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ABSTRACT

The Nirano Salse in Italy is a well-studied site where natural gas seepage (NGS) and other hydrocarbon fluids and gases are emitted at the earth’s surface. A novel
integrated approach is applied to define a comprehensive structural interpretation of the gas seepage and flow dynamic in the mud volcano system of the Nirano Salse
Regional Nature Reserve (Modena, Northern Apennines). The paper investigates the relationship between gas emissions and local structures, particularly faults and
fractures, in the shallow subsurface (down to 500-600 m depth) to understand the control that structures have on fluid ascent from deep leaky hydrocarbon traps. We
performed continuous monitoring of mud levels within vents; carried out geological surveys to characterize the main stratigraphic and structural discontinuities;
measured the carbon emissions (CH4 and CO5) seepage both from volcanoes and the surrounding soil by a portable gas fluxmeter; and integrated the results with
available geophysical surveys. The authors argue that the transgressive Pleistocene-Pliocene Argille Azzurre Formation hides the complex and highly structured pre-
Pliocene geology of the area, in which faults and fractures act as pathways for deep fluid ascent. The emissions are aligned along a NE-SW trend at the intersection of
a NE-SW fracture system and NW-SE-oriented normal faults, which are both associated to the local tensional stress field of a likely left-lateral strike-slip transfer
structure or in the extrados of a fold. By examining both natural gas macroseepage and diffuse flux, it is shown that local structures control the fluid ascent and
contribute to the emission of hydrocarbon gases and fluids at the Earth’s surface. Understanding the structural control of carbon emissions at the Nirano Salse is also
important for evaluating the carbon budget at the site, particularly in areas where there are detectable surface emissions. The study has implications for geologic,
environmental, and economic issues, including hydrocarbon exploration, hazard assessment, and impact on the atmospheric carbon budget. Furthermore, the
outcomes have an important implication to evaluate the potential for dangerous abrupt mud eruptions, and the site safety in proximity to the mud volcanoes.

1. Introduction

Natural gas seepage and venting at the Earth’s surface associated
with mud and other hydrocarbon gases and fluids are common phe-
nomena in different kinds of geological environments such as thrust
belts, geothermal areas, and high rate sedimentation and subsidence
basins (Etiope, 2015; Etiope and Milkov, 2004; Kopf, 2002). With
increasing awareness of the effects of greenhouse gases on the currently
established climate warming trends (IPCC, 2022), it has become a
pressing matter to characterize natural methane (CH,4) and associated
gas and fluid emissions to establish their relevance in the carbon budget
as well as to evaluate potential risks for the population living in areas
where these phenomena are present. Furthermore, the connection be-
tween structural traps in the subsurface and hydrocarbon (gas/fluid)
seepage at the Earth’s surface is well established in the literature
(Aminzadeh et al., 2013). Processes of mud diapirism and intrusion
along faults, fold axes, and fracture zones, which are associated with gas
and mud venting have been reported by MacDonald et al. (2000), Or-
ange et al. (1999), Wang et al. (2022), and Zhong et al. (2021) in
different parts of the world.
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Gas seepage and emissions at the Earth’s surface may be related to
different phenomena and processes. In petroleum geology natural gas
seepage is considered a hydrocarbon-rich gas mostly composed of
methane deriving from the thermal maturation of organic source rock
(Mazzini and Etiope, 2017). Natural gas, however, can also develop in
abiotic conditions during igneous rock emplacement, metamorphism,
and geothermal conditions (Etiope and Sherwood Lollar, 2013).
Biogenic methane development is also another important process at the
Earth’s surface during sediment diagenesis and is the physiologic
product of microbial communities active at low environmental tem-
peratures (60-80 °C) (Formolo, 2010; Hunt, 1996).

According to Etiope et al. (2011) and Etiope (2005) localized and
channelled venting of natural gas from mud volcanoes, bubbling mud
pools, and gryphons is named “macro-seep”, whereas pervasive wide-
spread dispersed exhalation through pores and microfractures of sedi-
ments and rocks throughout relatively large areas, conceptually
independent from macro-seep, is referred to as “microseepage”. Another
seepage, named ‘miniseepage’, occurs that defines the invisible, diffuse
exhalation of gas from the muddy ground surrounding pools and
gryphons, by identifying a transition area of tens or hundreds of meters
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surrounding the macro-seepage zone, where gas gradually decreases.
Micro and miniseepage are both governed by gas diffusion. Natural gas
and fluids macro-seepage, on the other hand, is governed by advective
and density difference transport along pipes and open fracture zones
(Wan et al., 2021).

Natural gas seepage (NGS from now onward) has implications for
several geologic, environmental, and economic issues. In geology, NGS
indicates tectonic discontinuities and fracture permeability whereas in
hydrocarbon exploration it has always been considered a convenient
means to sample and geochemically assess the fluids of the petroleum
system before exploitation or to individuate leaky seals (both for hy-
drocarbons and CO storage) in the subsurface. NGS is a hazard to
humans and constructions especially during explosive surface venting or
for the degradation of soil characteristics next to focused emission points
or for the pollution of aquifers and rivers (Mazzini and Etiope, 2017).
NGS may have a significant impact on the atmospheric carbon budget
and its contribution needs to be assessed at the local and global scale for
completion of required inventory sources of carbon. There are large
discrepancies between the estimates of natural methane sources by
Hmiel et al. (2020) and other studies (Mazzini et al., 2021b) also con-
ducted on specific geological sources such as mud volcanoes
macro-seeps in the same geographical area and at global level. Methane
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gas may have contributed to past climate change events by changing the
concentrations of greenhouse gases in the atmosphere. Methane, in fact,
is a much more powerful greenhouse gas than CO5 (Howarth, 2014).
Furthermore, NGS, where associated with fire at the surface, is impor-
tant to many cultures that revere these phenomena in the context of the
Zoroasther cult (Amrikazemi and Mehrpooya, 2005; Kuhn, 2000; Leroy
et al., 2022). Finally, but not least, the economic exploitation of mud
seeps for geotourism has become an important business for the recrea-
tional and medical properties of mud baths (Herrera-Franco et al., 2020;
Madeja and Mrowczyk, 2010).

In this paper, we investigate the relationships between gas emissions
and local structures in the Nirano Salse (Italy), which is a well-studied
site where geochemical, geophysical, and structural data are available
(Bonini, 2007, 2008, 2009; Giambastiani et al., 2022; Heller et al., 2011,
2012; Lupi et al., 2016; Martinelli and Rabbi, 1998; Nespoli et al., 2023;
Romano et al., 2023; Sciarra et al., 2019). We examine both natural gas
macro-, mini- and micro-seepages for relating their venue to structural
elements such as faults and fractures. The objective of our work is to
show that local structures control fluid ascent in the shallow subsurface
(depth down to 500-600 m) from deep leaky hydrocarbon traps devel-
oped in a thrust fold tectonic setting. The reason to study the relation-
ships between gas emissions and structures has multiple purposes. The
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Fig. 1. Location of the Nirano Salse study area. a) The geological phenomena and historical hydrocarbons vents that occurred in the surrounding area (modified from
Giambastiani et al., 2022); b) location of gryphons and mud pools (red dots), gas measurement points (black triangles for macroseepage; yellow ad cyan triangles for
mini- and micro-seepage, respectively). Coordinate reference system: WGS 1984 UTM Zone 32N). c¢) Schematic cross section (trace in Fig. 1a) at regional level
showing the deep sources and potential migration pathways as proposed by Bonini (2007) and modified from Sciarra et al. (2015).
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first is to accurately evaluate the carbon budget at the site focusing on
areas where detectable surface emissions are; in the second instance, to
evaluate the hazards at specific positions in the site, so that better and
safer routes can be devised for the tourists visiting the area in a way to
avoid sudden mud explosions, dangerous gas concentrations, and soil
sinking; finally, to highlight how the integration of geophysical and
structural geology techniques can aid in pinpointing the processes
controlling gas and mud venting at the earth surface.

1.1. Structural setting

The study area (Fig. 1a) is located within the outcropping surface
front of the Northern Apennines (Italy), specifically in the Regional
Nature Reserve of the Nirano Salse (hereafter referred to as Nirano Salse).
This area has been known since historical times (Bonini, 2020; Manga
and Bonini, 2012) for its cold seeps of salty connate water mixed with
clay, liquid hydrocarbons, and gas emissions. Gryphons, mud pools, and
dry seeps are spread over an area of about 40 ha within a hilly Badlands
landscape (Figs. 1 and 2).

Morphologically, the area is shaped like an oval depression with a
diameter of 800 m, which has led some authors to propose the existence
of a mud caldera and a collapsed structure or of a gravitational collapse
above a mud diapir in the Plio-Pleistocene (Bonini, 2008, 2009; Oppo
etal., 2013; Sciarra et al., 2019). However, the bottom of the depression
is also divided into three benches trending E-W to NW-SE, down--
stepping to the north where the three major mud volcano groups are
located (Fig. 1b). The shape of the mud and gas vents depends on the
type of emissions: irregular, discontinuous, and explosive gas-mud
emissions tend to form gryphons, whereas quiet, continuous emissions
form mud pools (Mazzini et al., 2021a,b). The largest gryphons have
basal diameters of 4-5 m, rims with diameters of 0.2-2 m, and heights of
2-3 m above ground (Fig. 2). The emissions consist of intermittent gas
bubbles and muddy water with variable flow rates. Generally, there is a
continuous supply of small bubbles (about a few cm in diameter), but
their frequency may vary, and every few minutes larger bubbles break
the surface, especially in the most active gryphons of the central area.
The wireline sounding depth of the conduits down to the shallow buffer
reservoirs within the Argille Azzurre Fm ranges from 0.6 to 5 m for the
gryphons, whereas the depth of mud pool conduits ranges from 8 to 15
m, suggesting a straighter, more vertical, pipe-like structure in the latter
(Giambastiani et al., 2022 and Fig. 11c therein). The shallow reservoirs
in the Argille Azzurre Fm and/or just below its base are shallow buffer
reservoirs that accumulate gas coming from a much deeper source

Fig. 2. The hilly landscape and the typical morphology of the mud vents in the
Nirano Salse study area. At the forefront a mud pool with a 9 m deep conduit
and at the back a few gryphons.
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(Fig. 1c) within a thrust-controlled anticlinal trap in the Tortonian
Marnoso Arenacea Fm at a depth of about 2500 m (Bonini, 2007).

1.2. Geologic and stratigraphic setting

The Plio-Pleistocene Argille Azzurre Formation (Fm) is outcropping in
the whole area of the Nirano Salse (Fig. 1S in Suppl. Mat. and strati-
graphic sequence in Fig. 4). The Argille Azzurre Fm primarily consists of
marine clays, with sandy and conglomerate layers occurring only at
their base near the transgression over the Messinian Colombacci Fm and
the Epiligurian sequence (Amorosi et al., 1998).

The Epiligurian Sequence can be divided into several main units,
which from top to bottom include the Tortonian-Messinian Termina Fm
composed of sandy marly sediments with a thickness exceeding 500 m.
The Burdigalian-Serravallian marls and marly turbidites of the Bisman-
tova group (Cigarello and Pantano Fms) occur below the Termina Fm and
have a thickness of about 400 m. The Rupelian-Burdigalian marls of the
Contignaco and Antognola Fm have a variable thickness (50-500 m) just
below the Bismantova Group. The Lutezian-Rupelian Montepiano-Loiano-
Ranzano Fm with mostly high porosity sandy conglomeratic sediments
intercalated with clays have a thickness of about 500 m and form the
base of the Epiligurian sequence. Below the Epiligurian, the Cretaceous
to Eocene chaotic Ligurian mélange complex and the associated Baiso
breccias form the base of the Tertiary sequence (Gasperi et al., 2005).

1.3. Tectonics

There are no clearly mapped faults in the Argille Azzurre Fm (FAA), as
evidenced by Gasperi et al. (2005) and Fig. 1a. As folding is present in
some areas, brittle structures are relatively few in the clays. In contrast,
the Miocene-Eocene sequence below the transgression is intensely
faulted and fractured, with prevalent NW-SE and NE-SW structural
trends. These trends are common in the Northern Apennines, as noted by
Gasperi et al. (2005), Carlini et al. (2016), and Mariucci et al. (1999).

The published geological map (Gasperi et al., 2005) and some au-
thors (Bonini, 2008, 2009, 2020; Maestrelli et al., 2019) describe a
NW-SE anticline axis crossing the Nirano Salse area. Our field observa-
tions, however, do not recognize this feature but the axis of a NW-SE
monocline (strata dipping NE north of the monocline), which marks
the area of steepening of the FAA strata to the NE (Fig. 1b). Mud vol-
canoes are aligned along a NE-SW line, which is close to the contrac-
tional direction in the tectonic context of the Northern Apennines, and
thus to the maximum current in-situ stress orientation (Sy) (ENE-SSW
according to Serpelloni et al., 2015). Gas emissions are interpreted as
surface expressions of fluids escaping from a deep leaky reservoir
located below the Ligurian complex (at a depth of around 2.5 km).
Leakage from a top membrane or fault seal in the deep reservoir could
facilitate the rise of gas along faults and fractures into the fractured
Epiligurian units (800-1200 m deep) of Eocene-Miocene age, and via
fingering in the upper Plio-Pleistocene ductile clays.

Seismic events in this section of the Northern Apennines are pri-
marily due to thrusting (with magnitudes ranging from 3.0 to 4.0) and in
the Ped Apennines and the Po Plain also by strike-slip faulting (with
magnitudes ranging from 3.5 to 5) (Bonini, 2009, 2008; Bennett et al.,
2012; INGV website: https://terremoti.ingv.it/).

1.4. Mud and fluids origin and characterization

The emissions at the vents of the Nirano Salse consist of a mix of cold
brackish water, clay, gases (CH4 and CO3), peat fragments, and traces of
liquid hydrocarbons. Mud is formed in the conduits by the continuous
gas bubbling which mixes the liquid phase (brackish water) with the
clay of the conduit walls. Mud expulsion at the surface, therefore, is
driven by the adiabatic expansion of the gas bubbles during their ascent
in the conduits. A different gas/liquid ratio is present in each conduit, so
the mud level is different in each vent; higher levels correspond to
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gryphons where the volcanism is more explosive, and the gas/liquid
ratios are large (Giambastiani et al., 2022). Accumulation of gas in
shallow aquifers within permeable layers of the Argille Azzurre Fm or at
contact with the Miocene rocks decreases fluid density and increases the
overpressure, which allows the fluids to rise at the surface (Martinelli
et al., 2012; Mattavelli et al., 1983; Mattavelli and Novelli, 1988).

Several authors (Martinelli et al., 2012; Mattavelli et al., 1983, 1993;
Riva et al., 1986) affirm that the hydrocarbons in this region of the
Northern Apennines formed in the turbiditic Miocene Marnoso Arenacea
Fm, which, in this area, lays below the chaotic Ligurian Complex. Some
more recent studies (Bonini, 2009; Capozzi and Picotti, 2002, 2010;
Oppo et al., 2013; Picotti et al., 2007), however, suggest that the source
rock for these hydrocarbons could be located even deeper, possibly in
Triassic source rocks (Sciarra et al., 2019). Despite this, micropaleon-
tological analysis of mud samples collected from the Nirano Salse vents
indicates that the phoraminiphera and benthic fossils in the mud all
belong to the Plio-Pleistocene Argille Azzurre Fm (Papazzoni, 2017).

The brackish waters making up the mud are likely to be connate pore
marine entrapped in the Plio-Pleistocene sediments as supported by the
isotopic signatures of 8D and 5'80 (Conti et al., 2000; Heller et al., 2011;
Martinelli and Judd, 2004; Minissale et al., 2000; Oppo et al., 2013;
Sciarra et al., 2019). Geochemical studies on gas and water samples have
also revealed that the gas consists of a mixture of primary and secondary
thermogenic gases due to thermal cracking of oil, biogenic CH4 due to
biodegradation of oils, with minor condensates and oil (Oppo et al.,
2017; Tassi et al., 2012).

Geochemical and isotopic investigations by Sciarra et al. (2019) on
the gases exiting the vents confirm a thermogenic origin for the methane
originating from organic material at temperatures higher than 100 °C
(Whiticar and Suess, 1990). Sciarra et al. (2019) also analyze the CO2
isotopes and suggest that the strongly positive §'3C-CO, indicates that
the CO, is caused by anaerobic oxidation of heavy hydrocarbons (Pal-
lasser, 2000), followed by secondary methanogenesis (Tassi et al.,
2012). This process depends on the reservoir microbial communities, as
well as its pressure-temperature conditions, and can strongly enrich the
residual CO5 in 13¢ (Etiope et al., 2009; Wang et al., 2005).

2. Methodology

Different geological, hydrogeological, and geochemical techniques
were integrated and used to characterize the relationships between gas
emissions and structures at the Nirano Salse.

2.1. Field geology

Field mapping allowed to check the existing geological maps (Bonini,
2012; Gasperi, 1989; Gasperi et al., 2005) and integrate them with new
structural observations (attitude of strata and fault traces) and in-
terpretations derived by geophysical data. Rose diagrams with the
trends of the principal faults reported in the geologic map and observed
in the field were constructed with the Stereonet 11 software (Allmen-
dinger, 2019). The rose diagrams report major fractures and fault traces
identified only in the Ligurian and Epi-Ligurian units, because the Argille
Azzurre Fm are ductile clay units and do not show a brittle behaviour
resulting in observable lineaments. Geological cross-sections were also
drafted using the updated geological maps and the geophysical data.

All data were interpreted with regard to the geological information
available for the area, such as penetrometer, cores, and well logs data
from the archive of the ViDEPI project database (https://www.videpi.
com/videpi) concerning Italian oil exploration within the National
Mining Service for Hydrocarbons and geothermal energy of the Italian
Ministry for Economic Development available for the area and recent
studies (Giambastiani et al., 2022).
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2.2. Hydrogeological methods

Three gryphons (N14, N3, and N1, refer to Fig. 1b for the location)
were equipped with level-loggers LTC Solinst to monitor mud hydro-
static pressure, temperature (T), and electrical conductivity (EC). The
probes were installed at a depth of 3.0 m from the surface, and param-
eters were recorded at 1-sec intervals for a total of 1 h.

The pressure variations recorded by the probe correspond to the
transit of a gas bubble in the mud column. The bubble frequency was
based on the count of all positive oscillations of hydrostatic pressure
over the monitored time, while the total volume of emissions was
calculated assuming an average diameter of 5 cm for the bubbles (based
on field observations and the inner diameter of the three conduits) and a
variable height equivalent to the pressure variation measured in the
conduit. Using the ideal gas equation, the volume was converted into
molar volume at conditions of 15 °C and 1 atm. Emissions and bubble
frequency were considered an indicator of the vent activity and were
compared and discussed about the measured gas fluxes.

2.3. Gas geochemistry

Gas diffusion (micro- and mini-seepages) from soil and direct gas
emissions from the volcano vents (macroseepage) were measured during
3 campaigns from June to December 2022 for a total of 190-point fluxes
observations. Gas measurements from soil (94 and 69 points for mini-
seepage and microseepage, respectively, for a total of 163 points, 86% of
dataset) and direct gas from mud pools and gryphons (27 points, 14% of
dataset) were performed by a portable CH4—CO> flux-meter (West Sys-
tems srl, Pontedera, Italy) equipped with two infrared spectrophotom-
eter detectors (Licor 8002 for CO,, and tunable laser diode with
multipass cell for CH4) and wireless data communication to a palm-top
computer; the gas fluxes were automatically calculated through linear
regression of the gas concentration build-up on the chamber. Within the
three major mud volcano groups in Fig. 1b, as miniseepage, we
considered the gas exhalation within 50 m from each volcanic vent and
pool, while microseepage is considered only as gas exhalation from the
soil in the vegetated areas away from volcanic vents and, thus, inde-
pendent from macroseepage. The accumulation chamber is of type A
with a net volume of 0.003 m?, base area of 0.03 m?, and internal height
of 98 mm, providing a rotating vent to avoid stratification inside the
chamber. All measurements were retrieved using the closed-chamber
system and recording measurements across the whole volcano field
and surroundings (Fig. 1c), depending on the environmental conditions
and field accessibility, covering a total area of 40.3 ha. Points were 10 m
spaced on average and were georeferenced by a real-time kinematic
differential global positioning system (RTK-DGPS).

Gas flux measurements were based on the accumulation chamber
“time 0” method (Capaccioni et al., 2010, 2015; Cardellini et al., 2003).
Based on the linear regression of increased CH4 and CO, concentration
values over time inside the dark chamber, fluxes from a single point
source were estimated, using the Flux Revision Software produced by
West System s.r.l. (Giovenali et al., 2013). All measurements have been
recorded after a minimum of 90 s of analysis. Based on the CH,4 detector
specifications, the precision depends on the measurement flux (+25%
for a flux range of 0.2-10 mol/m?/d; £10% for a flux range of 10-600
mol/mz/d). Measurement of very low CHy fluxes (<0.2 mol/mz/d) is
still possible but the error increases due to the low detector sensitivity
(West Systems, 2012); thus, a value of 0.10 mol/m?%/d was assigned to all
positive CH, fluxes <0.2 mol/m?/d. Gas fluxes were corrected by using
atmospheric pressure and air temperature data recorded by the weather
station of Vignola (Modena) and available from the Regional Agency for
Prevention, Environment, and Energy of Emilia-Romagna (ARPAE
website: https://simc.arpae.it/dext3r/).

The annual flux budget from an individual vent (g/mz/d) was
calculated from the flux measured by the closed-chamber (g/mZ/d)
multiplied by the chamber area (0.03 mz), which corresponds to or is
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slightly smaller than the actual gas vent. The partial emissions budget
for the muddy area surrounding the mud volcano vents (miniseepage) is
obtained by multiplying the average flux (g/m2/d) by the area of the
three volcano group of about 1.1 ha (where yellow points in Fig. 1b are
located). The exhalation that is far or independent from vents (micro-
seepage) is obtained by multiplying the average flux (g/m?/d) by the
entire investigated area, excluding miniseepage area, for a total of about
20 ha (delimited by blue dashed line in Fig. 1b). The total annual gas
emissions from the field (t/yr) were then obtained by the sum of all point
sources (vents) plus the total output from diffuse seepage (Etiope et al.,
2011). Total CO, equivalent (t/year) was estimated using the GWP
(Global Warming Potentials) factor of 27.9 (IPCC, 2022). The volumetric
ratio between CH4 and COs, fluxes and the ‘emission factor’, expressed as
the total measured output divided by the investigated seepage area
(Etiope et al., 2007, 2011; Etiope et al., 2007a,b), were calculated.

The measured Greenhouse Gas Emissions (GHG from now on)
emissions in Nirano were also evaluated in relation to regional and
municipal (Modena, IT) emissions. The year 2020 GHG emissions were
made available through the emissions inventory archive of ARPAE
(https://www.arpae.it/it/temi-ambientali/aria/inventari-emissioni
/inventario-emissioni-gas-serra/archivio-inventari-emissioni-ghg). This
inventory follows the methodology of the IPCC, which divides the main
emission sources and carbon storage into four main sectors: energy;
industrial processes and product use (IPPU); agriculture, forestry, and
other land uses (AFOLU), and waste.

To show the spatial variability, it was decided to consider diffuse flux
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and macroseepage separately due to their different variability, distri-
butions, and orders of magnitude. The spatial analysis of CH4 and CO»
diffuse flux was performed using the point Kriging interpolation into the
Surfer ® 15.6.3. software with a linear semi-variogram model with no
drift, no nugget effect, and no circular search ellipse. Maps with contour
lines of equal emissions were generated based on diffuse flux data
expressed in g/m?/d, using raw data instead of substituted data by the
limit of detection. To assess the quality of the interpolation (goodness of
fit), we calculated residual and R? values between estimated and
measured values. The macroseepage flow was displayed on maps using
symbols proportional to the flow rate of individual vents.

3. Results
3.1. Structural data

Fig. 3 reports the three geologic domains and fault trace directions in
the segment of the Northern Apennines extending from the valley of the
Secchia River in the west to the valley of the Panaro River in the east.
The area is divided into three main domains: i) the oldest Ligurian
domain in the south-west; ii) the Epiligurian domain in the central part;
iii) and the youngest Argille Azzurre domain in the NE. The contact be-
tween the FAA and the Epiligurian domain is by transgression (base of
the Argille Azzurre Fm or the Colombacci Fm), whereas the contact be-
tween the Epiligurian and Ligurian domains is tectonic or depositional.
Bedding is mostly striking NW-SE in the Argille Azzurre domain with dips

Monociine hinge NE

Gas-fluids vents e S
—

Argille azzurre Fm

() reminaFm

Pantano Fm 0m

—=— Fault and sense of slip

Fig. 3. —Geological domains (modified from the geological map of the Emilia-Romagna Region, scale 1:50000), along with the stratigraphic profile (details and
legend in Fig. 1S in Suppl. Mat.) and reconstruction of a geological cross-section of the Nirano Salse area. The rose diagrams indicate the directions of faults and major
fracture lineaments mapped in the area. The Epiligurian domain includes brittle units that are faulted and fractured and are the likely candidates for the presence of
localized avenues of ascent for the deep fluids containing hydrocarbons. The Pliocene domain (Argille Azzurre Fm) includes only ductile units mostly made up of clay
and some sandy levels more frequent at the base of the sequence. No faults and fractures are apparent within this domain that most likely act as a seal for gas and
fluids ascending from depth. Where the Pliocene is thinner (southern part of the domain), the seal could be leaky, and the fluids reach the surface forming the mud

volcanoes vents.


https://www.arpae.it/it/temi-ambientali/aria/inventari-emissioni/inventario-emissioni-gas-serra/archivio-inventari-emissioni-ghg
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Fig. 4. (a) Pressure fluctuations due to gas bubble ascent in vents N14, N1, and N3 (1-h monitoring at 1 s time interval); (b) zoom of the figure (a) for an interval of

500 s.

from gentle (5-15°) next to the basal transgression to steep (35-50°) in
the NE towards the Po plain. Strike and dip of the strata in the Epi-
ligurian domain is generally NW-SE to the NE but there is a large vari-
ability due to the presence of many faulted blocks and the transgression
at the base of the Messinian Termina Fm. Bedding in the Ligurian
domain is chaotic and often overturned. Faults are rare in the Argille
Azzurre domain and present only in the southwestern part, where the
clays are thin (about 30-50 m). Faults in the Epiligurian domain have
two distinctive trends (see inset in Fig. 3): the most conspicuous are the
NW-SE one and the ENE-WSW one. There is some dispersion in the fault
trends due to the block faulting typical of the Epiligurian domains as also
remarked by Stendardi et al. (2023). Faults major trend in the Ligurian
domain is E-W to ENE-WSW (see inset in Fig. 3) with little dispersion.

3.2. Hydrogeological data

Considering the pressure variations data in gryphons, we can
distinguish two kinds of behaviour that are represented in Fig. 4: high
frequency (0.7 Hz) pressure variations with small amplitudes (less than
1 mbar) form a background in most active vents (N3 and N1) with a
short period of 1.5 s between gas bubbles and no pressure variation
greater than 3 mbar; a periodic (80 s) high amplitude (>4 mbar, up to 7
mbar) signal which was observed only at vent N14. Visual inspection of
the vents shows that the high frequency small amplitude signal is due to
almost continuous ascent of small diameter (2-5 cm) gas bubbles

whereas the long periodicity high amplitude signal is due to the ascent of
large bubbles (40-50 cm in diameter) displacing several litres of mud
from the conduit that then expands as a mud flow at the base of the
gryphon.

Bubble frequency plots at 1 s sampling allow also to make carbon
emissions estimates. For example, at the central mud vent N14 (with
high amplitude low periodicity signal) and based on bubble frequency
and size, the estimated CH4 flux is 0.22 t/yr, which is equivalent to a flux
of 6.3 COz-eq t/yr. At the mud pools N1 and N3 (with only high fre-
quency small amplitude signal), we estimated a CHy4 flux of 0.18 and
0.12 t/yr, respectively, which is equivalent to about a flux of 5.1 and 3.5
CO2-eq t/yr.

3.3. Gas emissions data

Table 2 shows the main statistical parameters of the measured gas
emissions in the Nirano field, both direct emission from the mud volcano
vents and the surrounding area in terms of diffusion (mini- and micro
seepage).

Due to a wide range of values, high coefficients of variation, and
skewness values, data are associated with an asymmetric distribution
caused by the presence of various outliers, attributable to emissions
from the sampled vents. The data of CH,4 diffuse flux shows an average of
2.27 g/m?/d, with maximum value of 6.75 g/m?2/d, which is attributed
to the presence of a dry seep emission in a fissure in the ground that is
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Table 1
Frequency analysis of the gas bubbles ascent in vents N14, N1, and N3 (time
series in Fig. 4).

AP (H0 N14 N1 N3

cm) N. Period N. Period N. Period
events (sec) events (sec) events (sec)

<1 2857 1 2331 2 2439 1

<2 377 9 1133 3 1107 3

<3 167 21 136 26 55 65

<4 59 59 # #

>4 40 88 # #

TOTAL 3500 3600 3600

close to gryphon N9 (Fig. 1).

The collected data confirms that the macroseepage by the mud vol-
canoes is primarily composed of CHy, with lesser amounts of CO, and an
average CH4/CO; ratio of 189. The total CH4 flux emitted by the
sampled mud volcano vents is approximately 5.71 t/yr whereas the flux
of CO4 is considerably smaller, with values of 0.13 t/yr. The muddy area
surrounding the sampled vents emits approximately 42.30 t/yr of CO,
and 9.04 t/yr of CH4 with an average CH4/CO> ratio of 2.90. CH4 and
CO, microseepage is about 164.49 t/yr and 1698.92 t/yr, respectively,
with an average CH4/CO ratio of 1.01. In the Nirano area, the estimated
GHG emissions are approximately 0.01 MtCOz-eq/yr (Table 2).

Maps of CH4 and CO; fluxes obtained by kriging interpolation with
grid size 5 x 5m are shown in Fig. 5. R? values are 0.7 and 0.6 for CH,
and CO; interpolation, respectively.

From the CH4 maps (Fig. 5a), high emission macroseepage (circles
>2 10° g/mz/d) can be observed in the southwestern parts, corre-
sponding to one of the three major mud volcano systems in the area.
There are also clusters with anomalous values (~4 10° g/m2/d) that
appear to align NE-SW across the volcano field. The CH4 diffuse flux map
highlights the presence of two anomalous alignments. The first one is in
the eastern sector with a NE-SW direction, which passes west of Ca’
Rossa and extends south of N12 where high values are measured (6 g/
m?/d). The other alignment almost longitudinally crosses the entire
central area affected by mud volcanoes, starting from vent N9
throughout N12 and extending west of the field, always following the
same direction (NE-SW). The highest values of CH4 diffuse flux are
located on the eastern part, associated with an area with dry soil and
evident cracks, whereas the emissions measured outside the surface
venting range between 0 and 1.2 g/m?/d.

In the CO, emission rate maps (Fig. 5b), a sector with high macro-
seepage values (>2.2 10° g/mz/d) compared to the surrounding area
can be observed; it is located in the southern part near the N15 volcano.
Additionally, there is a positive anomaly in the NE part of the reserve,
near Ca Rossa where the mud volcano activity is more recent, with CO,

Table 2
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emission of 1.6 10% g/m?/d. Maximum CO, microseepage is measured
outside the surface venting, in the vegetated area around the field, with
an average value of about 30 g/m?/d; an area characterized by high
values (average of about 46 g/m?/d and maximum of 90 g/m?/d) is
found in the NW part, corresponding to the small lake and a morpho-
logical slope.

4. Discussion
4.1. Gas emissions

Total CH4 emission from Nirano is estimated to be about 179 t/yr of
which more than 90% is from invisible seepage surrounding the mud
volcano vents. The order of magnitude of emissions recorded in the
Nirano Salse is generally consistent with other research conducted in the
area. Etiope et al. (2007a,b) and Sciarra et al. (2019) have also estimated
the CH4 production from macroseeps (vents, pools, and dry emissions)
and microseeps (diffusion from the soil) in Nirano. According to Etiope
et al. (2007a,b), individual mud volcano vents in Nirano contribute
approximately 0.3 t/yr, with a total macroseepage of 6 t/yr, while
Sciarra et al. (2019) estimated a total of 4.72 t/yr. The CH4 macroseep
estimates obtained in this study (0.2 t/yr for the individual vent and 6
t/yr for the total seepage) align with these estimates. However,
regarding average CH4 microseep output, the total output recorded in
the present study (164.5 t/yr) is higher than the one obtained by Etiope
et al. (2007a,b) equal to 26.4 t/yr, and one order of magnitude higher
than the one by Sciarra et al. (2019) (2.13 t/yr).

The observed differences may be attributed to (Oertel et al., 2016).
2) Different sampling densities (Ciotoli et al., 2007): 210 measurements
in 8 hain Sciarra et al. (2019) and 6 measurements in 1 ha in Etiope et al.
(2007a,b) vs 69 measurements in 20 ha for our study). The monitored
area is a multiplicative factor in calculating diffuse flux, thereby influ-
encing the final budget. The selected area was chosen by encompassing
all microseepage points and following the 240 m a.s.l. contour line,
including the vegetated areas around the field and considering the
geomorphology. Moreover, as evident in Table 2, the dataset shows high
coefficients of variation (typical for gas flux measurements), indicating
high data dispersion relative to the mean value and making large scale
estimates more challenging. 3) The use of various techniques for
determining the gas output (e.g. inverted bottles; calibrated plot of
bubble flux vs. bubble size vs. bubble frequency, wet test gas flow meter,
and closed method) may lead to different discrepancies in the results due
to differences in measurement principles, sensitivities, and potential
sources of error associated with each method (Etiope et al., 2011). 4) As
mentioned above and in Giambastiani et al. (2022), the gas alimentation
from the depth is not constant over time and the mud emissions are
continuously evolving along with the specific number and location of

Statistics of direct gas emission from the vents (a) and gas seepage from the soil (b). Reported is also the partial and total annual gas budget for the Nirano field. (Note:
CV is for coefficient of variation; SD is for standard deviation; * surveyed area = 1.1 ha; § surveyed area = 20 ha).

Vents (g/m?/d)

Miniseepage (g/m?/d)

Microseepage (g/m?/d)

CH, (g/m?/ CO, (g/m?*/  CH,/CO, CH, (g/m%/ €O, (g/m?/  CH,4/CO, CH, (g/m%/ €O (g/m?/  CH4/CO,
d) d) (vol.) d) d) (vol.) d) d) (vol.)
n 27 27 # 94 94 # 69 69 #
Mean 19316.77 434.20 189.28 2.28 10.67 2.90 2.25 23.19 1.01
SD 50472.06 826.42 435.25 0.64 30.71 7.35 0.47 20.27 1.88
Min 6.78 1.66 0.72 217 0.09 0.02 2.17 0.44 0.06
Max 241259.24 3066.10 2231.28 6.75 296.22 61.65 5.27 86.66 12.66
Median 1632.37 152.32 88.52 2.17 5.43 1.09 217 20.10 0.30
CcvV 261.29 190.33 229.96 28.07 287.72 253.78 20.99 87.39 187.07
Skewness 3.87 2.71 # 6.01 8.85 6.26 5.88 1.24 418
Partial budget (t/yr) 5.71 0.13 9.04* 42.30% 164.495 1698.92§
Partial budget (tCO»- 159.34 0.13 252.34 42.30 4589.35 1698.92
eq/yr)
TOTAL budget (tCO»- 159.47 294.63 6288.26

eq/yr)
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Fig. 5. CH4 (a) and CO (b) seepage maps. The direct fluxes from the vents are shown by black circles with size proportional to the emission rates.

the cones. Based on the aforementioned considerations, especially
points 2 and 4, for the comparison with previous studies, it is preferable
to rely on the specific flux of CH4, which is the total output divided by
the investigated area. The CHy specific flux is found to be 8.9 x 102
t/km?2/yr, consistent with the 3.2 10% t/km?/yr reported for the Nirano
field in Etiope et al. (2007a,b) and the range of 10%-10° t/kmz/yr for
mud volcanoes (Etiope et al., 2008; Etiope and Milkov, 2004). We
believe that another possible explanation for the difference in CHy
diffuse flux compared to previous studies is the use of a constant value of
0.10 mol/m?/d for all flows below the detection limit of the CH4 de-
tector of the flow chamber (0.2 mol/m?/d). This substitution may
introduce biases in the overall estimate, especially when very low flows
constitute a significant percentage of the microseepage database (more
than 90%; Fig. 2S in Supplementary Material). It should be noted that
the CH4 estimate, based on the raw data without applying this substi-
tution, indicates a microseepage of 19.8 t/yr, which aligns closely with
the findings of previous monitoring conducted by Etiope et al. (2007a,

b).

The gas flows measured at the single volcano vent using the flow
chamber are similar (N14 = 0.10, N1 = 0.21, and N3 = 0.19 t/yr) to
those estimated based on bubble frequency and hydrostatic pressure
variation measured through level-loggers with 1-sec interval monitoring
(par. 3.2). It must be considered that minor differences can be due to the
different methods of acquisition. In fact, the single gryphons are affected
by significant macroseepage, characterized by bubbling at different
periods (Table 1). This behavior can be captured by long-term moni-
toring (1-h with 1-sec intervals, Fig. 4), but it cannot be accurately
represented by the flow chamber (short-term monitoring). For instance,
flow chamber can get saturated in a few minutes (even less than 1 min)
in the case of a large gas bubble ascent, resulting in higher flux estimates
compared to those obtained by long-term monitoring (i.e. N1 and N3 in
Fig. 4); alternatively, the short-term monitoring might not measure the
ascent of the largest bubbles that have long periods (i.e. N14 in Table 1)
resulting into smaller flux compared to those estimated by long-term



B.M.S. Giambastiani et al.

monitoring. These issues should be considered for a more accurate
assessment of the gas budget.

CH,4 and CO, macroseepage fluxes have the same spatial pattern (cfr.
circle symbols in Fig. 5a and b). The highest CH4/CO ratios are recor-
ded in the vicinity of the active vents and their immediate surroundings.
Here the wet mud is not impermeable to gas exhalation and gas flow is
rapid enough to continuously replace CH4 preventing significant
oxidation. The CH4/CO- ratios are low in the diffuse microseepage from
the soil far from the gryphons and pools, where CHy4 is consumed by
methanotrophic bacteria and biologic CO, is added by soil respiration
(Etiope et al., 2011), resulting in a lower flux ratio (median 0.3) than in
the macroseepage (median 88.5).

The estimated GHG emissions are approximately 6.7 10° tCO5-eq/yr
(Table 2), a negligible amount compared to the estimates of global
natural methane emissions (GEM) of around 40-60 Mt/yr that are
produced within the Earth’s crust and released naturally into the at-
mosphere through faults and fractured rocks (Etiope et al., 2011; Etiope,
2005; Mazzini et al., 2021b). Considering the Emilia-Romagna Region
(Fig. 6a), the Nirano area emits 0.1% of the total GHGs with the energy
and agricultural sector being the most impactful, while in the Modena
(Fig. 6b) municipal territory, the emissions from the Nirano reserve
account for approximately 2%, with the energy and waste sector being
the most impactful. It would be important, in the future, to add to the
GEM of Nirano also that of other localities hosting vents and gas seeps
within the Emilia Romagna Region to provide a complete picture at
regional level.

4.2. Structural data interpretation in connection with gas emissions

Structural data from our geologic survey, surface gas emissions, and
available geologic maps (Gasperi et al., 2005) as well as recently pub-
lished dipole-dipole electric tomography (see Figs. 8, 9, and 10 in
Romano et al., 2023) and gravimetry data by Nespoli et al. (2023) are
presented in the map of Fig. 7 and in Fig. 3S. The map combined with the
orientation data and geologic domains subdivision in Fig. 3 shows the
role of fractures and faults to carry the fluids, the role of faults in the
Epiligurian sequence in forming the grain of the conduit network and
the partially sealing behaviour of the Pliocene FAA. This interpretation
is supported by the location of the macroseepage vents, the local

Emilia-Romagna GHG emissions (CO2eq Mt/yr)
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stratigraphy, and the pattern of faults, which are present below the
Argille Azzurre clays in the Pre-Pliocene sequence.

Gas and fluid emissions (Fig. 5) are focalized at points (mud vol-
canoes) with little or no distributed microseepage. They appear to align
in an NE-SW to NNE-SSW direction, which is a secondary structural
trend in the pre-Pliocene sequence (Figs. 3, 5 and 7) and that is also
similar to the direction of the maximum principal compression direction
(N-NNE) in this area of the Apennines (Bonini, 2008). The surface
venting could be located at the intersections between the NNE-SSW and
NW-SE structural trends being the second the most developed in the
pre-Pliocene (Fig. 7). The NW-SE structural is associated with normal
faulting as imaged in the geoelectric tomography (Romano et al., 2023),
the trend of the geomorphological benches south of the Nirano Salse
crater (Fig. 1), and the gravimetry (Fig. 3S) (Nespoli et al., 2023),
whereas the NNE-SSW trend could be related to transfer or strike-slip
faults at high angle to the Northern Apennines fold axis (Fig. 7) as
proposed by Vannoli et al. (2021) (see also top inset in Fig. 7). These
observations also support the hypothesis of Sciarra et al. (2017) sug-
gesting that the presence of gas flow positive anomalies indicate the
existence of highly permeable escape paths connected to deeper layers,
likely related to the presence of preferential gas migration pathways
such as fractures and/or faults. The flow distribution maps by Sciarra
et al. (2019) highlight, according to the authors, the presence of more
intense degassing along the morphological edges of the caldera. These
areas are positively correlated with the anomalies mapped by Lupi et al.
(2016). Our data, along with geoelectric tomographies published by
Romano et al. (2023) and the results of Giambastiani et al. (2022),
indicate that there is not a widespread diffusion of gases from deep
reservoirs, but rather preferential migration along pathways with po-
tential buffering in small shallow aquifers (4-20 m), where the
ascending gas is temporarily trapped and stored thanks to the good
sealing of clay deposits (FAA Figs. 1 and 7) with discrete conduits where
fluids flow upward. The size of the shallow aquifers and syphons along
faults or faults intersections may also control the periodicity of large gas
bubbles ascent at some vents (i.e. N14 see Fig. 4 and Table 1).

CO, macroseepage is low compared to CH4 macroseepage (Table 1),
confirming Nirano as a field of CH4-rich mud volcanoes like many
terrestrial mud volcanoes in Italy (Etiope et al., 2007a,b), and around
the world (Japan: Etiope et al., 2011; Taiwan: Chao et al., 2010;

Modena GHG emissions (CO2eq Mtfyr)

Nirano
WASTE 0.01
0.10, 1

Eﬁergy
b) 0.96

Fig. 6. (a) Regional- (Emilia-Romagna) and (b) municipal- (Modena) scale GHG emission budget.



B.M.S. Giambastiani et al.

Normal fault
e

Strike-slip fault
< Strike-slip fi

Monocline axis .
Monocline

Anticline axis

Transgression
R ——————,

i
Axis and sense of dip
(morphology and
geological mapping)

Marine and Petroleum Geology 163 (2024) 106771

.\\_\ *
- -y

Inferred transfer fault  ;
(ridge -morphology)

Fig. 7. Geologic map with our data compilation (original scale 1:50000 geology from Emilia-Romagna Region Gasperi et al., 2005, modified in this work) and new
structural, geochemical and geophysical observations from this study. The dashed area in the schematic tectonic map of the central portion of the Northern Apennines
(top right corner) corresponds to the area covered by the geologic map. Shown is also the stratigraphic profile (details and legend in Fig. 1S in Suppl. Mat.). In red are
the faults in the Pre-Pliocene sequence that may play a role in the ascent of deep fluids; dashed where inferred or imaged below the Pliocene sequence. The left-lateral
strike-slip fault in the middle of the map allows transfer between two segments of the Apennines chain with different shortening (see inset in the top right corner).
The monocline axes (dark red) are shown with a composite line and the sense of dip is represented by the arrows. Strike and dip of strata are also added by the
geologic survey conducted during this study (blue dip signs). Normal faults (right red) showing the downthrown side with a solid rectangle are mapped using the
geoelectric tomography data of Romano et al. (2023). Strike-slip inferred transfer faults (dashed red lines) are also shown with their sense of slip. The low-density
zone mapped by gravimetry by Nespoli et al. (2023) is highlighted by a semitransparent light blue polygon.

Romania: Etiope et al., 2004). The high CH4/CO; ratio confirms the
main thermogenic origin of methane (‘thermogenic with oil’ as indi-
cated in Etiope et al., 2007a,b), which is produced in deep reservoirs
(depth >2000 m) along the Apennine sector. These reservoirs are
crossed by active and permeable faults through which the CH,4 gas as-
cends, passing through the Epiligurian units (carbonate marls) and
joining some COa.

4.3. Strike-slip setting for diapir/seal breakage localization

Recent gravimetric data from Nespoli et al. (2023) show the exis-
tence of a NW-SE oriented 250 m wide low-density zone that extends
down to a depth of 800 m in the northern portion of the Nirano Salse
(Figs. 8 and 3S in this work and Fig. 4a in Nespoli et al. (2023)). This
low-density zone is also imaged by the geoelectric ERT
geo-tomographies published by Romano et al. (2023) (8b in this work
and Figs. 8-10 in Romano et al., 2023). Based on the characteristics of
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the gravimetric and resistivity anomalies, Nespoli et al. (2023) interpret
the low-density zone as the damage zone of a sub-vertical NW-SE ori-
ented normal fault invaded by gas and mud (Figs. 8c and 3S in this work
and Fig. 4a in Nespoli et al., 2023). The NW-SE structural trend is
characteristic in this area of the Apennines and may represent fold axes
or normal fault developed in the extrados of the folds following orogenic
collapse (Gasperi et al., 2005; Vannoli et al., 2021) or deformation at the
extensional quadrant of a strike-slip fault.

On the other hand, the Northern Apennines fold and thrust belt is
crossed by NE-SW to ENE-WSW oriented lineaments likely connected to
transfer faults accommodating different amounts of shortening in
different segments of the belt (Vannoli et al., 2021). In the area next to
the Nirano Salse, we can recognize the extension of one of these NE-SW
to ENE-WSW lineaments (ridge in Fig. 7) that we interpret as a transfer
fault with a likely left-lateral strike-slip motion; the fault morphology is
apparent in the pre-Pliocene sequence and is concealed below the FAA.
The Nirano Salse is just west of this structure (Fig. 7 and sketches in
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Fig. 8) that also cuts abruptly the NW-SE trending low-density anomaly
imaged by the gravimetry in Fig. 3S. Steps along strike-slip faults are
areas of stress concentration (Martel and Pollard, 1989) and could
localize extension at the tip of the strike-slip faults. The Nirano area,
therefore, could undergo local transtension in a general contractional
setting (Fig. 8). The transfer structures and the local stress field at their
terminations may generate fractures that can be exploited by the fluids
to leak off the folded structural traps (NW-SE-oriented) and ascend
through the sedimentary sequence and cross the FAA seal where this is
thin such at the Nirano Salse. At the Nirano Salse, the local tensional
regime at the tip of a left-lateral strike-slip segment may form NW-SE
trending normal faults (as observed in the geophysics) and
NE-SW-oriented fractures, which are associated to the strike-slip dam-
age zone. NE-SW-oriented open fractures are regionally present in the
Northern Apennines (Gasperi et al., 2205). At the intersections of these
two trends, fluid ascent may be particularly easy with the vents gener-
ally aligning NE-SW that is not far from the Sy direction. The structural
interpretation of the Nirano gas seep and dynamics in Fig. 8 is also in
accordance with the interpretative model based on seismic monitoring
of gas emission proposed by Carfagna et al. (2024) who suggest a
possible dynamical connection between gas emission and seismic sig-
nals. The anomalies of the seismic waves at different depth ranges (from
0 to 2-30 m deep) exhibit a trend that mirrors that of the faults we
propose (Fig. 8 in this paper and Fig. 8 in Carfagna et al., 2024).

An alignment of gas emissions along a NE-SW structural trend, which
could be related to a strike-slip fault, is also reported in the Montegibbio
area a few kilometers NW of the Nirano Salse (Vannoli et al., 2021). In
this latter area, gas and hydrocarbon venting at the surface is reported
both in the pre-Pliocene sequence and in the FAA.

Mud volcanoes associated with gas and hydrocarbon emissions along
strike-slip faults are reported also in many areas around the world such
as the west Moroccan continental margin (Gardner, 2001), the right
lateral strike-slip fault system in the Gulf of Cadiz (Hensen et al., 2015;
Medialdea et al., 2009; Pérez-Belzuz et al., 1997), along the Central
Mediterranean ridge (Huguen et al., 2004), at the Lusi mud Volcano
(Mazzini et al., 2009), in the Barbados accretionary wedge (Sumner and
Westbrook, 2001), offshore SW Africa (Viola et al., 2005), and in the
Mangapakeha mud volcanoes in New Zealand (Zeyen et al., 2011). It
appears, therefore, that strike-slip fault systems both in compressional
and extensional environments could also be preferential pathways for
fluid venting at the Earth’s surface.

5. Conclusions

The integrated structural and geochemical study of the Nirano Salse
that we carried out allows us to propose the following conclusions
regarding structural setting, fluid dynamics, and GHG contribution to
the carbon budget.

The total actual gas output flux from a mud volcano field cannot be
evaluated just by the visible vents (mud pools, gryphons, dry seeps, etc.)
but also in the surrounding soil, including the soil and the freshly
deposited mud close to the active vents. The wet and dry mud deposits
next to the macroseeps are not completely permeable to gas flux and
diffusion. Mini- and micro-seepage spread over thousands of m? and the
total output of gas to the atmosphere is higher than that from focused
visible emissions. The diffuse flux could give some hints about the
quality of the top seal thickness and integrity; the lower the micro-
seepage the thicker and good quality the seal, the higher the micro-
seepage the thinner and poor quality the seal.

COs, flux at the macroseeps is low compared to CHy4 flux. The specific
flux of CH, is 8.9 102 t/kmz/yr and the volumetric CH4/CO> ratio at the
sampling points confirm that the Nirano Salse are CHy-rich of deep
thermogenic origin.

The estimated GHG emissions of the Nirano Salse are approximately
6.7 10° tCOy-eq/yr, which constitutes 0.1% of the total GHG emission
budget of the Emilia-Romagna Region and Modena municipality and it is
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a negligible amount compared to the estimates of global natural
methane emissions that are produced within the Earth crust and released
naturally into the atmosphere through faults and fractured rocks.

Surface venting is associated with preferential flow pathways along
structural elements or at their intersection as suggested by both
geological observations and published recent geophysical surveys
(geoelectric tomography and gravimetry). Extensive faulting and frac-
turing in the pre-Pliocene sequence appear to isolate faulted blocks
along which fluids from depth can ascend to the surface. The blanket of
Argille Azzurre clays seals these fluids that can collect at its base and then
break to the surface along pipe-like conduits once the fluid pressure
builds up enough to overcome the seal.

The plumbing system of the Nirano Salse and its connection with a
deep hydrocarbon reservoir is complicate and a matter of current
debate; definitely it will still require further detailed geophysical and
geologic studies. Here we propose a structural interpretation, which is
supported by geophysical, geochemical, and gas flux data and hinges on
the following elements: (1) The alignment of the surface vents with a NE-
SW to ENE-WSW direction that may represent a local transfer strike-slip
structural element in a compressional thrust folds setting. (2) Flexural
slip associated with extension at the extrados of an anticline and/or
stress concentration at individual transfer (strike-slip) fault segments
promote the formation of localized extensional structures (strike NW-SE
parallel to the chain) that facilitate deep fluids (CH4 and liquid hydro-
carbons) ascent along faults and fractures of the pre-Pliocene sequence.
Small pull-apart structures and different orientation sets of fractures
could focus vertical fluid flow. (3) The ductile FAA acts as a top seal and
where more permeable (at the base or in constrained lenses) allows the
formation of shallow reservoirs. The thinness of the FAA does not
guarantee good integrity and fluids from the shallow reservoirs may
easily pierce their way to the surface along pipe-like conduits located
below the mud vents. (4) The major accumulation of mud and gas is
probably in the damage zone of a NW-SE oriented normal fault as sug-
gested by the geophysical and field data.

The implications of our work are important for a series of issues: (1)
The correct definition and the weight contribution to the carbon budget
of natural gas emissions in a natural reserve such as the Nirano Salse. (2)
The limitations of various measurement approaches employed in gas
emission from mud volcanoes where diverse factors such as flow rates,
instrument detection limits, and variations in environmental conditions
can impact measurement outcomes. This highlights the necessity to
adopt a comprehensive and integrated approach that combines various
measurement techniques to better understand the complex dynamics
associated with mud volcanoes. (3) The quality of the clay Argille Azzurre
seal in capping ascending fluids, which is mostly a function of its
thickness. (4) The interplay of pre-Pliocene faults that along them or at
their intersection form conduits for fluid ascents. (5) The role of strike-
slip or transfer faults and their terminations or overlaps to localize
surface fluid venting in a compressional environment. (6) Different sizes
and periodicity observed for gas bubbles at macroseeps that may point to
different conduit shape and size. Continuous high frequency small vol-
ume bubbles would be related to rather straight and deep conduits
whereas low frequency large volume bubbles could be related to more
tortuous paths in syphoned conduits. (7) The economic and risk factors
associated with the fruition of the area by tourists. In fact, the infor-
mation at (3), (4), and (5) could be used to better plan access route to the
mud volcanoes and fence off those areas that are prone to surface caving
in a way to improve site safety and better promote geo-tourism.
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