effect of groundwater, is not a valid seismic precursor.
For this purpose more appropriate, reactive indexes must be
devised, better if based on direct ground measurements.
Furthermore, sc-PDSI does not take into account snow. Snow
can accumulate large quantities of water and release it almost
impulsively (in one month or so) by melting in spring. The
relative contribution of snowmelt to groundwater recharge is
quite variable, as it depends on local soil and climate
characteristics (Hammond et al., 2019) and it is even more
complex in heterogeneous karst areas (Chen et al., 2018).
Nonetheless, in general, for the same amount of precipitation
water, impulsive snowmelt is more effective than time-diffused
rain to transfer moisture to soil, because it reduces the time for
evapotranspiration. Snow may have contributed to triggering the
earthquake of May 6, 1976. The event was preceded in the winter
of 1974/1975 by significant snowfalls on Mt. Canin (the karst
massif about 30 km northeast of the epicenter, Figure 3) that
cumulated up to 7 m of snow (Pegani et al., 2002).

Previous considerations relate earthquake occurrence to the
ongoing climate change. In agreement with other areas of the
world, northeastern Italy is moving towards a dryer climate,
mainly due to the increasing temperature, testified by the
decreasing trend of sc-PDSI. In parallel to sc-PDSI, also the
rate of damaging earthquakes has been reducing: there have been
four earthquakes since 1980 (average 0.1 per year) compared to
12 between 1934 and 1980 (average 0.25 per year). Furthermore
the current period without damaging earthquakes (16 years since
November 2004) is the longest since 1901. A similar earthquake
reduction involves the entire northern hemisphere (Bragato and
Sugan, 2014), suggesting that meteoric groundwater plays a
fundamental role on controlling seismicity at a large spatial scale.

In the last few years northeastern Italy has been hit by a series
of extreme weather events characterized by heavy precipitation
concentrated within a few days in autumn: the All Saints flood of
2010, the storm Vaia of October 2018; the flood of November
2019 with the exceptional “acqua alta” in Venice; the combined
rainstorm and snowstorm of December 2020. These pulse-like
events should have little effect on the sc-PDSI, which is most
dependent on the yearly temperature/precipitation trend (see the
minor rebound of the parameter after the flood of 2010 in
Figure 5A). Nonetheless, similarly to what discussed for snow
melting, the short time for evaporation could affect groundwater
recharge in an anomalous way. The possible effect on seismicity
might emerge in the next few years and should be monitored with
attention. Even in this case, the need to follow rapidly changing
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groundwater conditions makes sc-PDSI inappropriate, so that
alternative groundwater indexes must be devised.

The present analysis is not sufficient to clarify what is the most
effective mechanism by which karst water recharge could trigger
earthquakes in the study area. Both elastic stress transfer and
diffusion of fluid pore pressure remain valid hypotheses. As a
general criterion, the result of elastic stress transfer should be
distinguished for the almost instantaneous response, compared to
the slow advancement of pore pressure in a homogeneous media.
Unfortunately this criterion is of no help in highly fractured areas.
Based on observed phenomena, Talwani et al. (2007) have
concluded that, in order to trigger earthquakes, fluid pulses
must transmit along pre-existing fractures and joints with
hydraulic diffusivity larger than that of the confining medium,
with values in the range 0.1÷10 m2s−1. Using the highest value of
10 m2s−1, Mulargia and Bizzarri (2014) estimated that a fluid
pulse takes about 150 days to reach a distance of 6 km from the
source. Applied to northeastern Italy, where seismicity is mainly
localized at depths between 5 and 15 km, it means that surface
water can trigger earthquakes with a delay of the order of one
year, which is compatible with what found in the present analysis.
It is also to note that the seismic sources of the study area are
mainly thrust faults, changing to strike-slip in the easternmost
sector, by the Alpine-Dinaric junction (Saraò et al., 2020).
According to the failure model mentioned in the Introduction
(Saar andManga, 2003) these types of fault should be blocked (for
thrust) or insensitive (for strike-slip) to water recharge. This
characteristic represents an element in favor of the alternative
hypothesis of pore-pressure triggering. This type of triggering
requires the hydraulic continuity between the Earth surface and
deep seismogenic structures. Such a feature has not yet been
proven for specific earthquakes sources. Nonetheless, the
circulation of meteorological water originated in the pre-Alps

and reaching depths up to 2.5–3.0 km has been demonstrated by
studies on the geothermal fields localized south of the karst
massifs in the western sector of the study area, shown as blue
squares in Figures 3, 4 (Agostini, 2016; Torresan et al., 2020).
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