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1 Abstract11

Mud volcanoes are often characterised by elevated fluid pressures deviating from hydrostatic condi-12

tions. This near-critical state makes mud volcanoes particularly sensitive to external perturbations.13

We used the Nirano Mud Volcanic Field as a natural laboratory to test the effects of passing seismic14

waves generated by distant earthquakes on mud volcanic systems.15

We first characterised the subsurface of the Nirano Mud Volcanic Field with a geoelectrical study.16

Next, we deployed a broadband seismic station within the Nirano Mud Volcanic Field to understand17

the typical seismic signal generated at depth by mud volcanoes. Seismic records show a background18

noise below 2 s, sometimes interrupted by pulses of drumbeat-like high-frequency signals lasting19

from several minutes to hours. To date this is the first observation of drumbeat signal observed in20

mud volcanoes.21

In June 2013 we recorded a M4.7 earthquake event, approximately 60 km far from our seismic sta-22

tion. According to empirical estimations for remote dynamic triggering, the Nirano Mud Volcanic23

Field should not have been affected by the M4.7 earthquake. Yet, before the earthquake we recorded24

only weak signals in the 10-20 Hz frequency band while after the earthquake the same frequency25

band was excited. This lasted for more than 20 minutes with possibly few local microseismic events26

towards the end of this period.27
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Our study points out the subsurface structure of the Nirano Mud Volcanic Field and highlights28

the effects of incoming seismic energy in environments characterised by near-critical conditions at29

depth.30

2 Introduction31

Mud volcanoes originate as consequence of fast depositional processes occurring in convergent mar-32

gins, tectonic belts, submarine slopes, and more generally, where the elevated sedimentation rate33

impedes fine sediments to dehydrate before being buried. This allows fluids to be retained at depth34

promoting the formation of isolated geological compartments with elevated fluid pressures. Mud35

volcanism is recognised around the globe with examples from Trinidad, USA, Azerbaijan, Pakistan,36

China, Java, and Italy. The proximal region of the Northern Apennines, immediately South of the37

Pede-Apennines thrust, North Italy, is characterised by several mud volcanic systems aligned along38

a narrow WNW-ESE trending band that runs sub-parallel to the Pede-Apennines thrust (Figure39

1a).40

The Nirano Mud volcanic Field (NMVF) is located approximately 20 km SW of Modena, Italy,41

and sits upon an anticline with a NW-SE axis associated to the Pede-Apennines thrust [Bonini,42

2008]. The geological sequence below the NMVF (from depth to surface) consists of Miocene43

Marnoso Arenacea formations (sandstones and siltstones) at approximately 2 km depth, over-layered44

by the Ligurian (shales) and the Epi-Ligurian (sandstones, clays stones, and conglomerates) Units.45

The latter are covered by the gently folded marine and silty clays (Argille Azzurre formation) from46

Middle Pliocene to Lower Pleistocene. Bonini [2008] suggests that the NMVF is fed by deep fluids47

seeping from the Marnoso Arenacea formation and percolating along high-angle thrust faults. Flu-48

ids accumulate in a shallow reservoir at approximately 0 m a.s.l. within the permeable Epi-Ligurian49

Units, which is capped by the more impermeable shallow clays. From here fluids migrate vertically50

through the Marine clays and silty clays reaching the surface at the NMVF.51

52

Figure 1 shows the main geological features of the region, including the distribution of the53

mud volcanic centres, and an aerial view of the NMVF. The NMVF consists of four main emission54

centres (cones or ”salse“) aligned along a N55 direction (Figure 1b). Each emission centre is sub-55

elliptic in shape and may reach up to three meters above the ground. The cones consist of one or56
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more mud vents and the expulsion of fluids is rhythmic and regular within a narrow time-window57

(i.e. from hours to days). The mud cones are hosted in a subsided area delimited by ring faults58

that is morphologically similar to a volcanic caldera. Bonini [2008] suggests that the expulsion of59

thousands of cubic meters of mud over the centuries may have induced subsidence and compaction60

of the shallower structural levels, promoting the formation of such subsided area.61

Onset of mud volcanism is often related to seismic activity, with many examples of earthquakes62

affecting or triggering mud volcanoes (e.g. Mellors et al. [2007], Manga et al. [2009], Lupi et al.63

[2013]). Martinelli and Ferrari [1991] highlight that the normal activity of some mud system in64

northern Italy is periodically interrupted by paroxysmal events. Bonini [2009] points out that the65

NMVF showed a remarkable increase of fluid emission after the 15th of May 1873 earthquake that66

occurred at the Pede-Apennines margin, near Reggio-Emilia. In addition, Bonini [2008] reports67

of a large mud eruption that Plyni describes with sky-scraping flames and smoke visible from68

approximately 10 km far [Plyni, 6.16 Letters]. According to the Italian catalogue of historic seismic69

events [Guidoboni, 1989] an earthquake occurred in 91 B.C. close to Modena and hence Plyni’s70

observations may be related to such event.71

In October 2012 we conducted a geological field survey of the NMVF observing that after the72

Emilia seismic sequence (which began on the 20th of May 2012) [Pondrelli et al., 2012], new mud73

centres in shape of mud ponds, surface mud flows and mud-filled cracks took place within the74

NMVF. Interestingly, mud outcomes also occurred outside the subsided area that is thought to75

limit the mud volcanic caldera [Bonini, 2008]. Manga and Bonini [2012] suggest that the Regnano76

and Puianello mud volcanic centres, NW and SE of NMVF, respectively, and the NMVF responded77

to the strongest aftershocks of the Emilia seismic sequence. A forester of the natural park of the78

NMVF was close to one of the cones when the M5.3 Lunigiana earthquake [Samsonov et al., 2013]79

struck approximately 60 km far from the NMVF on the 21st of June 2013, verbatim: I was leading80

a school visit through the park when the earthquake occurred. We were standing nearby the SW mud81

cone and at first I felt dizzy, with a feeling of spinning head. Then I felt like being above a moving82

water-mattress.83

84

Eyewitness records are often too general and not accurate. To avoid qualitative descriptions and85

ambiguous observations that may lead to misleading triggering thresholds we initiated a geophysical86

study of the NMVF. In the following, we report the results of a geoelectric survey conducted during87

3

Page 3 of 19 Geophysical Journal International

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



November 2012 at the NMVF. Electrical Resistivity Tomography (ERT) has proven to be a robust88

and reliable tool to provide realistic, albeit strongly smoothed, images of the spatial electrical re-89

sistivity distribution in the shallow subsurface (e.g., Binley and Kemna [2005]). As a consequence,90

ERT methods have been successfully applied to a wide variety of problems such as hydrogeological91

and environmental studies (e.g., Binley et al. [2002] Naudet et al. [2004] Revil et al. [2013]), charac-92

terization of tectonically active areas [Caputo et al., 2003, Vanneste et al., 2008, Suski et al., 2010]),93

and most importantly in the given context, to the characterization of mud volcanoes [Istadi et al.,94

2009, Zeyen et al., 2011, Bessonova et al., 2012].95

96

We also show results from a seismic experiment aimed at understanding the effects of remote97

earthquakes on the NMVF. For this scope we deployed a broadband seismic station (NIR) within98

the NMVF (Figure 2). The experiment started in October 2012 (interrupted until June 2013)99

and concluded in October 2013. The data provide insights about the seismic signal generated by100

fluids within the NMVF. In addition, we recorded a M4.7 aftershock of the Lunigiana sequence101

[Samsonov et al., 2013], which allows us to describe the response of the NMVF to incoming seismic102

energy released by remote earthquakes.103

3 Geophysics104

In November 2012 we performed a 2D ERT within the NMVF caldera to image the subsurface105

structure of this area. Because of its sensitivity to porosity, permeability, salinity, and saturation106

as well as to the presence of clays, ERT is an efficient tool to image the shallow subsurface in107

general (e.g., Binley and Kemna [2005]) and it is particularly efficient in mud volcanic fields (e.g.,108

Zeyen et al. [2011]). The geoelectrical data were acquired using a Syscal Pro multi-channel resistivity109

system resistivity system with 48 steel electrodes in dipole-dipole skip-2 and Wenner configurations.110

The spacing between the electrodes was 2 m for shallower profiles and 5 m for the deeper profiles,111

which provided a maximum exploration depth between 20 m and 45 m. The wet season and the112

large amount of high-salinity fluids expelled from the mud vents provided good contacts between the113

electrodes and the ground. The white arrows in Figure 2 show the direction of the geoelectric profiles.114

We did not perform any transversal profile across the SW cone as this was already investigated by115

Accaino et al. [2007]. The longitudinal profile (Figure 3a) is 475 m long and reaches 30 m below116

4
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the ground surface. To cover the entire longitudinal extension of the caldera, three segments were117

concatenated to obtain a longer profile with an overlap of 24 electrodes (roll-along). The measured118

data were then tomographically inverted using Res2DInv to obtain the spatial distribution of the119

electrical resistivity in the subsurface. The imaging procedure uses smoothness constrained least-120

squares inversion implemented by quasi-Newton optimisation [Loke and Barker, 1996].121

The black triangle in Figure 2 indicates the position of the seismic station deployed from October122

2012 to October 2013 (interrupted from November 2012 to June 2013) in the NMVF. We used a123

Trillium 240s broadband station (sampling rate 100 Hz) equipped with a three-channel Reftek 130124

data-logger to acquire the data. We used the ObsPy toolbox [Beyreuther et al., 2010] to process125

the seismic data. The station was buried 1 m deep, thermally insulated and installed on a concrete126

plate as no in-place rock crops out within the NMVF. This may affect the amplitude of the recorded127

seismic signal introducing errors on the estimation of the dynamic stress and strain associated to the128

passage of the seismic waves. For this reason we do not attempt any estimation of the dynamic stress129

associated to the passing seismic waves but we limit our observations to a descriptive approach.130

4 Data131

Figure 3 shows the results of the tomographic inversions of the geoelectric profiles acquired within132

the NMVF. In the near surface zone (0 – 10 m approx.), very low resistivities (less than 4 Ωm)133

correspond well with the presence of active vents. At intermediate depths (10 – 20 m), all profiles134

show intermediate resistivities (4 – 10 Ωm). These can be interpreted as resulting from a water135

content further below the near-surface (i.e. deeper than 20 m). At depths below about 20 m, all136

profiles show a broad zone of very low resistivities that is not always directly related to the surface137

expression of the vents. The conductive regions occur across the entire longitudinal extension138

of the caldera and are well defined along the NE – SW direction. These observations suggest139

the occurrence of a rather wide mud mud region approaching the surface to about 20 m deep.140

Comparison of the obtained resistivities at depth with those at surface indicate that the deep zone141

contains an important amount of fluids. The fluid transfer from this reservoir to the vents visible142

at the surface passes through a zone of intermediate resistivity, possibly through relatively narrow143

conduits before the mud spreads out again in the uppermost 10 m. In the north-easternmost sector144

of profile 1 (Figure 3a), resistivities increase up to 50 Ωm due to a lower content of fluids and a145

5
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different lithology. This represents the inferred limits of the subsided area and may be compared146

to annular cracks and ring faults in volcanic calderas.147

The typical seismic signal recorded by the NIR broadband seismic station consists of background148

noise below 2 s, sometimes interrupted by rhythmic drumbeat high-frequency pulses lasting from149

several minutes to hours (Figure 4). The drumbeat signal becomes apparent only when using a150

high-pass filter (i.e. above 5 Hz). The drumbeat signal characterises the higher frequencies and151

appears on the three components. Each pulse lasts approximately 20 s and it is separated by152

intervals of low frequency noise lasting from 40 s to 180 s approximately. We identify such a high153

frequency drumbeat signal irregularly throughout our dataset, with no distinction between day or154

night hours.155

In the late June 2013 the aftershocks of the M5.3 Lunigiana earthquake [Samsonov et al., 2013]156

were still frequent. We recorded a M4.7 event on the 30th of June (9.8 km deep), approximately 60157

km far from the NMVF. Figure 5 shows the spectrogram and the waveform of the M4.7 earthquake158

at the NIR station. The excitement of the lower frequencies lasted approximately 400 s, including159

the coda. The earthquake, rich in frequencies between 1 Hz and 2 Hz, caused a maximum vertical160

and horizontal displacement at the surface of 0.7 mm and 0.48 mm, respectively. However, as the161

seismometer was deployed upon a concrete plate site effects may have altered these values. Figure162

4 shows a seismic event approximately 600 s after the arrival of the seismic waves of the M4.7 event163

(i.e. at around 900 s in Figure 4). Such local event was not captured by the INGV stations nearby164

(approximately 20 km far from NIR) and we could not locate the epicentre.165

The M4.7 earthquake allowed us to study the effects of incoming seismic energy at the NMVF.166

Figure 6 compares the seismic signal recorded at the NMVF before and after the M4.7 earthquake167

(see dashed lines in Figure 4) showing the effects of the incoming seismic energy at the NMVF. We168

choose time windows of 35 mins because a seismic event occurred at ca. 15:23 UTC obliterated the169

seismic signal generated by the M4.7 at the NIR station.170

The amplitudes of the filtered waveforms are comparable (Figure 6b, f). The spectrum on the171

left side of Figure 6 shows that the frequency band between 10 Hz and 20 Hz before the M4.7172

earthquake is dominated by a weaker signal when compared to the signal recorded after the M4.7173

earthquake. The excitement of the high frequencies lasted for approximately 20 minutes, i.e. until174

the next seismic event occurred.175

6
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5 Discussion176

Figure 3 shows the geoelectrical profiles and highlights the occurrence of a visible contrast of resis-177

tivity at different depths. We find a good correlation between the longitudinal and the transversal178

profiles. The shallow structure of the NMVF is characterised by low resistivity regions that we179

interpret as being characterised by high salinity fluids embedded in less conductive regions. The180

longitudinal profile (Figure 3a) shows shallow reservoirs at about 20 m below the ground surface181

(ca. 30 m wide and 15 m thick) feeding the mud vents. The most prominent fluid reservoir, located182

in the central part of the longitudinal profile terminates towards the surface in a channel-like struc-183

ture. This reservoir seems not to feed any mud vent at the surface (at least in the cross section of184

this profile). Yet, it has to be considered as part of the complex shallow feeding system. The NW185

part of the NMVF characterised by two separated mud vents (Figures 1b, 2, and7) is fed by two186

different shallow reservoirs (Figure 3). Along a NE-SW direction shallow high salinity fluids are187

not laterally widespread as they are in the NW-SE profiles(Figure 7). Compared to Accaino et al.188

[2007] our study has a lower resolution but reaches 45 m below the ground surface instead of 20189

m. Overall our results agree with Accaino et al. [2007] in identifying channel-like structures in the190

immediate sub-surface. Accaino et al. [2007] do not identify a lateral variation of the distribution191

of the shallow fluids as they investigate the sub-surface structure of a single mud cone, and not the192

entire caldera.193

The alignment of the mud cones (Figure 1b) suggests a N55-trending structure along which194

fluids reach the surface. Fluids flowing through such region reach the subsurface where they ac-195

cumulate in shallow reservoirs at approximately 200 m a.s.l. (Figure 7). After the Emilia seismic196

sequence [Pondrelli et al., 2012] new isolated mud extrusions cropped out within the NMVF but197

also outside the areas around the main mud vents. The mud may have been extruded from the198

shallow low-resistivity regions trending NW-SE highlighted in the transversal profiles (Figure 3).199

This would also explain the occasional migration of new mud centres within the caldera as well as200

the large expulsion of mud from various parts of the caldera after the Emilia earthquake.201

202

The drumbeat signal observed at the NMVF (Figure 4) was previously recorded in volcanoes203

characterised by dome growth (e.g. St. Helens volcano, USA [Iverson et al., 2006]). Such signal was204

also observed during dome extrusion at Montserrat volcano [Neuberg, 2000], where with time the205

7
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drumbeat signal was eventually merging together to generate continuous volcanic tremor. Iverson206

et al. [2006] suggest that in volcanic environments characterised by dome extrusion the drumbeat207

signal may be associated to stick-slip motion along the margins of the extruding plug. Kawakatsu208

et al. [2000] describes long period volcanic (drumbeat) tremor at Aso volcano, Japan. In this case209

the long period volcanic tremor was proposed to be generated by fluids circulating in the hydrother-210

mal system of the Aso volcano, Japan. We suggest that the drumbeat signal sometimes observed211

at the NMVF may be associated to slug flow similar to what encountered in volcanic systems (e.g.212

Vergniolle and Jaupart [1986]). We speculate that gases released from the 10 m deep mud reservoir213

may migrate as slug flow through channel-like structures similar to the ones observed in Figure 3.214

The slug flow maintains the pressure high enough to support the expulsion of the hydrocarbon-mud215

mixture progressively reducing fluid pressure at depth. This leads to compaction of the shallows216

sediments, which in turn promotes the subsidence of the caldera. We exclude any anthropic origin217

(i.e. a factory or any sort of pump-induced signal) due to the varying time window that separates218

each high-frequency peak throughout different pulsing events. In addition, the NMVF is a natural219

reserve and the closest (private) well would be more than 3 km distant. No pumps were used in the220

artificial lake located within the NMVF when we identified the drumbeat signal.221

Figure 6 shows that the NMVF is affected by incoming seismic energy. The frequency band between222

10 Hz and 30 Hz shows a stronger excitement after the passage of the seismic waves generated by223

the M4.7 earthquake described above. Previous authors [Frehner and Schmalholz, 2010, Korneev,224

2011, Maksimov et al., 2011] highlighted the signal produced by waves propagating along fluid filled225

fractures. Incident body waves may generate secondary seismic waves called Krauklis waves that226

may fall into resonance emitting a dominant frequency [Frehner, 2014] while propagating back and227

forth along fluid-filled fractures. Krauklis waves may also be generated by fluid overpressure pro-228

duced inside the fluid-filled fractures [Ferrazzini et al., 1990]. We propose that the excitement of229

the frequency band highlighted in Figure 6d may be due to Krauklis waves generated by incoming230

seismic energy. Alternatively, the effects of the M4.7 earthquake at the NMVF may have been231

enhanced by the overall geological structure upon which the mud volcanic field resides. Similarly232

to the LUSI mud volcano, Indonesia, the NMVF sits upon parabolic structure (in this case an233

anticline [Bonini, 2008]) and may be characterised by an elevated contrast of impedances at depth.234

The incoming seismic energy generated by the M4.7 earthquake may have then been amplified and235

focused at depth affecting the deep fluid reservoir [Lupi et al., 2013]. This may have accelerated236
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the slug flow within the high-angle thrust fault leading to the almost continuous excitement of the237

high frequencies shown in Figure 6.238

239

The M4.7 earthquake that induced the excitement of the high frequencies shown in Figure 6240

falls inside the triggering threshold for mud and magmatic volcanoes proposed by Delle Donne et al.241

[2010] but outside the threshold proposed by Manga et al. [2009]. Delle Donne et al. [2010] use242

a satellite-derived heat flux inventory for global volcanism to identify earthquake-induced thermal243

anomalies at active volcanoes. Manga et al. [2009] propose a large database derived from peer-244

reviewed literature, eyewitness observations and historical records. The most prominent difference245

between the two triggering thresholds resides in the choice of Delle Donne et al. [2010] to include246

processes that may not be directly observed at the surface. We measured and investigated other247

instances of triggered activity (i.e. Lupi et al. [2013], Farias et al. [2014]) falling outside the thresh-248

old proposed by Manga et al. [2009] and in agreement with Delle Donne et al. [2010]. This points249

out that geophysical observations are not always in agreement with eyewitness records. Geological250

systems may be affected by remote earthquakes without any apparent manifestation at the surface.251

Therefore we suggest that the term triggered should be tight to activated processes that can be252

witnessed while the more general term affected should be used for processes that may be captured253

with geophysical studies.254

255

6 Conclusions256

We have performed a geoelectrical study within the Nirano Mud Volcanic Field and constrained the257

depth of the fluid-saturated shallow region. This highlighted the widespread occurrence of fluids258

in the subsurface and provided some constraints to the boundaries of the NMVF caldera. The259

widespread distribution of fluids within the NMVF may explain the occurrence of new mud centres260

emerging immediately after the 2012 Emilia seismic sequence.261

Our study shows that the typical seismic signal recorded at the NMVF consists of background262

noise below 2 s, sometimes interrupted by rhythmic drumbeat-like high-frequency pulses that last263

from several minutes to hours. We suggest that such pulsing events may be associated to slugs264

of fluids up-welling from the deeply-seated fluid reservoir to the fluid saturated sub-surface. In265
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addition, remote seismic events may excite the frequency band between 10 Hz and 20 Hz promoting266

the propagation of Krauklis waves or a more vigorous vertical migration of deep fluids favoured by267

focusing of incoming seismic energy.268

An increasing amount of geophysical data point out that small magnitude seismic events may affect269

geological systems more than what was previously thought. In particular, this work shows that270

a M4.7 earthquake occurred on the 30th of June 2013 approximately 60 km far from the Nirano271

Mud Volcanic Field has affected the seismic signal recorded by a broadband seismic station deployed272

within the Nirano Mud Volcanic Field. We suggest to tight the term triggered to processes visible at273

the surface and using the term affected for processes that may be captured by geophysical methods274

only. Yet, due to the fast evolution of the geophysical methods the triggering threshold currently275

proposed should be revised with a more quantitative approach.276
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Figure 2: Direction of geoelectric profiles. The white arrows indicate the direction of the
geolectric profiles presented in this work, the black triangle indicates the position of the seismic
station. White shaded areas indicate regions characterised by the expulsion of mud after the 2012
Emilia seismic sequence while the black square points out the region investigated by Accaino et al.
[2007].
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Figure 4: Waveforms of the drumbeat signal and corresponding spectrogram recorded

at NIR station on the 24th of October 2012 and 26th of June 2013. The signal for the
vertical component was bandpassed between 5 Hz and 15 Hz for the Z component. The same signal
also appears on the horizontal components.
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Figure 7: Cartoon representing the Nirano Mud Volcanic Field. The mud cones are fed
by a proposed up-flow area striking N55. The shallow accumulation reservoirs (∼ 10 m depth)
are located within the up-flow zone. When fluids reach the surface they expand laterally along a
NW-SE direction.
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