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Abstract
On 24 August 2016 a seismic event (Mw 6.0) was the first of the long Central 
Italy sequence (ongoing at the end of 2017) of medium‐to‐high magnitude 
earthquakes, with nine Mw ≥5 up to October 2017, and with about 74.000 
seismic events registered after 1 year. The largest was the Mw 6.5 30 October
2016 event near Norcia. After the major seismic events, 17 mud volcanoes 
erupted around Monteleone di Fermo village (Marche region). Mud volcano 
eruptions generally occurred a few hours to a few days after the main 
earthquakes, suggesting a seismic triggering. We analyzed the peak ground 
velocities and dynamic stresses during the three largest earthquakes. We 
also evaluated the static stress changes in order to assess the potential 
influence of normal stress changes on the feeder system of the activated 
mud volcanoes. We find a correlation with dynamic stresses, whereas static 
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stress changes are negligible or negative (with values reaching −0.44 bar, 
clamping feeder dykes). We conclude that seismic shaking (up to ~3.9 bar 
during Norcia earthquake) is the dominant driver for these eruptions. Finally, 
we evaluated the response ratio as a function of the dynamic stress. It 
increases exponentially with peak dynamic stress varying from <10% for 
peak dynamic stress >0.3 bar to >50% for peak dynamic stress >2 bar, 
indicating a link between earthquake shaking and mud volcano activity.

1 Introduction and Aims of the Study

A strong seismic sequence (Mwmax = 6.5) struck Central Italy starting on 24 

August 2016 (Chiaraluce et al., 2017; Livio et al., 2016; Tinti et al., 2016; 

Cheloni et al., 2017). These earthquakes were accompanied by collateral 

effects, among which the eruption of mud volcanoes.

Mud volcanoes and fluid seeps are widely distributed along the eastern 

thrust fronts of the Italian peninsula (Martinelli & Judd, 2004). The term mud 

volcanism includes a series of similar phenomena, which share in common 

the emission of a mud/water mixture at surface. Different processes can lead

to these manifestations, spanning form the overpressure induced by the 

presence of gaseous fluids (e.g., hydrocarbon) as additional phase in the 

mixture to processes related to the upward migration of geothermal fluids or 

simply to density contrasts (Kopf, 2002). Whatever the process, they can be 

categorized according to morphological features (e.g., Kopf, 2002; Planke et 

al., 2003). Collapsed features are commonly called mud pools, or salsas, 

while mud extrusion leading in the formation of conical edifices are classified

on the basis of their height: gryphons (less than 3 m tall), mud cones (3 to 

10 m in height), and mud volcanoes (up to 400 m tall for onshore edifices). 

For simplicity, herein we generically use the term mud volcano (MV), but 

strictly speaking the features that we are going to be describe are mud pool 

and gryphons, the extrusive features being never taller than 3 m. From a 

genetic point of view, no anomalous geothermal gradient is reported at the 

emission points, and mud volcanism is likely related to the ascent of cold 

fluids driven by gas‐induced overpressures, as is the case of the well‐known 

mud volcanoes along the Pede‐Apennine margin of the Northern Apennine 

(Emilia‐Romagna). Their eruptions have been described since 91 Before 

Common Era by the Roman writer Plinius in his Naturalis Historia, and more 

recently by others (e.g., Bonini, 2009; Manga & Bonini, 2012). Seismic 
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triggering of mud volcanoes is a phenomenon well documented worldwide 

(Manga & Brodsky, 2006; Mellors et al., 2007). Whereas the Emilia‐Romagna 

mud volcanoes have been widely studied (e.g., Bonini, 2008; Capozzi & 

Picotti, 2002, 2010; Lupi et al., 2015; Oppo et al., 2013), less documented 

are the geological and historical activities of mud volcanoes in Central Italy. 

In this region, all along the Marche and the Abruzzo Apennine foothills, 

emission of saline water and mixtures of mud and hydrocarbons occur at 

fractures and at small mud volcanoes (Bonasera, 1952, 1954; 

Damiani, 1964).

Here we focus on the Monteleone di Fermo area (Fermo Province) in the 

Marche region, where 17 mud volcanoes (out of about 80 in the whole 

region) erupted (some of them with multiple paroxysmal episodes) shortly 

after the major earthquakes of the 2016–2017 Central Italy seismic sequence

(Figure 1 and Tables 1 and 2). The background quiescent activity of mud 

volcanoes generally consists of the quiet and intermittent flow of mud and 

fluids, which is often featured by gas bubbles popping up through the muddy

water. The paroxysmal activity that followed the 2016 earthquakes consisted

in the dramatic increase of fluid and mud discharge, sometimes with the 

mud thrown up in the air, as well as the formation of new vents, or the 

reactivation of inactive seeps.
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Figure 1
Open in figure viewer  PowerPoint  
(a) Epicenters of the main seismic events that hit Central Italy during the two
last decades (after INGV catalogue; http://cnt.rm.ingv.it); mud volcanos are 
also shown. (b) Detail of geological setting of the Monteleone di Fermo area 
(simplified from the CARG 1:10.000 geological map, available on the Marche 
cartographic archive at http://www.ambiente.marche.it/), where several mud 
volcanoes were activated after the major earthquakes of 24 August and 30 
October 2016. The red numbers refers to mud volcano systems reported in 
Table S1. Focal mechanisms are available at http://info.terremoti.ingv.it/. The
colored focal mechanism refers to the seismic events investigated in this 
study.
Table 1. Major Seismic Events of the Central Italy Seismic Sequence, Which 
Started on 24 August 2016 and Is Still Ongoing

Date Time (UTC) Mw Lat. N (deg) Long. E (deg) Depth (km)

24/8/2016 01:36:32 6.0 42.698300 13.233500 8.1
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Date Time (UTC) Mw Lat. N (deg) Long. E (deg) Depth (km)

24/8/2016 02:33:28 5.4 42.792200 13.150700 8.0

26/10/2016 17:10:36 5.4 42.880200 13.127500 8.7

26/10/2016 19:18:05 5.9 42.908700 13.128800 7.5

30/10/2016 06:40:17 6.5 42.832200 13.110700 9.2

18/1/2017 09:25:40 5.1 42.546800 13.262300 9.2

18/1/2017 10:14:19 5.5 42.529300 13.282300 9.0

18/1/2017 10:25:23 5.4 42.494300 13.311200 8.9

18/1/2017 13:33:36 5.0 42.477300 13.280700 10.0

 Note. The three events marked in bold are those considered in our 

study (data from INGV catalogue available at http://cnt.rm.ingv.it/).
Table 2. Mud Volcanoes That Erupted After the Three Major Seismic Events 
Considered in This Study

http://cnt.rm.ingv.it/


MV name Postseismic

paroxysmal

activity

PGV(cm

/s)

Min. dynamic

stress (bar)

Max. dynamic

stress (bar)

Mw 6.0 on 24 August 2016 01:36:32 (UTC)

S.Maria in 

Paganico

24 August 6.30 1.06 2.72

La Croce Early postseismic eventa 7.34 1.23 3.17

Case tedeschi 2

bis

24−26 August 7.34 1.23 3.17

Mw 6.5 on 30 October 2016 06:40:17 (UTC)

S.Maria in 

Paganico

30 October, 12.00 a.m.‐

6.00 p.m. (UTC)

5.62 0.94 2.43

Valle Corvone 30 October 6.41 1.08 2.77

Valle Corvone 

bis

30 October 6.41 1.08 2.77

La Croce Early postseismic eventa 6.36 1.07 2.75

Monteleone 1 Early postseismic eventa 6.23 1.05 2.69
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MV name Postseismic

paroxysmal

activity

PGV(cm

/s)

Min. dynamic

stress (bar)

Max. dynamic

stress (bar)

Monteleone 2 Early postseismic eventa 6.20 1.04 2.68

Monteleone 3 Early postseismic eventa 6.20 1.04 2.68

Case Tedeschi 

1

Early postseismic eventa 6.26 1.05 2.70

Case Tedeschi 

1 Bis

Early postseismic eventa 6.25 1.05 2.70

Case Tedeschi 

3

Early postseismic eventa 6.22 1.05 2.69

Case Tedeschi 

3 Bis

Early postseismic eventa 6.23 1.05 2.69

Contrada S. 

Salvatore 1

1 November 8.76 1.47 3.78

Contrada S. 

Salvatore 2

1 November, 11.00 a.m. 

(UTC)

9.01 1.51 3.89
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MV name Postseismic

paroxysmal

activity

PGV(cm

/s)

Min. dynamic

stress (bar)

Max. dynamic

stress (bar)

Contrada S. 

Salvatore 3

1 November 8.97 1.51 3.88

Vallocchie 1 30 October to 1 

November

6.12 1.03 2.64

Vallocchie 2 30 October to 1 

November

6.12 1.03 2.64

Mw 5.5 on 18 January 2017 10:14:19 (UTC)

S.Maria in 

Paganico

19 January 1.28 0.21 0.55

 Note. Extrapolated peak ground velocities and the minimum/maximum

range for the dynamic stress peak calculated at each mud volcano are reported.

 a Exact time not determined.

The epicenters are quite far from the mud volcanoes that erupted at 

Monteleone di Fermo, the latter being located at an epicentral distance 

≥40 km (Figure 1). Nonetheless, an impressive series of eruptions occurred 

from few hours up to 1–2 days after the main shocks, suggesting a 

correlation between the seismic events and the mud emissions. In some 

intriguing cases, the investigated mud volcanoes were not present before 

the earthquake, but formed immediately after (e.g., a new mud volcano, 

hereafter called Contrada S. Lazzaro MV, formed 28 h after the Mw 6.5 Norcia 

earthquake of 30 October 2016). These occurrences are indeed anomalous. 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-fig-0001


As an example, the so‐called S.M. in Paganico MV, at Monteleone di Fermo, 

did not show any precursors (e.g., ground bulging) to eruption indicating an 

incipient activity associated with its cyclic nature and erupted with 

unexpected and strong flux. Another mud volcano, the Contrada S. Salvatore

MV (newly formed at S. Vittoria in Matenano) located close to a farm, has 

been reported to erupt with an energetic flux, reaching up to 1.5–2 m high 

(as inferred from the mud deposited on the trees beside the mud volcano). 

The eruption of these mud volcanoes was immediately reported by local 

inhabitants familiar with these phenomena (e.g., at Monteleone di Fermo a 

natural reserve has been established around the mud volcanoes), and 

therefore, their occurrence after the earthquake cannot be coincidental. For 

comparison, only one eruption (at S. Maria in Paganico mud volcano, June 

2016) was recorded in the 5 months before the onset of the seismic 

sequence in August 2016. If we extend our observation back in time, we can 

document one eruption in 2015 (Valle Corvone) and two eruptions in 2009 

(S. Maria in Paganico and Valle Corvone). The number of eruptions has 

evidently increased after the 2016 seismic sequence.

We thus aim to test hypotheses for seismic triggering of these mud volcano 

eruptions, as documented in several studies (e.g., Chigira & Tanaka, 1997; 

Delisle, 2005; Martinelli et al., 1989; Rudolph & Manga, 2010; Rukavickova & 

Hanzl, 2008; Snead, 1964; Tsunogai et al., 2012). In particular, we 

investigate their activation after the major seismic events, specifically 

the Mw 6.0 earthquake that hit the Amatrice‐Accumoli area on 24 August 

2016, the Mw 6.5 Norcia event of 30 October 2016, and an Mw 5.5 earthquake 

that hit the area of Montereale‐Capitignano‐Campotosto (Aquila Province) on 

18 January 2017 (Figure 1a). We integrate field structural data collected on 

the mud volcanoes before (September 2015) and during the seismic 

sequence, with seismological data, to evaluate the correlation of triggered 

eruptions with peak ground velocity (PGV), dynamic stresses (peak dynamic 

stress), and static stresses (normal stress changes).

2 Geological Setting

The study area is part of the Marche Apennine foothills, where Mio‐Pliocene 

marine sediments and Pleistocene continental deposits overly turbidite 
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siliciclastic sediments that fill the Messinian foredeep basin (Bigi et al., 1999;

Centamore et al., 1991). At the end of the Miocene‐Early Pliocene, the area 

was then involved in the NE directed migration of the Apennine thrust‐and‐

fold belt. In detail, the Messinian turbiditic deposits belong to the Laga 

Formation, characterized by mainly pelitic and arenaceous lithofacies 

containing gypsum intercalations. The Laga Formation is overlain by the 

Colombacci Formation, which is composed of sandy‐to‐silty shales 

intercalated with calcareous levels. These deposits grade upward to the 

Pliocene sequence consisting of alternated marine mudstone‐sandstone 

lithofacies belonging to the Argille Azzurre Formation Quaternary continental

deposits lie on top the marine sequence, and outcrop in the Monteleone di 

Fermo area as a gently deformed NE dipping monocline.

The Argille Azzure Formation is widely exposed around the Monteleone di 

Fermo area (Figure 1b) and continues in the subsurface down to a 

considerable depth, as shown by an available deep well (Figure 4c; the 

detailed stratigraphy of the wells in the area is available at the VIDEPI project

website, http://unmig.sviluppoeconomico.gov.it/videpi/videpi.asp). 

Mudstones are a favorable lithology for developing mud volcanoes because 

they provide an impermeable barrier that permits fluid overpressure to 

develop, and also furnish the solids entrained by the ascending aqueous 

fluids, generally a mixture of water and hydrocarbons in liquid and gaseous 

states (e.g., Kopf, 2002). The presence of fluids containing exsolved (or 

potentially exsolving) gases enables mud volcano formation, and once 

overpressures are sufficiently high, the upward migrating fluids have the 

ability to fluidize the mud and erupt it at surface.

3 Summary of the Central Italy Seismic 
Sequence and Mud Volcano Eruptions

The area affected by the 2016–2017 seismic sequence is a seismically active 

region that has been repeatedly struck by medium to large historical 

earthquakes produced by NW‐SE trending normal faults (CPTI15 catalogue; 

Rovida et al., 2016). The Amatrice sector was affected by four moderate to 

strong seismic events in 1627 (Mw 5.3), 1639 (Mw 6.2), 1646 (Mw5.9), and 

1672 (Mw 5.3) (CPTI15 catalogue; Rovida et al., 2016). In more recent times, 
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the Mw6.0 1997 Colfiorito seismic sequence hit northward, and the Mw 6.3 

2009 L'Aquila seismic sequence hit to the south of the study area 

(Figure 1a). The 2016–2017 earthquakes, struck an approximately 70 km 

long sector extending from Visso to L'Aquila, thus filling the seismic gap 

between the 1997 and 2009 seismic sequences (Figure 1a). The sequence, 

initiated with the Mw 6.0 (or Mw 6.1 depending on source; e.g., Tinti et 

al., 2016) Amatrice seismic event of 24 August 2016 (and not yet returned to

the background rate of seismicity; Table 1), destroyed several historical 

small towns (i.e., Amatrice, Accumoli, Norcia, and Castelluccio di Norcia) and 

caused 299 casualties. Impressive coseismic effects were documented in the

epicentral and surrounding areas (Livio et al., 2016; Pucci et al., 2017).

The Mw 6.0 24 August 2016 earthquake was followed 1 h later by a Mw 5.4 

event, and 2 days later by two earthquakes, the largest of which had Mw 5.9 

and epicenter located near Visso (Figure 1a and Table 1). Immediately after 

(from a few hours, in the most favorable case, to maximum two days after) 

the Mw 6.0 earthquake, three mud volcanoes erupted (Figure 2and Table 2). 

The Santa Maria in Paganico mud volcano (referred hereafter to as S.M. in 

Paganico MV) and La Croce mud volcano erupted the day after the Mw 6.0 

earthquake, together with a third mud volcano here named Case Tedeschi 

2Bis, located a few hundred meters south of La Croce mud volcano 

(Figures 2 and 3a, 3b, and 3e). The latter was dominated by a newly formed 

ground fracture emitting mud, located few meters from an older emission 

point (Figures 2 and 3e and Table 2). It is also noteworthy that eruptions of 

the S.M. in Paganico and La Croce mud volcanoes were also documented 

during the last decades. Before the 2016 seismic sequence the S.M. in 

Paganico MV registered large eruptions a couple of months after the Mw 6.3 

2009 L'Aquila earthquake and again in April and June 2016, with the latter 

activations speculatively also partly favored by the heavy rainfall that 

occurred during the previous days.

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-bib-0049
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-bib-0034
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-bib-0068
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-tbl-0002
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-fig-0003
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-fig-0002
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-fig-0003
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-fig-0003
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-fig-0003
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-fig-0002
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-tbl-0002
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-fig-0002
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-tbl-0001
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-fig-0001
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-tbl-0001
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-fig-0001
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-fig-0001


Figure 2
Open in figure viewer  PowerPoint  
Location of the Monteleone di Fermo mud volcanoes. The different behavior 
shown by these features is reported.
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Figure 3
Open in figure viewer  PowerPoint  
Examples of mud volcanoes that responded to the main earthquakes of the 
Central Italy seismic sequence. (a) Satellite image and (b) lateral view show 
the S.M. in Paganico mud volcano after the Mw 6.5 earthquake of 30 October. 
(c) N‐S trending fractures controlling the surface mud extrusion of the Valle 
Corvone mud volcano after the 30 October earthquake. (d) Lateral view of 
the newly formed Contrada S. Salvatore mud volcano, which erupted the day
after the 30 October earthquake. (e) N‐S trending fracture along the so‐
called Case Tedeschi 2bis mud volcano, a newly formed seep south of the 
Monteleone di Fermo village. (f) Stereoplot showing the trend of ground 
fractures controlling mud volcanism. An average value of N355°±5°E/90° is 
taken as input parameter for the normal stress change calculation.

On 30 October 2016, the S.M. in Paganico and la Croce mud volcanoes 

erupted again after the Mw 6.5 seismic event near Amatrice (Figures 1a 

and 2 and Tables 1 and 2). Other historically active mud volcanoes were also

reactivated in the Monteleone di Fermo and adjoining areas (Figure 2 and 

Table 2): Case Tedeschi (different emission points were activated; 

Figure 2 and Table 2), Valle Corvone, and the Contrada S. Salvatore 1 

(Figures 2and 3c) (e.g., Ricci & Sciarra, 2016).
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In addition, a few meters west of this emission point, at about 2:00 p.m. on 1

November 2016, a new mud volcano formed (here named Contrada S. 

Salvatore 2) and a new meter‐scale open fracture emitted a watery fluid 

(referred to as Contrada S. Salvatore 3) (Figure 3d and Table 2, as 

documented by different media; Ricci & Sciarra, 2016). Three new emission 

points were also activated not far from the Monteleone di Fermo village (and 

therefore named Monteleone 1, 2, and 3 mud volcanoes; Figure 2 and 

Table 2).

Finally, the S.M. in Paganico MV increased its activity after the Mw 5.1 and 5.5

seismic events of 18 January 2017 to the North of L'Aquila (Figure 1a and 

Tables 1 and 2). Two smaller earthquakes (Mw 5.4 and 5.0) occurred in the 

same epicentral area after the major event (Table 1).

4 Methodology

4.1 Field and Seismic Data

Calculations of dynamic and static stresses require input parameters that in 

our case are produced by surface and subsurface geological data. In order to

satisfy this requirement, we present the results of the survey that we carried 

out before (September 2015) and during the seismic sequence (October–

November 2016), collecting structural data in the form of emission fracture 

orientations and mud volcano alignments and elongations (section 5.1). 

These data have been used as a proxy for the geometry of the subsurface 

feeder dyke system for the mud volcanoes, which is essential for calculating 

static stress changes (e.g., Bonini et al., 2016; section 4.3). Furthermore, we 

collected information from local inhabitants about the historical activity of 

mud volcanoes, their location, and past and no‐longer visible features. 

Information about the subsurface geology necessary for estimating seismic 

velocities and dynamic stresses (see section 4.2) is obtained from literature 

data and the interpretation of three seismic reflection profiles (traces are 

indicated as AB, CD, and EF in Figures 1 and 4; see below section 5.1) 

provided by ENI S.p.A. The traces of profiles run close to the Monteleone di 

Fermo area, and a deep well available from the VIDEPI project (referred 

herein to as Well_01) was used to correlate the seismic data to stratigraphy 

(Figures 1a and 4c).
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Figure 4
Open in figure viewer  PowerPoint  
(a and b) Interpreted seismic sections used to constrain the subsurface 
setting of the mud volcanoes. (c) Schematic log of “well_01.” This well and 
others in the adjoining areas are available at the VIDEPI project 
website http://unmig.sviluppoeconomico.gov.it/videpi/videpi.asp. (d) The 3‐D 
block diagram showing the correspondence between the mud volcano 
systems and the underlying buried anticlines imaged in the seismic lines. 
Section EF (uninterpreted) is shown in the background.

4.2 Analysis of Dynamic Stress Changes
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Passage of seismic waves generated by large earthquakes induces transient 

changes in stress at remote distances that can trigger local seismicity 

(Hill, 2008) and also enhance activity at volcanic systems (Avouris et 

al., 2017; Delle Donne et al., 2010; Manga et al., 2012, 2009) by perturbing 

the dynamic equilibrium of crustal fluids (Hill, 2008).

To estimate the dynamic stress generated by the passing seismic waves, we 

use peak ground velocity (PGV) field from the Amatrice, Norcia, and 

Montereale‐Capitignano‐Campotosto earthquakes, since peak ground 

velocity scales with the peak dynamic stress. We converted the earthquake 

peak ground velocities to stress using the following equation (Gomberg & 

Davis, 1996; Hill et al., 1993; Hong et al., 2016; Van Der Elst & 

Brodsky, 2010):

(1)
where σr is the radial peak dynamic stress, PGV is the peak ground 
velocities, β is the shear wave velocity, and μ is the shear modulus. Shear 
modulus μ can be derived from:

(2)
where ρ is the rock density. PGV for the Amatrice and Norcia seismic events 
are available in the ANSS Comprehensive Earthquake On‐line Catalog (U.S. 
Geological Survey (USGS) shake map database; https://earthquake.usgs.gov/
earthquakes/eventpage/us10006g7d#shakemap), which includes worldwide 
earthquake source parameters and other related products such as peak 
ground accelerations and velocities measured by contributing local seismic 
networks. We use the average PGV value among the three seismic 
components (vertical, north‐south, and east‐west) as the representative PGV 
value at the site. PGVs at mud volcanoes are then obtained by interpolating 
peak velocity measured by all seismic stations located within an area of 
~36 × 103 km2. PGV at the Earth surface is assumed to be comparable to the 
PGV experienced by the subsurface mud‐fluid reservoir. The elastic 
parameters needed for calculating the peak dynamic stress are assumed to 
be in the range of the typical rock velocities (e.g., Bourbié et al., 1987), 
considering a host rock for the fluid‐mud reservoir made of porous and 
saturated sandstones, such as those of the Laga Formation in the study area.
Then, uncertainty in peak dynamic stress is related to uncertainties in rock 
density and shear wave velocities. On the basis of the regional geological 
framework, we estimate a minimum and a maximum bound for rock density 
(from 2,100 to 2,400 kg m−3) and for shear wave velocities (from 800 to 
1,800 m/s) that are expected at a given mud volcano site. Doing so, we have
calculated an expected range for peak dynamic stress, which allowed us to 
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constrain a minimum and a maximum value. There is also uncertainty is the 
PGV used to compute the stress. We do not account for this (unknown) 
uncertainty is the reported stress uncertainty.

4.3 Analysis of Static Stress Changes

Static stress changes are permanent variations in the local stress field 

produced by slip on a fault (source fault). Stress changes decay with the 

epicentral distance (R) as 1/R3 and therefore become negligible a few fault 

lengths from the epicenter. Stress changes induced by an earthquake on a 

receiver fault or fracture are given by the Coulomb Failure Function (ΔCCF) 

(e.g., King & Devès, 2015; King et al., 1994; Stein, 1999; Stein et al., 1992):

(3)
where Δτ is the shear stress change on the receiver fault (direction of fault 
slip considered as positive), Δσn is the normal stress change (positive if the 
fault is unclamped), μ is the friction coefficient, and ΔP is the fault pore 
pressure change. Equation 3 is often simplified as

(4)
where μ′ is the apparent coefficient of friction, which includes the effect of 
material properties and fluid pressure changes. In case of mud volcanoes, 
static stress changes (i.e., normal stress changes and volumetric changes) 
are thought to influence mud volcano activity when large enough and 
favorably oriented (Bonini et al., 2016). In particular, the normal stress 
change component (Δσn) has been calculated in order to evaluate whether 
the stress variations act to close (clamp) or open (unclamp) the subsurface 
receiver feeder dyke system beneath the mud volcanoes.

The feeder dyke system is modeled as a vertical fracture representing an 

array of planar structures exploited by the ascending mud‐fluid mixture. 

Accordingly, we did not compute shear stresses (Δτ) since they do not have 

a major effect on the opening (or closure) of fractures. Normal stress 

changes have been calculated in a homogeneous half‐space (Okada, 1992) 

using the Coulomb software, version 3.3 (free download 

at https://earthquake.usgs.gov/research/software/coulomb/) (Toda et 

al., 2005, 2011). Since we had no quantitative information about material 

properties and heterogeneities, we assumed standard and homogeneous 

values. We have used the following values: Poisson's ration (ν) = 0.25, 

Young's modulus (E) = 8 × 10 5 bar, shear modulus (G) = 3.2 × 105 bar, and 

apparent coefficient of friction (μ′) = 0.4 (e.g., King et al., 1994; Lin & 

Stein, 2004; Toda et al., 2005, 2011). Obviously, there might be 
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uncertainties related to the use of these average values, but we do not have 

information to use more specific values.

5 Results

5.1 Surface and Subsurface Structural Controls on Mud 
Volcanoes

The geological survey revealed that mud discharge and eruption for many 

mud volcanoes are related to the formation of meter to tens of meter scale 

approximately N‐S trending fractures, in some cases showing an en echelon 

arrangement. Open fractures mainly strike between N350°E and 360°E and 

are characterized by an essentially vertical dip (Figure 3f). Elongation of the 

S.M. in Paganico MV is in agreement with this geometry (Figure 3a), as well 

as the alignment of minor emission points at the Valle Corvone MV 

(Figure 3c). Therefore, an average value of N355°E/90° has been considered 

as a reasonable approximation for the receiver feeder dyke system of mud 

volcanoes in the Monteleone di Fermo area and used for the calculation of 

the static stress changes.

No major structures controlling seepage have been identified during the 

fieldwork. Nonetheless, seismic lines imaged dominantly NE verging buried 

thrust anticlines and pop‐up structures, which are overlain by an NE dipping 

monocline made up of marine Pliocene mudstones (Argille Azzurre 

Formation), as also confirmed by the available well that reaches a total 

depth of about 2,150 m (Figure 4). An unconformity marks the passage from 

the shallowest thrust folds to the monocline of Pliocene sediments 

(Figures 4a and 4b).

The imaged thrusts deform the lowest portion of the Pliocene sequence, 

suggesting a relatively recent influence of compressive deformation. The 

well (Figures 4a and 4c) does not reach the unconformity, yet it is likely that 

the sediments down to the base of the sequence consist of the same 

lithology, except probably immediately above the unconformity where the 

Colombacci Formation may be present. The anticlines' top is presumably 

composed of Miocene siliciclastic deposits of the Laga Formation, which are 

exposed in the western sector of the study area (Figure 1b). Interestingly, 
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mud volcanoes dominantly localize over the hinge of the buried anticlines 

(Figures 4a, 4b, and 4d), as also documented in many other cases worldwide 

(e.g., Bonini, 2008; Jakubov et al., 1971). It is likely that the fluid reservoirs 

sourcing the mud volcanoes lie in the porous lithologies (Laga Formation) 

that occur at the core of the anticlines, below the impermeable Pliocene 

mudstones. Reservoir top varies between 1 and 2.5 km depending on the 

mud volcano, nonetheless, it is possible that shallower reservoirs in 

association with aquifers may be present in the porous members of the 

Pliocene sequence. The fluids ascend from anticlines and entrain mud, and 

eventually erupt when they are transported up through pathways that reach 

the surface. Based on surface and subsurface information, the mud 

volcanoes in the Monteleone di Fermo area have been grouped into three 

systems, sourced by distinct reservoirs (Figure 1b). This approach has been 

extended to the other mud volcanoes of the Apennine foothills (see Figure 1a

and Table S1 in the supporting information).

5.2 Peak Ground Velocity and Dynamic Stress Changes

Peak ground velocity (PGV) has been used in the past to find a link between 

ground motion and mud volcano response (Manga et al., 2009; Rudolph & 

Manga, 2012). In this study, PGVs of the three target seismic events are 

derived and interpolated from USGS and Istituto Nazionale di Geofisica e 

Vulcanologia (INGV) catalogues 

(https://earthquake.usgs.gov/earthquakes/map/ and http://cnt.rm.ingv.it/). 

We have also estimated peak dynamic stresses following the attenuation 

relationship reported in section 4.2. The three PGV maps are shown in 

Figures 5a–5c, and the dynamic stress maps are reported in Figures 5d–5f. 

PGVs and maximum dynamic stresses have been then calculated from both 

types of maps at the position of each mud volcano.
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Figure 5
Open in figure viewer  PowerPoint  
(a–c) Interpolated PGV maps for the three considered seismic events and (d–
f) maps of maximum dynamic stress (see text for details). Isolines of warmer 
color indicate higher values, while cooler colors indicate lower values, both 
for PGVs and stresses. Note that the color bars in Figures 5d–5f do not have 
the same scale.

The Mw 6.0 Amatrice seismic event (Figure 5a) has PGV >14 cm/s near the 

epicenter. At the three mud volcanoes that responded to this event, PGVs 

are 6.3 cm/s at the S.M. in Paganico MV and 7.3 cm/s at both La Croce and 

Case Tedeschi 2bis mud volcanoes (Table 2). Peak dynamic stress is in the 

range of ~1.1–2.7 bar at the S.M in Paganico MV and ~1.3 bar to ~3.2 bar at 
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both La Croce and Case Tedeschi 2bis mud volcanoes (Figure 5d and 

Table 2). Interestingly, both PGV and peak dynamic stress distribution maps 

show an elliptical protuberance elongated in a NE direction, which includes 

the Monteleone di Fermo mud volcanoes (Figures 5b and 5e). Larger PGV 

and stress values are calculated for the Mw 6.5 Norcia earthquake of 30 

October 2016. More than 10 mud volcanoes were activated after this event 

in the Monteleone di Fermo area (Table 2), with extrapolated PGV from 

5.6 cm/s to 9.0 cm/s depending on the mud volcano location (Figure 5b and 

Table 2). The calculated peak transient dynamic stresses vary from ~0.9–

1.5 bar (calculated using Vs = 800 m/s) to ~2.4–3.9 bar (calculated 

using Vs = 1,800 m/s) (Table 2). Notably, the contour lines define a NNE 

trending ellipse extending toward the area with the erupted mud volcanoes, 

thereby accounting for high PGVs and stress values (Figures 5b and 5e and 

Table 2). For the most recent Mw 5.5 earthquake of 18 January 2017, only the

S.M. in Paganico MV erupted. At the mud volcano position, PGV is ~1.3 cm/s, 

and the peak dynamic stress is between ~0.2 and 0.6 bar (Figures 5c and 5f 

and Table 2).

5.3 Static Stress Changes

We have calculated the normal stress changes at the erupted mud volcanoes

for the three major seismic events (Table 1) and available source models 

(Tinti et al., 2016; Gruppo di Lavoro INGV sul terremoto in centro 

Italia, 2016). We used an average receiver feeder dyke trending N355°E/90° 

(see section 4.1). Uncertainties on this measured trend can be estimated as 

±5° (i.e., measurement error or local variation in the fracture trends). Such 

variation, tested in our models, substantially do not change outputs of 

dynamic stress change calculations. All the output results therefore refer to 

the N355°±5°E/90 trend. The input parameters of source model are 

described for each seismic event. We show here the results for some mud 

volcanoes that have shown remarkable postseismic activity (e.g., the S.M. in 

Paganico, La Croce, and Valle Corvone mud volcanoes) by responding shortly

after (from few hours to a maximum of two days) with a strong mud‐fluid 

flow, as well as those newly formed (e.g., Contrada S. Salvatore mud 

volcano), confirming that their activation was not coincidental.

5.3.1 The Mw 6.0 (6.1) of 24 August 2016
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The 24 August 2016 earthquake was modeled using the source model from 

Tinti et al. (2016) and the Aki and Richards (1980) convention. Tinti et al. 

(2016) calculate a Mw 6.1 for this event and inverted strong motion data from

the RAN (the Italian national accelerometric network) and INGV networks to 

estimate slip values on the fault plane. We modified Tinti et al. (2016) source

fault in order to subdivide the calculated slip in 2.5 cm classes. The fault 

plane is oriented N156°E, 50°SWdipping, and is subdivided into 1,749 

patches (constituting a 16 × 26 km fault plane) to which a fixed slip value 

was assigned. Figure 6a shows the model. The three target mud volcanoes at

Monteleone di Fermo are located close to the blue shadow, where normal 

stress changes are negative and therefore expected to clamp the feeder 

dyke. Negative normal stresses (at 0.5 km depth) are larger at the Valle 

Corvone mud volcano (−0.04 bar), and less negative or close to zero at the 

S.M. in Paganico MV. Given the calculated values, normal stress changes 

cannot be considered influential on mud volcano eruptions.

Figure 6
Open in figure viewer  PowerPoint  
(a) Normal stress changes produced by the Amatrice earthquake, calculated 
using the source model with Mw 6.1 proposed by Tinti et al. (2016). (b) 
Normal stress changes for the Mw 6.5 Norcia seismic event. (c) Normal stress 
changes calculated for the Mw 5.5 of 18 January 2017. SF, source fault; RFD, 
receiving feeder dyke. The triangles indicate the position of the mud volcano 
systems: blue, S. Vittoria in Matenano system; green, Monteleone system; 
red, S.M. in Paganico system.

5.3.2 The Mw 6.5 of 30 October 2016
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The Mw 6.5 30 October 2016 seismic event was modeled using the source 

model reported by Gruppo di Lavoro INGV sul terremoto in centro Italia 

(2016), with a N151°E and 47°SW dipping fault plane (30 × 16 km) 

subdivided into 120 patches. For slip vectors >40 cm, down‐dip and right‐

lateral components were recalculated. Given the relatively high magnitude of

the seismic event, the area affected by static stress changes has a radius of 

tens of kilometers (see Figure 6b). Nonetheless, the area with activated mud 

volcanoes completely falls in the negative clamping lobe (blue colors). 

Normal stress changes calculated at the mud volcanoes (0.5 km depth) are 

negative, varying from −0.44 bar at the Contrada S. Salvatore MV to 

−0.27 bar at the S.M. in Paganico MV. As in the case of the Mw 6.0 Amatrice 

earthquake, normal stress changes are negative and therefore cannot have 

triggered the mud volcano eruption by unclamping a feeder dyke.

5.3.3 The Mw 5.5 of 18 January 2017

Strong motion (or similar) source models were not available for the Mw 5.5 

earthquake of 18 January 2017. Therefore, we constrained the input 

parameters for the modeling using a focal mechanism solution (available 

at http://cnt.rm.ingv.it/event/12697591), with a fault plane oriented N161°E, 

dipping 50°SW, and rake of −86°. We implemented the source fault using a 

constant slip value by means of the empirical relation of Wells and 

Coppersmith (1994). Only the S.M. in Paganico MV was activated after this 

seismic event, where the calculated normal stress changes are extremely 

small (Figure 6c). In this last case, normal stress change probably had no 

effect on the mud volcanoes as their values were close to zero.

6 Discussion

Several mud volcanoes erupted in the Monteleone di Fermo area shortly 

after (hours to a maximum of 2 days) three major events (from Mw 5.5 

to Mw 6.5) of the 2016–2017 seismic sequence in Central Italy (Table 2). Such

a timing suggests a temporal correlation between the occurrence of the 

major earthquakes and the eruption of the mud volcanoes. We have 

therefore investigated separately the role of dynamic and static stress 

changes as possible eruption triggers. Before analyzing possible earthquake‐

induced stress triggers, we briefly discuss the potential role of local 
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seismicity on paroxysmal activity of mud volcanoes. Several small‐

magnitude earthquakes (Mw ≤3.0) occurred in the Monteleone di Fermo area 

(INGV earthquakes catalogue, available at http://cnt.rm.ingv.it), but none of 

them immediately before mud volcano eruptions. The only exception is 

the Mw 2.0 earthquake of 16 January 2017 that hit near S.M in Paganico MV, 

but this event was too small and deep (hypocentral depth ~18 km) to be 

influential. Therefore, a primary control of local seismicity on mud volcano 

eruptions can be ruled out. We also discard the possibility that groundwater 

changes due to rainfalls caused the 2016–2017 mud volcano eruptions. For 

instance, pluviometric data for the Monteleone di Fermo area (available 

online at Marche Region SIRMIP catalogue, 

website http://84.38.48.145/sol/indexjs.php?lang=it) record a cumulative rain

fall of 0.6 mm and 47.8 mm during 10 days before the 24 August and 30 

October earthquakes, respectively. Therefore, no heavy rain able to 

influence groundwater changes was registered, and a correlation with mud 

volcano triggering can be reasonably discarded. Furthermore, rainfall 

influences superficial reservoirs, while the main mud volcanoes reservoirs 

are here deeply rooted.

In order to evaluate the possibility of seismic triggering we plotted the 

relationship between earthquake magnitude and epicentral distance for both

the present observations and other examples triggered mud eruptions (data 

compiled in Table S2 in the supporting information). Notably, all the 

Monteleone di Fermo mud volcanoes fall within distances for which other 

eruptions have been triggered (Figure 7). In addition, the obtained PGV 

values are similar to those reported for other cases of seismically triggered 

magmatic and mud volcanoes. The Niikappu mud volcano in Japan was 

triggered by earthquakes 6 times, with PGV between 8.3 and 107 cm/s 

(Manga et al., 2009; Table S2). Rudolph and Manga (2012) report PGV values

in the range of 0.07–14.4 cm/s for the Davis‐Schrimpf mud volcanoes, 

California, which showed responses to earthquakes during the period of April 

2010 to February 2012. The PGV values for triggering define a wide range, 

and such an extreme variability may depend on whether it was a new 

eruption or the system was already erupting.
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Figure 7
Open in figure viewer  PowerPoint  
Magnitude versus epicentral distance graph showing literature data (grey 
circles; from Snead, 1964; Martinelli et al., 1989; Chigira & Tanaka, 1997; 
Delisle, 2005; Manga & Brodsky, 2006; Mellors et al., 2007; Bonini, 2009; 
Rukavickova & Hanzl, 2008; Manga et al., 2009; Rudolph & Manga, 2010; 
Rudolph & Manga, 2012; Tsunogai et al., 2012; Bonini et al., 2016. See also 
Table S2) for seismically triggered mud volcanoes. The stars indicate the 
new data for the Monteleone di Fermo mud volcanos. The black lines are 
lines of constant seismic energy density using the empirical formulation in 
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Wang and Manga (2010)—a measure of dynamic strain. The blue dotted line 
is the threshold energy for the most sensitive eruptions, and the red line is 
one fault length from the scaling in Wells and Coppersmith (1994).

Furthermore, a comparison can be made with documented cases of seismic 

triggering of mud and magmatic volcanoes. Walter et al. (2007) report peak 

dynamic stresses between 0.1 and 0.6 bar at the Mount Merapi volcano, 

Indonesia, which was activated after two Mw6.3 seismic events (the first in 

2001 and the second in 2006, both with epicenters about 50 km from the 

volcano). A comparison between mud volcanoes and magmatic volcanoes 

may be not straightforward, but it can be proposed on the basis of the 

similarities (e.g., eruptive history, internal structure, and buoyancy driven by

exsolved gas; Stewart & Davies, 2006; Evans et al., 2008; Kopf, 2008; Manga

et al., 2009) between these apparently distinct processes. In addition, Wang 

and Manga (2010) propose that the seismic energy density threshold for 

triggering, as well as the epicentral distance for triggering, is the same for 

both magmatic and mud volcanoes.

Extrapolated PGVs at mud volcanoes that were activated shortly (hours to a 

maximum of 2 days; Table 2) after the 24 August and 30 October 2016 

earthquakes vary from ~5.6 to 9 cm/s, and the calculated peak dynamic 

stresses vary in the range between 0.94 bar and 3.89 bar (see section 5.2; 

Table 2). These values often exceed or are comparable to the stress 

magnitude reported for other triggered events such as changes in the water 

level in wells, triggered earthquakes, and changes in the behavior of geysers

(e.g., Manga et al., 2009; Rudolph & Manga, 2012).

In addition, the static normal stress changes calculated at the erupted mud 

volcanoes are negative and/or negligible (section 5.3). This suggests that 

static stresses have either acted to close the feeder dykes (thereby 

discouraging mud eruption) or were too small to have an influence 

(Stein, 1999, suggests 0.1 bar as seismic triggering threshold). On this basis,

static stresses did not influence appreciably the mud volcano eruptions that 

occurred shortly after the Mw 6.0 and Mw 6.5 seismic events of Amatrice and 

Norcia. On the other hand, static stress changes might potentially influence 

the eruption by deforming the fluid/magma reservoir (e.g., Nostro et 

al., 1998). The plumbing of mud volcanoes is not well defined, particularly 

whether the fluid‐mud mixture is contained in quasi‐spherical chambers or in
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fissures/dykes, whose orientation at depth is unknown. Therefore, we are 

unable to evaluate static stress changes in fissure‐shaped reservoirs. We 

could circumvent this problem by considering volumetric strain produced by 

the earthquakes on reservoirs. Taking the S. Maria in Paganico mud volcano 

as an example, both the Mw 6.0 and Mw 5.5 seismic events of 24 August 2017 

and 18 January 2017 produced nil volumetric strain, while the Mw 6.5 20 

October 2016 event produced a volumetric contraction on the order of 

5 × 10−7, which would produce an increase in fluid pressure at the inferred 

reservoir depth. For a comparison, a volumetric strain on the order of 10−6 is 

large enough to produce an increase in fluid pressure of 0.01 MPa 

(Roeloffs, 1996). Considering a linear relationship between volumetric strain 

and pore pressure variations (Roeloffs, 1996), the volumetric strain 

estimated at the mud volcano reservoir would be on the order of 0.005 MPa 

(0.05 bar), well below the “conventional” threshold of 0.1 bar. In all cases, 

the estimated magnitude of volumetric strain is small, and it thus likely not 

influential on the short‐term response of the mud volcanoes. Peak dynamic 

stress is therefore the dominant, if not the only, candidate as a triggering 

mechanism for these eruptions.

In general, the mud volcanoes that responded to the main earthquakes 

(Mw 6.0 and Mw 6.5) experienced relatively large PGV and peak dynamic 

stress. However, peak dynamic stress calculated for the S.M. in Paganico MV 

eruption that followed the earthquake sequence of 18 January 2017 is lower, 

in the range of 0.21–0.55 bar (Table 2). Notably, only this system reacted to 

this seismic sequence, which consisted of four earthquakes (Mw 5.0 to 5.5) 

that occurred in a very short time span (about 4 h; see Table 1). The 

response may reflect the cumulative effects of all earthquakes.

The Monteleone di Fermo area experienced relatively high PGV and peak 

dynamic stress values (Figure 5). In particular, contour lines of PGV and 

dynamic stress elongate suborthogonal to the source fault strike. At a first 

glance, this feature might be associated with fault rupture directivity. Kilb et 

al. (2000, 2002) show that directivity effects are related to rupture 

propagation that in turn influences the asymmetric distribution of dynamic 

stresses, while the pattern of static stresses is essentially unrelated to 

directivity. Given that dynamic stress directivity occurs along the rupture 
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strike, rupture directivity effects might not be the best candidate to explain 

the PGV distribution pattern. The latter is related to the radiation pattern of 

the seismic waves. Surface Rayleigh and Love waves (e.g., Stein & 

Wysession, 2003) and S waves (e.g., Bormann et al., 2012) show a radiation 

pattern that is generally orthogonal to the fault strike, a characteristic that is

common to the observed PGV distribution (Figures 5a–5c). Seismic shaking is

primarily associated with the passage of Swaves; therefore, we propose that 

PGV asymmetry might be mostly associated with the Swaves radiation 

pattern. The occurrence of relatively high‐magnitude PGV values might 

explain why only mud volcanoes in the Monteleone di Fermo area were 

triggered out of all the others in the region (see Figure 1a) but still does not 

explain why not all of those in the Monteleone di Fermo area were triggered

A key outstanding question is why in the case of the 18 January 2017 

earthquake (Mw 5.5) only the S.M. in Paganico MV erupted. We suggest that 

this behavior is consistent with the idea that some erupting systems require 

less stress to be activated (e.g., Bonini et al., 2016). On the other hand, 

other mud volcanoes were in similar conditions but did not react. One 

possibility is that the S.M. in Paganico MV was near a critical state, and thus 

on the verge of erupting, independent of any earthquakes, consistent with 

the observation that this system also erupted a few months before (i.e., April

and June 2016) the 24 August earthquake. If this is the case, even a small 

dynamic stress may be sufficient to trigger an eruption. A number of mud 

volcanoes did not erupt even though they experienced PGV and peak 

dynamic stress of the same order of those that erupted. We illustrate this 

behavior by plotting, for each main earthquake, the epicentral distance 

versus the peak dynamic stress calculated at mud volcano systems 

(Figures 8a–8c). It is important to note that for this analysis we considered 

systems of mud volcanoes, i.e., groups of emitting points or seeps fed from 

distinct subsurface reservoirs. This choice is based on the assumption that 

the eruption (or the paroxysmal activity) of even a few out all the seeps of a 

system identifies the system as being triggered. The inactivity of single 

seeps may depend on local causes (e.g., conduit sealing, opening, and 

abandoning of fluid pathways, activity at other seeps). Nevertheless, we also 

note that some mud volcano systems experiencing high strain were not 

activated, a circumstance that is particularly evident for the earthquake of 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-bib-0008
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-bib-0009
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-bib-0058
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-fig-0008
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-fig-0008
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-fig-0001
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-fig-0005
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JB014777#jgrb52408-fig-0005


24 August 2016 (Figure 8a). The reasons of such behavior are unknown but 

may reflect the state of the mud volcano state prior to the earthquake (such 

as internal pressure and conduit healing).

Figure 8
Open in figure viewer  PowerPoint  
(a–c) Epicentral distance versus peak dynamic stress at mud volcano 
systems for the three considered seismic events. The red squares indicate 
triggered mud volcano systems (the red number beside the square refers to 
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Table S1). (d) Response proportion P as a function of the ratio between the 
number of mud volcano systems showing onset of activity after an 
earthquake (NTRIG), and the total number of mud volcano systems (NTOT), which 
were affected by a peak dynamic stress greater than an incrementally 
increased threshold. A positive correlation between the response proportion 
and peak dynamic stress threshold demonstrates the linkage between 
earthquake shaking and mud volcanic activity.

Furthermore, this probably indicates that the link between the passing 

seismic waves and triggering mud volcano eruptions is not trivial. It is likely 

that duration of the shaking associated with the seismic event in addition to 

the amplitude/frequency of the seismic waves may play a role. For example, 

experimental data (Popescu, 2002; Popescu et al., 2006) and field data 

(Manga et al., 2009; Rudolph & Manga, 2012) show that for a given 

amplitude, low frequencies are more effective in increasing pore pressures, 

dislodging bubbles and particle of the fluid/mud matrix, and therefore 

increasing fluid mobility and discharge. Mellors et al. (2007) and Rudolph and

Manga (2012) suggest that also the duration of the shaking can influence the

liquefaction processes, enhancing the possibility of dynamic triggering of 

mud volcanoes.

One could also raise the question about the time delay (hours to days) 

between the earthquakes and the eruptions. Such a short delay is probably 

linked to the eruption mechanism—it takes a finite time for mud and fluids to

ascend from the source region. Several triggering mechanisms have been 

proposed in the literature (e.g., Manga et al., 2009), and links have been 

made to several attributes of the earthquake such as frequency and duration

and amplitude. A further mechanism potentially driving the eruption is the 

so‐called “advective overpressure,” which takes into account the time 

required for the bubbles at the bottom of the reservoir (that experience a 

higher pressure compared to bubbles at the top) to reach the reservoir top. 

This time might explain the observed short time delay. Nonetheless, this 

process is not expected to be frequency or time‐dependent (Manga et 

al., 2009), and it is not expected to be the only and principal eruption 

mechanism, due to unlikely gas oversaturation of the mud‐fluid mixture, and 

its compressibility. Given that the mud volcanoes are in far‐field, it is unlikely

that postseismic effects will be relevant for mud volcanoes unless they break
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barriers to fluid transport. These types of postseismic effects are analogous 

to static strains, and they are small in magnitude.

Finally, observations of triggered eruptions provide a basis for attempting to 

constrain the relationship between earthquake shaking and mud volcano 

response. We define the response proportion in terms of a cumulative 

response ratio, P (>SMAX), which considers the ratio between the number of 

positive responses (i.e., onset of mud volcanic activity after earthquake 

occurrence), NTRIG (≥SMAX), and the total number of mud volcanic 

systems NTOT(≥SMAX) that have been affected by a peak dynamic stress greater

than SMAX (with SMAX being an incrementally increased threshold) (Figure 8d). 

We find that the response ratio increases exponentially with peak dynamic 

stress. As a result, the response ratio increases from <10% for peak dynamic

stress >0.3 bar to >50% for peak dynamic stress >2 bar, thus demonstrating

a close link between earthquake shaking and onset of mud volcanic activity 

(Figure 8d).

7 Conclusions

We have shown that there is a temporal correlation between the major 

seismic events of the 2016–2017 seismic sequence of Central Italy and the 

eruption of some of the Montelone di Fermo mud volcanoes. Seismic 

triggering is suggested by the relatively short delay time between the 

eruptions and the earthquakes, which spans from few hours to a maximum 

of 2 days, as well as by the large number of eruptions (at least 20) that 

occurred during the seismic sequence in comparison to the single eruption in

the 5 months before the seismic sequence onset. In order to assess the role 

of earthquake‐generated stresses on mud volcano triggering, we have 

evaluated peak dynamic stresses and static stress changes for three mayor 

seismic events, namely, the Amatrice earthquake (Mw 6.0) of 24 August 

2016, the Norcia earthquake (Mw 6.5) of 30 October 2016, and the main 

seismic event (Mw 5.5) of the Montereale‐Capitignano‐Campotosto sequence 

of 18 January 2017. Static normal stress changes are either negative or 

exceedingly small, the calculated values ranging between −0.44 and 0 bar. 

Hence, they are not likely to have influenced mud volcano activity by 

clamping the feeder dyke systems. Peak transient dynamic stresses, 
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however, were much. In particular, the calculated maximum dynamic 

stresses at the locations of the mud volcanoes reach values up to 3.9 bar. 

For this reason, peak dynamic stresses are inferred to be the dominant driver

triggering the several mud eruptions that followed the main seismic shocks 

of 24 August and 30 October 2016. The number of triggered mud volcanoes 

is likely related to the shaking registered at the mud volcano position. The 

calculated response ratio, the fraction of activated mud volcanoes above a 

certain peak dynamic stress values, increases from <10% for dynamic stress

>0.3 bar to >50% for dynamic stress >2 bar.
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