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This work explores the possibility that the destructive earthquakes occurring

along the Apennine Chain in Italy are systematically triggered by groundwater

recharge. The focus is on multi-year transitions toward phases of wet climate

rather than on short-term heavy rainfall occurring in a few days or seasonally.

The analysis takes into consideration the earthquakes with a moment

magnitude of Mw ≥5.8 that have occurred since 1901. Their time distribution

is comparedwith the fluctuations of the self-calibrated Palmer Drought Severity

Index (scPDSI), an indicator of soil moisture, here assumed to be a proxy for

groundwater recharge. It is found that the scPDSI evolved through six main

oscillations lasting from 11 to 25 years, and that, with one exception, the

strongest earthquake in each phase is placed within 2 years from the

maximum of soil moisture. Based on a statistical test for pairs of point

processes, such a coincidence indicates a significant synchrony between the

two phenomena. In particular, the two strongest earthquakes of the study

period (the 1915Marsica earthquake and the 1980 Irpinia–Basilicata earthquake,

with moment magnitudes of Mw 7.1 and 6.8, respectively) occurred exactly in

the year of two of the largest peaks of scPDSI. The connection between wet

climate conditions and the occurrence of strong earthquakes is further

investigated by comparing the time distribution of Mw ≥6.1 historical

earthquakes that have occurred since 1200 AD with the evolution of the

Great Aletsch Glacier in Switzerland, representative of water accumulation at

the continental level. Even in this case, the earthquakes clustered during time

periods of increased precipitation and lower water evaporation, corresponding

to the extreme phases of the Little Ice Age. The agreement of the results at

different time scales and using different climate indexes leads to postulate a

significant and systematic role of groundwater recharge in the triggering of

large earthquakes along the Apennines. It is also suggested that the earthquakes

might be triggered by pore-pressure propagation, where the necessary

hydraulic continuity is made possible by the intersection of the shallow karst

structures with the seismogenic faults.
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1 Introduction

It has been largely demonstrated by observations and models

that surface water accumulation and its diffusion in the crust can

interact with plate tectonics and trigger earthquakes, mainly by

activating faults that are near to their rupture conditions (Wang

and Manga, 2010). Basically, the triggering is attributed to the

combination of two mechanisms (Mulargia and Bizzarri, 2014):

the increase of elastic stress due to the water load; the flow of

water in depth and the consequent diffusion of pore pressure to

faults. The effect can be enhanced under geological conditions

that may favor water accumulation and its migration down into

the crust of the Earth. This is the case of the karst environments,

with their developed systems of fractures and cavities. For karstic

areas, it has been shown that intense rainfall can trigger minor

seismicity. As reported by Miller (2008), cases were observed at

Mt. Hochstaufen in Germany for the extreme precipitation of

March and August 2002 (Hainzl et al., 2006; Kraft et al., 2006); in

the Gard region of southern France after a catastrophic storm in

September 2002 (Rigo et al., 2008); and in two distinct regions of

Switzerland in August 2005 (Husen et al., 2007). Differently from

the studies mentioned previously, the main interest here is on the

possible systematic triggering of strong earthquakes over large

karstic areas, a theme originally addressed for the seismicity of

Greece (Liritzis and Petropoulos, 1992, Liritzis and Petropoulos,

1994). In a previous statistical study conducted in the pre-Alpine

karstic belt of northeastern Italy (Bragato, 2021a), it has been

shown that the advent of multi-year wet periods (characterized

by increased precipitation and reduced evaporation due to lower

temperatures) is almost a necessary precondition for the

occurrence of damaging and destructive earthquakes. The

Apennines, with the exclusion of their southernmost part, are

another zone of Italy where strong seismicity (moment

magnitude up to 7.2) and carbonate rock outcrops coexist

(Figure 1), suggesting a possible significant role of

precipitation in earthquake triggering, like for the 1980 Irpinia

Mw 6.8 earthquake (D’Agostino et al., 2018). This theme is

reconsidered here from an observational point of view by

analyzing long time series of strong seismicity and climate

data. The study specializes in the Apennines and improves

FIGURE 1
Tectonic setting of Italy with the indication of the epicenters of the earthquakes used in this work: in green, Mw ≥6.1 earthquakes occurred
between 1200 and 1900; in red, Mw ≥5.8 earthquakes occurred since 1901. The small crosses are the grid points of the scPDSI dataset used to
estimate the average scPDSI time series in Figure 2. In light blue are the carbonate rock outcrops (https://www.fos.auckland.ac.nz/our_research/
karst/).
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with the use of instrumental meteorological data a previous work

concerning the entire Italy in the last millennium (Bragato and

Holzhauser, 2019). The latter article stood as evidence for a strict

time correlation between the Italian strong seismicity and the

most severe phases of the Little Ice Age (LIA, in the following,

occurred roughly between 1300 AD and 1850 AD), characterized

by cold/wet climate conditions across Europe. In the following,

the time distribution of Mw ≥5.8 earthquakes that have occurred
along the Apennines since 1901 is compared with the trend of the

self-calibrated Palmer Drought Severity Index (scPDSI, Wells

et al., 2004), which is an indicator of soil moisture computed

frommeasures of precipitation and temperature. Further analysis

back to 1200 AD is performed using the length of the Great

Aletsch Glacier (GA-length in the following) reconstructed by

Holzhauser (1997) as a proxy for wet climate conditions along

the Apennines. This is because the GA-length is a reliable climate

indicator used in several climate studies in Europe and is

representative of glacial and, more in general, water

accumulation in West-Central Europe (Holzhauser et al.,

2005). The connection with the climate trend in the

Apennines is supported by historical accounts, especially for

the LIA (Grove, 2001). The results of the analysis are summarized

and discussed at the end of the article, with some considerations

on the physical mechanism by which groundwater recharge

could trigger earthquakes in the study area.

2 Data

The author considered the mainshocks extracted from the

Italian seismic catalog CPTI15, version 2.0 (Rovida et al., 2019,

2020) with a moment magnitude of Mw ≥5.8, occurred inland in

Italy since 1901 and have epicenters located between latitude

40.0°N and 44.5°N (red points in Figure 1). The selected area [see

Fracassi and Valensise, (2007) for an overview of its geological

and seismotectonic characteristics] comprises the portion of the

Apennines characterized by significant outcrops of carbonate

rock (light blue shadow in Figure 1), excluding the southernmost

part of the chain in the Calabrian Arc. After removing the

aftershocks using the declustering algorithm by Gardner and

Knopoff, (1974), the selected dataset comprises the

13 earthquakes described in Table 1, whose magnitude and

time distribution are represented by the red bars in Figure 2.

The earthquakes produced macroseismic effects ranging from

heavy damage and collapse of a few buildings up to generalized

destruction (maximummacroseismic intensity between VIII and

XI in the Mercalli–Cancani–Sieberg scale), in all the cases with

victims (Guidoboni et al., 2018, 2019). The two strongest and

most lethal earthquakes were those of 1915 (Marsica earthquake,

Mw 7.1) and 1980 (Irpinia–Basilicata earthquake, Mw 6.8). with

32,610 and 2,735 casualties, respectively. Another highly

destructive earthquake occurred in 1930 (Irpinia earthquake,

Mw 6.7, 1,404 casualties). The present work focalizes on high-

magnitude earthquakes (Mw≥5.8) because they have a significant
social impact and are well representative of the seismic hazard of

the country. There are also practical advantages on selecting a

high-magnitude threshold: in general, the earthquakes are well

documented; furthermore, they are more separated in space and

time, so that the declustering of the seismic catalog is less critical.

The climate trend in the Apennines since 1901 is summarized

here by the self-calibrated Palmer Drought Severity Index (scPDSI;

Wells et al., 2004), an evolution of the original PDSI by Palmer

(1965), which is computed combining instrumental measures of

precipitation and temperature with a simplified model of water

TABLE 1 Earthquakes occurred since 1901 in the Apennines.

Date Time (UTC) Latitude (°N) Longitude (°E) Moment magnitude Mw Maximum macroseismic
intensity (MCS)
Imax

Number of
casualties

1915/01/13 06:52:43 42.014 13.530 7.1 XI 32,610

1917/04/26 09:35:59 43.467 12.129 6.0 IX–X 20

1919/06/29 15:06:13 43.957 11.482 6.4 X 100

1920/09/07 05:55:40 44.185 10.278 6.5 X 171

1930/07/23 00:08:00 41.068 15.318 6.7 X 1,404

1933/09/26 03:33:29 42.079 14.093 5.9 IX 12

1962/08/21 18:19:00 41.230 14.953 6.2 IX 20

1979/09/19 21:35:37 42.730 12.956 5.8 VIII–IX 5

1980/11/23 18:34:52 40.842 15.283 6.8 X 2,735

1984/05/07 17:50:00 41.667 14.057 5.9 VIII 3

1997/09/26 09:40:26 43.014 12.853 6.0 IX 11

2009/04/06 01:32:40 42.309 13.510 6.3 IX–X 309

2016/08/24 01:36:32 42.698 13.233 6.2 X 299
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absorption and evaporation in an agricultural soil. Its values range

between −10 for extremely dry conditions to 10 for extremely wet

conditions. The author used the time series available from the

Climatic Research Unit of the University of East Anglia (van der

Schrier et al., 2013; Barichivich et al., 2021). The values here

considered are those averaged over the grid of points

corresponding to the study area (black crosses in Figure 1) for

the summer months of June, July, and August (thin blue line in

Figure 2). The summer-averaged scPDSI is almost a standard in

climate studies related to agriculture; this is because it represents the

soil moisture during the main period of growth and maturation of

crops, having a direct effect on their final outcome. It is offered as the

default value by some data repositories, like the Old-World Drought

Atlas (OWDA, Cook et al., 2015). Its adoption allows a direct

comparison with other investigations on the long-term climate

trends (e.g., van der Schrier et al., 2006). The scPDSI is devised

specifically for agricultural soils and not for the infiltration of water

into the crust. Nonetheless, in many areas, it correlates well with the

water storage changes estimated from GRACE (Gravity Recovery

and Climate Experiment) satellites (Dai, 2011). It has been used

successfully as an indicator of groundwater recharge in comparison

with the occurrence of strong earthquakes in northeastern Italy

(Bragato, 2021a) and Southern California (Bragato, 2021b).

For the study of the time period between 1200 AD and

1900 AD, the author used the mainshocks with a moment

magnitude of Mw ≥6.1 drawn from the seismic catalog

CPTI15 as mentioned previously (green circles in Figure 1, a

total of 28 earthquakes occurred before 1900) in comparison

with the GA-length reconstructed by Holzhauser (1997).

Concerning the choice of the magnitude threshold for

earthquakes, ideally one should adopt the magnitude

threshold that guarantees the completeness of the catalog

throughout the entire study period. The analysis performed

by Stucchi et al. (2011) is extremely conservative and, for

magnitude Mw ≥6.1 in the entire study area, gives

completeness starting from 1530 AD. An alternative

approach admits that the earthquake catalog is incomplete

and looks at its quality (i.e., the probability that earthquakes

over a given magnitude threshold are reported in the catalog).

Bragato (2018) showed that the quality of the Italian catalog

between 1400 and 1550 AD is not worse than that in the time

period 1650–1850 AD. This result is supported also by

historical considerations and a formal statistical comparison

with a reconstruction of the gross domestic product (GDP) per

capita of Italy since 1310. In particular, the time period

1400–1550 corresponds to the Renaissance, an epoch

characterized by significant economic and cultural growth,

more favorable for the reporting of earthquake news in the

written form. In the present work, by choosing the magnitude

threshold Mw ≥6.1, the author assumes that the quality of the

catalog is almost homogeneous, at least since 1400. This means

that, even if not all the earthquakes with Mw ≥6.1 are reported,
the relative proportion of earthquakes through time should be

preserved. Differently, the time density of the earthquakes that

FIGURE 2
Relationship between the occurrence of M ≥5.8 earthquakes (red bars with the height proportional to the magnitude) and the evolution of the
scPDSI (thin blue line) in the Apennines since 1901. The thick blue line is the smoothed version of the scPDSI obtained by kernel regression for a
smoothing parameter h=3 years. The time periods F1–F6 are those corresponding to the six long-term fluctuations of the smoothed scPDSI. The
earthquakes E1–E6 are the strongest earthquakes in each of the time periods F1–F6.
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occurred before 1400 should be carefully considered, taking

into account that the quality of the catalog might be low.

3 Analysis

The origin time of the strongest earthquakes that hit the

Apennines since 1901 and the time series of the scPDSI are

matched in Figure 2 (vertical red bars and thin blue line,

respectively). In order to emphasize the multi-year climate

oscillations, in Figure 2 it is also traced the smoothed version

of the scPDSI estimated by kernel regression (Bowman and

Azzalini, 1997) using the smoothing parameter h = 3 years

(thick blue line). The smoothed scPDSI has six fluctuations

covering the time periods F1–F6, as shown in Figure 2. The

first four of them have large amplitude and a similar time

duration (21–24 years). This behavior changes after 1990. The

last two smoothed oscillations have small amplitude compared

to the corresponding yearly peaks (thin line with local maxima

in 1996 and 2010, respectively): it means that the transition

from dry to wet conditions was more rapid than in the past

(e.g., three years from the minimum of 2007 to the maximum

of 2010). Independent on the duration and the amplitude of

the multi-year fluctuations, each of them is associated with at

least one large earthquake. The labels E1–E6 in Figure 2 denote

the strongest earthquake in each of the six climate phases. In

five cases out of six, the strongest earthquake occurred within

2 years of the yearly peak of the scPDSI. The only exception is

the earthquake of 1930 (E2 in Figure 2): it occurred in a year of

a large increase in scPDSI (from −0.1 in 1929 to 1.9 in 1930)

but anticipated by 11 years the peak of 1941. The earthquake

E6 (the L’Aquila earthquake of 6 April 2009, Mw 6.3) preceded

the peak of scPDSI by 1 year but within a period of sustained

precipitation and rapid increase of soil moisture after the

minimum of 2007. It is also to be noted that the scPDSI

has a long-term memory [9–18 months according to Vicente-

Serrano et al. (2010)] with consequent inertia, so that it reacts

with delay to the changes in the precipitation regime. The

author checked if the proportion of five earthquakes out of six

within 2 years from the peak of scPDSI represents a

statistically significant synchrony between the two

phenomena. For this purpose, the author used the statistical

test by Doss (1989), implemented in the K1D software package

(Gavin et al., 2006), and briefly described for a similar

application in Bragato (2021a). In general, based on two

series of event times and the overall observation time

(120 years for the present case), it estimates the statistics

L(t) and, through randomization of the data, its 95%

confidence envelope: a value of L(�t) above its confidence

envelope represents a significant synchrony within the time

lag �t. Applied to the sequences of six peaks of the scPDSI and

six earthquakes, the test gives the result depicted in Figure 3,

showing a significant synchrony within 2 years.

Figure 4 illustrates the relationship between the mainshocks

with Mw ≥6.1 and the evolution of the GA-length in the time

period between 1200 AD and 1900 AD. The GA-length has three

large fluctuations, corresponding to the extreme phases of the

LIA. The earthquakes are clustered in the earliest period of

climate deterioration between 1250 and 1350 AD and,

cumulatively, around the two glacial pulses from 1600 to

1850. The earthquakes were extremely rare during the period

of mild climate between 1350 and 1600, although in this time

period the area was struck by the strongest known earthquake

[Sannio–Molise earthquake of 1456, Mw 7.2 (Fracassi and

Valensise, 2007)]. The strong seismic activity temporarily

suspended after the peak of the last glacial episode in the 19th

century (the last event was the 1857 Basilicata earthquake, Mw

7.1) and restarted 58 years later with the 1915 Marsica

earthquake, corresponding to the earliest large peak of scPDSI

(Figure 2). As discussed in the previous Data section, there is the

possibility that the time distribution of the historical earthquakes

is distorted by the variations in the completeness and quality of

the catalog through time. Based on completeness analysis

performed by Stucchi et al. (2011), both the low seismic

activity after 1530 AD and the sudden acceleration that

occurred one century later should be reliable features.

According to Bragato (2018), the quality of the catalog

between 1400 and 1530 AD is not worse than that in the

following period, so that the relative scarcity of earthquakes

should reflect that of the true (partially unknown) seismic

activity. Alternatively, following Stucchi et al. (2011), the

completeness back to 1400 AD is guaranteed by restricting the

earthquakes to Mw ≥6.6 (red bars in Figure 4): even in this case,

FIGURE 3
Test for synchronization between the earthquakes E1–E6 in
Figure 2 and the peak of the scPDSI in each of the fluctuations
F1–F6. The three curves indicate the statistic L(t) (continuous line)
and its 95% confidence envelope (dashed lines).
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the great divergence pre/post 1600 AD is confirmed.

Completeness and quality analyses give no useful indication

for the time period 1200–1400 AD. Nonetheless, based on

historical considerations, it appears reasonable to assume that

the quality of the catalog after 1400 AD is not worse than that in

the previous period (i.e., the proportion of “lost” earthquakes

does not increase after 1400 AD), and that the time distribution

of earthquakes in Figure 4 depicts a real deceleration of activity

after a peak around 1300 AD.

4 Discussion and conclusion

The comparison between the occurrence of strong

earthquakes and the trend of soil moisture in the Apennines

since 1901 indicates a similar time modulation, with the strong

earthquakes that clustered near to the maxima scPDSI in five of

the six climate fluctuations occurred so far. Based on the

statistical test for synchrony, the time relationship is

recognized above the 95% confidence level. In particular, the

two strongest earthquakes in the catalog took place in the same

year of the corresponding peak of the scPDSI (the 1915 Marsica

earthquake, Mw 7.1, and the 1980 Irpinia–Basilicata earthquake,

Mw 6.8). In a complementary way, the lack of seismicity

characterizes the dry periods, especially those centered on

1925, 1947, and 1991 AD. Analyzing the strong seismicity

back to 1200 AD, it is shown that, with a few exceptions, the

main earthquakes clustered around the glacial peaks of the LIA,

when also the climate in the peninsular Italy turned to cold/wet

conditions. Even in the historical case, a very low seismic rate,

like that occurred between 1400 and 1600 AD, is associated with

mild climate conditions.

Under the hypothesis that scPDSI and glacial expansion

are representative of the groundwater recharge in the

Apennines, the results outlined so far suggest a stable

connection with the occurrence of earthquakes. Based on a

large body of similar evidence collected worldwide as well as

on geophysical models, it is possible to postulate a triggering

effect by water accumulation (Wang and Manga, 2010). The

novelty emerged here is that the relationship is not episodic

but systematic and persistent in the Apennines, at least in the

last 800 years, involving the largest part of seismicity. This

behavior resembles that observed for similar karst conditions

in northeastern Italy (Bragato, 2021a) and relates the

earthquake occurrence to multi-year climate fluctuations

rather than to short-term meteorological effects. From the

climatic point of view, the curves of scPDSI in Figure 2

indicate two change points: the first one around 1990, with

the suppression of the 20-year large oscillations; the second

one after 2010, marked by the turn toward the driest climate

conditions of the last 120 years, with the minima of the scPDSI

reached in 2012, 2017, 2018, and 2019. These variations have

repercussions on the relationship with the strong earthquakes

that, since 1997, are associated to accelerations of scPDSI

lasting only a few years.

The author has mentioned in the Introduction that the

triggering effect of water is commonly explained by two

mechanisms: the instantaneous increase in elastic stress on

FIGURE 4
Relationship between the occurrence of Mw ≥6.1 earthquakes along the Apennines (bars with the height proportional to the magnitude, those
with Mw ≥6.6 in red and those with Mw <6.6 in green) and the extension of the Great Aletsch Glacier between 1200 and 1900 AD (light blue area).
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faults as a consequence of the water load; the pore pressure

diffusion thanks to the hydraulic continuity from the surface to

the seismogenic layer. These mechanisms are discussed by

D’Agostino et al. (2018) for the specific case of the Irpinia

Fault Zone (Southern Apennines). By analyzing the trend of

minor seismicity in the time period 2008–2017, they observe a

delay of a few months with respect to the seasonal hydraulic

loading, so that they exclude the instantaneous intervention of

the elastic stress. On the other hand, the hydraulic continuity

required by the pore pressure propagation seems to be

incompatible with the geological setting of the area. Following

Segall (1989), they suggest an alternative model comprising two

layers separated by a low-permeability barrier: the upper karstic

layer absorbs water and deforms horizontally, driving a similar

deformation in the lower layer by elastic coupling. It is

hypothesized that this mechanism could have triggered the

1980 Irpinia–Basilicata earthquake under the combined

stimulus of the multi-year hydraulic load (the same depicted

in Figure 2 for the scPDSI) and the heavy rainfall that preceded

the earthquake by about 40 days. In this model, the adjunctive

elastic stress is of the order of a few kPa/year, which is at the limit

for a triggering effect. Another possibility, not explored in the

cited article, is that the hydraulic continuity exists and is achieved

by the intersection of the karstic layer with the most superficial

part of the fault system. It is speculated here that under this

condition, the deep portion of the faults nucleating strong

earthquakes (around 10 km deep) could be affected by a

considerable portion of the high pressure that develops in the

karstic conduits due to the water recharge [e.g., oscillation of the

order of 300 kPa for the hydraulic cycle 2015–2016 measured

under the Gran Sasso Massif in Central Italy (De Luca et al.,

2018)].
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