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The presence of a minimum in the average Horizontal to Vertical Spectral Ratios (HVSR) of ambient vibrations
has been suggested to be representative of hydrocarbon reservoirs in active oil and gas fields in the Middle East
and Europe. Similar evidence has been also found in correspondence of active mud volcanoes in Italy. To explore
the possibility of using ambient vibrations to identify and characterize reservoir corresponding to mud volcanoes
vents, a dense network of velocimetric measurements (with average inter-distance of 30 m) has been deployed in
the Nirano mud volcanoes area (Northern Italy) by considering single station and array configurations (at 59 and
8 sites respectively). Results obtained confirm that measurements with a clear HVSR minimum only characterize
the area of emitting vents. In the assumption that this minimum depends on the characteristics of the reservoir
responsible for fluid emissions, the Biot-Gassmann theory for seismic waves velocities of gas hydrate-bearing
sediments has been considered to infer reservoir characteristics from Vs and V,, profiles obtained by the inver-
sion of the HVSR curves. The satisfactory fit of model outcomes with observations testifies one more the
effectiveness of ambient vibration measurements to characterize mud volcanoes and relevant subsoil

configuration.

1. Introduction

In the last years several studies have suggested that measuring
ambient vibrations could provide useful indications about location and
characteristics of hydrocarbon reservoirs. In particular, experimental
evidence throughout the World (e.g., Dangel et al., 2003; Frehner et al.,
2006; Lambert et al., 2007; Quintal et al., 2007; Saenger et al., 2007,
2009; Sudarmaji et al., 2021) suggest that average Horizontal to Vertical
Spectral Ratios (HVSR) of ambient vibrations in correspondence of oil
and gas fields present a clear minimum in the frequency range of 1-6 Hz.
This has been interpreted by Sudarmaji et al. (2021) as the effect of the
fluid-saturated poroelastic inclusion (the reservoir) within an elastic
hosting medium. An alternative interpretation has been proposed by
Frehner et al. (2006) and Saenger et al. (2007) in terms of natural
seismic emission of the fluid pockets within the reservoir excited by
standing waves resonating between the surface and the reservoir. Both
these models suggest that the HVSR minimum could represent a useful

tool to delimitate and characterize the occurrence, depth, and charac-
teristics of the hydrocarbon reservoir.

The presence of a significant HVSR minimum has been also detected
in the case of mud volcanoes (MVs) fields in Italy (Antunes et al., 2022;
Grassi et al., 2022; Panzera et al., 2016). These represent the surface
expression of uprising deep seated overpressure fluids with gases and
different types of fluidized mudstone-rich sediments, including green-
house gases such as methane and carbon dioxide (Mazzini and Etiope,
2017). Since these emissions may significantly affect climate warming
trends (IPCC, 2022), characterization of MVs and of the relevant dy-
namics may be of great importance (Etiope and Milkov, 2004).

Thus, the finding that HVSR minima could be used to characterize
both hydrocarbon reservoir and MVs area, may suggest that ambient
vibration measurements may represent an important tool for the char-
acterization of these last structures. However, a main difference exists
between the observations in these two environments about the fre-
quency range of this minimum: 1-6 Hz in the case of hydrocarbon
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reservoirs (Dangel et al., 2003; Lambert et al., 2007) and below 1 Hz in
the case of MVs (Grassi et al., 2022; Panzera et al., 2016). This could
suggest a different origin of this phenomenon with respect to the case of
hydrocarbon reservoirs.

In the present paper we analyse the situation of the Nirano Mud
Volcanoes (NMVs) in Northern Italy (Fig. 1) where a dense network of
ambient vibrations measurements has been carried out by both
considering single station and array measurements (Brindisi et al., 202.3;
Carfagna et al., 2024). In particular, 59 single-station ambient vibration
measurements have been performed by three-directional 24-bit digital
tromographs (Tromino™, produced by Moho s.r.l., https://moho.wo
rld/) by covering an area of about 64 10° m? (Fig. 1). Moreover, 8
small scale L-shaped seismic arrays were deployed close to the main
vents of the Nirano MVs (Fig. 1); the arrays include 16 4.5-Hz vertical
geophones, and BrainSpyTM, a digital acquisition system produced by
Moho S.r.1. (https://moho.world/). The geophones were deployed along
two branches (i.e. eight sensors per branch), each 5 m apart. Seismic
signals were collected for 1 h at 256 sps.

In the following, the main features of the NMVs are outlined at first,
by accounting for outcomes of previous multidisciplinary research car-
ried out in the area. Then, data collected are analyzed to support the
hypothesis that HVSR minima are associated to buried gas reservoir.
Finally, a possible interpretation of the observed features based on the
Biot—Gassmann theory for velocities of gas hydrate-bearing sediments is
provided (Lee, 2004).

2. The ‘Salse di Nirano’ mud volcanoes field

Salse di Nirano regional nature reserve is one of the principal MVs
fields in Italy with a surface of approximately 75000 m? (Fig. 1). This
area is located within the Apenninic fold and thrust-belt of Tortonian
origin. The stratigraphic log in the area includes the outcropping ‘Argille
Azzurre’ Formation (Plio-Pleistocene transgressive clays, including
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occasional sandy and conglomerate layers, with thicknesses up to 150
m) (Amorosi et al.,, 1998; Gasperi et al., 2005), overlying the
Tortonian-Messinian ‘Termina’ Formation (constituted by sandy marls,
fine sandstone intercalations and local masses of methanogenic lime-
stones with microfossils, exceeding 500 m thick), overlying on its turn
the Burdigalian-Serravallian ‘Pantano’ Formation characterized by
marls and marly turbidites, having a thicknesses of about 400 m
(Antunes et al., 2022; Bonini, 2007; Giambastiani et al., 2024; Nespoli
et al., 2023).

The main active vents (mud pools and gryphons) are located in four
major groups aligned in a NE-SW oriented anticline axis, coherent with
the contractional direction in the tectonic context of the Northern
Apennines (Serpelloni et al., 2005), in a topographic depression similar
to a small volcanic caldera of 800 m diameter and a difference in
elevation between the rim and its bottom about 50-60 m. The expelled
material is semi-liquid and composed of mud and water, usually of
Cl-Na type, associated with methane, carbon dioxide and subordinate
liquid hydrocarbons (Martinelli and Rabbi, 1998). The whole area
where the main emitting vents are located (Fig. 1) is also characterized
by diffuse gas seepage (Sciarra et al., 2017, 2019) characterized by an
irregular emission activity (Accaino et al., 2007; Carfagna et al., 2024).
This emission is accompanied by persistent bubbling activity in the form
of ‘drumbeats’ (e.g., Antunes et al., 2022; Brindisi et al., 2023). The
sources of these ‘drumbeats’ are located within 10 m from the topo-
graphic surface and sparsely distributed over a wide area without any
evidence of possible concentration at the main cones (Brindisi et al.,
2023; Carfagna et al., 2024). In line with the outcomes of gas outflow
measurements (Sciarra et al., 2017, 2019), this evidence suggests a
dynamical connection between gas emission and seismic signals. Isotope
geochemistry of waters expelled from MVs evidences an ancient marine
origin and a thermogenic origin of methane bubbling (Mattavelli and
Novelli, 1988; Martinelli and Rabbi, 1998). This indicates a relatively
deep origin of the outflowing fluids, possibly at the top of the turbiditic
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Fig. 1. Satellite image of the Nirano mud volcanoes area. Grey areas correspond to the active vents mud outflows. The red line indicates the caldera-like basin
perimeter and delimits the area where Sciarra et al. (2017, 2019) identify the gas seepage. The seismic arrays are represented by the white geometries with L-shaped
layout. Coloured dots (yellow and red) represent the distribution of sites where single station ambient vibration measurements have been performed: the red dots

indicate sites where the HVSR curves show a clear minimum at about 0.5 Hz.
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sequences of the Tertiary ‘Marnoso-Arenacea’ Formation, located at
depth of few km from the surface (Bonini, 2007; Giambastiani et al.,
2024). Possibly fluid outflow form depth can be due to the leak of a top
membrane or fault seal in the above reservoir, which promotes the rise
of fluids through thrust faults crossing the nearly impermeable
Jurassic-Oligocenic Ligurian Units up to a possible secondary reservoir
within the relatively permeable Epi-Ligurian units (the Termina For-
mation) at a depth of about 400-500 m. The presence of this interme-
diate reservoir is confirmed by gravimetric measurements (Nespoli
et al., 2023) putting in evidence a negative gravity anomaly (about
—1500 pGal) which is compatible with the presence of a gas-saturated
volume with a porosity in the order of 30-40%. This zone extends for
about 200 m width, 1300 m length and about 500 m thick, from beneath
the topographic surface (about 200m a.s.l.) down to about —300m a.s.l.
This low density volume may be related to gas and/or mud saturated in a
rock with a large amount of matrix or fracture porosity (e.g, Mauri et al.,
2018 a; and b). From here to the surface, vertical conduits are expected
to exist making possible the movements of fluids to the surface crossing
the ‘Argille Azzurre’ Formation (Accaino et al., 2007; Carfagna et al.,
2024). The presence of these shallow ducts down to depths of some tens
of meters has been also suggested by measurements and modelling of
resistivity (Accaino et al., 2007; Lupi et al., 2016; Oppo et al., 2017) and
passive seismic (Carfagna et al., 2024) measurements.

Seismic investigations carried out in the area where the main emit-
ting vents are located and outside of it (Accaino et al., 2007; Antunes
et al., 2022; Brindisi et al., 2023; Carfagna et al., 2024) indicate the
following configuration of the shallower subsoil: inside of the
caldera-like basin perimeter, the first few meters from the surface are
characterized by an average S-wave velocity (V;) of about 130 m/s and a
P-wave velocity (Vp) in the range 200-240 m/s. Outside of the
caldera-like basin, in the first few meters of depth, the average V; value
is equal to 200 m/s. Below this shallow layer, both zones present a small
increase of Vs values: a small increase in the range 160-200 m/s inside
the caldera-like basin perimeter and 400 m/s outside. However, a sig-
nificant difference exists in the V), values inside and outside the
caldera-like basin perimeter (550 m/s and 1300 m/s respectively).

3. HVSR survey

Seismic surveys carried out in the area so far allowed the seismic
characterization of the shallowest part of the subsoil involved in the
emission process. To extend downward this characterization and un-
derstand if the presence of the HVSR minimum detected by Antunes
et al. (2022) is actually confined to the area inside of the caldera-like
basin perimeter, an extensive survey of ambient vibrations was per-
formed. At each site, ambient vibrations were acquired for 20 min with a
sampling frequency of 128 Hz in absence of significant wind and
meteorological disturbances. In general, all cautions suggested by the
best practice (e.g., SESAME, 2004) have been considered. Collected data
were processed by following Picozzi et al. (2005). Specifically, the single
components spectra were computed by averaging 20 s long time
non-overlapping windows; a baseline correction and a 5% cosine taper
were applied to each window, and the spectra were smoothed using a
triangular moving window with a frequency-dependent half width (20
per cent of central frequency). Based on these estimates, the ratios of
average spectral amplitudes of ambient vibrations measured along the
vertical and horizontal directions of ground motion have been computed
at each frequency to obtain the HVSR curve (e.g., Molnar et al., 2022).
Since the main interest is devoted to the deeper subsoil structure, the
analysis focused on the low frequency part of the HVSR curves (<1Hz).

In this range, at some sites the HVSR curves show the clear presence
of a minimum around 0.5 Hz (Fig. 2a) confirming the evidence of
Antunes et al. (2022). This minimum is associated to a relative
maximum in the average spectral amplitudes in the Fourier spectrum
relative to the three components of ambient vibrations (Fig. 2b).

A deeper insight may be also obtained by comparing spectra of
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Fig. 2. (a) Experimental HVSR curve in the area where the emitting vents are
located as function of the frequency (a) and corresponding FFT amplitude
spectra of the three ground motion components in velocity (b).

ambient vibrations measured in the same time interval at sites where the
HVSR minimum is present and at those where it is absent (Fig. 3). One
can see that around 0.5 Hz, vertical components are enhanced where the
HVSR minimum is present (Fig. 3a), while only a minor amplification
effect concerns the horizontal components (Fig. 3b). These findings
suggest that around 0.5 Hz any resonance phenomenon may occur due
to energy trapping of seismic waves relative to the vertical ground
motion component.

Aiming at characterizing the overall features of the ambient vibra-
tion wavefield, a Hierarchical Cluster analysis has been performed
(Everitt et al., 2001). To this purpose, the Euclidean distance between
the HVSR shapes in the range 0.1-1 Hz has been used to evaluate sim-
ilarity among the curves and the Ward’s agglomeration method has been
considered to classify measurements. Two main clusters (Fig. 4a and b)
were identified based on the presence (cluster 1) or absence (cluster 2) of
the HVSR minimum around 0.5 Hz. All the measurements relative to the
cluster 1 concentrate in the area where the emitting vents are located
(Fig. 1), and where the negative gravity anomaly detected by Nespoli
et al. (2023) is more evident. This suggests a structural connection be-
tween the HVSR minimum, the emission process and the location of the
possible gas/fluid reservoir.

4. Body wave velocity profiles from HVSR curves

A very rough estimate of the depth (H) where the seismic impedance
contrast responsible for the amplification of vertical ground motion
component observed at sites in the cluster 1 can be provided by the
simple quarter wavelength approximation (Joyner et al., 1981) via
equation H = V/4v, where V is the harmonic average body wave velocity
above the contrast and v is the frequency of the HVSR minimum (0.5
Hz). By considering P phases with an estimated velocity of the order of
600 m/s (see section 2), H results of the order of some hundreds of
meters.

To explore in more detail the possible deeper structure of the area,
the HVSR curves have been inverted to define V; and V), profiles
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Fig. 4. HVSR values as a function of the frequency relative to measurements in cluster 1 (a), which includes 35 measurements, and cluster 2 (b), which includes 24
measurements. See text for details. The red lines represent the mean HVSR curve of cluster 1 (a) and cluster 2 (b).

compatible with observations. To this purpose, several physical models
are available for the direct modelling of the HVSR curves (see, e.g.,
Albarello et al., 2023). Since the interpretation of the HVSR minimum is
of main concern and that around the HVSR extrema body waves are
expected to play a major role (Albarello and Lunedei, 2011), the
preferred model has been the one proposed by Herak (2008) and then
implemented by Bignardi et al. (2016). In this model, the HVSR curve is
assumed to correspond to the ratio of response functions relative to P
and S phases for the vertical and horizontal components respectively.
The body wave inversion has been performed using the code OpenHVSR
(Bignardi et al., 2016). OpenHVSR is a Matlab program for the simul-
taneous modelling and/or inversion of massive HVSR datasets, obtain-
ing the 2D and 3D subsurface distribution of the viscoelastic parameters;
this program is based on code ModelHVSR (Herak, 2008), capable of
obtaining the 1D distribution of the elastic properties of a subsurface by
the inversion of a HVSR curve. The input data consists of experimental
HVSR curves; the inversion strategy is based on the guided Monte Carlo
method (MC), where at every iteration a randomly perturbed version of
the best fitting model is produced and used to compute a set of simulated
curves to be compared with the experimental HVSR curves (Bignardi
et al., 2016). The generation of numerous test models allows to explore
the parameters field in search of a new and best fitting model. In the
OpenHVSR interface is possible to choose which material parameters (i.
e. degree of freedom) are randomly perturbed during the inversion
process and set the maximum amount of the perturbation. The param-
eters involved are compressive and shear wave velocities (V), Vi), and
corresponding attenuation factors (Qp, Qs), density (p), thickness (H);
density variations will have a negligible effect (Herak, 2008). In the
inversion procedure, the configuration relative to the shallower part has
been constrained by the outcomes of the previous seismic investigations
(see section 2).

The mean HVSR curves of cluster 1 and 2 have been calculated to

determine the subsoil configuration within the area where the emitting
vents are located and outside. Best fitting solutions and the relative
profiles are reported in Fig. 5.

This analysis has been performed for all HVSR curves considered in
this study and in each case the best fitting profile has been selected. In
the assumption that body wave profiles obtained from the HVSR curves
in each cluster are representative of the same subsoil configuration, to
estimate the uncertainties of these measurements, the maximum and
minimum value of V; and V), values at each depth relatively to the HVSR
curves in the two clusters have been computed (Fig. 6).

The main seismic impedance contrasts in the body wave velocity
profiles both inside and outside the area where the emitting vents are
located can be associated to the main lithological interfaces in the study
area (Fig. 6e). V, increase at the depths around 450 m can be associated
to the bottom of the ‘Termina’ Formation at the contact with the ‘Pan-
tano’ Formation. At about 200 m of depth, the contact is located be-
tween the ‘Termina’ and the ‘Argille Azzurre’ Formation. At about 50 m
of depths the Plio-Pleistocene clays are in contact with clayey mud de-
posits inside of the caldera-like basin perimeter and with altered clays
outside.

5. Modelling body waves velocity profiles by the Biot-Gassmann
theory

A comparison between the representative profiles of the two clusters
shows that V), values relative to the sites outside the area of emitting
vents are generally larger than those relative to the area inside, down to
a depth of about 450 m from the surface. Since no evidence exists about
the possible presence of any lateral variation in the lithostratigraphical
configuration between the area of emitting vents and surroundings
(Fig. 6e), we hypothesize that these differences are related to the pres-
ence of uprising fluids below the area of emitting vents. In particular, the
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relatively large decrease of V, values inside the caldera-like basin is
interpreted as the effect of the presence of gas (mainly methane) and
mud stored below the area where the emitting vents are located at least
down to some hundreds of meters depth.

To evaluate the feasibility of this hypothesis to explain the observed
differences, we refer to the Biot-Gassman theory in the form proposed by
Lee (2004), and hereafter indicated as BGTL.

In line with the considerations proposed by Tinivella (2002), the
characteristic parameters relative to each layer inferred from the
modelling of the HVSR curves have been considered to identify where
patchy or uniform distribution of free gas in the pore space is expected
(Lee, 2004). Based on this position, we analyzed the body wave velocity
profiles shown in Fig. 6a and b by considering the different lithotypes in
the subsoil and the detected impedance contrasts (Fig. 6e). In the
assumption that no lithological differences exist between the area of
emitting vents and surroundings, the values of the bulk and shear elastic
moduli relative to the hosting material have been inferred from esti-
mated values of V), V; and density (Mari, 2019).

In the BGTL model, the V; and V,, profiles relative to fluid-bearing
sediments depend on the porosity (¢), water saturation (S,,), clay vol-
ume content (C,) and on two calibration constants: ‘e’, and ‘m’. Realistic
ranges of variation relative to these parameters as a function of the li-
thologies present in the area are reported by Lee (2004) and Yu et al.
(1993). Further constrains are as follows: the average density of the fluid
bearing sediments (containing water and mainly methane) it has been
assumed ~ 1500-1600 kg/m3 (Nespoli et al., 2023), and for the
water-bearing sediments, that are located outside of the caldera-like
basin perimeter, has been assumed ~ 1850 kg/m?> for the surface clays
and 2000-2200 kg/m? for the Miocene rocks from 100 to 1000 m of

depth (Nespoli et al., 2023).

By considering these constraints, the values relative to the free pa-
rameters (¢, Sy, Cy, e and m) have been obtained by an inversion pro-
cedure aiming at best fitting the experimental V;and V), profiles in Fig. 6.
The outcome of this procedure for the area inside the caldera-like basin
is reported in Fig. 7a.

Since the volume of the reservoir is equal to ~2 10% m® (Nespoli
et al., 2023), considering the weighted average of ¢ and S, as a function
of depth it was possible to get an estimate of the total amount of gas in
the reservoir (3.9 10’ m3).

6. Discussions and conclusions

The forward modelling of body waves confirms that the spectral
anomaly identified by the minimum situated around 0.5 Hz may be due
to a strong V,, impedance contrast at 450 m, which may be linked to the
contact between ‘Pantano’ and ‘Termina’ Formations (Giambastiani
et al., 2024). This discontinuity could represent the base of a polyphasic
reservoir (containing mainly mud, water and methane), similarly to the
case of Salinelle MVs analyzed by Panzera et al. (2016).

The above interpretation does not contrast with the interpretation of
Frehner et al. (2006) and Saenger et al. (2009). By these Authors the link
between the HVSR minimum and the presence of a reservoir can be
revealed when a large difference exists between Young’s modulus (E) of
the materials within and outside the reservoir. In the case of Nirano, the
Young modulus inferred from the values obtained within the reservoir is
about one half of the one outside (1.13 GPa and 2.17 GPa respectively).

Thanks to these elements, we can assume that the reservoir we are
looking for extends to a depth of about 500 m, which is in line with
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‘Pantano’ Formation (Burdigalian-Serravallian).

outcomes by Nespoli et al. (2023). In addition to this, its mean porosity
results to be in the order of 30%, as attested by Nespoli et al. (2023),
representing the intrusion of fluids (water and methane) in the damage
zone of a subvertical conduit which feeds shallow fluid reservoirs just
below the MVs.

The satisfactory fitting between the body waves profiles below the
emitting vents and those inferred by the BGTL model suggests that the
remarkable V), reduction compared to the outside is due to the presence
of gas and to the mode of its saturation in the pore space. In contrast, S-
waves are weakly affected by the presence of gas (Lee, 2004) and this
explains why V; profiles are approximately the same both internally and
externally from the eruptive area (Fig. 6a and c). Furthermore, the
P-wave sensibility to gas allows to outline a V), profile (Fig. 6a) which
better define both the impedance contrast between Termina and ‘Argille
Azzurre’ Formation, and that at 10 m depth, delimiting the superficial
layer where the bubbling phenomenon takes place (Carfagna et al.,
2024).

Trying to reconstruct a possible interpretation of the Nirano sub-
surface model, a simplified geological sketch has been proposed
(Fig. 6e). The subsoil of the area inside of the caldera-like basin
perimeter can be described as follows from the bottom to the top. At 500
m of depth we find the ‘Pantano’ Formation, representing the bottom of

a polyphasic reservoir (the *Termina’ Formation) which extends for
about 300 m towards the surface. This formation underlies ‘Argille
Azzurre’ Formation where are situated the ducts of rising mud, water
and methane (Accaino et al., 2007; Carfagna et al., 2024) until 50 m
depth, where the clayey mud deposits outcrops.

In conclusion, our results support the feasibility of passive seismic
methods (and in particular the HVSR curves) to investigate the presence
of a hydrocarbon reservoir in the subsoil and to estimate the gas con-
centration in a reservoir system. Since single station three-directional
measurements are necessary on purpose, the proposed combination of
HVSR measurements and BGTL modelling could be also applied off-
shore when Ocean Bottom Seismometer (OBS) seismic data are
available.
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Fig. 7. (a) Red and black dashed lines represent the profile of the maximum and minimum V, and V; value at each depth shown in Figs. 6a and 6b respectively. The
blue lines identify the best fitting profiles obtained by the BGTL modelling considering: the porosity (f) profile (b) expressed in percentage; the water saturation (S,,)
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Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

Many thanks are due to the Fiorano Modenese Municipality for
promoting research in the Nirano area and to Antonello Piombo from the
University of Bologna as coordinator of monitoring activities. Many
thanks are also due to Samuel Bignardi for his kind assistance in the
inversion of seismic observations and to Anna Tanzini and Mario Ariano
for their collaboration in the field surveys. We are also deeply grateful to
Umberta Tinivella for her valuable assistance and collaboration in
modelling the body wave velocity profiles using the BGTL model. Many
thanks are also due to the reviewer Juan I. Soto for insightful remarks,
which helped us to improve the manuscript.

Data availability
Data will be made available on request.

References

Accaino, F., Bratus, A., Conti, S., Fontana, D., Tinivella, U., 2007. Fluid seepage in mud
volcanoes of the northern Apennines: an integrated geophysical and geological
study. J. Appl. Geophys. 63, 90-101. https://doi.org/10.1016/j.
jappgeo.2007.06.002.

Albarello, D., Lunedei, E., 2011. Structure of an ambient vibration wavefield in the
frequency range of engineering interest ([0.5, 20] Hz): insights from numerical
modelling. Near Surf. Geophys. 9 (6), 543-559. https://doi.org/10.3997/1873-
0604.2011017.

Albarello, D., Herak, M., Lunedei, E., Paolucci, E., Tanzini, A., 2023. Simulating H/V
spectral ratios (HVSR) of ambient vibrations: a comparison among numerical
models. Geophys. J. Int. 234 (2), 870-878. https://doi-org.ezproxy.unibo.it/
10.1093/gji/ggad109.

Amorosi, A., Barbieri, M., Castorina, F., Colalongo, M.L., Pasini, G., Vaiani, S.C., 1998.
Sedimentology, micropaleontology, and strontium-isotope dating of a lower-middle
Pleistocene marine succession (“Argille Azzurre”) in the Romagna Apennines,
northern Italy. Boll. Soc. Geol. Ital. 117, 789-806.

Antunes, V., Planes, T., Obermann, A., Panzera, F., D’Amico, S., Mazzini, A., Lupi, M.,
2022. Insights into the dynamics of the Nirano Mud Volcano through seismic
characterization of drumbeat signals and V/H analysis. J. Volcanol. Geoth. Res. 431,
107619. https://doi.org/10.1016/j.jvolgeores.2022.107619.

Bignardi, S., Mantovani, A., Zeid, N.A., 2016. OpenHVSR: imaging the subsurface 2D/3D
elastic properties through multiple HVSR modeling and inversion. Comput. Geosci.
93, 103-113. https://doi.org/10.1016/j.cageo.2016.05.009.

Bonini, M., 2007. Interrelations of mud volcanism, fluid venting, and thrust-anticline
folding: examples from the external northern Apennines (Emilia-Romagna, Italy).
J. Geophys. Res. 112 (B8). https://doi.org/10.1029/2006JB004859.

Brindisi, A., Carfagna, N., Paolucci, E., Albarello, D., 2023. Fine structure of seismic
emissions from Nirano mud volcanoes (northern Apennines, Italy): a
phenomenological study. Bull. GeoPhys. ObServ. 20, 1-12. https://doi.org/
10.4430/bgo00437.

Carfagna, N., Brindisi, A., Paolucci, E., Albarello, D., 2024. Seismic monitoring of gas
emissions at mud volcanoes: the case of Nirano (northern Italy). J. Volcanol.
Geotherm. 446, 107993. https://doi.org/10.1016/j.jvolgeores.2023.107993.

Dangel, S., Schaepman, M.E., Stoll, E.P., Carniel, R., Barzandji, O., Rode, E.D., Singer, J.
M., 2003. Phenomenology of tremor-like signals observed over hydrocarbon
reservoirs. J. Volcanol. Geotherm. 128 (1-3), 135-158. https://doi.org/10.1016/
S0377-0273(03)00251-8.

Etiope, G., Milkov, A., 2004. A new estimate of global methane flux from onshore and
shallow submarine mud volcanoes to the atmosphere. Env. Geol. 46, 997-1002.
https://doi.org/10.1007/500254-004-1085-1.

Everitt, B.S., Landau, S., Leese, M., 2001. Cluster Analysis, fourth ed. Arnold, London.

Frehner, M., Schmalholz, S.M., Holzner, R., Podladchikov, Y.Y., 2006. Interpretation of
hydrocarbon microtremors as pore fluid oscillations driven by ambient seismic noise.
In: First EAGE Passive Seismic Workshop-Exploration and Monitoring Applications,
p. 21. https://doi.org/10.3997/2214-4609.201402559.

Gasperi, G., Bettelli, G., Panini, F., Pizziolo, M., Bonazzi, U., Fioroni, C., Fregni, P.,
Vaiani, S.C., 2005. Note Illustrative Alla Carta Geologica d’Italia Alla Scala 1:50.000.
Foglio 219 “Sassuolo. Regione Emilia — Romagna.

Giambastiani, B.M.S., Chiapponi, E., Polo, F., Nespoli, M., Piombo, A., Antonellini, M.,
2024. Structural control on carbon emissions at the Nirano mud volcanoes-Italy.
Mar. Pet. Geol. 163, 106771. https://doi.org/10.1016/j.marpetgeo.2024.106771.

Grassi, S., De Guidi, G., Patti, G., Brighenti, F., Carnemolla, F., Imposa, S., 2022. 3D
subsoil reconstruction of a mud volcano in central Sicily by means of geophysical
surveys. Acta Geophys. 70 (3), 1083-1102. https://doi.org/10.1007/s11600-022-
00774-y.

Herak, M., 2008. ModelHVSR-A Matlab tool to model horizontal-to-vertical spectral ratio
of ambient noise. Comput. Geosci. 34, 1514-1526. https://doi.org/10.1016/j.
cageo.2007.07.009.

IPCC: Climate Change 2022: Impacts, Adaptation, and Vulnerability, Contribution of
Working Group II to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change, Cambridge University Press, Cambridge, UK and New York, NY,
USA, Cambridge University Press.

Joyner, W.B., Warrick, R.E., Fumal, T.E., 1981. The effect of Quaternary alluvium on
strong ground motion in the Coyote Lake, California, earthquake of 1979. Bull.
Seism. Soc. Am. 71, 1333-1349. https://doi.org/10.1785/BSSA0710041333.

Lee, M.W., 2004. Elastic velocities of partially gas-saturated unconsolidated sediments.
Mar. Pet. Geol. 21 (6), 641-650. https://doi.org/10.1016/j.marpetgeo.2003.12.004.

Lambert, M., Schmalholz, S.M., Podladchikov, Y.Y., Saenger, E.H., 2007. Low frequency
anomalies in spectral ratios of single station microtremor measurements:
observations across an oil and gas field in Austria. In: 77th Annual International
Meeting, SEG. extended abstracts, pp. 1352-1356. https://doi.org/10.1190/
1.2792751.

Lupi, M., Suski Ricci, B., Kenkel, J., Ricci, T., Fuchs, F., Miller, S., Kemna, A., 2016.
Subsurface fluid distribution and possible seismic precursory signal at the Salse di
Nirano mud volcanic field, Italy. Geophys. J. Int. 204, 907-917. https://doi.org/
10.1093/gji/ggv454.

Mari, J.L., 2019. Wave propagation. In: Mendes, Mari (Ed.), Seismic Imaging: a Practical
Approach, 206. EDP Sciences. https://doi.org/10.1051/978-2-7598-2351-2.c003.


https://doi.org/10.1016/j.jappgeo.2007.06.002
https://doi.org/10.1016/j.jappgeo.2007.06.002
https://doi.org/10.3997/1873-0604.2011017
https://doi.org/10.3997/1873-0604.2011017
https://doi-org.ezproxy.unibo.it/10.1093/gji/ggad109
https://doi-org.ezproxy.unibo.it/10.1093/gji/ggad109
http://refhub.elsevier.com/S0264-8172(24)00587-7/sref4
http://refhub.elsevier.com/S0264-8172(24)00587-7/sref4
http://refhub.elsevier.com/S0264-8172(24)00587-7/sref4
http://refhub.elsevier.com/S0264-8172(24)00587-7/sref4
https://doi.org/10.1016/j.jvolgeores.2022.107619
https://doi.org/10.1016/j.cageo.2016.05.009
https://doi.org/10.1029/2006JB004859
https://doi.org/10.4430/bgo00437
https://doi.org/10.4430/bgo00437
https://doi.org/10.1016/j.jvolgeores.2023.107993
https://doi.org/10.1016/S0377-0273(03)00251-8
https://doi.org/10.1016/S0377-0273(03)00251-8
https://doi.org/10.1007/s00254-004-1085-1
http://refhub.elsevier.com/S0264-8172(24)00587-7/sref12
https://doi.org/10.3997/2214-4609.201402559
http://refhub.elsevier.com/S0264-8172(24)00587-7/sref14
http://refhub.elsevier.com/S0264-8172(24)00587-7/sref14
http://refhub.elsevier.com/S0264-8172(24)00587-7/sref14
https://doi.org/10.1016/j.marpetgeo.2024.106771
https://doi.org/10.1007/s11600-022-00774-y
https://doi.org/10.1007/s11600-022-00774-y
https://doi.org/10.1016/j.cageo.2007.07.009
https://doi.org/10.1016/j.cageo.2007.07.009
https://doi.org/10.1785/BSSA0710041333
https://doi.org/10.1016/j.marpetgeo.2003.12.004
https://doi.org/10.1190/1.2792751
https://doi.org/10.1190/1.2792751
https://doi.org/10.1093/gji/ggv454
https://doi.org/10.1093/gji/ggv454
https://doi.org/10.1051/978-2-7598-2351-2.c003

A. Brindisi et al.

Martinelli, G., Rabbi, E., 1998. The Nirano mud volcanoes. In: Abstracts and Guide Book,
Vth International Conference on Gas in Marine Sediments, pp. 202-206. Bologna,
Italy.

Mattavelli, L., Novelli, L., 1988. Geochemistry and habitat of natural gases in Italy. In:
Organic Geochemistry in Petroleum Exploration. Pergamon, pp. 1-13. https://doi.
org/10.1016/B978-0-08-037236-5.50007-5.

Mauri, G., Husein, A., Mazzini, A., Irawan, D., Sohrabi, R., Hadi, S., Prasetyo, H.,
Miller, S.A., 2018a. Insights on the structure of Lusi mud edifice from land gravity
data. Mar. Pet. Geol. 90, 104-115. https://doi.org/10.1016/j.
marpetgeo.2017.05.041.

Mauri, G., Husein, A., Mazzini, A., Karyono, K., Obermann, A., Bertrand, G., Lupi, M.,
Prasetyo, H., Hadi, S., Miller, S.A., 2018b. Constraints on density changes in the
funnel-shaped caldera inferred from gravity monitoring of the Lusi mud eruption.
Mar. Pet. Geol. 90, 91-103. https://doi.org/10.1016/j.marpetgeo.2017.06.030.

Mazzini, A., Etiope, G., 2017. Mud volcanism: an updated review. Earth Sci. Rev. 168,
81-112. https://doi.org/10.1016/j.earscirev.2017.03.001.

Molnar, S., Sirohey, A., Assaf, J., Bard, P.Y., Castellaro, S., Cornou, C., Cox, B.,
Guillier, B., Hassani, B., Kawase, H., Matsushima, S., Sanchez-Sesma, F.J., Yong, A.,
2022. A review of the microtremor horizontal-to-vertical spectral ratio (MHVSR)
method. J. Seismol. 26, 653-685. https://doi.org/10.1007/510950-021-10062-9.

Nespoli, M., Antonellini, M., Albarello, D., Lupi, M., Cenni, N., Piombo, A., 2023. Gravity
data allow to image the shallow-medium subsurface below mud volcanoes. Geophys.
Res. Lett. 50 (20), €2023GL103505. https://doi.org/10.1029/2023GL103505.

Oppo, D., Viola, 1., Capozzi, R., 2017. Fluid sources and stable isotope signatures in
authigenic carbonates from the Northern Apennines, Italy. Mar. Pet. Geol. 86,
606-619. https://doi.org/10.1016/j.marpetgeo.2017.06.016.

Panzera, F., Sicali, S., Lombardo, G., Imposa, S., Gresta, S., D’Amico, S., 2016.

A microtremor survey to define the subsoil structure in a mud volcanoes area: the
case study of Salinelle (Mt. Etna, Italy). Environ. Earth Sci. 75, 1-13. https://doi.
org/10.1007/s12665-016-5974-x.

Picozzi, M., Parolai, S., Albarello, D., 2005. Statistical analysis of noise horizontal to
vertical spectral ratios (HVSR). Bull. Seismol. Soc. Am. 95, 1779-1786. https://doi.
org/10.1785/0120040152.

Quintal, B., Schmalholz, S.M., Podladchikov, Y.Y., Carcione, J.M., 2007. Seismic low-
frequency anomalies in multiple reflections from thinly layered poroelastic

Marine and Petroleum Geology 173 (2025) 107275

reservoirs. In: SEG Technical Program Expanded Abstracts 2007. Society of
Exploration Geophysicists, pp. 1690-1695. https://doi.org/10.1190/1.2792819.

Saenger, E.H., Torres, A., Rentsch, S., Lambert, M., Schmalholz, S.M., Mendez-
Hernandez, E., 2007. A Hydrocarbon Microtremor Survey over a Gas Field:
Identification of Seismic Attributes. SEG Technical Program Expanded Abstracts
2007, pp. 1277-1281. https://doi.org/10.1190/1.2792736.

Saenger, E.H., Schmalholz, S.M., Lambert, M.A., Nguyen, T.T., Torres, A., Metzger, S.,
Habiger, R.M., Miiller, T., Rentsch, S., Méndez-Hernandez, E., 2009. A passive
seismic survey over a gas field: analysis of low-frequency anomalies. Geophysics 74
(2), 029-040. https://doi.org/10.1190/1.3078402.

Sciarra, A., Cantucci, B., Conventi, M., Ricci, T., 2017. Caratterizzazione geochimica e
monitoraggio dei flussi e delle componenti gassose nella Riserva delle Salse di
Nirano. 148. Atti della Societa dei Naturalisti e Matematici di Modena -
Supplemento.

Sciarra, A., Cantucci, B., Ricci, T., Tamonaga, Y., Mazzini, A., 2019. Geochemical
characterization of the Nirano mud volcano, Italy. Appl. Geochem. 102, 77-87.
https://doi.org/10.1016/j.apgeochem.2019.01.006.

Serpelloni, E., Anzidei, M., Baldi, P., Casula, G., Galvani, A., 2005. Crustal velocity and
strain-rate fields in Italy and surrounding regions: new results from the analysis of
permanent and non-permanent GPS networks. Geophys. J. Int. 161, 861-880.
https://doi.org/10.1111/j.1365-246X.2005.02618.x.

SESAME, 2004. Guidelines for the implementation of the H/V spectral ratio technique on
ambient vibrations measurements, processing and interpretation. http://sesame.ge
opsy.org/Papers/HV_User_Guidelines.pdf (accessed November 2021).

Sudarmaji, S., Nurcahya, B.E., Sugiantoro, N.R., 2021. Vertical to horizontal spectral
ratio (VHSR) response of seismic wave propagation in a homogeneous
elastic—poroelastic medium using the spectral finite element method. Indones J Appl
Phys 11, 95.

Tinivella, U., 2002. The seismic response to over-pressure versus gas hydrate and free gas
concentration. J. Seism. Explor. 11 (3), 283-305.

Yu, C., Cheng, J.J., Jones, L.G., Wang, Y.Y., Faillace, E., Loureiro, C., Chia, Y.P., 1993.
Data Collection Handbook to Support Modeling the Impacts of Radioactive Material
in Soil (No. ANL/EAIS-8). Argonne National Lab.


http://refhub.elsevier.com/S0264-8172(24)00587-7/sref24
http://refhub.elsevier.com/S0264-8172(24)00587-7/sref24
http://refhub.elsevier.com/S0264-8172(24)00587-7/sref24
https://doi.org/10.1016/B978-0-08-037236-5.50007-5
https://doi.org/10.1016/B978-0-08-037236-5.50007-5
https://doi.org/10.1016/j.marpetgeo.2017.05.041
https://doi.org/10.1016/j.marpetgeo.2017.05.041
https://doi.org/10.1016/j.marpetgeo.2017.06.030
https://doi.org/10.1016/j.earscirev.2017.03.001
https://doi.org/10.1007/s10950-021-10062-9
https://doi.org/10.1029/2023GL103505
https://doi.org/10.1016/j.marpetgeo.2017.06.016
https://doi.org/10.1007/s12665-016-5974-x
https://doi.org/10.1007/s12665-016-5974-x
https://doi.org/10.1785/0120040152
https://doi.org/10.1785/0120040152
https://doi.org/10.1190/1.2792819
https://doi.org/10.1190/1.2792736
https://doi.org/10.1190/1.3078402
http://refhub.elsevier.com/S0264-8172(24)00587-7/sref37
http://refhub.elsevier.com/S0264-8172(24)00587-7/sref37
http://refhub.elsevier.com/S0264-8172(24)00587-7/sref37
http://refhub.elsevier.com/S0264-8172(24)00587-7/sref37
https://doi.org/10.1016/j.apgeochem.2019.01.006
https://doi.org/10.1111/j.1365-246X.2005.02618.x
http://sesame.geopsy.org/Papers/HV_User_Guidelines.pdf
http://sesame.geopsy.org/Papers/HV_User_Guidelines.pdf
http://refhub.elsevier.com/S0264-8172(24)00587-7/sref41
http://refhub.elsevier.com/S0264-8172(24)00587-7/sref41
http://refhub.elsevier.com/S0264-8172(24)00587-7/sref41
http://refhub.elsevier.com/S0264-8172(24)00587-7/sref41
http://refhub.elsevier.com/S0264-8172(24)00587-7/sref42
http://refhub.elsevier.com/S0264-8172(24)00587-7/sref42
http://refhub.elsevier.com/S0264-8172(24)00587-7/sref43
http://refhub.elsevier.com/S0264-8172(24)00587-7/sref43
http://refhub.elsevier.com/S0264-8172(24)00587-7/sref43

	Passive seismic measurements to characterize gas reservoirs in a mud volcano field in Northern Italy
	1 Introduction
	2 The ‘Salse di Nirano’ mud volcanoes field
	3 HVSR survey
	4 Body wave velocity profiles from HVSR curves
	5 Modelling body waves velocity profiles by the Biot-Gassmann theory
	6 Discussions and conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


