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GENERAL INTRODUCTION

It has been well established in geological, geochemical and both experimental and
theoretical investigations that modification of the chemistry of fluids, which are stored
or move through the crust, can occur as a consequence of rock deformation and seismo-
genetic processes*>. Indeed, variations in the flow of volatiles as well as in the fluid
chemistry of fluids and water temperatures released from springs and wells have been
recorded at seismic events. Additionally, both rock fracturing and seismicity both show
the formation and release of volatiles®. A close theoretical and experimental relationship
between rock dilatancy and volatile release has also been identified®. In this sense, noble
gases (e.g., He and Ar), as non-reactive species, are very valid tools for studying the
correlations between rock deformation and volatiles in the study of earthquake physics’.
Moreover, noble gases facilitate the identification of origin of fluids, even when not
atmospheric: He isotopes, for example, allow recognition of a mantle origin of fluids even
in the absence of any expression of magmatism and volcanism on the surface®. Noble
gases are known to be powerful tracers of source and if used in association with the
geochemistry of major volatiles (CO2, CH4) can provide a means to both identify and
quantify water-gas interaction processes®. Given that these processes can be easily
modified by crustal deformation and earthquakes, they can provide useful data for

understanding the relationships between fluids and tectonics.

This PhD project is focused on the study of the fluid geochemistry emitted in some
tectonically active areas along the Apennines (Italy), where a relationship between fluid
degassing and seismicity is recognized®. In particular, two areas of Apennines, have
been studied which differ in their geological and geodynamic setting: the Nirano Mud
Volcano Field (NMVF), in the foothills of the Northern Apennines, and Irpinia region in
the southern Apennines. The surface manifestations in these areas represent these
differences. Indeed, the NMVF is characterized by CH4 dominated emissions from mud
volcanoes, in Irpinia instead, the fluid emissions are dominated by CO2, which is
dissolved in the groundwater or is released as free gas in Mofettes. The two sites are
placed at the CO2—CHa geochemical boundary along the Apennine watershed that seems
to mark a boundary limit of the emergence of natural COz-rich gas vents?. There is a

distinct division between the CO2 domain in the peri-Tyrrhenian internal sector and the
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CHa domain in the foredeep sections. Gas transfer is mainly associated with mud diapirs
in the compressed region of the Apennine orogene, where methane-rich mud volcanoes
are found. On the contrary, in the inner part of the Apennines where extension has caused
the intrusion of several deep fluid sources (mantle and/or magmatic) CO2 prevails. The
enormous amount of CO: diffused in the shallower regions of the crust and produced in
several stratified layers in the deeper crust dilutes methane in the peri-Tyrrhenian sector2,
Similar reasoning may be applied to the relative total amount of helium discharged at the
surface, which is lower in the Tyrrhenian sector compared to the NE Apennine CHs-rich

ventsil,

This thesis aims to define a model that can explain the origin of fluids in the different
areas along the Apennine, the main processes that modify their chemistry in crustal layers
and finally the relationships between deformation and fluids geochemistry in Apennines.
Therefore, it involves the collection of geochemical data, which must be processed and
subsequently integrated with those already collected from previous studies.

The specific targets have been:1) to evaluate the origin of fluids in the two areas; 2) to
define the role of aquifers in the transfer of non-atmospheric fluids (mantles and crustal)
in relation to crustal deformations and seismicity of the areas; 3) to discuss the
geochemical data in relation to the tectonics and seismicity of the area in order to define
a model for the transfer of fluids through to the crust and therefore can highlight any
relationships between seismicity and fluid transfer and/or variations of water-gas

interactions.

Summary of the activities involved for the realisation of the project

The samples taken will be analysed to define 1) the chemical composition of the gaseous
mixtures emitted at the surface, 2) Carbon (Ccoz, CcHs) and noble gas (He, Ne, Ar)
isotopic composition. The analyses were carried out at the laboratories of the Palermo
section of the National Institute of Geophysics and Volcanology of the Palermo section
(Italy). The abundance ratios of CO2 or CHa and noble gases integrated with the isotopic
ratios of noble gases will make it possible to investigate a possible role of the aquifers in

modifying the chemistry of the gases. These data provided a fundamental contribution to
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the understanding of the relationships between fluids at depth and the seimo-genetic
processes®13,

The data acquired had been elaborated and discussed in order to figure out a unique
scenario of the origin of fluids, how water-gas-rock interactions processes modify the
fluid chemistry during their transfer trough the crust and it will allow and understanding
of possible variations of the geochemical parameters that are acquired at high frequency.
In detail, the collected geochemical data collected was discussed and interpreted on the
basis of geological-structural knowledge and seismic data in order to build a model that
can explain the migration of fluids through the crust and the role of seismically active
faults in the transfer of the fluids themselves. Finally, I try to define and quantify the
migration of deep fluids in the areas of investigation so as to assess the depth of the
tectonic discontinuities active in fluid transfer and the role of the fluids themselves in

relation to the seismicity of the area, thus providing answers to questions still open.

In conclusion, the collected results are used to create a model defining the origin of the
fluids emitted, their transfer through the crust, any water-gas-rock interactions and the
relationships between fluids and crustal deformations and seismogenic processes. In
addition, the collected data and the model were discussed and compared with the data
collected within the geological, structural and seismic network created by the INGV in
the Apennines in order to improve the knowledge on the deformation processes active in

the study areas.

Abstract of chapters

Chapter | addresses the variability of helium degassing in continental regions, its release
from rocks and emission into the atmosphere, based on a study of degassing of volatiles
in a seismically active region of northern Italy at the Nirano-Regnano mud volcanic
system. Helium is carried through the crust by CH4, which dominates the released gases
in the studied region. Carbon and He isotopes unequivocally indicate that crustal-derived
fluids dominate these systems. A high-resolution 3-dimensional reconstruction of the gas
reservoirs feeding the observed gas emissions at the surface enables an estimate to be
made of the amount of He stored in the natural reservoirs. This PhD dissertation

demonstrates that the in-situ production of *He in the crust and a long-lasting diffusion
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through the crust are not the main processes that control He degassing in the region.
Furthermore, in this study is demonstrated that micro-fracturing due to the field of stress
that generates the local seismicity increases the release of He from the rocks and can
sustain the excess of He in the natural reservoirs with respect to the steady-state diffusive
degassing. These results prove that (1) the transport of volatiles through the crust can be
episodic as function of rock deformation and seismicity and (2) He can be used to
highlight changes in the stress field and related earth.

In the chapters |1, I discuss the active roles that deep fluids play during the preparatory
phases of large earthquakes and, through their chemical signature, that carry information
about deep processes within the seismogenic crust. Due to its inertness and isotopic
signature, He is a useful tracer for investigating the processes of storage and transfer of
fluids through the crust, including those prior to hazardous earthquakes. Here we analyse
a 12-year earthquake catalogue from the Irpinia Fault Zone, Italy, to compute the “He
outputs from the seismogenetic fault zones (from 10* to 10°® mol y-1 with an annual
tenfold variability) and are compared with estimates of long-term helium flux.

It has been found that low-magnitude earthquakes (M<4) efficiently contribute to
variations of the crustal helium output into the atmosphere which supports the impulsive
nature of He degassing in tectonically active continental regions. | conclude that there is
a quantitative relationship between crustal helium outputs and the volume of fault zones
(damage zone plus fault core), and suggest variations in helium flux may represent a
means to gauge the response of changes in the stress field that are related to the nucleation
of earthquakes.

Finally, in the chapter Ill, the research focuses on the Contursi hydrothermal system
(southern Irpinia), where both free and dissolved gases are present. The study investigates
the features of innate and introduced fluids in the crust as well as the subsurface processes
that can alter their geochemical fingerprint during introduction, storage, and any
following migration that is necessary for geochemical monitoring of crustal fluid. This
study shows how gas-rock-water interaction through simple mixing processes or more
complicated secondary outgassing and precipitation processes can affect the geochemical
characteristics of a fluid and how these same processes can mask the source of the deep
gases (e.g., mantle). Indeed, in their migration through the crust, fluids undergo a series
of complex processes and interactions so, by using the relationship between the Total
Dissolved Inorganic Carbon (TDIC) and the 8*3Croic in the collected groundwater is

found that the processes at depth that control the carbon amount and its isotopic
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composition in the fluids, to define a regional model of the deep CO:2 degassing and the

gas-rock-water interaction processes occurred.

A NOTE ON THESIS STRUCTURE

The principal research Chapters of this thesis have been prepared as scientific papers for

publication in three different international journals. The present status of each publication

is summarized as follows:

Chapters I has been published as: Continental degassing of helium in an active
tectonic setting (northern Italy): the role of seismicity.

Buttitta, D., Caracausi, A., Chiaraluce, L., Favara, R., Gasparo Morticelli, M., &
Sulli, A. (2020). In Scientific Reports, 10(1), 162. https://doi.org/10.1038/s41598-
019-55678-7

Author contributions:

D.B., A.C. and R.F. designed the paper. A.C. collected the gases. D.B. developed
all the calculations. D.B., A.C. and L.C. investigated the relationships between the
earthquakes magnitudo, rock fracturation and volatiles release. A.S. and M.G.M.
provided all the geological information and the 3D reconstruction of the

reservoirs. All the authors contributed in elaborating the data and writing the

paper.

Chapters Il has been published as: Earthquakes control the impulsive nature
of crustal helium degassing to the atmosphere.

Caracausi, A., Buttitta, D., Picozzi, M., Paternoster, M., Stabile, A. T. In Nature
Comunication earth & environment. https://doi.org/10.1038/s43247-022-00549-9

Author contributions:

A.C.,D.B., M.P. (Matteo Picozzi), conceived the concepts and designed the study.
M.P. (Matteo Picozzi) elaborated the geophysical data. A.C. and D.B. elaborated
the geochemical data. A.C., D.B., M.P. (Matteo Picozzi), M.P. (Michele
Paternoster) and T.A.S. contributed to the interpretation and discussion of the data
and provided comments on and input to the manuscript. D.B. made all the pictures

and performed the Montecarlo propagation of the data. A.C. wrote the manuscript
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https://doi.org/10.1038/s41598-019-55678-7

with contributions by D.B. and M.P. (Matteo Picozzi). All authors discussed the
results and commented on the manuscript at all stages.

Chapters 11 will be subdued as: Deep fluid degassing from the crust: a model
of the gas-rock-water interactions in the Contursi hydrothermal system
(southern Italy)

Buttitta, D., Capasso, G., Paternoster, M., Barberio, D. M., Gori, F., Petitta, M.,

Caracausi, A. In Geochimica Et Cosmochimica Acta

Author contributions:

D.B., and A.C. designed the paper. D.B., A.C., M. P.,, D.M.B and F. G. collected
the gases. D.B. developed all the model calculations, graphs and images. D. B.
wrote the manuscript with contributions by A. C. and M.P. All authors discussed

the results and commented on the manuscript at all stages.
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CHAPTER I
Helium degassing and the storage in a seismically active

region of northern Italy

.1 INTRODUCTION CHAPTERE |

Large-scale vertical transport of fluids through the continental crust is not always
dominated by steady-state diffusion processes but it can be also advective and episodic *-
4, 1t has been recognized that in continental regions volatiles degassing mainly occurs in
areas characterized by extensional tectonics and often coincides with seismically active
zones °. This correspondence has been related to the enhanced permeability of the
extensional tectonic discontinuities 8. However, it has been also observed that variations
of the volatiles degassing rate are earthquake-related, and are frequently post-seismic .
Thus, fluid geochemistry provides evidences of the episodic large-scale transport of
volatiles. Even if the flux of the major natural gases (i.e., COz) towards the atmosphere is
measured at the surface it is difficult to constrain the processes controlling its variability
because fluids are often reactive (e.g. water-gas-rock interaction) and several processes
work concomitantly during the fluid transfer through the crust °. Therefore, in order to
figure out the relationships between fluids and earthquake generation processes, at the
base of a possible modern earthquake forecast approach, it is fundamental to unravel the
processes causing and regulating the fluids flux and chemistry. Because of their chemical
properties, noble gases contribute to trace the degassing history of the Earth and the
evolution of the atmosphere 5 Furthermore, for investigating the mechanism
controlling the transport of fluids in continental region, He, the lightest noble gas, is
largely used because its sources (air, crust and mantle) are well resolvable by the use of
the isotopic ratio (3He/*He) . In fact, He is characterized by two isotopes: *He, which is
a primordial component and it is mainly stored in the mantle, and “He that is continuously
produced by the U and Th decay, so its amount stored into minerals and rocks
progressively increases over geological time. Melting and volatiles release from magma
are the main processes that control He outgassing from the mantle. In contrast, degassing
of He produced in the crust occurs under different conditions mainly consisting of two

stages acting at different scales: (a) the release of the volatiles from the mineral/rocks; (b)



their transport towards the surface 3. It is recognized that crustal fluids are dominated by
“He, on the contrary, mantle-derived fluids show an excess of *He (MORB mantle
3He/*He is 8 + 1 Ra, where Ra is the isotopic ratio in atmosphere, 1.382 + 0.005-10°°) 6.7
with respect to crustal-derived fluids. He is also found in considerable quantities in some
natural-gas reservoirs, where it can remain stored for millions of years 1° The
continental “He degassing shows spatial and temporal variability at regional scale ?, so it
is an efficient tool for evaluating the role of tectonics in enhancing the crustal scale mass
transport and to decipher the mechanisms of the transfer of volatiles 223, Changes of
physical properties of rocks can modify the release and transfer of volatiles through the
crust 24, For instance, rock deformation produces new (micro) fractures enhancing the
release of the trapped volatiles (e.g., He) and as a consequence the fraction of volatiles
released from the rocks during deformation, increases as the rock volume changes

(dilatancy processes).
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Figure 1.1: Study area. (a) Geographical framework with sampled sites. (b) Some photos of
Nirano and Regnano mud volcanoes during the 2018 sample campaign.

However, even if some experimental studies show the existence of a direct link between

rock deformation/fracturing and the release of He 2526, there are only a few examples of



applications in natural systems 232728 |In this study, we investigated the origin and
processes controlling the transfer of He through the crust in a seismically active region of
the Northern Apennines (Fig. 1.1), to establish the possible contribution of tectonic
activity in enhancing the release of volatiles accumulated in the rock over time and more
specifically, how earthquake occurrence may contribute to episodic volatiles degassing.
To this end we collected fluids from mud volcanoes (Fig. I.1a, b) and we analyzed their
chemical and isotopic composition (He, §3C-CO2, §*C-CHa4, §°H-CHb.) to figure out the
origin of the outgassing volatiles and the process controlling the crustal degassing. Once
verified that the volatiles comes from deep natural reservoirs, we reconstructed the
reservoirs volume to estimate the total amount of He stored in these natural traps. The
balance between input and output of He in the reservoirs enable us to unravel the
processes that control the crustal degassing from He production until its transfer towards
the surface, giving also insights to the role and modality of tectonic and seismic behaviour

in the vertical transfer of fluids (diffusive vs. advective and episodic).

1.2 METHODS

1.2.1 Geological setting

The study area is characterized by the presence of two main active mud volcanos systems
(Nirano and Regnano, Figure 1.1 and 1.2) that are located along the foothills of the
Apennines on small anticlinal structures (22 km long). The presence of these structures
at the top of anticlines is common because these are the structural conditions for the
storage of fluids °. The study area develops in the external part of the NE verging
Northern Apennines. It is bounded NE-wards by the Pede-Apennine thrust that separates
the exposed Apennine foothills, to the southwest, from the buried chain, formed by SW
dipping blind thrusts and folds, exhibiting an overall arcuate shape beneath the Po plain
deposits, to the northeast. The Northern Apennines fold and thrust belt (NAFTB) formed
by the deformation of the Adria continental margin since the Cretaceous. The early phase
of convergence led to the subduction of the European plate below the Adria plate and the
an accretionary prism resulted from the decollement of the Ligurian oceanic Units. From
the Middle Eocene a change in the subduction polarity and vergence, with Adria
becoming the lower plate, produced the tectonic overlapping of the accretionary prism

above the Miocene siliciclastic foredeep successions (Marnoso Arenacea) deposited on



the Adria plate. The thick syntectonic sedimentary wedges developed up to the Pliocene-
Quaternary, showing a maximum thickness of 7—8 km. The retreating Adria subduction
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Figure 1.2: A general overview of the area with the geological units of the zone of interest (a) a
view of the shallow and deep reservoirs by reconstruction carried out with Move 2015.1 software
(b) deep reservoir and the system of faults that crosses it (c).

led to the opening of the Ligurian-Provengal and Tyrrhenian back-arc basins. The
foredeep deposits were progressively incorporated into the orogenic belt, forming

structural highs, which currently form the hydrocarbon traps in the subsurface of the



Northern Apennines and Po Plain. Furthermore, satellite basins atop the Ligurian Units
were filled during their emplacement by the Eocene-Pliocene Epiligurian successions.
The Livorno-Sillaro Lineament separates the outcrop region of the Ligurian and

Epiligurian units to the NW, from the Marnoso Arenacea area to the SE.

The main orogenetic phase of this sector of the Northern Apennines took place between
the Oligocene and early Miocene, but lasted until the Messinian. During the Quaternary,
the reactivation of lateral ramps of the Miocene-Pliocene thrusts caused fluid migration
and accumulation. Most of the Apennine foothills are affected by recent tectonic activity.
Earthquake fault plane solutions coupled with analyses of geomorphic traces of recent
faulting and deformation along the Pede-Apennine margin suggest that both frontal
thrusts and lateral thrust ramps are potentially seismogenic. Along the mountain front, the
activity of deep thrusts deforms the whole belt, and its cover up to the Holocene
continental deposits. Post-orogenic W-E high-angle normal faults, due to extensional
stress field affecting shallow sequences, are the main pathways for the upward fluid
migration and the formation of mud volcanoes at the surface, among which the Regnano
and Nirano mud volcano fields, located meanly 5 km to the SW of the emergent NNE-
verging Late Quaternary Pede-Apennine thrust (Fig. 1.1). The Nirano mud volcano field
develops in correspondence of a ramp anticline of Langhian to lower Pleistocene deposits.
Geochemical analyses show that the greater fraction of the expelled fluids consists of
formation water and methane generated in the Marnoso Arenacea sequence and are
generally controlled by reverse faults, ramp anticline geometries, and associated fracture
zones. Conversely, mud volcanism at Regnano can be related to SSW dipping normal
faults developed on the hanging wall of the Pede-Apennine thrust, and rooted in the
Marnoso Arenacea, which represent the main source layer of hydrocarbons. Fracture zone
associated with the folding are expected to channel fluids to the Nirano field from a
shallow mud reservoir located within the anticline core, below the lithological boundary
between the impermeable clays (Argille Azzurre Formation) and the underlying more
permeable sedimentary units, where the mud may fill the fracture network and achieve
overpressuring. Instead, mud extrusion at Regnano field is directly controlled by a fault
conduit funnelling the overpressured mud. Despite mud volcanism in Nirano and
Regnano fields being controlled by different strain mechanisms, it can be considered as
fed by a more or less continuous main reservoir settled in the anticline core developed in

the hanging wall of the Pede-Apennine thrust (Fig. 1.1). Here it is active the outgassing



methane-rich volatiles from pools and seepage in the two mud volcanoes systems since
historical times 3. Several geological studies have recognized the presence of two-layered
fluid reservoirs at depth feeding the gaseous emissions from the Nirano and Regnano
systems and the role of the tectonic discontinuities that work as a network of pathways

through which fluids mainly migrate vertically towards the surface 2°.

1.2.2 Reservoirs and tectonic structure reconstruction

In order to evaluate the volume of the reservoirs feeding the mud volcanoes we
reconstructed a 3D geological model of the area between the Regnano and Nirano mud
volcanoes systems (Fig. 1.2b), using 2D geological cross sections from previous
investigations 2°-31, and processed with the software Move 2015.1 (Fig. 1.2). After geo-
referencing two NNE-SSW-oriented geological cross sections (Fig. 1.2b) top and bottom
lines of the reservoir and the faults bordering it have been preliminarily depicted,;
afterwards we generated the surfaces using “create surface from line-Spline Curve
method” tool. In the next step, we created the volume between the top and bottom surfaces
using “Create TetraVolume Between Horizons” tool and then calculated the value. The
reconstructed 3D geological model highlighted the existence of two main reservoirs (Fig.
1.2b). A deep one about 300-500 m thick that is located at a depth-interval of 2000-2700
m of a ramp anticline with axis of 22 to 39 km, between the Regnano and Nirano areas,
with a wavelength between 9 and 13 km. It is hosted into Miocene terrigenous rocks
(Marnoso-Arenacea formation) characterized by 15% of porosity. The reconstructed
volume is 9.49 km?3, The geological setting of the shallow reservoir, placed in the Regnano
area, is more heterogeneous. It is constituted by Jurassic-Paleogene limestones pertaining
to the Liguridi unit sealed upwards and laterally by Paleogene marls (Ranzano formation)
with stratigraphic and tectonic contacts, respectively. The fault confining laterally the
shallow reservoir is the same geological structure affecting the deeper reservoir (Fig. 1.2).
In the Nirano sector, the shallow reservoir is made up of Miocene sands of the Epi-
Liguride units sealed upwards by Plio-Pleistocene blue clays. In this case, the geological
trap is the culmination of a ramp-anticline in the Ligurian units. The reconstructed volume
of the shallow reservoir is 0.27 km3. The volume of the shallow reservoir is one order of
magnitude smaller than the deeper one, allowing us to neglect its role in the model
definition. These geological traps are laterally-bordered by tectonic discontinuities, which

are well recognized at depth and mapped at the surface 3°. The reconstructed geological



model highlights an extensional kinematic zone of the fault system in the Regnano sector,
which could be interpreted as a reactivated system, while it represents a compressional
fault (thrust) in the Nirano sector (Fig. 1.2c). Moreover, they permit the transfer of fluids
from the reservoirs to the surface. Brittle faults are complex volumetric zones composed
of a variety of internal structures, such as slip surfaces, fault rock assemblages, and
subsidiary deformation structures. The damage zone of a fault, consisting of subsidiary
structures through a relatively large volume of rock surrounding the fault core, is a key
factor in controlling the rock permeability and fluids flow through the crust. To
investigate the control of the tectonic discontinuities to transfer volatiles trough the crust
to the reservoirs and later to the surface we computed the damage zone dimension for the
faults locally cutting the upper crust. It is fundamental to know the width of these zones
to assess the fluid flow towards the surface. In the absence of field structural data for the
main faults (such as orientation and spatial distribution of fractures in the different fault
zones) %2, the evaluation of the thicknesses of the damage-zones of the faults at local scale
is obtained by using the classical evolutionary models of faulting 3344 and the scale-
relationship between width of the damage zone and displacement. Generally, it is difficult
to find a linear relationship between the damage zone width and a single parameter,
therefore several parameters, such as lithology and associated diagenesis, depth of
faulting, tectonic environment, and deformation mechanism, have been taken into
account to evaluate its volume. To limit the effects of the different factors, we analyzed
previous results relative to normal faults; moreover, we considered only two types of
deformation features in the analysed rocks: deformation bands in porous sandstones and
fractures in brittle rocks. In summary, the system of faults that crosses the deep reservoir
consists of two main fault systems (Figure 1.1). The first system mainly involves the
geological domains in the area of Nirano, whose length is 300 m at a depth between 2000
and 2300 m, with a lateral extension of about 6300 m, with a possible damage zone
between 8 and 20 m (measured on rocks with similar lithology) 324°. The second one,
which affects the sector of Regnano, is 500 m long and is located at a depth between 2200
and 2700, has a lateral extension of about 8800 m and a possible damage zone between 8

and 20 m (measured on rocks with similar lithology) 324,

1.2.3 Analytical procedures



Gas samples were collected in Pyrex bottles with vacuum valves at both ends, taking care
to prevent air contamination, and these were analysed in 10 days from their sampling.
Gas samples have been analysed in the laboratories of the Istituto Nazionale di Geofisica
e Vulcanologia, sezione di Palermo. The chemical composition of He, Hz, Oz, N2, CO,
CHa, CO2 and C2Hs has been measured by a Perkin Elmer Clarus 500 gas chromatograph
equipped with a 3.5-m Carboxen 1000 column and double detector (hot-wire detector and
flame ionization detector), with analytical errors of < 3%. Analytical precision for GC
analyses is better than + 5% for trace gases and + 10% for alkanes. *He, *He and ?°Ne and
the “He/”°Ne ratios were determined by separately admitting He and Ne into a split flight
tube mass spectrometer (GVI-Helix SFT), after standard purification procedures 4.
3He/*He ratio is expressed as R/Ra (being R the *He/*He ratio of the sample, and Ra the
3He/*He ratio of air, 1.382-107°). The analytical error is generally below 0.3%. The R/Ra
values were corrected for the atmospheric contamination basing on the “He/?°Ne ratio 4’
and reported as Rc/Ra (Table 1.1) “8. The C isotope composition of CO2 (expressed as
813C%o0 vs. V-PDB) was determined using a Thermo (Finningan) Delta Plus XP CF-
IRMS, connected to a Trace GC gas chromatograph and a Thermo (Finningan) GC/C IlI
interface 484°. The gas chromatograph, equipped with a Poraplot-Q column (length 30 m,
i.d. 0.32 mm), kept at a constant temperature of 50 °C, uses He as the carrier gas. The
analytical uncertainty was £ 0.1%o. Carbon and hydrogen isotopes of CH4 were carried
out on the same equipment. GC Il combustion interface was used to produce carbon
dioxide from CHs . GC-TC interface provides on-line high-temperature methane
conversion into hydrogen suitable for isotope analyses. Typical reproducibility (1o) for
813C-CH4and 8D-CH4 measurements is better than 0.2%o and 2.5%o respectively 5.



Site Lat Long 02 N, CH; CO; CyHs He Ne ‘He/ (R/Ra)c Err+/- 8BC- &3C &%¥D-  C(tot)/
(%) (%) (%) (%) (ppm) (ppm) (ppm)  *Ne (x10) CO, -  CHs “He

CHq (x10%)
Nirano N 44°30°49.57” E 10°49°32.13” 0.01 0.34 98.26 054 381 18 0.029 636.47 0.01 1.27 18.61 -47.2 -173 5.4
Nirano 2 N 44°30°46.14” E 10°49°16.90” 0.05 055 98.18 053 374 18 0.098 187.02 0.01 1.06 13.77 -46.2 -179 5.4
Regnano N 44°33°28.75” E 10°34°33.30” 0.09 062 97.74 1.04 1800 24 0.394 59.37 0.01 0.778 18.41 -46.7 -170 4.2
Casola N 44°34°26.56” E 10°33°57.94” 0.02 056 96.74 0.97 587 20 0.07 354.35 0.01 1.00 16.08 -45.1 -176 4.8
Montegibbio N 44°30°58.13” E 10°46°37.14” bdl 1.27 97.08 0.27 135 37 0.171 215.32 0.01 0.967 n.d. -46.2 -178 7.9

Table 1.1: Chemical and isotopic composition of the venting gases from the mud volcanoes of Nirano and Regnano areas. Sampling Date 29-09-2018.



1.2.4 Gas reserves computations

The classic approach to estimate the gas reserves stored in a natural reservoir (Q) is based
on a volumetric method 52 where the computed values of the gases volume are statistically
considered the “best-estimate” value %3, Here we applied this approach to compute the
total amount of gas that is stored into the deep and shallow reservoirs (Table 1.2). The

total gas amount in the reservoir is computed by using the equation *:

__ G.BV..Net/Gross-¢(1—Sy,—So)
= B9

Q (eq. 1.2)

where: G.B.V. = Gross Bulk VVolume represents the gross volume of mineralized rock
(inclusive of any clayey and/ or compact horizons that do not contribute to production)
(9.5-10° m2 and 2.7-10% m? the deep and the shallow gas reservoirs); Net/Gross = Ratio
between the rock thickness that actually contributes to the production and the gross
thickness of rock (1 for this work); = Average porosity of the reservoir (fraction, 15%);
Sw = Average water saturation of the “reservoir” (fraction) o Volume fraction of porosity
filled with interstitial water 5°; So=0il saturation (between 0 and 10%); Bg = “Formation
Volume Factor” that is used to express the volume of hydrocar- bons originally in place
at the “standard” surface conditions, i.e. at a pressure of 1 atm and at a temperature of
20°C. The Sw it is equal to 15%, calculated with Timur 1968 6. Where k is the
permeability, equal to 80 mD.

Sw = /%”ﬁs (eq. 1.2)

The Formation VVolume Factor is given by the ratio of the volume of gas to the conditions

of the reservoir and the volume of the gas to the standard conditions. Mathematically:

Vrc _ PscTrc-Zrc

Bg = (eq. 1.3)

Vsc - Prc-Tsc-Zsc

where, Psc, Tsc, Zsc, represent surface (pressure, temperature and compressibility factor)
conditions while, Prc, Trc e Zsc, are the conditions (pressure, temperature and
compressibility factor) in the reservoir. The compressibility factor, Z, is calculated by

using the approach in Piper and Corredor (1993) °’. Therefore, the inverse of the

10



Formation Volume Factor is equal to 1/Bg = 371.19 SCM/ResCM, i.e. 1m? of pore
volume under the reservoir conditions contains 1/Bg m?® of gas under standard conditions.
Table 1.2 shows the total gas amount in the two reservoirs, Q: (1) from 1.66-10%3 moles to
1.87-10'3 moles for the main reservoir (depth 1850-2600 m) at PrcLitho= 49 MPa, Trc =
327.15 °K and So from 0 to 10% and (2) 2.36-10% moles for the shallow (secondary) trap
(depth 400-1000 m) at d Trc = 295.75 °K, PrcLitho= 4 MPa So = 0.0. The lithostatic
pressure were calculated taking into account the mean thicknesses and densities of the

crustal layers and the value of g

Calculation of the initial gas in place

Main Secondary
Cli)esgftviggs T'rc =327.15°K Trc.*= 295.75 °K
PjE"O= 48.98 MPa PEIMO*= 4 MPa
G.B.V.inm3 9.49x109 2.69x108
) 0.15 0.50*
(1-Sw-So) 0.75/0.85 0.50%
1/Bg in SCM/RCM 371.19 42.25
z 1.165 0.24
S0=0.10 So=0 So=0
Q(SCM) 3.99-1011 45-1011 5.68-1008
Q(mol) 1.66-1013 1.9-1013 2.35-1010
Q4he (SCM) 8.78-1000 9.9-1006 1.19-1004
Q4He (mol) 3.64-1008 4.1-1098 4.93-1005

Table 1.2: Summary of reservoirs condition and initial gas in place into the traps calculated by
volumetric method. * data from Oppo, 2012 %,

1.2.5 Helium lost by diffusion

The helium lost by diffusion it was calculated using a one-dimensional steady-state

diffusion model using the formula in Liu et al. 5°:

fte ( 224QC  PncTre _ 4 10—8) S-dt (eq. 1.4)

0z \GBV.¢Kn,0o Tnc

where: D is the diffusion coefficient of He (2-10— 6 cm?/s) %°; Z is the buried depth of

reservoir, the middle point of deeper reservoir in this case (2225 m); Q is the total gas

11



amount in the reservoir is computed by using the Eq. (1.1); Ct is the *He concentration at
time t in %v; Pnc is the normal atmosphere (1 atm); Tnc is normal temperature (273 °K);
Tre is the reservoir condition temperature (327.15 °K); G.B.V is the gross bulk volume
in (9.49-10'! cm?®); o s the porosity (%); KHzo is the is Henry’s constant calculated from

the solubility model of noble gases in the water (approximately 2500) 2.

.3 RESULTS

In the northern Apennines (Italy) the mud volcanoes are distributed along the external
sector of the fold-and-thrust belt (Fig. 1.1). This region is considered a reference area to
study fluid venting processes in an active fold-and-thrust belt ¢ and the fluids
geochemistry is used as a potential indicator of impending local earthquakes 8. The
seismicity is concentrated in the crust and at local scale the maximum magnitude is 6.0
(https://emidius.mi.ingv.it). Furthermore, it is recognized that the fluid output from the

mud volcanoes increased just after the earthquakes °62-64,

Previous investigations highlighted that the gases emitted from the mud volcanoes are
CHa-rich ¢ and they are fed by two reservoirs that are strongly different in dimension and
vertically separated 2. At the regional scale, the studied mud volcanoes are localized at
the top of the anticlines (Fig. 1.1a), particularly in joints perpendicular to the axis of the
fold, where the impermeable cover allows pore fluid pressure build-up (close to lithostatic
magnitudes) 2°. Mud volcanoes are placed along active normal faults (Fig. 1.2a), allowing
a vertical migration of CH4 coming from deep sources (>3-6 km) . In this region mud
volcanism can be potentially triggered by fault failure cycles and the overpressured fluids
released during faulting 2°. Furthermore, the relatively quiescent but continuous activity
of these mud volcanoes could instead reflect a short-lived leakage of overpressured fluids
along permeable fractures/faults. Thus, the study sites are optimal examples for
investigating the mechanisms of fluid transfer through the crust and the possible

relationships between degassing of crustal fluids and rocks deformation and seismicity.

1.3.1 Fluid geochemistry

We collected gas samples from four different mud volcanoes areas (Fig. 1.1): Nirano,
Montegibbio, Regnano and Casola. Nirano - Montegibbio sites are located 3.5 km apart,

while Regnano - Casola only 2.0 km. Hereafter, we named Nirano-Montegibbio sites as
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the Nirano system and Regnano-Casola sites as the Regnano system. We analysed the
fluids for defining the gas chemistry (He, H2, O2, N2, CO, CHas, CO2 and Cz2He) and the
isotopic composition of He (*He/*He), °Ne, C of both CH4 and CO2 and H of CH4 (Table
1.1).
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Figure 1.3: O-—N>-CH4/100 ternary diagram for the gas samples investigated. All the gases are
CHas-dominated and are not along the mixing line between a pure CH4 end-member and air
showing that the sampled gases are not air-contaminated. (a) A correlation diagram between the
%He/*He and “He/*°Ne ratios for the gas samples investigated. The whole black lines show the
mixing lines between mantle-derived helium and between radiogenic helium with the Air. The
mantle end-member is the Sub Continental Lithospheric Mantle (SCLM, 6.1 + 0.9 Ra) ®'. (b)
Genetic diagrams of §**C-CHy versus 8*3C-COz (c) and methane genetic diagrams based on §%H-
CHy versus 8*C-CHy. (d) T — thermogenic, A — abiogenic, CR — CO2 reduction, F — fermentation,
OA - oil-associated thermogenic gas, LMT — late mature thermogenic gas, EMT — early mature
thermogenic gas, SM- Secondary Microbial. The gaseous hydrocarbons are a mixture of
secondary biogenic methane and primary and secondary thermogenic gases. The associated oils
show both early and late maturities. These evidences account for different generation and
migration steps, depending on burial conditions and deformation time 3.

According to previous investigations31688° the outgassing fluids from the Nirano and
Regnano systems are CHs4 dominated (96.7-98.3%). CO2 is up to 1.04%, Oz and N2 up to
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0.09% and 1.27% respectively; He is in traces (up to 23 ppm vol.). The low concentrations
of O2 and N2 indicate that the collected gases suffer low amount of air contaminations
(Fig. 1.3a). The He isotopic ratios are 0.01-0.03 Ra, that is the typical range of the crustal
radiogenic He (Fig. 1.3b). The “He/?°Ne ratios in the collected fluids are from 59.4 to
636.5 and these values are more than 2 order of magnitude higher than the same ratio in
air (*He/*®NeAIR = 0.318) " supporting the low atmospheric component in the gases
from the Nirano and Regnano systems (Fig. 1.3a,b). Hence, the outgassing He from the
mud volcanoes systems is dominated by radiogenic “He that is produced by U and Th
decay in the crust °. The C and H isotopic composition of CHa is in a good agreement
with previous results highlighting the thermogenic nature of CHa4 (Fig. 1.3c and Table 1.1)
303168 Here we report the first data of C and H isotopes of CHa in gases from Casola and
Montegibbio sites, indicating a unique origin of CH4 emitted from these mud volcanoes
systems (Fig. 1.3c and Table 1.1). The carbon isotopic composition of COz in all the
studied fluids is from + 13.8%o to + 18.6%o and according to Milkov and Etiope (2018) ©°
these values coupled to the isotopic composition of CH4 indicate that CO:2 is of
thermogenic origin (Table 1.1 and Fig. 1.3c,d). These results are in a good agreement with
those from previous investigations % that highlighted (1) the thermogenic nature of
pristine methane in the deep reservoirs, (2) an origin of CHa in crustal layers deeper than
the reservoirs (> 3-6 km) and (3) a vertical migration of CH4 towards the surface.
Considering the main component in the collected gases is CH4 (~98%) and the average
CHa/*He ratio in the emitted gases is ~46000 we computed the amount of “He in the two
reservoirs by using the total amount of gases into the reservoirs, between 4.00-10* and
4.50-10* standard cubic meter (SCM) for the main reservoir, and 5.68-108 SCM for the
shallow reservoir (Supplementary Information: gas reserves). Thus, the amount of “He in
the shallower and deep reservoirs are 4.90-10° moles and 3.60-108-4.20-108 moles
respectively. The amount of “He in the shallow reservoir is three orders of magnitude
lower that the amount in the deep reservoir (lower than 1% of “He amount in the deep

reservoir), so it can be considered negligible (Table 1.2).

1.3.2 He degassing

There have been many consistent estimates of the flux of “He from the continental crust
based on calculations of in situ production and steady-state release to the atmosphere by

using the U and Th content in rocks, crustal thickness and total release of “He. These

14



calculations yield a crustal degassing flux of “He of the order 3.3 + 0.5-10%
(atoms-m~2.s71) L7472 However, experimental works highlighted that the release of
volatiles increases in volume of rock in an active stress field, which implies that *He
degassing through the crust can be episodic in active tectonic areas 25’374, Mechanical
deformation and rocks failure can break (or crack) mineral grains, causing pervasive
micro-fracturing and dilation. Consequently, the rocks can increase porosities from 20%
to as high as 400% prior to failure ’®, open new micro-fracture surfaces, and eventually
cause macroscopic failure and fracture of rocks 6. These processes lead to a release of
volatiles (e.g. He) previously trapped within mineral grains along fracture networks 7778
and the pore fluids transport these volatiles through the crust. Here we investigate if a
steady state degassing is the main process that controlled the “He flux to the reservoirs

below the Regnano and Nirano systems over time.

1.3.3 He degassing: steady-state conditions

The local stratigraphy and tectonic evolution indicates that the age of formation of the
anticline hosting the main gas reservoirs below the Regnano and Nirano systems goes
from 1.8 to 4.5 Ma. Over a million-year timescale the flux of “He through the Earth’s
crust to the atmosphere is comparable to the net in situ production (in steady state
condition), in 30-40 km of crustal thickness 7. In order to assess if the “He production in
the crust and the successive migration to the natural reservoirs feeding the Nirano and
Regnano systems can justify the amount of He that is stored in the reservoirs, we used a

mass balance approach °°:

4 _ 4 4 4 4 4
He = Helnitial + Helnsitu + HeExternalflux - HeLeak—d - HeLeak—mv

(eq. 1.5)

where “He represents the amount of radiogenic helium (moles) in the reservoir at time t.
It includes three input and two outputs terms. Among the input terms, *Helnitial is the
amount of “He that is in the reservoir at time t-zero, “He Insitu the amount of radiogenic
4He produced in the reservoir-rocks volume since its formation (from 1.8 to 4.5 Ma), “He
External flux is the flux from the crust below the reservoirs. “He Leak— d and “HeLeak—
mv are the two terms of outputs: “HeLeak—d is the He lost by diffusion from the main
reservoir over time and it is from 4.37-10° mol to 1.09-10° for a t of 1.8 Ma and 4.5 Ma

respectively (Methods; gas reserves). It is up to 0.36% of the total volume of He. The
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second one, “HeLeak— mv, is the He leak due to advection, and we assume that is the He
emitted from the mud volcanoes. We extrapolated the current He outgassing from mud
volcanoes, to the past 10* years, in this time we have considered continuous degassing
(about 95 mol/y), and the possible paroxysmal activity as follows: “normal” eruption (10
times the continuous, every year) and “strong” eruption (100 times the continuous, once
every 30 years) 36680 The result is that up to 3.8-10” mol of He can by lost from mud
volcanoes. Nonetheless these two outputs terms are less than about 10% of the amount of
He stored in the main reservoir, and therefore, does not entail any change in the
conclusions, so it is reasonable to neglect their contribution in Eg. 1.5 which means an

underestimaion of the He present in the reservoir.

To compute “Helnsitu and “HeExternal flux we used literature data for the abundances of
U and Th and for crust thickness. Hence, we based our calculations on the U and Th
amounts for a Regional Refined Reference Model and the Global Refined Reference
Model (Table 1.3) &. The in-situ production of “He is computed on the basis of the

approach proposed by Zhou and Ballentine 8
4Helnsitu = p'A'a'(l - ¢) Vi (eq |-6)

where p is the rock density in g/cm3 (2.21 g/cm?), A a parameter defining the efficiency
of the transfer from the rock matrix into the gas phase, ¢ is the porosity of reservoir
(fraction), a the source function of radioactive production of “He in the rock matrix (mol
4He-grock-year?), V the volume of the gas reservoir (cm?) and t the formation time of gas
reservoirs (years). Since the process of “He released from a host mineral is short compared
to the geologic age ** A can be regarded as being equal to 1. a, according to the U and Th
decay equations, can be calculated using the following equation :
@ =02355-10"12-U - [1 +0.123- (2 - 4)] (. 1.7)
where U and Th represent the concentrations of U and Th in rocks that host the reservoirs

and are expressed in ppm. The accumulation rate of the in situ produced “He of gas

reservoirs is expressed as (cm3STP/y):

qt,=p a-(1—¢)-V (eq.18)
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The in-situ production of “He is 0.11 + 0.02 mol/y and 0.30 + 0.02 mol/yr (in Regional
and Global model respectively).

The external flux of “He is computed by using the method in Zhou and Ballentine &2:

c

4 Tap,
HeExternalflux - s t (eq.l.9)

where S is the gas-bearing area of a reservoir (cm?), t the gas reservoir formation time

c 4 4 2 c
(years) and q%,,, the average external crustal “He flux (mol “He/cm“/year). q%,,, can be

calculated as:

where p is the average crust density in g/cm? (2.80 g/cm?) 8 and H is the crust thickness

in cm (3.2-108 cm, Lavecchia et al. 2003) 5.

The external flux of *He to the two reservoirs is 37.53 + 12.12 mol/y and 54.54 + 5.86
mol/y (in Regional and Global model respectively, Fig. 1.4).

Regnano a +He flux from external sources + In situ production b
7" = 55.02 mol STPly steady state condition
Nirano
" =39.64 mol STPly A
% . % 7 N 5 Yo
LLLL LS N L L L Ll & DN\
= | *&[ >| 98
| 85 Total Input [ 35 Total Input
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Figure 1.4: A simplified model of Nirano-Regnano mud volcanoes system. (a) Total input of
crustal “He with concentrations of Uranium and Thorium ([U] and [Th], respectively) in
“Sediment”, upper and lower crust. Data of [U] and [Th] contents in rocks from Coltorti et al. &,
(b) ®LC—G and ®LC-R are the fluxes from the lower crust *He *“He UC—G UC-R with [U] and
[Th] content relative to the Regional (R) and Global (G) models. ®*He and ®*He are the fluxes
from the upper crust with [U] and [Th] content relative to the Regional (R) and Global (G) models.
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@S-G and S-R *He®*He are the fluxes from the “Sediment” with [U] and [Th] relative to the
Regional (R) and Global (G) models. ®In—G and ®In—R are the fluxes from in situ production
with [U] and [Th] content relative to the Regional (R) “He “He Tot—-G Tot-R and Global (G)
models. ®*He and ®*He are are the total input flow that feeds the reservoir with [U] and [Th]
content relative to the Regional (R) and Global (G) models. ®Nirano and ®Regnano—R are the
total output flow from the mud volcanoes of Nirano and Regnano.

Considering these values of “He input in the reservoir, the total amount of “He that can
be accumulated into the trap in a time going from 1.8 and 4.5 Myr, varies from 6.7-107
mol to 2.5-108 mol, respectively. These values are lower than the amount of He in the
reservoir that we computed by using the volumetric method (from 3.64-108 mol to 4.12
-108 mol, Table 1.2). So, production of “He from the whole crust below the main reservoir
and its successive transfer by diffusion processes, cannot support the amount of He stored

into the reservoirs (Fig. 1.5).

m  Crustal + In situ “He input in steady-state m ‘He in the reservoir
100%

90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

° Regional RRM Regional RRM  Regional RRM  Regional RRM  Global RRM Global RRM Global RRM Globa RRM
4.5 My So=10% 1.8 My So=10% 4.5My So=0% 1.8 My So0=0% 4.5 My So=10% 1.8 My So=10% 4.5My So0=0% 1.8 My So0=0%

Figure 1.5: The production of radiogenic He and its release in stationary state, in the age of the
trap (1.8 Ma or 4.5 Ma), represents from 15% to 40% of the helium present in the main reservoir.
The error bars shown are 2o.

If we consider a steady-state diffusion model to explain the excess of “He in the two
reservoirs we need to invoke a volume of “He-productive crust from 1.5 to 6.2 times larger
than that below the trap (~1323 km?®). Considering that previous investigations ©°
highlighted that the source of CHa is in deep crustal layers (> 3—6 km) and CHa vertically

migrated towards the natural reservoirs it is reasonable that the processes of volatiles
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migration different from the steady-state diffusion occurred below the investigated mud

volcanoes systems.

Thickness  Density RRM-Regional* RRM-Global*
(km) (g/cmd)

U(ppm)  Th(ppm) U (ppm)  Th (ppm)

Sediments 10 2.21 0.78+0.20 1.98+0.44  1.68+0.2 6.91+0.8
Upper Crust 10 2.80 2.20+1.20 8.30+4.90 2.70+0.6 10.50+1.0
Lower Crust 12 2.80 0.29+0.24 3.17+3.48 0.60+0.4 3.70+2.4

Table 1.3: Regional and Global suite of U and Th concentration distributed in the “Sediments”,
Upper Crust and Lower Crust. *data from &L,

1.3.4 “He flux: episodic degassing and active tectonic

The release of volatiles from rocks increases as the effect of dilatancy increases and in
regions affected by active tectonics. Therefore, the flux of “He through the crust should
be higher than that in un-deforming areas where it is reasonable to assume that a diffusive
steady-state transport system is acting. Our calculations show that “He in the natural
reservoirs is in excess with respect to a steady-state whole crust degassing. As a result, in
the main reservoir, there are between 1.2-108 and 3.5-10% moles in excess of the “He

produced in the crust below the main reservoir plus the *He;,giry-

Considering that the region is tectonically active and two main systems of active faults
cross cut the deep reservoir (Fig. 1.2c and Methods: Geological setting), here we
investigate if micro-fracturing can sustain the excess of “He in the reservoirs. The release
of “He from rock, which are affected by dilatancy, is from 10 to 10* times higher than that
in un-deformed rock 26, so the release of “He from a deforming fault damage zone is

significantly higher relative to a tectonically undisturbed rock volume (Figs. 1.6).

19



Fault input-[U] and [Th] Regional- 20 m a

m ‘He Excess (mol) ‘He (8.8.F)x 10 m*'He (S.S.F)x 10° m‘He (S.S.F)x 102 m‘He in Steady-State (S.S.)

og AN

0:

‘ ‘

0=08 AN
-y

og AW
Gt |euoibay g | |euoibay G ¢ |euoibay g | |euoibay
T

%0}

=
@ =
2
1 10 10° 10° 104 108 108 107 108 10°
[*He] in mol
Fault input-[U] and [Th] Regional- 8 m b

m ‘He Excess (mol) ‘He (8.5.F)x 10 =*‘He (S.S.F)x10® m*He (S.S.F)x 102 m*He in Steady-State (S.S.)

0s AW

0:

os Al
| ‘
-

0:

os AW
Gt |euolbay g | |euoibay Gy |euoibay g | |euoibay

l

%01

£
=
7]
=)
n
[=]
2
1 10 102 10° 10! 10° 10° 107 108 10°
[*He] in mol

Figure 1.6: Fault contribution to the release of 4He. Calculated 4He released in Steady-state and
S.S.-103-104 from faults system in Nirano (lateral extension 6250 m and length of the fault zone



300 m) and Regnano (lateral extension 8750 m and length of the fault zone 500 m) for a damage
zone thickness of 20 m (a) and 8 m (b) with Regional U and Th contents.

The volume of the damage zones of the reservoir-related faults (from 0.015 km? to 0.088
km?; Fig. 1.2) releases an amount of He that matches the excess of He in the reservoirs if
the release of “He is 10* times higher than that produces by pure diffusion process
occurring within an undeformed rock volume (Figs. 1.6). However, the high flux of
volatiles from rocks as effect of dilatancy is not constant over time and it decreases in a
scale of ka 2%, It means that in order to produce a continuous flux of volatiles high enough
to justify the amount of “He presumed to be into the reservoirs, the stress field has to be
constantly active since the reservoir formation age. This result shows that the active
regional tectonic could substantially contribute to enhance the “He flux within the
reservoir and that it can be an additional process to sustain the amount of “He stored in
the trap (Figs. 1.7). This implies that also the seismic activity has been occurring

continuously since the origin of the gas traps.
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Figure 1.7: Seismic contribution to the release of 4He. Calculated 4He released in steady-state

and S.S.-103-104 from deformed volume of rocks by earthquakes with average annual Mw
calculated by means of estimated recurrence time after frequency-magnitude distribution by
Zmap7 at 0-10 km depth (a) 10-20 km (b) and 20—32 km (c) for the uranium and thorium contents
of the Regional suite.

1.3.5 Seismicity and degassing

We explored the hypothesis that the excess of He in the reservoirs may be due the
occurrence of local earthquakes producing micro-fractures in crustal layers. Following
the approach used by Sano et al. 2, which links the magnitude of an earthquake to the
volume of rock affected by deformation and the related release of “He, we used the local
(historical and instrumental) earthquakes activity as a proxy to calculate the amount of
He released by the variation of the rock volume induced by each seismic event. We used
the INGV database, covering the 1986-2018 time period (http://cnt.rm.ingv.it) for the
instrumental earthquakes and  the  historical earthquakes  catalogue
(https://emidius.mi.ingv.it), covering the period 1501-1997, to compute the seismic
energy released by the earthquakes located below the Nirano and Regnano systems.
Moreover, we also extended the catalogue to the past (in terms of geological times), by
assuming the same level of seismic energy release with time, from now up to the trap
formation age. The considered events occurred at depths ranging between 5 km and 31
km and in 15 km wide sector along the axis of the anticline connecting Regnano to Nirano.
We firstly converted the different types of magnitude reported in the catalogues (ML and
Md) in moment magnitude (Mw). For the conversion from ML to Mw, we used the
coefficients proposed by Castello et al. 8. While we converted the Md to Mw by using
the coefficients proposed by Selvaggi et al. 8. We then computed the annual average of
released energy (by using ZMAP computer code) for the analysis of seismic recurrences.
The annual average of released energy is about 5.48 x 10 ergs/y, which corresponds to
one earthquake of magnitude equal to 3.3 per year. Thus, we computed the average

volume of rock deformed by the earthquakes per year 2888 by using the relationship:
LogV = 1.06M — 2.78 (eq. 1. 10)

where V and M are the volume of rock affected by seismicity (km?) and the moment
magnitude, respectively. These values correspond to a volume of deformed rock of 5.13

km? per year that is higher than the volume of the faults damage zones. The amount of
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He released from this volume are between 7.09-1072 and 3.58-10"2 mol/y with a Regional
or Global U and Th contents in the rock respectively. So, an increase of 3 orders of
magnitude of the He released by the volume of deformed rocks, due to dilatancy 2674, is
still consistent to the amount of He estimated in the reservoirs (Figs. 1.7). This result
clearly indicates that the volume of deformed rock by stress field of the seismicity must

be larger that the volume of the damage zone of the reservoir-related faults.

24



SUPPLEMENTARY FIGURES
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Figure 1.9: Seismic contribution to the release of “He. Calculated “He released in steady-state and
S.S.-10%-10% from deformed volume of rocks by earthquakes with average annual Mw calculated
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CHAPTER 11

Analysis of variability helium outputs from the Irpinia Fault Zone,

Italy
1.1 INTRODUCTION CHAPTER 11

The composition of the atmosphere and its evolution over time was mainly driven by
natural degassing from the Earth interior * up to the industrial age. Volcanic activity fed
the release of huge amounts of volatiles into atmosphere 2, making volcanoes major
emitters of natural volatiles and hence controlling the budget of volatiles in the
atmosphere. Considerable attention has recently been paid to the outgassing in active
tectonic regions because faults are regions of enhanced permeability and porosity where
fluids can migrate through the whole crust 24, and these latter can in turn alter the faults

state of stress playing an active role in the generation of catastrophic earthquakes °-°.

Noble gases are powerful tools for reconstructing the birth of the Earth, its interior and
the evolution over time %13, Their isotopic ratios are used to investigate the dynamics of
natural processes such as volcanic eruptions and earthquakes 48, The lightest of the
noble gases is helium (hereafter He), whose low atomic mass means that it is the only one
that is able to escape into space '°. He on Earth is present as two isotopes, *He and “He,
with the former being mainly primordial and stored in the mantle, and the latter
continuously produced by uranium (U) and thorium (Th) decay in the Earth’s interior °,
The He flux in stable continental regions is dominated by the radiogenic “He that is
produced in the crust (mantle He <1%) *°. In contrast, the primordial *He escapes into the
atmosphere mainly from volcanoes and in regions of active tectonic (from extensive to
compressive), which makes the He isotopic ratio (*He/*He) a powerful tool for

recognizing mantle-crust tectonics in the absence of other geological evidence 41929,

On the continents, groundwater acquires crustal “He from the rocks that constitute the
aquifer, and from the underlying crust during their circulation. Indeed, the large aquifers
worldwide contribute strongly to the discharge of crustal “He into atmosphere 2! .
However, there is strong evidence that the continental degassing is also episodic ??, and
depends on large-scale metamorphism and tectonics 2?7. The latter degassing

mechanism implies large variabilities in time and space of the crustal *He outgassing to
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the atmosphere and also enhanced mass transfer of fluids through the crust %27, It remains
a challenge to quantify how the different processes occurring at depth (e.g.
metamorphism, tectonics, earthquakes) sustain the release of crustal *He and influence
the impulsive nature of its degassing. In this scenario, identifying quantitative constraints
of the volume of the fault zone at depth and the related capacity of rock underlying the
impulsive degassing of “He would provide powerful tools for understanding Earth
degassing and the natural processes that are associated with disastrous natural events such

as earthquakes.

The enhancement of rock deformation due to tectonics results in the opening and
development of fractures within the crust at the grain scale. Such microscale fracturing
increases as an effect of dilatation until macroscopic failures occur and the strain is
released. As a consequence of the dilatancy-related microscale fracturing, crustal “He
stored in rocks is liberated faster from minerals and rocks 2>26:28 and it escapes towards
the pore fluids and successively through the crust to the atmosphere 2. In this framework,
earthquake-related changes in volumetric strains increase the release of crustal *He from
rocks 27, highlighting the direct linkage between seismicity and the impulsive nature of
the crustal “He degassing. This evidence is augmented by rare observations of increases
in the amounts of crustal “He in natural fluids associated with high-magnitude
earthquakes, such as the Kumamoto Earthquake in 2016 (M=7.3) and the Kobe
earthquake in 1995 (M=7.2) 2230,

While brittle faults are often imagined as single planar structures, in reality they should
be seen as complex volumetric fault zones composed of a variety of internal structures.
A fault zone can be schematically simplified in two main structural regions (Fig. 1l. 1):
(1) the fault core and (2) the damage zone 3!. The fault core to the volume of highly
localized strain and intense shearing where most of the fault displacement is
accommodated by structures as gouges, cataclasites and breccias. A damage zone is the

broader volume around the fault core that exhibits second-order
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Figure I1.1: Two-dimensional sketch of earth interior below continents and the atmosphere.
Helium escapes from the continents to the atmosphere that exchanges it with space. In stable
continental regions, the crustal radiogenic “He dominates the output of He and the mantle
component is about 1% (more details are in text). In active tectonic regions, the faults are region
of enhanced porosity and permeability and they are the network of pathways through which fluids
preferentially transfer to the atmosphere. Furthermore, the volumes of rocks that constitute the
faults zones (damage zone plus fault core) are extensively deformed and fractured enhancing the
release of crustal *He because of the volumetric stress change. The insert shows a zoomed
schematic representation of the fault zones as fault core plus the damage zone and the adjacent
un-deformed rocks.

structures (e.g., subsidiary faults, fractures, and veins), whose long-term evolution
represents a key factor for strain distribution, earthquake rupture propagation, and fluid
circulation in the crust. These regions represent the primary crustal volumes contributing
to the enhanced release of crustal “He. Its release from the rock increases with fracture
development, with the “He output reaching up to 10* times the crustal “He steady-state

flux 2232 that mainly dominates “He degassing in old stable continental regions 22.
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In this framework, it must be considered that both the damage zone and the fault core can
host large amounts of fluids of different origins and compositions (e.g. H20, CO2) 3334
which play a fundamental role as a carrier of *He that migrates through the crust. In a
conceptual model (Fig. 1. 1) where deformation and the related seismicity can result in
4He escaping from the minerals and rocks in which it was produced and accumulated, the
fault zones thus represent (1) the zone of enhanced release of crustal “He and (2) the
networks of pathways through which fluids preferentially transfer crustal “He through the

crust towards the atmosphere (Fig. I1. 1).

Several fieldwork and laboratory studies have investigated the volumetric changes and
evolution of the fault core and damage zone due to tectonics 3%, as well as the
relationship between the nature of the damage zone and earthquake characteristics 362,
However, damage zone width is generally defined by studies of exhumed structures.
Inconsistencies in calculation of damage zone width (e.g., due to subjectivity or
ambiguity of definition and measures) makes it difficult to assess the volume of rocks at
depth associated with faults where crustal *He release is enhanced. Microearthquakes can
revolutionize our approach to the study of crustal phenomena. In recent decades the
development of dense seismic networks worldwide has generated rich, long-term
earthquake catalogues, and microearthquakes can now be used as beacons for observing

crustal processes down to tens of kilometers depth.

Microearthquakes indeed occur in damage zones and, hence, they allow determining the
detailed structure of seismogenic fault zones at depth, to inquire about the relationships
between earthquake nucleation, rock types and the presence of fluids in the fault zone .
The outcomes of such analyses provide new opportunities to decipher the effects of
seismicity on Earth degassing and provide fundamental new insight for reconciling the

dichotomy between the steady-state model and the impulsive nature of Earth degassing.

I1.2 METHODS

I1. 2.1 Whole crust He degassing in steady-state conditions

On a 1-Ma timescale, the flux of “He from the Earth's crust to the atmosphere is

comparable to the net in situ production by alpha decay of U- and Th-series elements at
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the 30-40 km depth of the crust %°, suggesting that the “He flux exists in the crust and
eventually reaches the atmosphere with a steady flux Liu et al (2017) *°.
The rate of “He production (and release in S.S. conditions) due to o-decay of U and Th

throughout the crust beneath the study area (Qc He in moles per year) is equivalent to 2*:

_ My
Qc,y N,

ca =06 (Scy He) a (eq.11.1)
where Mc,y is the annual mass of crust beneath the IRPZ in grams, calculated as the
product of the density and volume of the crust beneath the study area, which is calculated
as the product of the annual surface area (Sc,y) and the crustal thickness, and where this
latter is given by the sum of carbonate, middle crust and lower crust thicknesses
(HC=Hc+Hwmc+HLc). Na is the Avogadro constant and a is the crustal production of “He
in molgrams per year. In turn 23

a = (3.115x 10° + 1.272 x 10°) - [U] + 7.710 X 10° - [Th]  (eq. I1. 2)
where [U] and [Th] are respectively the concentrations of U and Th in the crust in parts
per million by weight respectively 2324,
To compute Qc, we used literature data for the abundances of U and Th and crust
thickness (Table II. 1). In particular, we use three sets of U and Th concentrations for
estimating the Steady-State level for area. Regarding the first and second set, we base our
analysis on the U and Th amounts for a Regional Refined Reference Model and the Global
Refined Reference Model proposed by Coltorti et al. (2011) 1. For the third set, we refer
to the values proposed by O’Nions and Oxburgh 1983) 1°.
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Qc Qfc Qdz

Y Regional  Global Global O-O
S.S. S.S. S.S. Median Q1 @

2008 1.75-10%  4.13-10®  1.75-10% 3.88:10% 0.07 3.70-10%  1.18-10™
2009 1.73-10%  4.08-10®  1.73-10% 6.01-10™ 0.16 9.33-10%  2.78-10™
2010 1.65-10®  3.91-10%  1.66-10* 1.41-10%° 0.23 1.33-10"  4.01-10™
2011 1.62:10%  3.84-10®  1.63-10% 6.94-10% 043 2.36:10%  7.30-10™
2012 2.04-10%  4.81-10%  2.04-10% 4.80-10%° 0.78 4.96-10°  1.20-10%
2013 1.72:10%  4.07-10%  1.72-10% 1.12:10%°  0.22 1.08:10"  4.34-10™
2014 2.03-10%  4.81-10®  2.04-10% 5.68:10% 0.17 9.79:10%  3.13-10™
2015 1.54-10%  3.64-10%  1.54-10% 4.27-10% 0.09 4.14-10%  1.68-10™
2016 1.55-10®  3.67-10%  1.56-10% 1.11-10%°  0.08 474-10%  1.27-10™
2017 1.24-10%  2.94-10%  1.24-10% 1.26-10%  0.09 5.05-10%  1.78-:10™
2018 1.58-10%  3.74-10%  1.59-10% 1.10-10%° 0.08 4.89-10%  1.42-10™
2019 1.72:10%  4.06-10®%  1.72-10% 1.47-10% 0.91 5.31-10%  1.49-10%

Table 11.1: Rate of “He in mol y™. Rate of “He for Regional, global and global O-O configuration
steady state and also to a rate of fault zone distinguished in fault core and damage zone in
undeformed conditions.

Thereafter, we will refer to the result of these three configurations as the Regional, global
and O-O steady-state, respectively. In addition, in the regional case, we considered
granites and gabbro as alternatives in place of carbonates (see Table Il. 2 for U and Th

abundance and Figs. Il. 2 and I1. 3 result).

Regional Gloabal Gloabal O-O H density
U Th ref U Th  ref U Th/U  ref km g km?
Carbonates 033 019  (47) 168 6.91 (47) 2.50-10"
Granites 4 52 (49) 15.00 2.64-10™
Gabbro 1 35 (49) 3.03-10®
6.00 3.80  (23)
MC 16 6.1 (47) 13 650 (47) 6.00 2.82-10"
LC 029 317 (47) 06 370 (47) 6.00 2.98-10%

Table Il. 2: Abundances of U and Th (in ppm), crust thickness and density used for
calculations of *He production.
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Figure 1l. 2: Variability of the crustal *He outputs in Granite. Output of crustal “He from
faults cores and damage zones in granite whose volumes coincide with those in IRPZ. This

lithology contains high amount of U and Th (up to 4 ppm vol and 52 ppm vol respectively, see
Table 1. 2).
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Figure 11. 3: Variability of the crustal *He outputs in Gabbro. Output of crustal “He from
faults cores and damage zones in gabbro whose volumes coincide with those in IRPZ. This
lithology contains high amount of U and Th (up to 1 ppm vol and 3.5 ppm vol respectively, see
Table Il. 2).

I1. 2.2 “He degassing in Non-Steady-State conditions
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To estimate the crustal “He episodic release due to seismic activity, we applied eq. II. 2 to the
volume related to the fault core and the damage zone (obtained from eq. Il. 1 and eq. Il. 2
respectively), by which we obtain the rate of “He release from fault core (Qfc,y) and damage zone
(Qdz,y) (Table II. 1). Volatile release from the rock increases as a consequence of dilatancy, and
in regions affected by active tectonics the flux of “He through the crust should be higher than in
volume of rocks without deformation, where only a steady-state transport system is expected to
act 2. So, the release of “He from rock, which is affected by dilatancy, is from 10 to 10* times

higher than that in un-deformed rock * (i.e., of Qfc,y and Qdz,y values, see Table II. 3).

4
v 0fe10" Qdz-10
Median Q1 Q3

2008 3.88:10 661.26  3.70-10%  1.18-10%
2009 6.01-10 1612.48 9.33-10%  2.78-10%
2010 1.41-10% 231205 1.33-10%®  4.01-10%
2011 6.94-10% 4318.01 2.36-10%  7.30-10%
2012 4.80-10% 778129 4.96-10®  1.20-10%
2013 1.12:10% 2218.81 1.08-10%  4.34-10%
2014 5.68:10% 1747.88 9.79-10%  3.13-10%
2015 4.27-10% 853.47  4.14-10% 1.68-10%
2016 1.11-210% 776.22  4.74-10% 1.27-10%
2017 1.26:10% 947.47  5.05-10% 1.78-10%
2018 1.10-10% 833.71  4.89-10% 1.42-10%
2019 1.47-10% 9107.57 5.31-10%®  1.49-10%

Table I1. 3: Rate of “He in deformed volumes. Increased rate of “He (mol y*) from deformed
fault core and rock damage zone volume.

I1. 2.3 The Irpinia Seismic Network and Structural Setting

The Irpinia fault zone hosts a Near Fault Observatory, which is made up of a dense, high-
dynamic range seismic network (the Irpinia Seismic Network, ISNet) constituted of 31
seismic stations installed along the Campania-Lucania Apennine chain and surrounding
the fault system that generated the 1980, M 6.9, Irpinia earthquake (Fig. 11. 4).
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Figure I1. 4: Seismic dataset recorded by ISNet seismic network in the IRPZ area (southern
Italy). Distribution of earthquakes represented in map (a) and in 3D (b) with size varying
according to magnitude and coloured per hypocentral depth. Historical events with larger
magnitudes (M up to 7.0; Rovida et al., 2020%?) are represented as yellow stars. ISNet seismic
stations are shown as red triangles. Normal faults from the Database of Individual Seismogenic
Sources (http://diss.rm.ingv.it/diss/) are shown as blue lines. The area considered in this study is
limited by a red line.

ISNet is installed over an area of about 100 km x 70 km and it represents a natural
laboratory for studying the faults evolution and rupture processes. The normal faults in
Irpinia have a NW-SE strike and regulate the active tectonics in the thrust belt
accommodating a regional extension of about 3 mm y*to 5 mmy14,

The structure of Southern Apennines is related to the Meso-Cenozoic tectonic processes
that involved the African and European plates and which consisted of different phases of
rifting, drifting and shortening that deformed the Corsica-Sardinia and Adriatic-Apulian
forelands 0. The Meso-Cenozoic succession of Adriatic-Apulian-African passive margin
deposited as carbonate platforms with interposed pelagic basins that were involved in
folding and thrusting according to imbricated structural units detached from their
crystalline basement 44,

The geological units can be grouped according to their lithostratigraphic relationships as:
1) post-orogenic intra-mountain basin units of marine, terrestrial and volcanic origin,
deposited during Plio-Pleistocene or Holocene in the Adriatic-Bradanic foredeep; 2)
syntectonic top-thrust basin successions formed during the progressive shortening toward
east; 3) orogenic wedge tectonic units involved in the NE-verging overthrusting from

upper, internal domains (Tethyan oceanic crust or Adriatic-Apulian continental crust) to
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the lower, external domains (Apennine carbonate platforms with inter-basins pelagic
units); 4) Apulian carbonates, buried, deformed and over-thrusted in the inner belt and
undeformed in the outcropping foreland 4. Then, the Southern Apennine thrust belt was
dissected during the Quaternary by NW-SE oriented normal faults that accommodated an
extensional tectonic phase, according to a stress field with the axis of maximum extension
coaxial to the axis of maximum compression of Apennines belt %6,

The hypocenters of the present-day earthquakes are distributed over a range of depths
between about 2 km and about 20 km, with the higher density of events between around
7 km and 12 km, and laterally result confined within a 15 km to 20 km wide block, which
IS bounded by SW-NE boundary faults and includes the fault segments along which
enucleated the M 6.9, 1980 earthquake.

I1. 2.4 Source parameters from a spectral decomposition approach

During recent vyears, different studies investigated the source properties of
microseismicity occurring the in Irpinia region 3384751 Picozzi et al. (2019) studied the
spatial distribution and temporal evolution of the apparent stress (ta)** considering near
2300 earthquakes. Here, we use the results obtained by Picozzi et al. (2021)3*, which have
estimated the source parameters corner frequency, fc, seismic moment, Mo, stress drop,
A, and average slip D by applying a generalized inversion technique®? (GIT) for a set of
about 3000 earthquakes with local magnitude between M 0 and M 4.2 occurred in the
Irpinia region since the 2008. For the sake of readability, we refer mainly to Picozzi et al.
(2017) 2 for the description of the analysis procedure and to Picozzi et al. (2021) 3 for

details on the data processing and source spectra inversion results.

I1. 2.5 Fault Core volume calculation
We consider the empirical relationship between fault displacement and the core thickness
proposed by Torabi et al. (2019) 2 for carbonate rocks to compute a volume of fault core
combining the two values in the following formula:

Vfc=nR?.t-10° (in km®)  (eq. II. 3)
Where R is the source radius, under the usual point source approximation where circular

ruptures are assumed and t is the core thickness.
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This value was calculated for each event and then, Matlab's retime function was applied
to calculate the yearly sum and the results are reported in Table I1. 5 and also shown in
Fig. Il. 5.

Fault Core Volume (km3 ) Damage Zone Volume (km3)

a b
5 Volume of area in km® 5| Volume of area in km®
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Figure 11. 5: Volumes of the faults zone and IRPZ. a-2008-2019 year by year volumes of the
faults core in IRPZ. b-2008-2019 year by year volumes of the damage zone in IRPZ. All the data
and details of the calculations to compute these volumes are in section I1. 2.5.

I1. 2.6 Rock Damage zone volume calculation

We follow Jamtveit et al. (2018) 3¢ to estimate the total volume of rock damage associated
to the microseismicity occurred in the Irpinia region during the period 2009 to 2019.
Therefore, we implement the model proposed by Jamtveit et al. (2018) *. To this purpose,
we consider the seismicity occurred each year and we compute the required parameters
each one with mean and related standard deviation value (Table 1. 4). In particular, we
model the magnitude frequency distribution of the events through the Gutenberg and
Richter relationship >* and we estimate the a and b values (Table I1. 4) using the maximum
likelihood approach . We use the source parameters information derived by Picozzi et
al. (2021)%* to estimate the coefficients d and e of a scaling relationship between the
seismic potency and magnitude, as suggested by Ben-Zion and Zhu (2002) 6. Moreover,
relying on the rigidity modulus, p, at the hypocenter location extracted from the 1D crustal

model proposed for the Irpinia area %', we estimate the uniform strain drop Ae (Ben-Zion,
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2008) . All these parameters are finally used to compute VVdz and are reported in the Table
. 4.
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Magnitude (M) a b Ae e d

Y min max mean (9 mean () mean () mean () mean (9

2008 09 35 266 05 -090 020 8.7410® 6.70-10™ -1.44 186-10® 149 8.90-10%
2000 05 34 3699 04 -090 020 42110 6.30:10" -1.44 1.86-10% 149 8.90-10%
2010 08 4 6269 05 -1.00 020 5.17-10® 540-10" -1.44 186-10° 149 8.90-10%
2011 06 37 3516 03 -0.80 010 45210 7.70-10" -1.44 1.86-10%® 149 8.90-10*
2012 08 44 278 03 -080 010 6.4810® 55010 -1.44 186-10° 149 8.90-10%
2013 11 36 6.062 0.7 -090 030 7.71-10® 55010 -1.44 186-10®° 149 8.90-10%
20014 09 4 5639 05 -1.00 020 7.71-10® 6.10-10" -1.44 1.86-10® 149 8.90-10*
2015 1 3.7 5476 08 -1.00 030 9.39:10®° 560-10" -1.44 1.86-10%® 149 8.90-10%
2016 1 3.6 8011 04 -100 020 1.07-10™ 4.80-10" -1.44 1.86-10%® 149 8.90-10%
2017 09 43 3777 05 -1.00 020 86710 6.60-10" -1.44 1.86-10%® 149 8.90-10*
2018 08 38 5583 05 -1.00 020 9.47-10%® 540-10" -1.44 1.86-10®° 1.49 8.90-10%
20019 09 44 1302 02 -070 010 57410% 6.70-10” -1.44 1.86-10%° 1.49 8.90-10%

Table I1. 4: Seismic parameters. Moment Magnitude (min and max yearly value) and Seismic parameters (mean value and standard deviation) are reported.
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Therefore, we used the relationship proposed by Jamteviet et al., (2018) 366 exspressed
in the following formula to calculate the rock damage volume produced by crustal
earthquakes in the magnitude range Mmin,y <M<Mmax,y (Jamtveit et al. 2018) %,

modified:

10° meax,y 1O(d—b)M+edM) in kmdy1 (eq. 1. 4)

Mmin,y

7-10—5]
16A¢

Vdz,y = Sy - (ny[
where Sy is a surface of the area for the year y, Mmin,y and Mmax,y are the minimum
and maximum magnitudes in the same year, respectively, and y is a ratio of damage zone
thickness to rupture radius (y= 0.002) . To consider the uncertainty of the parameters,
the error has been propagated using a Monte Carlo approach and the median, first and

third quartile are reported in Table II. 5.

Fault Core = Damage Zone (km?) Surface of Area Volume of Area
Y

km’® Q1 Median Q3 km’ km’®
2008 4.36-10% 7.32 13.09 2329 3.85-10% 1.04-10%
2009 7.99-10% 18.47 3193 5506 3.80-10% 1.03-10%
2010 2.37-10% 2631 4578  79.33 3.64-10% 9.84-10%
2011 1.05-10% 46.68  85.51 144.48 3.58-10% 9.66-10*
2012 7.04-10% 98.17 154.09 236.79 4.48-10% 1.21-10%
2013 2.03-10" 2131 4394  86.01 3.79-10% 1.02-10%
2014 1.06-10°% 19.39 34.61 62.02  4.48-10% 1.21-10%
2015 5.97-10% 8.19 16.90 3330 3.39-10% 9.16-10%
2016 1.18-10% 9.39 1537 2514 3.42-10% 9.24-10
2017 2.47-10% 10.00 18.76 3529 2.74-10% 7.39-10%
2018 2.07-10% 9.68 16.51 28.19  3.49-10% 9.42-10%
2019 1.88-10% 10521 180.35 294.39 3.78-10% 1.02-10%

Table I1. 5: Surface of Area of study and fault zone volume. Yearly value of surface of study
area has been calculated by wrap events polygon tools in ZMAP toolbox *° in Matlab, then the
corresponding volume was obtained by multiplying for the regional crustal thickness (see Results
and Discussion and Methods in the main text). Fault core (sum per year) and rock damage zone
(median and interquartile range per year) has been calculated by Torabi et al. (2019) ** and
Jamtveit et al. (2018) ¢ approach, respectively.
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I1. 2.7 He isotopic signatures in IRPS’s sites of Mefite D’Ansanto and

San Sisto

With the aim of studying the variability of He isotopic ratios, we processed data from the
Mefite D'Ansanto and San Sisto sites covering samplings performed over 22 and 7 years,
respectively (Table 11. 6). A summary of the main statistical parameters is given in Table
I1. 7. The Fig. 1. 6 shows how the values are essentially within the standard deviations.
In addition, Dixon's outlier detection test confirms that the value remaining constant in

observed time windows.
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Figure Il. 6: (R/Ra)c signature in IRPZ. Corrected R/Ra values in Mefite D’ Ansanto (a) and
San Sisto (b) In close to 20 years of observations.
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Mefite D’ Ansanto San Sisto
data (R/Ra)e References data (R/Ra)c References
26/06/98 2.70 (22) 06/06/06 1.27 (23)
06/03/06 2.72 (23) 13/06/06 1.27 (23)
06/06/06 2.75 (23) 06/09/06 1.26 (23)
06/07/06 2.68 (23) 06/11/06 131 (23)
06/11/06 2.68 (23) 06/12/06 1.33 (23)
07/12/06 2.67 (23) 07/01/07 1.28 (23)
07/01/07 271 (23) 18/01/07 1.28 (23)
07/03/07 2.72 (23) 07/02/07 1.32 (23)
07/04/07 2.70 (23) 07/03/07 1.29 (23)
07/05/07 2.69 (23) 07/04/07 1.33 (23)
07/06/07 2.72 (23) 23/04/07 1.33 (23)
07/07/06 2.69 (23) 07/06/07 1.30 (23)
01/11/07 2.74 (23) 07/07/07 1.27 (23)
20/11/07 2.78 (23) 07/09/07 1.34 (23)
29/11/07 2.77 (23) 07/10/07 1.28 (23)
09/03/08 2.70 (23) 07/11/07 1.32 (23)
09/04/08 2.70 (23) 01/01/12 1.35 (24)
29/11/08 2.77 (23) 13/06/13 131 (23)
13/06/13 2.69 (23)
26/06/20 2.64 this work

Table 11.6: Corrected R/Ra of Mefite D’ Ansanto and San Sisto. Nearly 20 years observations
of values of (R/Ra)c in the gases emitted from the two high flux CO, natural gas emissions in
IRPZ, Mefite D’ Ansanto and San Sisto sites respectively. Notes: (R/Ra)c is the He isotopic ratio,
as R/Ra, corrected atmospheric contamination. All the analytical procedures and instrumentation
of the analysis of the Mefite D’Ansanto single sample from this study are the same those in

Buttitta et al (2020) #'.
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Mefite San Sisto

Statistics (RIRa)e (R/Ra)e
No. of observations 20 18
Minimum 2.645 1.260
Maximum 2.780 1.350
1** Quartile 2.690 1.280
Median 2.700 1.305
3" Quartile 2.725 1.328
Mean 2.711 1.302
Variance (n-1) 0.001 0.001
Standard deviation (n-1) 0.036 0.028
Dixon’s test output
p-value (bilateral) 0.675 0.942
99% confidence interval p-value: 10.673; 0.676[  ]0.941;0.943 [

Table 11. 7: Descriptive statistics and Dixon's test output of corrected R/Ra data. Statistical
summary of (R/Ra)c data of Mefite D’ Ansanto and San Sisto.

1. 3 RESULTS AND DISCUSSION

Here, we exploit the role of low magnitude earthquakes (M<4) on He degassing in
continental regions by computing the variability of the crustal “He output over time for

the seismogenic volumes of rock associated with a 12-year-long earthquake catalogue.

This study considered the Irpinia fault zone (hereafter IRPZ) in central-southern
Apennine (Italy) (Fig. 11. 4), a region affected by major deformational processes in terms
of active displacements and seismogenic processes that have led to high-magnitude
disastrous earthquakes (i.e. M=6.4 in 1561, M=6.9 in 1694, M=5.7 in 1826, M=5.9 in
1853, M=7.0 in 1857), with the most recent being the M=6.9 Irpinia earthquake in 1980
%8 which occurred along NW-SE trending normal faults. This latter large event occurred
as a complex rupture process involving multiple segments (mostly with dip ~60°
eastward) 8. Due to the complexity of the tectonics* and the occurrence of strong
earthquakes, the IRPZ can be considered one of the most hazardous seismic areas in the

Mediterranean region.

During the last 10 years, seismicity in the IRPZ has been monitored in real time by the
Irpinia Near Fault Observatory (https://www.epos-eu.org/tcs/near-fault-observatories),
which also includes the Irpinia Seismic Network (ISNet; http://isnet.fisica.unina.it). The
ISNet represents a natural laboratory for studying fault evolution and rupture processes.
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In this study we analysed a 12-year-long earthquake catalogue (from 2008 to 2019) of
distributed seismicity in an area of approximately 3,700 km? (ca. 80 km x 46 km). The
larger magnitude events during this 12-year-period have ranged from M=3.4 (in 2009) to
M=4.4 (in 2012 and 2019).

The hypocentres of the present-day earthquakes appear to be spread over a large crustal
volume around the fault segments that generated the M=6.9 Irpinia earthquake in 1980,
spanning depths from 2 to 20 km (Fig. I1. 4), with a higher density of events at around 7
km and 12 km in carbonate lithology (Fig. 11. 4).

This sector of central-southern Apennine that coincides with the IRPZ is characterized by
the outgassing of volatiles of deep origin, and COz is the dominant gaseous species 5961,
Notwithstanding that the region is far from active volcanism (>70 km), the He isotopic
ratio (*He/*He) in the high-flux CO2 emissions is extremely variable, and peaks at 2.9 Ra
(Ra is the *He/*He value in the atmosphere) 5183, The contribution of the air-derived He
is negligible in all these gas emissions in IRPZ. This peak value (2.9 Ra) is lower than
the typical mantle He isotopic signature (6.3 Ra for subcontinental lithospheric mantle)
64 and is markedly higher than the typical crustal radiogenic signature (0.01-0.05 Ra) ,
which clearly indicates the presence of mantle-derived He in the IRPZ that is diluted by
variable contributions of crust-derived “He. Furthermore, high crustal radiogenic “He
outputs have also been computed for the IRPZ (up to 3.74x10* mol y*) 6 that cannot be
explained using the steady-state model of the whole-crust production and release, the
latter being up to 4 orders of magnitude lower. This evidence clearly implies that tectonics
control the transfer of the volatiles in this seismically active sector of central-southern
Italy 616265 where they play an active role in regional seismicity & making this region
ideal for investigating the relationship between earthquakes and He degassing.
Furthermore, the He isotopic signatures in natural fluids here have been constant over
about 20 years of observations, indicating that the mixing of mantle-crust fluids is not

perturbed during long interseismic period (section 1l. 2.7)

At the global scale, the crustal “He flux from continental regions is 3x10° atoms m= s,
with a variability of a factor 2X 22, We computed the year-by-year steady-state degassing
in the IRPZ (section Il. 2.1) assuming (1) U and Th contents in the rocks of the whole
crust in the IRPZ of 0.3-1.6 and 0.2-6.1 ppm, respectively 4 (Table Il. 2) and (2) a
regional crustal thickness of 27 km . The annual crustal steady-state “He flux in the

IRPZ ranges from 8.7x10° to 2.5x10'° atoms m=2 s1, where the highest value overlaps
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the range of the worldwide continental flux (3x10'° atoms m=2 s, with a twofold
variability) 22. The corresponding annual output from the whole crust in the IRPZ ranges
from 1.2x10% to 4.8x10° mol y* (Table I1. 1).

We also focused on faults that nucleate earthquakes in the IRPZ. We computed the
volumes of both the fault cores and the damage zones of the seismogenic faults, starting
from the catalogue of the earthquake source parameters obtained 34 for the ~2300
earthquakes that occurred during 20082019 (section Il. 2.5). The volume of the fault
core (Vfc) was calculated for each event, and then the annual sum was computed, which
yielded Vfc values ranging from 4.4x10-8 km3 (sum of Vfc in 2008) to 1.9x10-% km? (sum
of Vfc in 2019). These values are orders of magnitude lower that the annual whole-crust
volume of the IRPZ (the volume that contains all the hypocentres of the annual
seismicity), which ranged from 7.4x10% km? in 2018 to 1.2x10° km?® in 2012 (Fig. Il. 5).
The steady-state degassing in the core zone varies over two orders of magnitude, being
between 3.9x101° and 1.5x10% mol y* (Fig. Il. 7). However, this is 11-13 orders of
magnitudes lower than the steady-state values in the IRPZ (1.2x10% to 4.8x10° mol y;
Fig. Il. 7). Considering that the amount of “He released from a deformed volume of rock
is up to 10* times higher than the steady-state value for the same volume of rock 2322,
even if the fault core is intensely deformed, the contribution of the fault-core crustal “He

to its regional degassing is still negligible, at up to 1.5x10* mol y* (Fig. Il. 7).
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Figure 11. 7: Variability of the crustal “He outputs Annual output (2008-2019) of the crustal
“He output (steady state) across the surfaces defined by earthquakes epicentres in IRPZ.
These values of the crustal “He output are computed by using 1) the U and Th concentrations in
the regional lithology, 2) the areas of the annual epicentres and 3) the crustal thickness below
IRPZ (all the data and the equations used in the computations are in sections I1. 2.3 to 1. 2.6).
For comparison, we also computed the annual steady state output (2008-2019) of the crustal “He
in IRPZ by using the typical range of the U and Th concentrations in the continental crust (Table
1. 2). The blue columns represent the steady state annual output of crustal “He from the volumes
of rocks that characterize the IRPZ faults cores. Here we used the U and Th concentrations of the
lithology that constitute the faults cores (Table Il. 2). The orange columns are the maximum
annual output (up to 10* the steady state values) from the same volume of rocks that constitute
the faults cores. The green columns represent the annual steady-state output of crustal *He from
the IRPZ damage zones. Here we used the U and Th concentrations of the lithology that constitute
the damage zones (Table 1l. 2). The red columns are the maximum annual output from the same
volume of rocks that constitute the damage zones (up to 10 the steady state values). The *He
output at the Yellowstone Park are from Lowenstern et al., (2014) 2. The mantle “He output the
New Zealand and Iceland volcanic-related geothermal fields and the Italian volcanic systems are

computed by the CO; outputs *?, the mantle C/*He ratios *°, and the ®He/*He ratio of these area
62,67-69

In contrast, the estimated volume of the IRPZ damage zone ranges from 13.1 to 1.8x102
km?3, which is up to seven orders of magnitude higher than that of the fault core (Fig. II.
5). The steady-state output of crustal “He from the IRPZ damage zone varies from 0.1 to
0.9 mol y*(Table Il. 2), which is even lower than the regional steady-state whole-crust
IRPZ degassing rate (1.2 to 2.0x103% mol y%) (Fig. II. 7). It is worth noting that annually
there is a tenfold variability in the absence of high-magnitude earthquakes (M<4.4),
supporting the impulsive nature of crustal *He degassing associated with the nucleation

of earthquakes even in absence of high-magnitude
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earthquakes in the IRPZ. Furthermore, considering the maximum release of “He from the
volume of the damage zone due to rock deformation (up to 10* times the steady-state
release) 2322, the annual degassing rate between 2008 and 2019 for the damage zone is up
t0 0.9x10*mol y1. This value is equal to or higher than the regional steady-state degassing
rate from the whole non-deformed crust in the IRPZ (Fig. 11.7). Hence, it should be noted
that seismicity in the IRPZ is mainly concentrated within the limestones, which are U-
and Th-poor lithology (Table 1I. 2). Therefore, notwithstanding (1) a low crustal “He
production due to the low amount of U and Th in the seismogenic volume of rocks and
(2) an absence of high-magnitude earthquakes, the degassing rate of crustal “He from the
seismogenic IRPZ crust, which is so high because of the intense deformation of the rock
that increase the release of “He from the rock, (Fig. I1. 7) can be at least equal to that due

to the whole and undeformed IRPZ continental crust (Fig. 11.7).

Considering a damage zone involving U- and Th-rich rocks, such as granite and gabbro
that are typical in continental regions (4 and 52 ppm U and 1 and 3.5 ppm Th) °, and
assuming a volumetric expansion of the damage zone as for the IRPZ, the output of crustal
4He would be up to ~10° and ~10° mol y-1, respectively (Figs. Il. 2 and Il. 3). Therefore,
a volume of granitic crust in a strongly deformed state can degas up to ~10” moles of
crustal *He over 10 years. This amount of outgassing would correspond to ~56% of the
crustal “He degassed during the disastrous earthquake in Kobe in 1995 (1.8x107 mol) and

to ~1.8% of the worldwide steady-state global degassing (5.4x108mol y1) °,

It is worth noting that the values of crustal “He released from a damage zone in granitic
rock overlap the high value of crustal “He output from the large high-temperature
geothermal systems worldwide (e.g. Iceland, New Zealand) and the active volcanoes of
the systems of the southern of Italy (Fig. Il. 7). However, these values are still lower than
the prodigious emission of crustal “He at Yellowstone National Park, where crustal
metamorphism induced by a deep hotspot liberates the “He that has accumulated over
more than 2.5 billion years 2. This evidence strongly reinforces the present finding that
earthquake nucleation plays an active role in the impulsive nature of crustal *He degassing

even in the absence of high-magnitude earthquakes.

In this scenario, crustal “He from the seismogenic rock volumes (Fig. Il. 7) strongly
contributes to diluting the mantle-derived He that has been recognized in worldwide
regions associated with high-magnitude earthquakes (e.g. San Andreas fault, USA;

southwest Japan; Anatolian fault, Turkey; Belice valley, Italy) 2030.72-73_ According to our
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results, the contribution from earthquake-related crustal *He varies over time and is
dependent upon the extension of fault zones, their lithology and the earthquake
magnitude. These findings highlight that seismicity plays an active role in the high
variability of the He isotopic signature in seismic zones, and they contribute
quantitatively to explaining this variability over short distances along different sectors of
faults 4206173 Hence, our results clearly indicate that an increase of the crustal “He
component over time can shift the He isotopic signature in the natural fluids released in
seismic regions towards a radiogenic endmember (0.01-0.05 Ra), which is indicative of
changes in the crustal stress, and hence provides hints about the preparatory phases of

large earthquakes.
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CHAPTER I11: Deep fluid degassing from the crust: a model of the gas-
rock and water interactions in the Contursi hydrothermal system

(southern ltaly)

111.1 INTRODUCTION CHAPTER Il

Deep sourced volatiles (e.g., He, CO2) outgas extensively in active tectonic areas'®. The
latter process can be explained by considering that tectonic discontinuities are regions of
enhanced porosity and permeability.®°. Overpressure of volatiles along fault planes has
been observed to play a crucial role in the nucleation of earthquakes’!. At the same time,
the physicochemical processes during earthquake nucleation are recorded and transferred
to the surface by fluids migrating through the fault core!213,

Large changes in fluid migration can result from tiny alterations in rock characteristics,
like small-scale heterogeneities®®. In particular, the contrast in grain sizes can limit
migration rates and increase trapped volumes by 10-10? times*4.

Likewise, the stability of the lower crust and during periods when internal reworking
predominates, it is possible that the deep crustal carbon’s source may have changed over
time®®,

Consequently, the geochemical monitoring of natural fluids in seismic regions can be also
crucial for understanding processes leading to catastrophic earthquakes and as well to
constraints on budget of volatiles in atmosphere®16-18,

Nevertheless, it must be considered that in shallow crustal layers (e.g., aquifer and fault
zones) groundwater intercepts the deep volatiles (crustal vs. mantle) migrating to the
atmosphere®20, Some of the latter (the non-reactive noble gases) are directly transported
to the surface?!, while others (the reactive; e.g., COz2), once dissolved within the water,
can interact with solutes and aquifer-rocks modifying their abundances and pristine
isotopic compositions®222% before to reach the surface. In this scenario, the emerging
groundwater carries a memory of processes at depth (e.g., mixing, water-gas-rock
interaction). Hence, to figure out the processes at depth that control the chemistry of the
fluids, it is crucial to reconstruct local and regional models based on different
geochemical tools (e.g., volatiles outputs, water chemistry, dissolved gases in water,

isotopic geochemistry). Some of the processes controlling the chemistry of fluids can be

64



influenced by the earthquake nucleation, as for instance variations in permeability that
modify the mixing of fluids of different origin (crustal vs mantle) or the flux of deep
volatiles (COz2) to the aquifers.

Two decades of geochemical investigations along the Apennines in ltaly’-367.17.19.24-
2’have highlighted a relationship between the transfer of fluids through the crust and
seismicity at regional scales. This is also supported by geophysical investigations along
the Apennines that recognize 1) the presence of fluids in correspondence of the fault
planes of seismogenetic faults?® 2) the overpressure of fluids at depth able to generate
aftershocks* and 3) the role of the groundwater recharge in modulating crustal
deformation and seismicity?®. These evidences pose great attention to the paleo-fluids
trapped in minerals and veins along the faults®1330 to investigate the physic-chemical
processes occurring at microscale along the fault planes and the adjacent regions (e.g.,
the damage zones) and to infer the characteristics of processes controlling the chemistry
of fluids along faults prone to generate high magnitude earthquakes.

Here we present results of a detailed study of gas-water and rock interaction in the thermal
basin of Contursi and the surrounding area (Fig. I11. 1, south of Italy) based on the TDIC
vs 813Crpic relationship. This sector of the Apennine is dominated by extensional tectonic
and characterized by high output of deep CO2’ coupled to mantle derived helium?6:31.32,
Within a 30 km radius degassing site of Mefite D’Ansanto , the largest no-volcanic
emission of CO2 (2000 tons day* *3) occurs where the He isotopic signature overlaps

those at Vesuvio and Phlegrean Fields?, the two active volcanic systems close to Naples.
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Figure I11. 1: Sampling sites and distribution of seismicity in Irpinia fault zone (southern
Italy). (a) Location of sampled cold waters (blue triangles), thermal and ipotermal water (red and
orange triangles respectively) and free gases (blue squares) in Contursi area and seismicity
recorded by ISNet (inverted green triangles) during the years 2009 through 2019 (http://isnet-
bulletin.fisica.unina.it/cgi-bin/isnet-events/isnet.cgi). Normal faults from the Database of
Individual Seismogenic Sources (http://diss.rm.ingv.it/diss/) are shown as blue lines. (b) Bimodal
distribution of n° of earthquakes. In the Irpinia fault zone the 10% of seismicity is located between
3 to 4 km, roughly the bottom of shallow reservoir, and the 30% of seismicity is located between
6 to 9 km, roughly the top of deeper reservoir. (c) Shallow seismicity is characterized by M<=3,
while the most intensive seismicity in the area (4<=M<=4.4) is located between 6 to 12 km
coinciding with the as-pressurized rock volumes developed under the Apulia Platform.
Furthermore, in 1980 a catastrophic earthquake occurred in the region (M=6.9), the recent
seismicity is generally M<4.4 and multidisciplinary studies of the regional seismicity are
in the context of the Irpinia Near Fault Observatory (https://www.epos-eu.org/tcs/near-
fault-observatories).

In our study, we investigate the origin of the deep CO: at regional scale and the gas-water-
rock interaction that control the carbon abundances and isotopic composition in the
groundwater. We also model the Carbon (C) sinks (e.g., C-mineral precipitation, CO2
exsolution) and we quantify the leakage of C from the groundwater, in order to compute
the deep carbon outputs associated with the groundwater. We propose a simple model
that describes the behaviour of the deep inorganic carbon from its source to the

atmosphere, which can help to choose the parameters to be monitored in a future regional
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geochemical surveillance and to provide a geochemical model for interpreting possible

geochemical variation related to local high magnitude earthquakes.

I11. 2 STRUCTURAL SETTING OF SOUTHERN APENNINES AND
SEISMICITY

The structure of the Southern Apennines is related with the Meso-Cenozoic tectonic
processes that involved African and European plates. The different tectonic phases of
rifting, drifting, and shortening that occurred with time, lead the backbone of the
Apennines to have a E-NE verging, duplexes geometries and out-of-sequence thrusting,
mainly due to orogenic contraction that was active since upper Eocene-Oligocene
Miocene up to late Pliocene.

From the lithostratigraphic point of view, the Irpinia region is characterized, from top to
bottom, by: (1) post-orogenic intramountain basin units of marine, terrestrial, and
volcanic origin, deposited during Plio-Pleistocene or Holocene in the Adriatic-Bradanic
foredeep; (2) syntectonic top-thrust basin successions formed during the progressive
shortening toward east; (3) orogenic wedge tectonic units involved in a NE-verging
overthrusting from upper, internal domains (Tethyan oceanic crust or Adriatic-Apulian
continental crust) to the lower, external domains (Apennine carbonate platforms with
inter-basins pelagic units); (4) Apulian carbonates, buried, deformed, and overthrusted in
the inner belt and undeformed in the outcropping foreland3%=¢,

Since Quaternary, the southern Apennine thrust belt is dissected by NW-SE oriented
normal faults that accommodate extensional tectonic (i.e., 3-5 mmeyr) as evidenced by
surface geology, borehole breakout, and available fault plane solutions of earthquakes®’.
In the past, southern Apennines were hit by earthquakes up to X-XI MCS intensity,
making them one of the highest seismic hazard region in the Mediterranean, with
segmented, seismogenic structures capable of generating up to M 7 earthquakes. Large
earthquakes nucleate here within the first 10-15 km of the crust and have typically
recurrence periods >1000 yr.

It is worth noting that normal faults dissecting the Apennines show evolutionary trends
from young, high-angle planar faults, seated in the upper crust and characterized by small
extensional strains, to mature, listric faults reaching the crystalline basal detachment with

high amount of extensional strain®. Furthermore, the origin of large earthquakes within
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this tectonic context is believed being associated with the presence of fluids within the
crust that can reach over-pressure conditions at depths around 10 km depths due to the
low permeability of the rock formations that inhibit their circulation®°.

The 1980, Ms 6.9, Irpinia earthquake occurred along NW-SE trending normal faults, and
it was the most destructive, instrumentally recorded earthquake of the Southern
Apennines. This earthquake was characterized by a complex rupture process involving
multiple fault segments?,

After the 1980 event, no large earthquakes have again struck the area. The present-day
seismicity is characterized by low-magnitude seismicity (Ml <3.5) with hypocentral depth
mostly limited within the first 15 km. Fault plane solutions show normal and normal-
strike slip kinematics (Festa et al., 2021), confirming the dominant SW-NE extensional
regime. The background low magnitude seismicity appears to be spread into a large
volume (Figure 111. 1), and the related stress field is closely linked with the major fault
segments activated during the 1980 Irpinia earthquake. In addition, microseismicity
seems to be controlled by high pore pressure of water-saturated Apulian carbonates within
a fault-bounded crustal volume?*4142 The presence of crustal fluids represent a
fundamental issue to be considered in hazard studies, considering the strong relationship
that emerged between seismicity and high-fluid pressure during the recent strong
earthquakes in the Apennines (e.g., the Mw 6.0, 1997 Colfiorito earthquake and the Mw
6.3, 2009 L’ Aquila earthquake).

In the Irpinia area, tomographic images reveal two kinds of reservoirs®®. A low-Vp/Vs
dome-shaped body, 20 km long and 15 km wide, is located between 6 km and 11 km
depth underneath Mount Forcuso, in the northern part of Irpinia. This geophysical
evidence is interpreted as a deep, pressurized CO2-rich rock volume, filled below the
Apulian platform carbonates by fluid-rich mantle melts intruded into the crust®. This
anomaly correlates with high heat flow values (100-215 mW/m2) observed along the
Mount Forcuso antiform and with geochemical data. Active faults in Irpinia region
control the gas leakage from the crust, influencing also the leakage areas distribution at
the surface. Significant nonvolcanic COz-rich gas emission principal expression is
observed at Mefite d’Ansanto degassing site, where deep, mantle-related fluids are
released through the active faults®3.

In the central portion of the Irpinia area (i.e., approximately within the Marzano segment

in which the 1980 earthquake nucleated), tomographic images3®*® show a high Vp/Vs
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broad region between 4 km and 6 km which is interpreted as fractured, fluid-saturated
carbonates.

The physical modeling of 3D velocity images** lead to estimate a porosity of carbonates
in the Marzano segment around 4%-5% and a fluid composition consisting of brine—CO2
and/or CH4 —CO2. The occurrence of pressure changes in fluid-filled cracks within
carbonates is considered one of the main trigger mechanisms of microearthquakes in the
Irpinia region.

The Contursi hydrothermal system is placed within the Sele river valley, between the two
fault segments of Marzano (where the 1980 earthquake nucleated) and the Cervialto one.
The reconstruction of the rupture evolution occurred during the 1980 Irpinia earthquake
proposed a gap in the slip distribution exactly in correspondence of the Sele Valley®.
Furthermore, Picozzi et al. (2022)** observed for the Sele river valley sector high b-value
of the Gutenberg-Richter frequency magnitude distribution, suggesting the presence of
fluids capable of influencing the occurrence of microseismicity. This sector might play
as extensional transfer zone between the Marzano and Cervialto fault segments, a tectonic
issue still under investigation but that well agrees with the presence of the Contursi

hydrothermal system.

3 SAMPLING AND ANALYTICAL PROCEDURES

We collected hot and cold waters in natural springs and wells in the thermal basin of
Contursi and the surrounding areas between 2021 and 2022. Moreover, we also collected
free gases in high flux CO2 gas emissions (Figs. 111.1a, I1l. 2 and Table 111.1). Among the
studied emissions, all the springs have gas bubbling in water, S. Sisto and Oliveto Citra
1-2, are dry mofettes. Gaseous samples were collected in pyrex bottles with vacuum
valves at both ends, taking care to prevent air contamination, by using a steel funnel and
a three-direction valve and a syringe.

Gaseous samples were collected in pyrex bottles with vacuum valves at both ends, taking
care to prevent air contamination, by using a steel funnel and a three-direction valve and

a syringe (Figure 111. 2).
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Figure 111. 2: Schematic illustration showing the sampling system used for collecting the
free gaseous manifestations

Free and dissolved gases in water were analysed for their chemical (Oz, N2, CHa4, He, and
CO02) and isotopic composition (*He/*He, 6'3Cco2). Chemical and isotopic analyses of
fluids were performed at Istituto Nazionale di Geofisica e Vulcanologia (INGV—
Palermo). Dissolved and free gases were analysed by a double detector (TCD-FID) Perkin
Elmer Autosystem XL gas chromatograph using Ar as carrier gas and a 4 m Carboxen
1000 column. Dissolved gases were analysed according to the method proposed by
Capasso and Inguaggiato (1998)6.

The chemical and isotopic (*He/*He, 8'3Cco2) analyses are reported in Table II1. 2. The
3He/*He were measured in a split-flight-tube mass spectrometer (GVI Helix SFT). lon
beams of *He and “He were simultaneously detected by a double collector system that
yielded isotopic ratio precision within £0.5%. Purified atmospheric helium was used as a
running standard. A multicollector Thermo-Helix MC Plus mass spectrometer was used
to measure °Ne and after the gas mixture was purified according to standard practices
utilizing cryogenic traps, the 3C/*2C ratios of CO2 (expressed as ** §C-CO2 in %o versus
the V-PDB standard) were measured with a Finnigan Delta S mass spectrometer with a

precision of +0.1%o.

I11. 4 RESULTS AND DISCUSSION

In total, measurements were made on twenty-three spring samples and two free gas

samples. The sample's location, temperature, pH, measurements, and principal element
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are reported in Table I11. 1. The bulk gas composition, *3(CO2) values, helium, neon, and

argon concentrations, as well as their isotope ratios, are all detailed in Table I11. 2.

I11. 4.1 Bulk gas concentrations, 8(CO2) water measurements

and Noble gas data

All Thermal (T water between 34.3 and 49 °C) an Ipothermal (Temperature water
between 17.3 and 26.4 °C) spring gas samples are CO2 dominant with less amount of N2
(range from 1.10 to 8.66 ccSTP/L) and O2 (range from 0.04 to 0.16 ccSTP/L) and trace
of CHz (from 4.63-10° to 8.56-102 ccSTP/L), CO (up to 2.63-10* ccSTP/L) and the
remaining percentage was made up of noble gases. In the cold spring (T<15 °C) the CO2
up to 141.02 ccSTP/L, only in PSA site the N2 is the major constituent (8.52 ccSTP/L).
pH ranges from 6.1 to 8.4. Total dissolved solids (TDS) values range from 3.46 to 71.04
mm/L (Table I11. 3), in the cold water we find the lowest value (up to 28.57 mm/L). The

concentration of COz in the free gases sites (OV1-2 and SST) range
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EC Eh Q Na K Mg Ca NO, F al S0, HCO,

Sample Name Sample ID Date Latitude  Longitude TCO gy PH ) g (mmol) (mmolL) (mmoll) (mmolL) (mmolLy (mmolVL) (mmolL) (mmoll) (mmollL)
Acquara ponticchio AQP 03/05/21 15.188 40.780 7.8 354 78 2724 100 0.17 0.04 0.30 1.96 0.02 0.00 0.16 0.03 4.10
Piceglia Alta PSA 03/05/21 15.201 40737 79 300 77 2527 - 0.14 0.03 0.42 1.38 0.02 0.00 0.14 0.03 3.75
fiumicello FIU 03/05/21 15.202 40.727 9.7 298 8.4 206.5 40 0.17 0.04 0.50 1.20 0.02 0.00 0.16 0.03 3.50
S Oronzo SRON 03/05/21 15.194 40.697 10.1 352 7.8 301.8 20 0.21 0.04 0.35 1.85 0.03 0.00 0.19 0.04 4.05
. 03/05/21 15.238 40.742 10.5 518 7.4 298.7 2000 0.26 0.05 0.61 2.31 0.04 0.01 0.22 0.06 5.85
» Senerchiella SEN
S 24/01/22 15.238 40.742 10.6 514 7.4
g Magliana MAG 03/05/21 15.182 40.679 12.1 398 7.5 178.3 10 0.33 0.04 0.08 2.42 0.07 0.00 0.27 0.06 4.50
k=] . 03/05/21 15.265 40.612 12.8 664 7.2 299.0 5590 0.56 0.08 0.72 3.03 0.07 0.01 0.52 0.12 7.10
> Sorgente la regina (basso tanagro) REG
8 24/01/22 15.265 40612 129 680 7.2 7.10
Acetosella ACT 03/05/21 15.231 40650 138 1054 68 1980 5 0.95 0.14 1.04 5.98 0.05 0.01 0.82 017 12.55
DonCarlo DC 03/05/21 15230 40649 141 1090 65 858 50 0.94 0.14 0.94 6.07 0.05 0.01 0.81 017 12.65
Fontana Prete FP 03/05/21 15.251 40670 143 613 75 1663 0.1 0.59 0.03 0.23 3.31 0.01 0.01 055 0.15 6.35
CantaniMix CAM 03/05/21 15.229 40651 144 1298 66 2136 70 1.32 0.17 1.06 7.37 0.03 0.01 1.14 0.22 14.90
Ferrata FR 04/05/21 15.229 40.652  14.7 1435 65 2289 07 1.80 0.20 1.27 8.23 0.03 0.01 1.48 0.27 16.41
_ Cantani solfurea CAS 04/05/21 15.228 40653  17.3 1981 61 -197.3 100 3.83 0.34 1.97 11.34 0.00 0.02 2.88 0.42 22.76
g o Forlenza FOR 05/05/21 15230 40652 185 1924 63 -147.8 500 4.88 0.42 2.04 10.17 0.01 0.01 3.86 0.54 20.76
8¢ Tufaro TUF 04/05/21 15.251 40674 248 2770 62 -1975 - 9.74 1.04 1.83 11.36 - 0.06 11.20 2.48 23.71
S._ 2 Cappetta Nuova CAN 04/05/21 15.252 40.676 26.4 2560 6.3 -219.2 - 9.13 0.79 3.55 21.98 0.01 0.08 9.04 4.21 23.51
Cappetta Vecchia CAV 04/05/21 15.252 40.676 264 2570 6.3 2245 50 8.96 1.08 1.66 10.68 0.00 0.06 7.11 1.69 2271
CapassoVenere VEN 05/05/21 15.251 40690 343 5240 62 27139 - 26.84 253 352 15.95 - 0.10 28.97 4.99 36.01
. RosaPepe Fredda RSF 04/05/21 15.185 40.683 36.8 4460 6.2 -273.2 60 19.07 2.33 3.88 6.21 0.04 0.03 22.44 2.77 23.51
% RosaPepe Calda RSC 04/05/21 15.185 40.683 375 4640 6.3 -258.5 40 19.33 1.93 3.23 15.19 0.07 0.08 21.70 2.65 36.46
E 24/01/22 15.185 40.683 38.4 4640 6.2
E CapassoGeyser GEY 04/05/21 15.251 40.690 46.4 6380 6.4 -285.0 13 43.30 3.98 5.47 7.20 - 0.07 47.79 3.35 26.11
g 24/01/22 15.251 40.690 484 6520 6.4
= CapassoErcole £RC 05/05/21 15.252 40690 47 6470 64 -2630 - 46.22 3.90 5.24 14.92 - 0.09 41.92 4.05 38,51
24/01/22 15.252 40.690 49 6430 4.4 38.51

Table 111.1: Physical data and chemical compositions of the sprins
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He H2 02 N2 co CH4 C02

13 4 0,
Sample Name SamplelD  Date  GasTyPe (. STPA) (ccSTPAL) (ccSTPA) (ccSTPA) (ccSTPA) (coSTPA) (ccSTPA) © ©™° He/'Ne RMRa  (R/Ra)c
Acquara ponticchio AQP 03/05/21  Dissolved -11.44
Piceglia Alta PSA 03/05/21  Dissolved b.d.l. 1.51E-03 8.52 19.93 3.54E-05 6.55E-05 2.28 -10.42
fiumicello FIU 03/05/21  Dissolved -
S Oronzo SRON 03/05/21  Dissolved -
Senerchiella SEN 03/05/21 Dissolved 2.22E-04 1.35E-04 719 17.37 2.06E-05 1.25E-05 14.90 -5.65
24/01/22 2.27E-04 1.87E-03 5.76 12.05 0.00E+00 0.00E+00 14.03 1.07 1.40 -
Magliana MAG 03/05/21  Dissolved -
. 03/05/21 . 4.45E-04 0.00E+00 5.10 19.16 0.00E+00 3.29E-05 25.44 -4.72
Sorgente la regina (basso tanagro) REG Dissolved
24/01/22 9.70E-04 1.90E-03 3.86 14.44 0.00E+00 4.53E-05 27.61 3.53 1.32 -
Acetosella ACT 03/05/21  Dissolved -
DonCarlo DC 03/05/21 Dissolved 1.71E-04 1.94E-04 4.09 10.07 2.08E-05 2.42E-05 141.02 -1.74
Fontana Prete FP 03/05/21  Dissolved b.d.l. 1.64E-04 4.38 15.63 2.63E-05 2.61E-04 21.58 -14.71
CantaniMix CAM 03/05/21  Dissolved -
Ferrata FR 04/05/21  Dissolved -
Cantani solfurea CAS 04/05/21  Dissolved 2.91E-04 b.d.l. 0.07 8.66 0.00E+00 8.56E-02 557.93 0.47 1.51 1.07 -
Forlenza FOR 05/05/21  Dissolved b.d.l. b.d.l 0.04 2.87 0.00E+00  8.58E-03 546.70 1.52
Tufaro TUF 04/05/21  Dissolved b.d.l. b.d.l. 0.06 2.27 0.00E+00 1.33E-02 595.07 2.02
Cappetta Nuova CAN 04/05/21  Dissolved b.d.l. b.d.l 0.09 4.59 1.73E-05 3.70E-03 471.26 2.18 0.49 0.87 -
Cappetta Vecchia CAV 04/05/21  Dissolved -
CapassoVenere VEN 05/05/21  Dissolved b.d.l. b.d.l. 0.06 1.87 2.63E-04 7.94E-04 578.22 3.67
RosaPepe Fredda RSF 04/05/21  Dissolved b.d.l. 1.32E-04 0.10 4.81 4.71E-05 2.87E-04 403.60 3.63 0.63 0.64 -
RosaPepe Calda RSC 04/05/21 Dissolved b.d.l. 3.21E-04 0.12 1.60 0.00E+00 1.46E-03 1096.29
24/01/22 2.57E-05 0.53 0.91 -
04/05/21 . b.d.l. 5.60E-04 0.10 3.02 5.10E-05 1.73E-03 459.47 3.55 0.42 0.95 -
CapassoGeyser GEY Dissolved
24/01/22 3.88E-05 9.33E-04 0.16 2.80 0.00E+00 1.51E-03 951.96 0.51 0.90 -
CapassoErcole ERC 05/05/21 Dissolved b.d.l. 7.78E-04 0.12 4.22 0.00E+00 1.43E-04 492.44 3.02
24/01/22 b.d.l. 1.20E-03 0.15 1.10 1.44E-04 4.63E-05 1007.87 0.5_3 0.84 -
Date He (ppm) H2 (ppm) O2 (%) N2 (%) CO (ppm) CH4 (ppm) CO2(%) & Ccoz ‘He/'Ne RMRa  (R/Ra)c
. . Free 22.55 3.1 0.1 3.35 0.5 0.3699 95.32 0.86 215.16 1.27 1.27 (0.008)
Oliveto Citra-1 Oov1
24/01/22 Free 25.00 0.15 3.31 0.3871 94.86 263.68 1.28 1.28 (0.007)
. . Free 21.00 381 0.0203 2.68 3245 0.3245 94.87
Oliveto Citra-2 ova 24/01/22 Free 20.00 92 0.0397 2.39 10 0.3345 95.69 28444 128 1.28(0.007)
San Sisto SST Free 17.30 98.00 0.12 2.65 0.29 96.92 0.70 48.66 1.41 1.41 (0.008)

Table 111.2: Chemical and isotopic composition (83C and 3He/*He) of the dissolved and free gases. The analytical uncertainty was <3% for chemical analysis,
below 0.3% for He and Ne and 0.1% for C isotope composition. In the free gase samples, He isotopic ratio is corrected for the contribution of atmospheric He and
reported as Rc/Ra, by using the approach proposed by Sano et al., (1987). The Rc/Ra of free gas sites range from 1.27+ 0.01 (OV1) to 1.41 £ 0.01 (SST). In water
samples (both cold and hot), the elementary ratio *He/?°Ne is less than 3. In this case, the Rc/Ra differ significantly from the measured *He/*He ratios which would
make the correction erroneous (according to Sano et al., 20064") therefore its *He/*He values are reported uncorrected and range from 0.64 (RSF) to 1.40 (SEN) Ra.
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from 94.86 to 96.92 %, with the remainder of gas predominately constituting of N2 (up to 3.5
%), O2 (up to 0.15 %), and traces of CH4 and CO, 0.4 and 3245 ppm respectively.

The 8'3Crpic value in the cool water range from -14.71 to -1.74%o. In the thermal and ipothermal
water this value is positive and range from 0.47 to 3.67%o.

The elemental and isotopic compositions of noble gases (e.g., He, Ne and Ar) constitute a set of
non-reactive geochemical tracers. The inert nature, low terrestrial abundance, and well-
characterized isotopic composition of noble gases in the mantle, crust, hydrosphere, and
atmosphere enhance their utility as geochemical tracers of crustal fluids*®4°. For twelve sites, we
determined the abundances of elemental and isotopic ratios of He, Ar and Ne. The noble gases
in our samples varies according to the type of site. In cold and isothermal water, the He range
from 1.71-10% to 9.70-10% ccSTP/L, in thermal water range from 2.57-10% to 3.88-10%
ccSTP/L (about an order less than cold and isothermal water) and in the free gases range from
17.30 to 25.00 ppm. (Table I11. 2).

The noble gas composition in natural fluids is derived from three primary sources: the mantle,
atmosphere and crust*. A very useful tool for discriminating the contributions of the different
sources of He in natural fluids is analysing the correlation between the *He/*He and “He/?°Ne
ratios, using the approach proposed by Sano and Wakita (1985)%. Because mantle and crust-
derived gases contain less neon than the atmosphere, the “He/?°Ne serves as a sensitive proxy for
distinguishing contributions originating in the mantle or crust (i.e. He) from those entrained
through groundwater and/or air mixing (e.g. 2°Ne)®L.

In the free gas samples, the *He/?°Ne ratios range from 48.66, in San Sisto site, to 284.44, in
Oliveto Citra site (see Table I11. 2). These values greatly exceed (by 153-892 times) the “He/?°Ne
expected for atmospheric value (0.319)%indicating negligible atmospheric helium (less than
0.6%). In contrast, the highest “He/?°Ne ratio in the dissolved gases in water is 3.54, which is 12
time the ratio in air-saturated water ASW= 0.285 at 25°C®2. The low “He/?°Ne of the dissolved
gases (Fig. l11. 3) indicate they are dominated by the atmospheric component, in fact the *He/?°Ne
ratios are not resolvable from atmospheric ratios. It is noteworthy that the lowest *He/?°Ne ratios
are in thermal water samples (RSF, RSC, GEY, ERC). The free gas in the area, San Sito and
Oliveto Citral-2, are characterised by a strong crustal component, about 80%, and only the
remaining 20% is related to the mantle component. A high concentration of radiogenic He does
not necessarily indicate a shallow crust origin. In fact, as in some active tectonic sectors of the
central Italy, the local seismicity can induce an excess of crustal He flux, which can be higher

than the flux due to a steady-state degassing®>2¢ and thus act as a masking effect with regard to
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the contribution of mantle-derived Helium. Unfortunately, the elevated atmospheric
contamination of He in the groundwater does not allow realistic assumptions to be made about
the origin of He and the associated dissolved gases in these waters.

The He isotopic ratios SHe/*He are reported normalised to the value of air (where 1 Ra is the atmospheric ratio of 1.382 +0.005-10°

653), In our samples, it ranges from 0.64 (RSF) to 1.41 (SEN) Ra, consistent with atmospheric origin of the “noble gases.
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Figure 111.3: A correlation diagram between the *He/*He and “He/?°Ne ratios for the springs and
free gases investigated. Solid lines depict binary mixing between air (3He/*He = 1Ra, *He/?’Ne=0.319%?)
the Sub Continental Lithospheric Mantle (SCLM, *He/*He= 6.32 + 0.39 Ra®, “He/?®Ne>10%*Y), crustal
end-member (*He/*He=0.01-0.05 Ra>®, “He/?°Ne>103%%0). In the main figure the errors are smaller than the
symbols.

The combination of the amount of COz, its carbon isotopes (8**Ccoz) and He in natural fluids is
commonly used to identify the presence of mantle volatiles even far from active and quiescent
volcanic systems®18. 3He is not produced in significant amounts in the crust, so low 3He/*He
ratios (typically 0.01 or 0.02 Ra) and associated CO?/*He ratios greater than 1.4' 102 are usually
associated with a crustal CO2 source®. In a CO2/*He vs R/Ra plot (Fig. Il1. 4), our samples are
fitted along a mixing line between the SCLM and a local crustal end-member and their low
dispersion is probably due to the negligibility of effects such as loss of CO:2 or assimilation of
crustal “He (shift to the left) and/or addition of crustal CO2 or degassing in open system (shift to
the right)®22,
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Figure 111. 4: Binary mixing plot between Mantle (3He/*He= 8 RA, CO,/ “He=3.94-10%)°" and
various crustal end-members (CO./*He=80-8-10°). The additional data are from INGV internal
database.

I11. 4.2.1 Carbon mass balance of the aquifers as a simple mixing

process
The classic simplified approach to determine the exogenous CO2 who interacted and was
transported by groundwater is based on a mixing process between of an arbitrary number of
sources (such as dissolution of carbonate minerals, input of deeply derived COz2, oxidation of
organic material) combining the total inorganic carbon with the 8**Croic.

Here, we calculated the total carbon dissolved in groundwater (Cwt or TDIC) concentration,
saturation indices for calcite, dolomite, anhydrite, and gypsum, and partial pressure of CO2 gas
for the springs combining their chemical (pH, HCOs, temperature), and isotopic composition.
These calculations were done using the PHREEQ computer code® (Table I11. 3).

In detail, according to Chiodini et al., (1999, 2000)%°, the total carbon (Ctot) that moved through
carbonate-aquifer is due to both carbonate dissolution inside the aquifer (Ccarb) and contributions

from sources exterior to the aquifer (Cext). We compute Cext and 53Cext for each sample using
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the following carbon mass balance equations to quantify the contribution of the different carbon
sources and to characterize their isotopic composition:
Ctot=Cecarb+Cext 1)
and
813Crtot Ctot=0"3Cext Cext+6*3Cecarb Cearb (2)

where Cwot and 3Ciot are analytically determined (corresponding to the Total Dissolved
Inorganic Carbon, TDIC, and 8**Crpic respectively); Cean, is calculated as the sum of [Ca]+[Mg]
considering the dissolution of carbonate minerals (i.e., calcite and dolomite) and eventually of
gypsum/anhydrite (from [SO4]) if present, setting the isotopic composition of the aquifer carbon
from carbonate mineral dissolution (8*3*Ccarb) at 2.21 %o + 0.66%o (vs. PDB) assumed in the
Apennine aquifer’. According to the approach proposed by Chiodini et al., (2020)!7, by using the
equations (1) and (2) , we computed the Cext and 5*3Cext for each sampled waters (Table Ill.
4). Because of isotopic fractionation during carbon sinks from the solution, the utilized equations
underestimate Cext and enriching 5'3Cext, if the water is significantly changed by CO2 degassing
and/or carbonate minerals precipitation’. These uncertainties are assumed to be negligible in
samples with TDIC<40 mmol/l, equivalent to 30 mmol/l of Cext (Chiodini et al., 2011). Below
this “CO2 degassing threshold”, the system can be assumed conservative for carbon species, so
the dissolved carbon and its isotopic composition can be considered the result of mixing between

different carbon sources®.
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Sample ID Slcarcite SIporomite SIGypsum SICOZ(g) TDIC (mmol/L)

AQP 0.38 -0.20 -2.95 -2.50 4.26
PSA 0.16 -0.33 -3.19 -2.49 3.92
FIU 0.77 1.06 -3.17 -3.21 3.46
SRON 0.35 -0.10 -2.94 -2.46 4.21
SEN 0.21 -0.24 -2.69 -1.93 6.46
0.23 -0.21 -2.69 -1.95 6.37
MAG 0.27 -1.01 -2.68 -2.14 4.85
REG 0.24 -0.18 -2.32 -1.66 8.15
0.24 -0.19 -2.32 -1.66 8.16
ACT 0.31 -0.16 -2.03 -1.02 17.10
DC 0.03 -0.78 -2.04 -0.71 21.84
FP 0.58 -0.02 -2.17 -2.02 6.76
CAM 0.22 -0.43 -1.89 -0.70 24.10
FR 0.21 -0.41 -1.78 -0.58 28.57
CAS 0.08 -0.56 -1.57 -0.06 59.80
FOR 0.20 -0.25 -1.49 -0.26 43.05
TUF 0.32 -0.03 -0.87 -0.16 47.02
CAN 0.34 0.03 -0.94 -0.16 46.00
CAV 0.32 -0.02 -1.03 -0.17 44.68
VEN 0.60 0.78 -0.61 0.10 69.68
RSF 0.14 0.32 -1.11 -0.04 46.61
RSC 0.76 1.10 -0.87 0.03 63.23
0.68 0.94 -0.87 0.15 71.04
GEY 0.50 1.16 -1.10 -0.14 40.84
0.52 121 -1.10 -0.13 40.61
0.93 1.70 -0.80 0.01 59.29

ERC
0.95 1.75 -0.80 0.03 59.19

Table 111.3: Results of aqueous speciation calculations and dissolved carbon. Calculated saturation
indices for calcite, dolomite, anhydrite and gypsum and partial pressure of CO; gas, given as 105" atm.

In turn, Cext is given by carbon content of infiltrating waters (Cinf; i.e. atmospheric CO2 plus
carbon from biogenic sources active in the soils during infiltration) and the carbon content of
deep sources (Cdeep)®:

Cext=Cint+Cdeep (3)
from which result the following mass balance:

613C _ 613Cinf'cinf+813Cdeep'Cdeep (4)
ext Coxt

Where §'3Cheep = 63 Crppc.
For the choice of deep endmember, in the classical approach, values of §'3Cy,,, between -1%o,

is representative of a typical mantle source in Appenine, and +1%o (or more positive values, up
to 4), typical of carbonates in Appenine, are usually used. However, this approach considers the

CO:2 signature unaffected by the gas-rock-water interaction outcome. In the following sections,

78



we will consider the reworking undergone by mantle CO:2 in the deep reservoir due to the

interaction with dolomite and the subsequent water-rock interaction of the shallow reservoir.

I11. 4.2.2 Deep CO2-rocks interactions
However, the conventional mixing model that we examined in the prior session assumes that the
outcome of the gas-rock-water interaction has no impact on the CO2 signature. Now, we will
consider the reworking undergone by deep CO2 in the deep reservoir due to the interaction with
dolomite and the subsequent water-rock interaction of the shallow reservoir.
Previous geophysical investigations®® combined with the knowledge of the deep geology
recognized the occurring of deep gaseous reservoirs that store deep-sourced fluids, such as CO2
and He?%3133 Improta et al., (2014)%* indicated that volumes of pressurized rock are located
between 8-12 km under the Apula Platform and are located within layers of Triassic dolostones
and anhydrites. Considering the ratio of the mass of dolomite to the mass of gaseous CO2 were
(Mdolomite>MCO2(gas)) With porosity between 0.1-0.01% and due to the high-density difference
between calcite/dolomite and CO2 (two orders of magnitude for a CO2 at T> 100°C and P>3
atm) and considering the equations in Rozanski et al., (2001)%* for mixing of reservoirs of
different compounds, even in the presence of low residence times (i.e., short gas-rock interaction
times) we can consider the result of the §3Ccoz() fractionation of CO2 in equilibrium with
dolomite in such a way as to fit the equation:

€c0,~dotomite = 8 °CCOZ (gasy = 8*Capromire  (6)

In the range of depth of 7-13 km, approximatively the deep dry reservoir reported in Improta et
al., (2014)*° the crustal temperatures ranged between 190°C and 340°C2¢. Under these
conditions, the value of &co,—qoiomite Varies between -0.26 to +1.19 %, -1.33 to +4.13%o and
+2.39 to +4.27%o according to Horita et al,. (2001)®2, Schauble et al., (2006)% and Deines et al.,
(2004)%* respectively.
Considering the signature of Triassic dolomite §*3Cdolomite=3.45%o (mean value, De Paola et al.,
2011%5), and solving for §'*CCO, (445 in equation (5) we estimate that the gaseous CO2 in the

deep reservoir in equilibrium with host rocks, no matter what its nature is, due to decarbonation
or magma/mantle degassing, is characterised by having § 3CCO2(deep)=+2.12 to +7.72 %o for a
dolomite range that partially overlaps the marine carbonate signature rang (from -12%o up to
+10%o, Planavsky et al., 2014).

I11. 4.2.3 CO,-Water/Brine interactions
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After interaction with dolomite within natural reservoirs in the Apulian Platform, the deep CO2
migrates upward through an intricate pattern of active faults until reaching the shallow water-
saturated fluid reservoirs in the carbonate lithology.

More in detail, the shallower CO2 gas cap at about 1-3 km is characterized by the presence of
brines®°. In order to model the CO2-water phase interaction, we have considered separately a low
salinity water-saturated aquifer and a brine rich reservoir.

A carbonate-water system (an aquifer in carbonate rocks) exposed to an input of CO2 is well

described by following equation®?:

KoK1 KoK1K> + KeailHY]?
([H+] 200 )PCOZ ([ - — [H ])PCOZ 2Rl Zl =0 (6)

where the carbonate-water equilibrium constants are dependent on temperature, pH and Pcoz.
The combination of these parameters establishes the abundance of each carbon specie and can
be given in terms of H,C0;, according to the following equations®®:

[H,CO3] = KoPcoz  (7)

[H:€03] = 5 [HC03]  (8)
[€037) = Lk [HC051  (9)

Where, the ionic product of water (Kw) comes from the equation by Dickson and Riley (1979)°¢,
the molar solubility K, (moi I'" atm™) obtained by Dickoson et al., (2007)%7, the dissociation
constant of the first and second dissociation of carbonic acid (K; and K,, respectively) obtained
by Dickson and Millero (1987)%8 and the stechiometric solubility constant of calcite obtained by
Mucci (1983)°%°,

Assuming (i) TDIC and HCOs to be entirely derived from COz2 (gas) dissolution and CO2(aq)
conversion, respectively, and (ii) the attainment of isotopic equilibrium between gaseous and
dissolved carbon species, the isotope mass balance can be used to define the §*3C values of TDIC
and CO2(aq) resulting from COz(gas) dissolution, as follows:

513CTD1C = 513Cc02 + €rpIc-co2(g) (10)

Were erpic-coz(g) Was obtained by summing up the fractionation factors between each dissolved
carbon species, dissolved carbon dioxide (COzaq), bicarbonate (HCO3s) and carbonate ions
(CO3z*) and CO2, weighted for their abundance with respect to total dissolved carbon, as

follows0.71;

ETDIC-C02(g) = EHCO3-C02(g) " KHC03 T EC02(aq)-co2(g) " Kuzco3 T €co2--c02(g) *Xco3(2-)

(11)
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Where X represents the mole fraction. The enrichment factors between CO2(gas) and HCOs
(€ncos—co2(g)) @nd CO2 gas and COz2 dissolved (gco2(a)-coz(g)), are defined by Mook et al.,
(1974)"2, in the case of fresh water and, considering the interaction of deep gases with a non-
ideal solution such as a brine, we followed Myrttinen et al. (2015)"3.

We apply this iteration of the water-rock-gas model to determine the best value of §13Crp, that
can represent the deep source signature in the study area. Considering waters with a pH lower
than 6 and temperatures close to those of the thermal waters in the area (48-50°C), we
determined that the §3Cyp; corresponding to the first interaction in shallow-water carbonate
reservoir with deep COz, that has previously interacted with dolomite in the deep reservoir, varies
between 2.21%. and 7.81%o in the case of low salinity waters (S=0%o) and between 3.62%. and
9.23%o in the case of brine (S=35%.). These values are markedly different from those negative

value measured in the cool water and in the range as thermal and ipothermal.

I11. 4.3 Secondary processes controlling the chemical and isotopic

compositions of thermal springs and gas emissions

In the reconstruction of gas-rock-water interaction processes, we have taken into account a
process which involves different matrices (gas, rocks, water or brine) at different conditions of

depths (pressure) and temperatures.

I11. 4.3.1 Aquifer CO-degassing
In order to evaluate if degassing of CO2 from water could be a process that control the decrease
of TDIC and the relative variability of the 8*Cpic in the studied water when Cext>30 mmol/l,
we modelled the effects of degassing on the isotopic signatures of §3C of TDIC (6*3Cyp,¢) and
extracted CO2 (8§ 13C602(g)) can be by a Rayleigh distillation equation using a Hoefs (2009)"4
modified equation:
613 Crpic = (83Crpjc + 103) - FH/toic-co2@~1 — 103 (12)

Where §13Crp,c denotes the initial value of the isotopic composition of the TDIC, F the fraction
of CO2 remaining after degassing and arp;c—coz(g) is derived from erpc_coz(g) reported in

equation (9) as follows:

ETDIC-C02(g)
ATpic-co2(g) = % +1 (13)
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As a consequence of equations (9) and (13), the fractionation factor arpc-coz) IS larger for
higher pH values, due to the different fractionation factors between dissolved carbon species and
CO:a.

We chose initial model values for CO2 dissolution and subsequent outgassing so that the
parameters would minimise the coefficient of determination (R?) between model and measured
values for thermal sites. So, in the case of salinity S=0%. we found that the initial conditions, fit
the value measured in our thermal site with an R?=0.94, calculate using distance2curve” and
rsquare  MATLAB functions. In this case, the &%3Crp;c=3.29%0, corresponding at
83 Ceo2(deep)=3-2%o, With @ e7pic_co2(5y=0.09%o calculated by eq. (9) (Fig. I11. 5a)

In the case of salinity S=35%o, the theoretical curve does not directly fit the points, but the best
result (R®=0.3) is obtained with &Cropgeepy=2.12 and the &'3Crp;c=3.62%0
(erp1c—co2(g)=1.5%0), see Fig. 1. 5b.

The values 6 13CCOZ(deep) can obtained from gas-dolomite interaction a temperature between
224-184 °C (8.30-7.10 km depth) to which corresponding values of €co,_aoi0mite = —0.25%0

and -1.33%o, for S=0%o and S=35%. respectively, compatible with the top of deeper reservoir.
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Figure 111.5: C v. 83C diagram in brine-gas-rocks interaction. C v. §:3C diagram in water-gas-rocks
interaction. The theoretical field resulting from the addition of Cdeep with 8*Crpic=+3.29%o for low
salinity water (a) and 3.62%o for brine (b), to infiltrating water is indicated in light blue. The dashed
vertical line represents the Cext upper limit for the applicability of the no-sink assumption.

I11. 4.3.2 Calcite precipitation effect
The isotopic fractionation caused by calcite precipitation occurring during water circulation
under open-system conditions can be described as a Rayleigh-type fractionation process, as
follows:
513CTDIC(res) = (613CTDIC(init) + 103) + F'®ealcite=to1c=1 — 103 (14)
Where 513CTD,C(im-t) is the initial isotopic composition of TDIC in the hydrothermal fluid,
613CTD,C(TBS) is the isotopic composition of the residual TDIC after calcite precipitation, F' is

the fraction of residual TDIC and a4;cite—7pi1c1S the isotopic fractionation factor between calcite
and TDIC computed, as follows’® (Venturi et al., 2017):
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Ucaicite-ic = [Ecaicite-co2(g) — (XHZCOS ' SCOZ(aq)—COZ(g)) + (XHC03 ' 3Hco3—coz(g))] :
1073+1  (15)

The €cozaq)-coz(g) Value was calculated as in Eq. (2), whereas €.q;cite-co2(g) Were calculated
using the equations proposed by Deines et al. (1974)77, as follows:

(16)

1194000

gcalcite—COZ (9)= )

3.63
By this process, it is possible to explain the §3Crp,c values for the hypothermal sites, which
show a trend that is consistent with the calcite precipitation curves starting at appropriate
positions along the outgassing trend in the case of low salinity water (Fig. 111. 5a). While, in the

case of brine, all the hot water are the result of precipitation (Fig. Il1. 5a).

I11. 4.3.3 Free gases interpretation
In order to reconstruct the behaviour of the dissolved carbon and its relationship with the
degassing of COz2 in the Contursi area, we looked at the interaction between deep-CO:2 and the
local infiltration water according to a Rayleigh process in which the fraction of CO2 exsolved
from aquifer can be modelled using the following equation:

85 Coz(res) = Arpic-coz(g) ° (513CTDIC(init) +103) - Freroic-coz(9)~1 — 103 (17)

Where the arp;c-cozg)is calculated following the equation (13) at T=50°C for S=0%. and for
S=35%o.
To examine the possibility that the § 13C602(g) values for free gas occurrences in the area are due
to CO2 degassing and contemporary calcite precipitation in the aquifer we have computed the
values of §'3C¢,, of residual COz(g) (6" Crozres)) @s a function of residual fraction F’ using
equation (17) and we find that values of 613CCO2(MS) in the range of CAS site are compatible
with those found on the surface (§13C0,=0.7%o for SST and 63C., = 0.86%0 for OV1) this
site is however far (about 4 km) from free gas sites. Alternatively, we can imagine that the latter
derive from water similar to that of the FOR, CAN and TUF sites (about 2 km away) which have
continued the degassing-precipitation process.

I11. 4.3.4 Output of deeply derived CO:

Table 1ll. 4 are show the values of Ccarb and Cext calculated by equations (1) and Ceep,
calculated following equation (3) assuming Cinf=3.23 mmol/l (i.e., the Cext value of FP site). In
sites where the value of Cext is below the assumed Cinf value, we assume that the Cdeep is
absent (or negligible) and Cext practically coincides with Cinf. Once all the terms of the carbon

budget are determined, the total output of deep-CO2 (QCO2-deep) can be computed for any
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carbon source for which the flow-rate is known. As a result, the total rate of deep-CO: in cold
water is Qcoz-deep.cold=4.8 108 mol/y; in ipothermal water Qcoz-deep.ipo=8.91 108 mol/y and in
thermal water Qcoz-deep,ipo=1.86 108 mol/y. In total, for the dissolved sources the Qcoo-
deepdis=1.56-10° molly. If we also take into account free sources such as San Sisto, Qcoz-
deep,free=4.82-108 mol/y (Italiano et al., 2000) the total output in the area becomes Qcoz-tot
=2.04-10° mol/y. This value, even if underestimated due to the partial knowledge of data on flow
rates and the influence of secondary processes, is comparable with total budget of mantle-derived

CO2in active and quiescent volcanic systems in Italy and elsewhere (see Fig. Il1. 6).
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Figure I1l. 6: CO, Output. Assumptions that exclude secondary processes (black full line) can
underestimate CO; outputs by up to twice as much. The total budget of mantle-derived CO, from
worldwide volcanoes are reported reported for a comparison.

If we take secondary processes into the consideration, and assume a pre-degassing TDIC value
of 78.89 mmol/l in case of freshwater (132 mmol/l in case of brine with S=35%.), the Q for
hypothermals and thermals becomes 1.62 10° (2.71 10°) mol/y and 2.81 102 (4.71 10°) molly
respectively, then Qcoz-tt became 2.86 10° (4.14 10°) molly i.e. 40% (twice) more than the
approximate value.

Therefore, the adoption of a more realistic geochemical model highlights how output can be
much more intense than those estimated using simplified models, depending on how much

weight the secondary processes that the fluids undergo on their way to the surface have.
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TDIC Ccarb Cext Cdeep QCDeep-Pre

Sample Name SampleID QLS [\ novl)  (mmolL) (mmolL)  (mmovr)  QCPEP(MOVY) pyassing (moly)
Acquara ponticchio AQP 100 4.26 2.26 2.00
Piceglia Alta PSA 3.92 1.80 2.12
fiumicello FIU 40 3.46 1.70 1.76
S Oronzo SRON 20 4.21 2.20 2.01
» Senerchiella SEN 2000 6.46 2.92 3.54 1.23 7.TTE+07
= 6.37 2.92 3.46 1.15 7.25E+07
g Magliana MAG 10 4.85 2.50 2.35
% Sorgente la regina (basso tanagro) REG 5590 8.15 3.75 4.40 2.09 3.69E+08
o 8.16 3.75 4.41 2.10 3.71E+08
Acetosella ACT 5 17.10 7.02 10.08 7.77 1.23E+06
DoncCarlo DC 50 21.84 7.01 14.83 12.52 1.98E+07
Fontana Prete FP 0.1 6.76 3.53 3.23
CantaniMix CAM 70 24.10 8.43 15.67 13.36 2.95E+07
Ferrata FR 0.7 28.57 9.50 19.06 16.75 3.70E+05
_ Cantani solfurea CAS 100 59.80 59.80 57.49 1.81E+08 2.80E+08
E % Forlenza FOR 500 43.05 43.05 40.74 6.43E+08 1.40E+09
E % Tufaro TUF 47.02 47.02 44,71
E‘ = Cappetta Nuova CAN 46.00 46.00 43.69
Cappetta Vecchia CAV 50 44.68 44.68 42.37 6.69E+07 1.40E+08
CapassoVenere VEN 69.68 69.68 67.37
0 RosaPepe Fredda RSF 60 46.61 46.61 44.30 8.39E+07 1.68E+08
j<3
w8 nmowm e e
=z . . . . .
g CapassoGeyser GEY 13 40.84 40.84 38.53 1.58E+07 3.64E+07
- 40.61 40.61 38.30 1.57E+07 3.64E+07
. 59.29 59.29 56.98
CapassoErcole ERC
59.19 59.19 56.88

Table 111.4: Output of Deep CO in predeceasing and post degassing condition.
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GENERAL CONCLUSION

We are learning new things about the interaction between tectonics, seismicity, and fluid
flow through the crust thanks to the ability of modern geoscience to combine geological,
geochemical, and geophysical studies in seismic zones. This multidisciplinary approach,
has become essential when studying crustal fluids. These in fact, when are stored and
transported through the crust, they mix and interact with gas, water, and rocks, changing
their original chemical composition.

As shown in chapter I, the field of stress associated to the seismicity generated a release
of “He from rock supporting the amount of “He that accumulated in the natural reservoirs
since their formation (1.8-4.5 Ma). These results demonstrate that in tectonically active
regions, the crustal “He degassing can episodically occur and powered as an advective
process by seismogenetic processes. In fact, in the studied area the “He flux through the
crust towards the atmosphere is higher than that due to a steady-state diffusive degassing
and this excess can be due to the local seismicity. Considering the recognized link
between rock deformation/fracturation and He degassing, the monitoring of the He flux
in seismically active regions can potentially provide evidences of a modification of the
field of stress due to the active tectonics, so the He can provides information to a better
knowledge of the seismo-genetic processes at regional scale. However, our study shows
that natural reservoirs accumulate deep sourced volatiles and the natural traps work as a
sponge over time by absorbing the signal transferred towards the surface by the volatiles
coming from deeper than the reservoirs, so these volatiles do not quickly reach Earth
surface. These results well fit with the evidences that the increase of the activity from the
mud volcanoes or vents because of earthquake is essentially post-seismic, in the sense
that it occurs as a consequence of earthquakes and generally, no geochemical variations
are recognized before. Finally, mud volcanoes are surely preferential sites for studying
the relationships between fluids and seismicity, however for using He and other volatiles
to investigate the genesis of earthquakes it is fundamental to have a model of fluids
circulation and its storage into the crust together with an high frequency monitoring of
the He that outgases at the surface. The seismogenesis is a dynamic process of ongoing
rock deformation until to the fracturation, so even if fluids are directly involved in these
processes nevertheless the effects of rock deformation can be also masked or reach the

surface in delay.
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The results reported in chapter Il, indicate that the background seismicity during
interseismic periods also controls the impulsive degassing of crustal “He. Therefore,
coupling geochemical and geophysical long series of data, the crustal “He outputs can be
used as an indicator of the expansion of the seismogenic process, thereby making it
possible to assess the volumes of deformed rocks along the faults. Our study indicates
that a high frequency He monitoring is fundamental to examine and calibrate regional
models capable of describing the relationship between He degassing and seismogenic
processes at depth. Therefore, as already highlighted in volcanic surveillance, our study
emphasizes the need to use new, field deployable analytical solutions that can allow He
data to be acquired (amounts and isotopic signature) with a frequency from weekly to
daily. These new data could help to reconstruct the temporal evolution of natural

processes such as volcanic eruption and earthquakes.

This Phd thesis highlights that a continuous, multidisciplinary, integrated monitoring
approach that includes geochemical and geophysical observations can be the key to
understanding the mechanisms underlying earthquake generation, and could facilitate to
figure out premonitory rock deformation processes preceding the occurrence of a
disastrous earthquake. Therefore, the novel results obtained in this study provide a new
paradigm for studying the genesis of earthquakes and integrating multidisciplinary data
for improving earthquake forecasts.

Finaly in the chapter Ill, using the catalogue of the ~2300 earthquakes that occurred
during 2008-2019 in Irpinia fault zone (Caracausi et al 2022) and processing the data
using Zmap7 tool in Matlab we may differentiate between shallow (2 - 4 km) and deeper
(6 - 8 km) and more intense seismicity.

We notice how the most part (about the 20% of total seismicity) and most intense of
seismic activity (up to M 4.4) is coincident with a top of dry pressurized reservoir in the
brittle layer range, site of rock-COz2 interaction, and large normal faulting earthquakes,
like the 1980 M 6.9 Irpinia event, are driven by fluid amounts at the base of the active
fault system (Improta et al 2014).

Shallow seismic activity constitutes about 10% of the total seismic activity, with
intensities not exceeding M 3 and is coincident with the shallow-water carbonates
reservoir where secondary precipitations and degassing process occur. Our study suggests

that precipitation-based carbon sequestration is occurring right now, and that the process
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is actively lubricating the fault and reducing powerful earthquakes in the creeping areas
of the shallow seismogenic active faults.

In conclusion, an accurate study of rock-water-CO2 interactions allows us to determine
deep CO:2 of mantle origin as a possible source of the Contursi area manifestations (free
and dissolved gases). Infact, due to the CO2 dolomite/calcite-CO2 mantellic fractionation,
which, because of mass ratios in favour of dolomite/calcite even in the presence of short
interaction times the CO2 mantellic signature is completely or nearly masked by that of
dolomite/carbonate. Later interaction of deep CO2 with aqua or brine further modifies its
signature, and through simple mixing and secondary processes of precipitation and
degassing the system consequently evolves into the typical manifestations of the area,
i.e., cold water, thermal and free gas.

The secondary effects of outgassing and/or precipitation can lead to an underestimation
of the CO2 fluxes outgassing from aquifers. This is a very important consequence for the
CO2 badget.

And last but not least, the secondary process occur in rocks-water-COz2 interaction can act
as powerful moderators of seismic activity by preventing the accumulation of gas and

thus, the generation of overpressure
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