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1. Introduction

ABSTRACT

The Nirano mud volecano is lovated in the western sector of the Modena Apennine margin (Italy). It represents
one of the most spectacular phenomena of sedimentary voleanism in the entire Italian terrtory and is among the
largest in Europe. Here numerous aligned pryphon dusters and seeping pools constantly burst gas and mud
insgide a morphological depresson. Besides the obvious surface expressions of these emisdon spots, until now the
type and amount of gas released in the rest of the large Nirano caldera zone remained unknown.

An extensive geochermical soil gas survey (O, N, COs CHa, 2 Rn, He, Ho, and light hydrocarbons) and
exhalation fluxes (COp and CHy), was carded out inside the mud voleano field with the aim of identifying soil
depassing distribution, and to estimate the mitro- and macro-seepage budget for both COp and CH..

Soil gas data highlight the presence of two zones characterized by high concentrations and flux values. These
enhanced seepage zones are located in the SW and NE sectors of the mud voleano sugpresting that the enhaneed
Fas emissions present in the peripheral zones, are controlled by caldera collapse structures, The most spgnificant
COp flux (up to 91 gm ™2 4™ and **kn anomalies are located in the central part of the water in correspon-
denee of 2 morphological escarpment. Here we infer the presence of a buried tectonic system of collapsed
terraces that facilitate fluids degasdng. In rontrast, CHy fluxes show a seattered distribution and low values
(mean 221 mgm™ 2 d 7.

Overall the CH, degassing budget is low (27.09 tkm ™% y ') when compared with other Italian mud volea-
noes, This could be related to a relative low emission activity during the period of the geochemical survey and to
4 more homogeneous dilution of surfare distribution of the emission point-s.

Chemical and isotopical compostion of the gas discharged from the active gryphons is methane dominated
and the thermogenic sgnature (ranging from — 41 to — 47%0) sugpests a deep reservolr source, This concluson
is supported by noble-gas measwrements (He, Ne, Ar, Kr, ¥e) conducted in the pore water phase of the emitted
mud, indicating a secondary gas exchange orcwring at a depth of a few kilometers,

The peochemical anomalies found in this study, successfully predicted the occurrence of new degassing
phenomena towards the NE sector of the caldera. Indeed recently (i.e. after the survey data acquisition) new
manifestations of mud and gas emissions appeared in the north-eastern edge of the caldera,

(e.z., Kopf, 2002} Mazzini and Etiope (2017) highlighted two im-
portant mechanisms essential for the formation of mud volcanism: 1)

Wud volcanoes are the surface expression of subsurface processes
characterized by movements of large masses of sediments and fluids,
collectively indicated as “sedimentary volcanism® (Mazzini and Etiope,
2017). Dormant mud volcanoes are geological sttuctures built by the
surface emission of mud breccia (coarse- and fine-grained sedimentary
particles and rock clasts), formation water and hydrocarbons expelled
from pressurized deep sources through stucturally controlled conduits

gravitational instability, resulting from the fast burial of fluids and
organic-rich sediments and 2) the overpressure produced by the gen-
eration of hydrocarbons at depth. The presence of efficient seals allows
overpressured fluids to be entrapped in isolated geclogical compart-
ments.

Mud volcanoes are worldwide diffused, particularly in active and
passive marging, deep sedimentary basins related to active plate
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boundaries, as well as delta regions, or areas involving e.g. salt dia-
pirism, as part of petroleum systems (Etiope, 2005).

In Italy, mud volcances occcur alomg the extermal compressive
margin of the Northern (Pede-Apernine margin of Emilia-Romagma)
and Central Apennine (eastern Marche-Abruzzo) and inm  Sicily
(Pellegrini et al.,, 1982; Capozzi et al.,, 1994; Martinelli, 1999; Martinelli
and Judd, 2004; Etiope et al.,, 2007; Tassi et al., 201 Z). If compared to
other world examples, most of the Italian mud volcanoes are small sized
and seldom exhibit periodic explosions (e.g. the 2014 tragedy occurred
at Macalube mud volcane mn Sicily; Mazzini and Etlope, 2017, or at
Santa Barbara mud volcanc, Madonia et al., 2011), which are often
related to important seismic activity (Accaino et al,, 2007

Nirane mud volcane (NMV), located inside the wider Regional
Natural Reserve of Salse di Nirano, is distributed over an area of about
10ha near the Nirano village (Fiorano Modenese). The number of vents
present at NMV, as well as thelr shape and location, vary over the time
(Martinelli and Judd, 2004), even if their age increases from SW to NE.
Currently exist five main active sites displaying a variable number of
individual active gryphons, and numercus pools. These vigorous
emission points are distributed along structural aligmments trending
ENEWSW and numning subparallel to the Pede-Apennines thrust
(Bonini, 2007, 2008). The gryphons have subcircular shape with a basal
radius up to 20m and a meter-scaled bubbling upper part that may
reach up to 3m in height. Water, mud and small fractions of liquid
hydrocarbons are periodically emitted at the zryphons and pools scat-
tered over an elliptical depression forming the wvolcano caldera
(~500m long, 350m wide, =60m deep) (Sciamra et al,, 2015a and
references therein). Discharged fluids contain also small marine fossils
(calcareous nanoplankton), sub-millimetric fragments of claystones and
carbonates. These represent the brecciated clasts of the formations in-
tersected by the feeder conduit during the rise of ovepressured fluids
(Bonini, 2008).

The NMV is known since ancient records and has been described by
historians (Stoppani, 1873; Coppi, 1875; Pantanelli and Santi, 15896;
Biasutti, 1907; Barbieri, 1947; Mucchi, 1966, 1968) and investigatad
for various aspects incuding: i) mineralogy (Ferrari and Vianello,
19385); i) mud volcanism related to tectonic activity (Gorgoni et al.,
1985; Gorgoni, 2003; Bonini, 2007, 2008, 2009; 2012 Manga and
Bonini, 2012; Lupi et al,, 2016} iii) geclogy and geomorpholosy
(Bertacchini et al., 1999; Castaldini et al., 2003, 2005; 2007, 2011); and
iv) microbiclogy (Heller et al., 2011, 2012; Kokoschka et al., 2015),
contributing to create an important database on its evolution.

From a geochemical point of view, research surveys mainly focused
on the chemical and isotopical characterization of fluids emitted by
active seepage sites. Minissale et al. (2000) investigated chemical and
isotopic characteristics of natural gas and thermal water of Northermn
Apennines, among those Nirano. They found that at NMV free gases are
mainly methane (> 98%) with small amounts of other hydrocarbons,
carbon  dioxide and nirogen. The carbon isotope ratios
(5'%Cppyq = —46%¢ PDB) indicate a thermogenic origin. Discharged
waters from voleanoes are brackish (TDS = 7.12¢L ') suggesting a
marine ocrigin. Oxygen isotope matios (8250 = 5.5%0 SMOW), and hy-
drogen isctope ratios (8D = 4.0%ec SMOW), joint to isotopic composi-
tion of stromtium and tritiom, indicate negligible input of meteoric
waters in the systern and confirm the connate origin of the water
(Cipriani et al., 2017). In this study, Minissale et al. (2000) conclude
that the fluids discharged are probably syngenetic with the Plic-Pleis-
tocene “Argille Azzurre” Formation cropping out in the study area.
Moreover, the authors noted that the seeping gas is relatively enriched
in helium, and suggested an enrichment in crustal radiogenic “He and
long underground residence times, Etiope et al. (2007 ) reported free gas
and isotopic composition of all main terrestrial mud volcanoes and
other methane seeps in Italy, among those Nirano. Their results
(8% Ceppq = — 46%¢, 5%Here = — 186%0) is in agreement with Minissale
et al. (2000). Heller et al. (2011, 2012) carried out chemical and mi-
crobiological analysis of mud and free gas from one of the active
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eryphons, founding the presence of anaercbic oxidation of methane.
Tassi et al. (2012) presented gas geochemical and isotopical composi-
tion of C,~Cyy alkane, cyclic and aromatic compounds. They found that
methane is by far the most abundant component with the presence of
more than 20 different cyclic compounds with concentrations up to
several pmol mol . Cyclic compounds are likely formed by: i) thermal
cracking and i) uncompleted aromatization of alkanes occurring at
depth > 3km and temperatures not exceeding 120-150°C.

Despite the work done, no studies have been completed to in-
vestigate the soil gas distribution in relation to possible tectonic dis-
continuities and characterize micro- and macro-seepage for both CO,
and CH,. Soil-gas geochemistry represents a widely used technique to
detect seeping gases and identify preferential migration pathways and
active tectonic structures such as buried faults and fractured fields (e
Baubron et al., 2002; Ciotoli et al., 2005, 200 6; Quattrocchi et al., 2012;
Sciarma et al., 2015b, 2017; 2018; Valente et al., 2018). The cutput of
seepage is important i the framework of geogenic emissions of
ereenhouse gases since mud volcances represent the second matural
source of CH, in the atmosphere (Etiope, 2004; Saunois et al., 2016). It
is estimated that during their dormancy mud volcanoes globally emit
(i.e. from seeps, gryphons and micro-seepage) 5-20 Mtony * (Mazzini
and Etiope, 2017 and references therein).

The goal of our study is to fill some of the existing gaps of knowl-
edge of the NMV presenting results of an extensive gecchemical survey.
More precisely this study aims to: 1) define the natural degassing value
(baseline or background) in the studied area, ii) identify enhanced
permeability sectors possibly linked to preferential leakage pathways
such as fault and/or fracture systems, iii) discriminate the migration
processes and the carrier role of the varicus gaseous species, and, iv)
quantify the COz and CH. fluxes from soils and active cones aiming to
an accurate estimation of COy and CH4 seepage output to the atmo-
sphere.

2. Stratigraphic and geological setting

The NMV is located in the low hill territory of the Modena Apennine
(Fig. 1), upon an anticline structure with a NW-SE axis associated to the
Pede-Apennines thrust (e.g., Benedetti et al,, 2003; Bonini, 2008). The
Modena Apennine margin is characterized by prevalently compressive
structures (Emilia Folds; Pieri and Groppi, 1981; Gasperi et al.,, 1989)
produced by northbound translational movements (occurring mainly
during the Messinian and Pliccene). In particular, the study area is
characterized by the presence of two systems of tectonic discontinuities
(fault and/or fractures) NW-SE and SW-NE oriented, respectively
(Fig. 1)

The NMV develops on the bottom of a caldera-like structure, with a
maximum diameter of about 500 m. The caldera collapse is believed to
have formed within the Plic-Pleistocene succession (Capozzi et al.,
1994; Martinelli and Rabbi, 1998; Castaldini et al., 2005; Accainc et al.,
2007), possibly following different paroxysmal events of fluid and mud
emission. Bonini (20087 describes this caldera as the result of the col-
lapse of the top portion of a mud diapir arising to the suface, similarly
to what happens in some submarine structures (e.g, Henry et al., 1990),

Clayey and sandy marine sediments (Argille Azmurre formation,
from Middle Pliocene to Lower Pleistocene) outcrop around the NMV.
These deposits overlay, from the top (Fig. 1): i) sandstones, claystones
and conglomerates belonging to the Epi-Ligurian Units; i) shales of
Ligurian Units, and iii) sandstones and siltstones of Mamoso Arenacea
formation (Miccene). The latter formation constitutes the deep re-
servoir (about 2 km depth) from which pressurized fluids migrate along
high-angle thrust faults toward surface, accumulating at shallow depths
within the Epi-Ligurian Units (Bonini, 2008).

3. Methodology

147 soil gas concentration (He, Ne, H,, O, N, CH,, CO,, light
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B Ca' Tassi

i
h

4 —
4 B0k 180 200 m

Fiz. 2. Diztibution of soil ras coneentration (yellow diamonds), flux mea-
surements (blue dots), SW-NE profile (green line) and location of free gas
sampling on the five active stes (red dots). Ca” Tass and Ca” Rossa are the
museums of Salse di Mirano Natural Reserve, (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this artiele)

hydrocarbons and 22pn) and 209 CQ» and CHy flux measurements
were carried out during several surveys in spring-summer 2015 inside
the NMV. To determine the soil degassing background, 18 additional
flux measurements were measured outside the area that limits the mud
voleanic caldera. Measurements covered an area of 78742 m?, following
a regular grid with steps of 20 and 40m for fluxes and soil gas mea-
surements, respectively (Fiz. 2). Free gas samples were collected from
five vents located in different sectors of NMV for chemical and iso-
topical analysis (Fig. 2).

The free zas flux was estimated by a funnel positioned above the

| Marine Clays and silty clays
] Clay, sand and gravel

| Alluvial deposits of Emilia-
[ | Romagna Upper System

|| Epi-Ligurian Units
" J ™~ Buried thrust front
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Fig. 1. a) Geological map of the Pede-Apenninic region.

A Legend The Pede-Apeninne thrust is marked by the bold blue line
(hitp:// geoportale regione . emilia-romagna it /it /mappe);
|| Ligurian Units bl detailed map of NMV showing caldera nng faults

(yellow line), preferential alignment of main gryphons
(blue line), fault inferred by morphological evidence
(dashed red Line); ) picture of the gryphon clusters and
their preferential NE-SW alignment. (For interpretation
of the references to eolowr in this figure legend, the
reatler is referred to the Web version of this artiele)

bubbling point and connected to a 1.5L calibrated vial through a silicon
tube. The degassing was assessed measuring the time needed by the gas
to replace the volume of water filling the vial. This procedure was re-
peated several times, in order to obtain a reliable average of the mea-
surements.

Finally, in order to compare the results of the present study with the
ones obtained by Lupi et al. (2016) by means of gecelectrical in-
vestigations, detailed fluxes and soil £as measurements were carried out
along a SW-NE profile (20 m spacing between measurements) crossing
five active emission structures (Fig. 2). This profile overlaps Profile 1
performed by Lupi et al. (2016) to investizate the subsurface structure
of the NMV by 2D Electrical Resistivity Tomography (ERT).

3.1, Soil gas

Soil gas survey consists in collecting and analyzing gas samples from
the vadose zone to measure the concentration of the gaseous species
that permeate the soil pores. Sampling was accomplished in a period of
stable and dry weather conditions, and in a short time to minimize any
variations induced by different sampling periods. Soil gas samples were
collected using a steel probe that was driven into the ground to a depth
of 0.8m, to avoid the major influence of metecrological variables (e.g.,
Segovia et al., 1987; Hinkle, 1994), and successively analyzed in the
Fluid Geochemistry Laboratory at INGV Rome. Soil gas concentrations
(He, Ne, Hy, Oy, Ny, CH,, C,H,, CH,, CoH,, CO,) were analyzed using a
MicroGC Varian 4900 CP, equipped with two Thermal Conductivity
Detectors (TCDY), responding to the difference in thermal conductivity
between the carrier gas (He or Ar) and the sample components.

Radon (2*Rn; halflife 3.8 days) was analyzed directly in the field
using a RADY Durridge alpha spectrometry insttument. The instrument
is equipped with a solid-state alpha detector and it is connected with a
hollow probe at depth of —0.7 m. A single measurement has an average
duration of 20min, with partial readings every 5min. Four measure-
ments were completed at each site. A desiccant trap (Drierite) and an
mlet filter protect the detector from soil moisture (= 10%4).
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3.2, GO, and CH, fluxes

GO, and CH, fluxes were measured using the *accumulation
chamber” method (e.g., Chiodini et al, 1998) by means of a West
System™ portable Aluxmeter equipped with CO. and CH4 detectors.

The CO, detector is a LICOR-LIB20, very accurate in the range from
O up to 600 molm td l(o-26400 gm 2d ). The CH, flux meter is a
TLD Tunable Laser Diode spectrometer (West System) that allows the
measurement of flux in the range from 0.01 up to 750molm *d !
(0.16-12000gm *d M.

Data cbtained directly in the field, were treated and calculated
considering the variation of barometric pressure and temperature
measured during the survey. The recorded concentrations measured
over the time, with other parameters such as volume (0.003 m?¥) and
surface (0.0314m?%) of the accumulation chamber, allow calculation of
the CO, and CH, fluxes from the soil (Hutchinson et al., 2000).

3.3, Free gos

Free gases were sampled using a plastic funmel up-side-down posi-
tioned above the bubbling mud pools and connected through silicones
tyzon tubes to pre-evacuated 250mL glass flasks. Subsequently gases
were analyzed using a MicroGC Varian 4900 CP. Isotopic analysis on
free gas (813(1032, 813&1.14, SZHC}M, 3'He/"He, ParSEAT) were per-
formed by spectrometry at the labormatory of Istituto Naziomale di
Geofisica e Vulcanclogia, Sezione di Palermo. The §'*C in CO, values
(expressed as 8*3C ;%0 vs. VPDB) were analyzed by mass spectrometry
(Finmingan Delta §). The analytical wncertainly and the reproducibility
are = (.05%a.

The 5%Cryyq and 5*Hegs values {expressed as 5 ¥ C g a%e vs. VPDB
and 8% H,%0 vs. VSMOW, respectively) were analyzed by mass spec-
trometry (Varian MAT 250) according to the procedure reported by
Schoell (1980). The analytical uncertainly is + 0.15%..

The *He* He ratios (expressed as R/Ra, where R is the *He/*He
measured ratio and Ra is the *He/*He ratic in the air: 1.39 % 10 &
Wamyrm and Tolstikhin, 1984), as well as *Ar/% Ar ratios, were de-
termined by using a double collector mass spectrometer (VG 5400-TFT)
according to the method described by Inguaggiato and Rizzo (2004).
The analytical error is + 1%.

3.4 Noble-gas analysis in the mud pore water

Mud samples for a comprehensive noble-gas analysis (i.e.,, He, Ne,
Ar, Xr, Xe as well as the *He/*He, **Ne/**Ne, and *Ar/*°Ar isotope
ratios) in the water phase were collected in copper tubes sealed airtight
by two metal clamps (Brennwald et al., 2003, 2013; Tomonaga et al.,
2011, 2013, 2014, 2015; Tyroller et al., 2016), Sample preparation in
the laboratory was carried out according to the method of Tomonaga
et al. (2011). The copper tube contaiming each sample was divided into
two aliquots by placing four additional metal clamps. Each aliquot was
then centrifuged to separate the water from the sediment. After the
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centrifuging process, one aliquot was pinched off at a position located
slightly above the sediment-water interface, which was determined by
visual inspection by opening the copper tube of the other aliquot
(Tomonaga et al., 2011, Noble-gas analysis was conducted only on the
separated water according to the well-established experimental proto-
cols commonly used to determine noble-gas abundances in water
samples at the Noble Gas Laboratory of ETH Zurich (Beyerle et al.,
2000).

3.5, Data treatment

Preliminary analysis involved the calculation of standard statistical
parameters to evaluate the basic characteristics of the data, define a
background value and its anomaly threshold. Therefore, to identify
statistical populations for each parameter, all collected data were pro-
cessed with a statistical approach, by means of normal probability plot
(NPP). According to Sinclair (1974, 1991), the NPP provides a good
method to distinguish different populations and a more objective ap-
proach to statistical anomaly threshold estimation (Cictoli et al., 20077

On the basis of NPP classification contour maps of investigated gas
species were elaborated by kriging interpolation method (e.g., Bergfeld
et al., 2001), derived from empirical semivariograms.

The acquired flux measurements were used to estimate the total
cutput () of the CO, and CH, directly discharged by soil according to
Chiodini and Frondini (2001} approach (Eg. (17 The emission rates
(expressed in tday ') were calculated by summing the contribution of
each population, computed by multiplying the mean flux value for the
area covered by each population (Eq. (1)). The budget calculation does
not consider the amount due to the soil respiration component (back-
ground) and vent emissions (macroseeps).

Qoog o, = Z Py, Pory; X Asj

where &, represents the average y,,, of the i-th population, &
represents the average pyy, of the jth population, and A;; is the cal-
culated area coverad by each population.

4. Results and discussion

The main statistics of sampled data are reported in Table 1. N» and
O3 were not reported in Table 1 and discussed as their average values
match essentially the atmospheric composition (i.e., 20.95vol% and
78.08 volt, respectively; Hemmansson et al, 1991; Etiope and
Lombardi, 1995).

Statistical parameter of @CH, CH., 222pp and pCD; (Table 1) have
a dispersed distribution as highlighted by the high values of standard
deviation (2547.5, 624.3, 6125.3 and 12.9, respectively). On the other
hand, ©CO;, ***Ro and CH, show high skewmess values (2.15, 2.66 ¢
3.86, respectively), suggesting the presence of outliers. The ¢CH, and,
to a lesser extent, He and H, have a skewness value (13.55, 4.84 and
5.48, respectively) showing a clear dispersed disaribution with anom-
alous values.

Table 1
Deseriptive statisties of CO, and CH, fluxes, and soil gas concentratinn of He, Me, Hy, CH,, CO, and®®Rn measured in the NMV area.
©C02 (gm™* 474 ©CH, (mgm™* 474 He (ppmv) Ne (pprv) H, (ppmv) CH, (ppmy) €O, (vol%) *pn (Bgm~H

N 227 227 147 147 147 147 147 147
Mean 17.0 2209 5.53 13.3 27 2000 082 3362
Median 16.68 0.01 5.5 128 14 2.4 078 838
inimum 0.00 —7.27 2.8 285 008 0.44 0.04 0.00
Maxirmim 91.41 3208.5 17.9 26.9 38.8 62121 55 28800
LQ 0,33 0.003 5.2 124 08 4.6 03 202
ug 227 0.028 6.3 15.3 27 3555 11 2625
Variance 165 BARIGET 1 19 20 3EIT44 1 27519204
5td. dev. 12.9 2547 5 0.9 43 45 6243 0.86 £125.3
Skewness 215 1355 4.84 —016 548 386 258 266
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4.1, Seil gas concentrations

The distribution of soil gas, in particular trace gases as *22Bn, He
and Hj, was investigated to identify potential faults and/or fractures
related to preferential migration pathways and the possible interaction
between deep reservoirs and surface.

Normal probability plots were used to identify background, anom-
alous and cutliers values. In particular values above 2vol% for CO4, 10
ppmv for Ha, 40 ppmv for CH., 2500 Bqm  © for Rn, 5.5 ppmy for He
and 18 ppmyv for Ne have been considered as anomalous.

The main statistical parameters of Rn, CO,, CH, and He data col-
lected in the NV were compared to those measured in the cultivated
areas of Modena Province (Sciarra et al, 2013) and obtained by the
same methodology, in order to have a homogeneous database as a re-
ference.

Concentrations of radon and carbon dioxide show mean and median
that are lower compared to reference values. In particular, mean ***Rn
values for NMV are 3362 Bq m 2 versus 4800 Bq m 2%, while €O,
concentration has a mean of 0.92vol% with respect to 2.31 vol% of
reference values.

On the contrary, methane concentrations are about two orders of
magnitude higher than reference values, with mean of 290 ppmv and
median of 21.4 ppmv versus 601 and 0.15 ppmv, respectively, and H;
is about one order of magnitude higher (2.7 and 1.4 ppmy) than those
reported by Sciama et al. (2013; 0.44 and 0.31 ppmv). The He mean
concentration (5.83 ppmy) substantially agrees with both attmospheric
and reference values.

Spatial distribution of COy (Fiz. 3a) shows anomalous values
(= 2vol%) in the NE sector of the study area, where the mud volcano
activity is more recent (west to Ca’' Rossa museum). Other weak hizgh
values are present in the central part of the crater zone close to a large
water pond.

Contour map of ***Rn (Fiz. 3b) highlights two zones in the NMV
characterized by high values (= 14000 Bg m %). The first one is lo-
cated in the NE area, m correspondence of a CO; anomaly while the
second is located in the SW of the survey area, between the south-
westermumost gryphon site (point 5) and the water pond.

CH, and He (Fiz. 3c and e) show a similar spatial distribution, with
high values (= 2500 ppmv and 6 ppmy, respectively) n the northemn
part of the study area (points 2 and 4) and close to Ca' Rossa (point 3).
This cbservation suggests that both ¢as species may besourced from the
same layer, with methane acting as carrier.

H; anomalous values (> 16 ppmv) are distributed in three distinct
areas located in the NE, N and SW areas in agreement with higher
values of the other gas species (Fig. 3d).

The Ne distribution (Figz. 3f) shows a preferential alignment of
anomalous values along the oblique line crossing the study area from
SW to NE. This gas species is indicative of circulation path of shallower
fluids probably linked to a surficial fracturation system.

Spatial distribution of the highest values for CO., %Ipn, CH,, He, Ne
and Hs highlights a zenersl association among the considered species in
the NE sector of the studied area, whereas 222Rn, Ne, H, show a good
comelation alsc in the SW sector.

These two regions are located at the extremities of the NE-SW
aligned seepage sites and coincide with the morphological edges of the
caldera. We suggest that these preferential locations may result from: 1)
a sealing effect by the mud mostly extrtuded in the central part, and./or
2} by a tectonic control operated by the caldera collapse faults that
farilitate the preferential rise of deep fluids. A similar mechanism has
been already suggested for other mud voleano sites (Mazzini et al.,
2009; Mazzinl and Etiope, 2017).

Since ***Rn and other trace zases (He and Hy) are considered sui-
table fault tracers and CO; and CH, are believed to act as carriers for
these gases (Beaubien et al., 2003; Sciarra et al., 2015b, 2017; 2015
Ciotoli et al., 2016), their association suggests the presence of two areas
characterized by high permeability zones from which gas upraise at
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surface.
4.2, C0, and CH, fhux measurements

Statistical elaboration on the basis of NPP allowed to define
threshold anomaly for @CO, (20em 2 d 1), and @CH, (44 mgm 2
d .

The average CO, exhalation flux (Table 1) reveals values lower than
those measured in cultivated areas of the Modena Province (17.9 vs.
21.9¢m *d ';Sciarra et al., 2013). The highest values are located in
the NE sector of the study area, where the mud voleano activity is more
recent (around Ca’ Rossa) and in the central part of the area, in cor-
respondence of the water pond and the morphoelogical slope. A focused
ancmaly is located in the SW edge of the NMV (Fiz. 4a). Flux mea-
surements performed outside the area hosting the mud volcano (blue
dots in Fig. 4a) range from 4 to 20.22gm * d !, within the back-
ground values of those measured inside the crater zone.

Methane micro-seepage shows average values sigmificantly lower
than those measured in cultivated areas of the Modena Province (220
vs. 670mem “d % Sciarra etal., 2013). The highest values (from 400
to 3200mgm *d ) are distributed along the oblique axis crossing the
area with a2 NE-SW trend. Flux measurements performed cutside the
NMV (blue dots in Fig. 4b) are characterized by background values
ranging from 2.38to 42.61lmgm *d .

The total gas emission rates over the surveyed surface
(Age = 0.0787km?) have been computed following the Chicdini and
Frondini (2001) approach (Eq. (1)) Results give 2993ty 1 for Co,
(Qoo,) and 213ty * for CHa (Qery,).

The free gas flux, measured for the most recent active seeps at point
3 (Fig. 5), revealed an emission rate of 54.8Lh 1 for
1.8 % 10 Sm®s 1) constituted by 97% of CH, and 1% of CO; (see
Section 4.4). The daily emissions from the gryphon to the atmosphere
are 3.299 % 10 ®td ! for €O, and 1.08 % 10 *td ! for CH.. By
considering emissions from other 11 historically stable active gryphons
and pools that visually have a qualitatively similar degassing mode, we
obtained a macroseep cutput of 0.14ty ! for COy and 4.72ty ! for
CH.,.

Etiope et al. (2007) estimated the CH, output of Nirano from
macroseeps (gryphons, bubbling pools and dry seeps) and microseepage
(soil diffuse degassing). Their measured macroseepage is slightly higher
than the one obtained in this study (6ty *vs. 4.72ty 1), whereas the
microseepage cutput is about one order of magnitude higher (i.e.
26.4ty * vs, 213ty ) This difference may be due to the distinct
investigation periods or due to the different sampling density (6 mea-
surements within 10000 m® vs. 210 measurements within 78742 m” of
this study - a difference of almost one order of magnitude). Indeed, the
fluid emissions and mud activities change over the time.

Our results emphasize that sampling density may affect the ob-
served soil gas distribution (e.z., Ciotoli et al., 2007). At high resolution
scale, when sampling is performed within the influence “domain®
(spatial range) of a structure, the gas behavior is less apparent than at
theregional scale, highlighting the different contribution of phenomena
acting along specific directions (i.e., fault-related anisotropy) versus
those acting randomly (ie., sotropic field of background). Never-
theless, chammeling phenomena (preferential pathways), can be clearly
seen by high resclution surveys because of their very close spatial in-
fluence. Coupled regional and highresolution sampling provides in-
formation about the spatial influence of the struchural features on the
soil gas data (Ciotoli et al., 2007).

Finally, it is important to note that Etiope et al., (2007) carried out
measurements only in the flank of gryphons (personal communication),
whereas for this study the whole caldera area was sampled. The flanks
of gryphons are typically affected by significant macroseepage mani-
festations therefore resulting in a overall higher flux estimate.

With respect to other Italian mud volcanoes, the Nirano CH, macro
and microseepage estimated in this study are lower than those
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Fig. 3. Contour mapes for the concentrations of investigated gas species: a) COq; b) 22gn; ) CH,; d) Hy; €) He; £) Ne, show the presence of high soil gas values at the
edges of the caldera, a good spatial correlation between trace gas elements and their carmer gasses, and alony the NE-SW aligned gryphons distribution.
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Fig. 4. Distribution of flux measarements for a) L0z and b) @CH,4 highlight the presence of more intense degasdng in coindde with the morphological edges and
the slope of the caldera.
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Fig. 5. Active seepage gtes at the NMV. a-b) landsrape, ¢-d) particular of bubbling phenomenon from sampling points 4 and 2, respectively, £) mud pool of point 3, 1)

point 1, g-h) point 5.

Table 2

Output of {pCH4 from macroseeps and microseeps.
Site Area (m®) N. Vents Macroseep output (t ¥~ 1) Microseepage output [ty 73 N. meas. microseepage Output (£ ¥~ 1)
Pegnano” Sa00 8 o picl 11 34
Mirano® 10000 13 B 26.4 B 324
Macalube” 14000040 & 20 74 ] 304
Mirano [this study) TEF42 12 472 213 210 B.80

* From Etiope et al. (2007,

estimated for Regnano (5ty ! and 29ty !, respectively; Table Z),
located about 20km far to Nirano and about one order of magnitude
lower than Macalube (Sicily; Table 2).

4.3. SW-NE obligue profile

Detailed fluxes and soil gas measurements (20m spaced) were
carried out along a 550 m long profile intersecting five active mud
emission areas. The SW-NE oriented profile (Fig. 2) follows Profile 1
performed by Lupi et al. (2016) using 2D Electrical Resistivity Tomo-
eraphy (ERT).

In order to highlight the trend of different gas species and find si-
milarities in their spatial distribution, soil gas concentrations and flux
profiles were compared with the ERT data (Fig. 6).

©CO;, €03, He and ***Ru show high values in the sectors between
80 and 230m. This interval is characterized by a prominent 15m high
escarpment with NW-SE orientation, likely related to subsidence dy-
namics ongoing in the central area. The presence of these tectonic
structures is likely facilitating the gas uprising.

Ancmalous values of CO,, He, 22*Rn, H; and @CH, are alse con-
centrated between 400m (gryphon 1) and the end of the profile where
new mud emissions appeared in October 2015.

In contrast, Hy, CHs and @CH4 show high values between 0 and
70m, and around 10-20m is present a good correlation among He,
X2pp, H, and CH, (i.e. in the area around gryphon 5).

83

The highest soil gas concentrations positively correlate with the
three dome-shaped conductive anomalies mapped by Lupi et al. (2016)
at —20m depth. Unfortunately, the geochemical and geophysical da-
tasets of Lupi et al. (2016) have not been acquired at the same time and,
in addition, the area investigated through the ERT survey would not
pemmit an spatial analysis. However, the quantitative amplitude of the
anomalies was only used as a way to detect qualitatively enhanced
permeability sectors possibly linked to preferential leakage pathways.

Depending on the combination of gas species ancmalies, it is pos-
sible to distinguish if these are related to local conditions (e.g. li-
thology, permeability), or to gas uprising along preferential pathways.
Soil gas distributions suggests the presence of sectors chamacterized by
high permeability where CO; and CH,4 play a dominant role as carrier
zases for advective transport and redistribution of trace gases (e.z., He,
*23pn, H,). Indeed, Martinelli and Judd (2004) suggest that the decay
rate of **Ra to 2R does not vary with time, so changes in the 22pn
emission rate must result from variations in the expulsion velocity of
the fluids. The fluids are confined within the source rocks, consequently
changes in the pore pressure caused by crustal movements explain the
variations in fluid expulsion velocity (Martinelli and Judd, 2004).

4.4, Free gases emitted from the gryphons

Five active gryphons were sampled for free gas chemical and ise-
topical analysis (Fiz. Z) and the analytical results are presented in



A. Sctarra et al

- 5

E 4 1

L .—L— — .o

= 210 T ' A —

g 200 S a
[T}

#C0; (g m? d)
<’
|
¢

]
2
§ %\\_J\/ﬁ_-\’/\‘v-—**ﬂ //\/L’ &
g ’ ’“’_‘ﬂ“\/\“"’_ﬁ/\/"J d

Rn (Bg m)
&
8

e>
|
g
=

H; (ppaw)
oM & @D

u/\/\\_\_/ﬂm__d_____/\f

_ 1800
E 1200
: i) /\/\/\
= 400 [\ g
F o MR //\ e, e oo,
5 e
E
g | h
< _\_,f“"--.. e /)
= R N ]
E_ ‘ISC- 200 250 300 aso 400 450 500
Distance (m)
Y ME i

profils 1
S
i T

bt ‘u A]' l_

280 --‘---

attt :z
450

¥

T

&
—

‘.‘.'U 350

x [m)

300

Fig. 6. Google Earth image of the oblique SW-NE profile (green line), the in-
ferred fault (red dashed lLine) deseribed in Fig. 1, with the completed mea-
surements of: a) vertically exaggerated topography profile (black triangles in-
dicate the position of the main gryphon clusters), b) gCO,, ¢) COq, ) He, &)
?22Fn, f) Hy, £) CH,, h) pCH,, i) ERT profile 1 (Lupi et al, 2016). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this arficle.)

Table 3.

The seeping gas is methane-dominated, typically with concentra-
tioms higher than 90%, CO» content mnging from 0.5 to Svolsh and
light hydrocarbons (C,H,) ranging from 90 to 3350 ppmv.

The isctopic composition of the sampled gas shows an argon iso-
topic ratios of 307-323 being slightly higher compared to the atmo-
spheric air value (*°Ar/*8Ar = 298.56; Lee et al, 2006) indicating an
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enrichment in radiogenic *Car (also observed in the mud pore water;
see Section 4.5, Table 4). The *He/“He ratio of about 0.02 Ra suggests a
crustal origin (Mamytin and Tolstikhin, 1984 as well as the He/Ne
ratio (ranging from 57 to 116; Bertrami et al., 1984). Isotopic values of
methane for sites 1, 3, 5 (Fig. 2) show 5%C e and 8°Hema values
ranging from —47.5 to —41.4% VPDE, and from — 184 to—177%e
VSMOW, respectively. These values suggest a thermogenic origin of
CH,, as graphically reported in Fig. 7. In the revised 5 *Cy, vs. 5% Hug,
diagram (Milkov and Etiope, 2018), Nirano data were compared to soil
zas sampled before and after the 2012 Emilia selsmic sequence (Sciarra
et al., 2017} and other mud volcanoes in the Emilia Romagna Region.
The comparison highlights the different origin of Nirano gas with re-
spect to the other gas on the Modena province, Indeed, the thermogenic
origin of CH4 is ascribed to the decomposition of organic matter in
sediments buried at more than 3000 m depth where the temperatures
are higher than 100°C (e.g, Whiticar and Suess, 1990; Tassi et al.,
2012). The results of this study are therefore in good agreement with
those reported in the literature for most part of Italian mud volcances
(Minissale et al., 2000; Capozei and Picotti, 2002; Grassa et al., 2004;
Etiope et al, 200%; Tassi et al,, 2012). Moreover, on the basis of the
revised diagram, NMV and Puianello samples (magenta and green stars,
respectively, in Fiz. 7) highlight also a possible secondary microbial
gases origin.

The isotopic values of §1%Cq, ( = 21%0 VPDE) suggest an origin due
to anaercbic oxidation of heavy hydrocarbons (Pallasser, 2000), often
followed by secondary methanogenesis. This is especially true for gas
samples characterized by §'*Cq, values higher than 10%e V-PDIB (Tassi
et al., 2012). Depending on microbial communities and physic-chemical
conditions of the reservoir (Wang et al., 2005), methanogenesis process
are able to strongly enrich the residual GO, in g (Etiope et al., 20090
In order to verify the genetic field and the main process affecting the
studied gasses, the 853Gy versus C/C,, diagram (Fiz. 8A) and
5Y¥C s versus 5 %Coo2 diagram (Fiz. 8B) were plotted. Both diagrams
confirm what already indicated by the 82Cqy, vs. 8%Hyy, diagram,
pointing to a secondary microbial gases, produced during methanc-
genesis resulting in *3C enriched €O (8'*C > 2%0 and up to +31%o at
Pulanello site).

4.5. Noble gases in the pore water of the extruided mud

Noble gas analyses conducted in the pore water of two sampled vent
sites are reported in Table 4.

Sample NIR16-03 appeared to be contaminated by air, as all mea-
sured concentrations are much higher than the concentrations expected
for airsaturated water (ASW) for the temperature of the mud during
the sampling (11.0°C). It is possible to perform a very simple correction
for air contamination based on the Ne excess with respect to the ex-
pected saturation concentrations. As Ne originates mainly from the
atmmosphere and its solubility is rather low, air contamination results in
a super-saturation with respect to the expected solubility equilibrium
concentration begin larger than the supersaturation for the heavier
noble zases (Ar, Kr, and Xe). Thus, Ne is among all noble gases the most
suitable proxy to guantify air comtamination based on a single gas
species. The saturation concentration of Ne at the temperature of the
collected mud (11.0-12.8 °C) is about 1.910 7 cm3STP/g. Hence, the
measured Ne concentration in sample NIR16-03 of 15510 7 cm®STP/g
is in excess of 15310 7 cm3STP/¢ with respect to the equilibrium
concentration. The volume fraction of Ne im atmospheric air is
1.81810 ° (Ozima and Podosek, 2002). Therefore, the volume of air
necessary to produce the measured Ne excess is about 0.85 cm®STP/ g
We used this estimation to determine the original *He/“He ratio in the
pore water of 3.0°10 7 (i.e,, 0.22 Ra) which is close to the value de-
termined for sample NIR16-04 of 1.510 7 (i.e., 0.11 Ra). These similar
He isotope mtics indicate that a large share of He is radiogenic and
originates from the decay of U and Th in the Earth's crust. This inter-
pretation is n agreement with the measurement performed in the free
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Table 3
Chemical and isotopic analysis of free gas collected from 5 active gryphons in May 2015 and March 2016™, and from Puianello mud voleano (gryphon 6.
Gryphon  He (ppmw)  Ne (ppmv)  Hy (ppmv)  CH, (vol3) €O, (vol%) CoHg (ppmivd  5'Ceqs (VEDBY  8"Cepq (VEDB)  5°Hop, (VSMOWY Fo/Fa  Ha/Ne “¥ar
1 127 10.5 4.1 o7.az 21 B60 135 —47.5 —182
1B 21.3 .19 319 o232 Q.72 456 21.1 —41.4 —1s82 Q021 10052 3233
2 7.31 11.25 15 8843 .51 128
a* 20.4 2.85 182 0594 1.1 B3b 21.86 —47.22 —177.3 002 572 3071
4 778 11862 1.48 01.34 8.64 89
5 23z 123 k] 0436 .76 a5
SB¥ 2482 1382 6.06 DE.o7 1.01 74 21.4 —48.7 —1384
B 301 .26 1.48 05.38 3.28 3350 31.3 —46.2 —184 003 11568 306.3
-90 being lower than the expected ASW values calculated for the mud
.80 < Primary Microbial CR temperature recorded during the sampling campaign (12.8°C)
Degassing (or re-equilibration) during sampling is not likely, as the
-70 — sample has been acquired in Marc en the average air temperature
70 (S ple has b quired in March when th ge al P
60 - t was even lower than the mud temperature. Therefore, the general
E ‘= Secondary noble-gas depletion observed for sample NIR16-04 indicates that sec-
— =50 — o Microbial ondary gas exchange ocourred with a free gas phase at depth. In light of
) i ] ] . o
3= 40 — the gas composition discussed in Section 4.4, it is reasonable to assume
s Thermo- that this free gas phase is mainly composed by thermogenic methane
5 -30 — R genic produced at depths of a few kilometers, secondary altered by bicde-
Q 20 * Nirano gryphons gration processes. The preservation of the signature produced by sec-
o« = -— R .
o < Puiansilo ondary gas exchange at possibly high temperatures suggests that the
-10 - e mteraction of the mud with shallower fluids is of minor importance.
Mud volcanoes e
&= et Aiotie 5. Conclusions
@ 2008 Dec '
10 1 @ 2012May
20 2013 June A geochemical survey including 227 CO, and CH, flux sites and 147
I | I | | 1 1 1 COy, CHy4, RBn, He, H; and light hydrocarbons concentration measure-
-450 -400 -350 -300 -250 -200 -150 -100 -50 O ments has been cammied out inside the NMV in order to investigate the

?Hea (%o)

Fig. 7. Methane genetic diagram of 8 Cos ve. 87 Heas for free gas sampled in
active gryphons of NMV (magenta stars) after Milkov and Etiope (2018). Green
stars: free pas sampled in Puianells pryphon; light blue and blue dots: soil gas
sampled in Modena Provinee in 2008; red dots and preen diamonds: soil gas
eollected during and after the 2012 Emilia seismie sequence (Soarra et al,
20177, Yellow diamonds: free gas sampled in other mud woleanoes in the Emilia
Romagna Region (Etiope et al., 2007). CR — CO, Redurtion; F - fermentation; G
— geothermal, hydrothermal, crystalline; A - abiotic; EMT — early mature
thermogenic gas; 0A — oil-assodated thermogenic gas; IMT - late mature
thermogenic gas. (For interpretation of the references to colour in this figare
legend, the reader is referred to the Web verson of this artide)

gas phase (see Section 4.4) showing *He/“He ratics significantly lower
than the air value (i.e., about 0.02 Ra).
Sample NIR16-04 shows atmospheric noble gas concentrations

zas seepage from soil and estimate the CO, and CH, output. Moreover,
free gas for chemical and isotopic analysis was collected from five ac-
tive sites located in different sectors of the volecano.

The main active gryphons and seeps are distributed along a 500m
long SW-NE oriented alignment that is likely controlled by a tectonic
structure providing pathway for the rise of deep fluids. Results show
that on average Rn activity, CO3 concentration, $COz and $CH, are
lower than those measured in cultivated areas of the Modena province,
whereas CH, concentrations are higher.

The distribution of trace elements such as 2**Rn, He, and Hj were
studied in order to identify potential faults and /or fractures related to
preferential migration pathways and the possible interactions between
reservoir and surface. Anomalous $CO; and ¢CH,, Ro activities and
CO., CH,, He, H, concentrations, cbhserved in the two regions at the
edge of the NMV (NE and 5W), indicate the presence of high perme-
ability areas. Here tectonic structures controlling the collapse of the
caldera are interpreted to be the preferential leakage pathways for the
migrating gas. Cther anomalies (HCO4)

are located along a

100 = . : +40 - Fig. 8. Genetir diagram of 8 °Caga v5. C1/Coo (A) and
rimary . F § »__Secondary 13 13 - .
Microbial SMA +30 — : hilcrobial 8 7 Copa v 8 Loz (B) for free pas san_-lpled in active
104 =4 . b Abiotic gryphons of NMV (magenta stars) and Puianello gryphon
. #* 20 : (green star), after Milkov and Etiope (2018). CR — CO,
100 < CR = L LMT +10 = : Reduction; F — fermentation; G — geothermal, hydro-
N :‘ + y U LMT thermal, orystalline; A — abiotie; EMT — early mature
Qj 108 = gt :. 28 F  Primary thermogenic gas; 04 — ovil-assodated thermopenic gas;
&3 EMT + H = -10— Microbial LMT - late mature thermogenic gas; SM — secondary
10" — oAl (_:5 20— Ablotic microbial. (For interpretation of the references to colow
B (c cR e in this figure legend, the reader is referred to the Web
v -30 — - : :
10° — Thermdgenic verdon of this arficle.)
-40 =
) A Thermogenic B
i T T T T 50 T T T T
60 -70 50 -30 -10 +10 -a0 -70 -50 -30 -10 +10
8"3Ccha (Yoa) 6"3Cchas (%)

85



A. Sctarra et al

Table 4

Applied Gecchemsry 102 (2019) 7787

Noble-gas concentrations and isotope ratios measured in the water phase of the mud collected at gryphons 5 and 3. The concentrations are given in em STP (STP:
standard temperature and pressure of 0°C and 1 bar, respectively) per gram of water.

Sarnples He Me Ar Kr Xe “He/ He e Ne Barar
[1077 cm®STP/g] (1077 cm®5TPrg]  [10°* am®STPrg]  [107° an®STPrg]  [107% em®STPAz]  [1079) [] [10-%

MIR16-03 (Gryphon5) 499 + 0.3 155 + 2 83 + 4 95 + 1 7400 + 007 126 £ 0402 980 001 31 %11

NIR16-04 (Gryphon 3) 175 = 0.01 0.3 + 001 0.57 + 0.01 1.24 £ 0.02 019 £ 0.01 215 £ 001 93 & 01 346 £ 045

morpheological slope in the central part of the crater suggesting that the
observed morphological escarpment has a tectonic control for gas mi-
gration.

Estimated CH4 micro and macro-seepage values are lower than
those measured during previous surveys in the NMV and in other areas
of Po Plain. This suggests that the NMV is in a relative quiescent activity
period where lower gas emissions from active gryphons are associated
with a wider spatial distribution.

The extruded gas is methane-dominated with minor amownts of
nitrogen, oxygen, carbon dioxide, and ethane. Isotopic analyses high-
light the thermogenic origin of emitted methane which original sig-
nature was altered by bicdegradation processes. Noble-gas elemental
and isotopic signatures constrain the crustal origin of these emissions.

Soil gas monitering allowed to constrain the relationship between
gecchemistry and tectonics, and permitted the identification of areas
with high permeability such as the NE area of the crater zone where
new active mud emissions occurred after the data acquisition of this
survey. This newly born site represents today the most active seepage
phenomena at the NMV. Potentially other eruptive phenomena could be
expected in the future following the same NE trend.
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