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ABSTRACT

The islet of Scoglio d’Affrica (Tuscany Archipelago, northern Tyrrhenian Sea) is an emerging segment of the
Elba-Pianosa Ridge. This ridge is a major tectonic-structural high formed by Eocene-Early Miocene clastic suc-
cession which separates the Tuscany shelf from the Corsica basin. The distinctive structural setting of the Scoglio
d’Affrica region is a result of crustal fragmentation during the extensional tectonic regime of the northern
Tyrrhenian Sea. Along the Elba Pianosa Ridge, a complex interplay between Miocene magmatism, active sub-
marine gas emissions and mud volcanism has been observed. Currently, the Scoglio d’Affrica region experiences
active mud volcanism, accompanied by diffuse seafloor gas leakages and sporadic violent mud-water mixed
eruptions, as exemplified by the most recent event in 2017.

In this study, we present a comprehensive analysis of shipborne magnetic data, swath bathymetry, single and
multichannel seismic profiles of Scoglio d’ Affrica region focalized to provide a comprehensive geophysical model
of shallow crustal dynamics.

Forward and inverse magnetic models reveal the presence of a continuous high magnetic susceptibility body
running along a NNW-SSE direction, parallel to the main tectonic lineaments. This high magnetic source is
interpreted as an ophiolite/high grade serpentinite deposit embedded in Eocene siliciclastic layers resulting from
the disrupting of the Corsica Alpine basement. This deposits are related to sedimentary gravity processes orig-
inated from peripheral highs and accumulated in intra-wedge basins subsequently deformed during the Oligo-
cene. Our reconstruction provides previously unknown details about geometry and distribution of shallow
ophiolite-like deposits thereby improving the comprehension the intricate structural evolution of Elba-Pianosa
Ridge featured by a multiphase tectonic deformation and shallow manifestations of fluid/gas circulation.

1. Introduction

extensively studied for their significance in hydrocarbon exploration
since the early 20th century (Barber et al., 1986; Hedberg, 1980). They

Submarine mud volcanoes represent one of the surficial expressions are observed across diverse environments, ranging from continental
of fluids and gas migration (mostly a mixing of them) from the inner shelves to abyssal plains, with a great concentration at convergent plate
crustal regions to the seafloor through preferential zones of weakness boundaries, and particularly in subduction zones and fold-and-thrust

within sedimentary layers. These geomorphological features have been belts (Higgins and Saunders, 1974; Henry et al., 1990; Milkov, 2000;
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Kopf, 2002; Bonini, 2012). The estimated number of known and inferred
submarine mud volcanoes ranges between 10° and 10°, surpassing the
prevalence of comparable subaerial structures (Milkov, 2000). Subma-
rine mud volcanoes manifest as positive relief often (but not necessary)
associated with diapirism and the migration of gas intermixed with
water-rich sediments. The extrusion of such mixture of fluids, sediments
and gas induces the formation of a breccia-like deposits exhibiting a
typical cone-shaped structure with a distinctive central vent. Frequently,
these features exist in clusters, forming ensembles of cones and craters
(Mazzini and Etiope, 2017). Fluid migration within the sedimentary
column primarily results from a buoyancy process between an
over-pressurized mud layer and the surrounding rocks. The migrating
fluids may originate internally, such as the soluble methane (Hedberg,
1974) or from exotic sources like fluids emerging from deep regions
which follow stratigraphic horizons and/or major tectonic elements
(Brown, 1990). Gas and water seepage from the seafloor can occur
through discrete eruptive events, bringing substantial amounts of fine
sediments to the surface over periods ranging from a few hours to
several years (Zoporowski and Miller, 2009). The gas emitted from the
mud volcanoes typically comprises methane with minor concentrations
of CO,, Ny and trace amounts of He (Milkov et al., 2003; Mazzini and
Etiope, 2017; Saroni et al., 2020). Mud volcanism is a characteristic
feature of sedimentary basins placed within the accretional wedge of the
subduction system, where high deformation rates create a broad distri-
bution of fault systems capable of driving the fluids up-flow. Numerous
instances of mud volcanoes have been identified in the Mediterranean
Sea, particularly in the Gulf of Cadiz (Mascle et al., 2014; Nuzzo et al.,
2019), along the Calabrian accretionary prism (Praeg et al., 2009), in the
southerneast Tyrrhenian Sea (i.e. Paola basin; Rovere et al., 2014, 2022)
and in the Mediterranean Ridge (Ivanov et al., 1996; Limonov et al.,
1996). On land, mud volcanism correlated to compressive tectonic
deformation is well documented in the Northern Apennine (Pede-A-
pennine margin; Bonini, 2007).

Recently a small mud volcano structure was discovered in the
northern Tyrrhenian Sea, offshore the Scoglio d’Affrica islet (also named
“Scoglio d’Africa” or “Africhella”), located approximately 20 km west of
Montecristo Island (Fig. 1a). In 2017, the area experienced an intense
gas burst at the top of this mud volcano that generated a 10-m-height
column of mud and water mixture that ascended from the sea surface.
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This violent episode lasted for a few minutes and gradually diminished
in intensity as witnessed by local fishermen. Within a few days after the
outburst, remotely operated vehicle (ROV) imagery unveiled a flat
crater, approximately 15-20 m in diameter at the summit (about 7.5 m
below the sea level) of a large mound. The occurrence of this intense gas-
water-mud eruption triggered a series of new geophysical, morpholog-
ical and geochemical investigations in the study area.

Casalbore et al. (2020) reconstructed the seafloor morphology of the
region using very high-resolution multibeam bathymetry and ROV
footage, revealing a mud volcano composed of two distinct mounds
aligned NNE-SSW. The 2017 eruption occurred atop the southern
mound. Recent studies by Spatola et al. (2022) have identified addi-
tional potential mud volcanoes and numerous pockmarks in the nearby
area.

Here we present an analysis of magnetic and morphologic data ac-
quired a few months after the 2017 eruption, integrated with previous
seismic reflection profiles and stratigraphic well sequences. This study
identifies, for the first time, a significant tectono-stratigraphic element
within the study area, interpreted as serpentinitic/ophiolitic deposits
emplaced within the Eocene sedimentary sequence. This rock-ensemble
can be related to the disruption of the Alpine Corsica basement, an
ancient fragment of the Tethys Ocean that underwent metamorphic and
serpentinization processes (Lagabrielle et al., 2015 and references
therein).

The serpentinization process promotes multiple physical-chemical
reactions, including the dissolution of inorganic carbon with the for-
mation of CHy-enriched compounds (Klein et al., 2014). Additionally,
the low temperature, fluid-mediate hydration alteration induces a
mineralogical replacement of the primary minerals of mantle peridotite,
such as Olivine and Pyroxene. Under static and high reduction condi-
tion, the alteration of primary 2FeO-rich minerals produces FeyO3 sec-
ondary minerals like as Serpentine, Brucite, Magnetite, Talc and Clorites
(Toft et al., 1990; Pettke and Bretscher, 2022). The serpentinization of
peridotite leads to an increase in the magnetic susceptibility of the
hosting rock, which can vary widely (0.001-0.09 SI) as directly corre-
lated to the degree of alteration (Oufi, 2002; Maffione et al., 2014).

The new geophysical model presented in this study quantitatively
identifies and reconstructs the depth distribution of ophiolite/high-
grade serpentinite deposits along the western flank of Elba-Pianosa

Fig. 1. (a) Structural sketch map of Corsica Basin-Tuscan archipelago region (after Cornamusini et al., 2002; Mauffret et al., 1999; Pascucci et al., 1999) with
location of the tracks of the seismic lines. Dashed red box indicates the area of the new magnetic and bathymetric surveys. Geographical positions of the Martina-1
and Mimosa-1 explorative wells are from Videpi database (www.videpi.com). (b) Stratigraphic sequences of Mimosa-1 and Martina-1 wells simplified from Cor-

namusini and Pascucci (2014); the well depths are referred to the sea level.
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Ridge (EPR, hereafter), postulated to be responsible for the NNW-SSE
magnetic anomaly pattern.

2. Geological setting

The Scoglio d’Affrica islet lies along the southern edge of the EPR, a
structural element striking roughly in a north-south direction and con-
necting Elba and Pianosa islands. Positioned between Corsica Island and
the Italian peninsula (Fig. 1a), the intricate geologic setting of this tec-
tonic domain is intimately linked to the opening of the Tyrrhenian basin.

The evolution of the northern Tyrrhenian Sea remains a subject of
debate in the literature. Most authors suggest that the opening process
commenced in the Eocene, coinciding with the closure of the Tethys
ocean and the eastward retreat of the west-dipping Adria-Paleo-Euro-
pean subduction system (Bartole, 1995; Jolivet et al., 1998; Cornamu-
sini et al., 2002; Molli, 2008; Carminati and Doglioni, 2012). However,
this tectonic scenario is contested by an alternative model proposing an
Eocene east-dipping oceanic subduction, followed by slab breakoff and
mantle exhumation in the Oligocene (Marroni et al., 2010). Despite
variations in the interpretations regarding the onset of basin opening,
the first syn-rift deposits are recognized along the Corsica and Sardinia
margin, dating back to the Early Miocene (Burdigalian). During this
phase, the rollback movement induced an extension of the western
sector of the Tyrrhenian area, characterized by a gradual extension rate
(1-2 cm/y) and the formation of N-S and NE-SW oriented basins (Fac-
cenna et al., 2001, 1997; Jolivet et al., 1998; Mauffret et al., 1999;
Pascucci et al., 1999). Additionally, according to Bonini et al. (2014),
the northern Tyrrhenian basin experienced compressional tectonic
events also between the Late Miocene and Early Pliocene (approxi-
mately 8-3.5 Ma).

The crustal extension and basin formation occurred concurrently
with magmatic episodes. Initially, these occurred in the Corsica region
with the emplacement of Lamproite sills at 13.5 Ma, followed by
younger volcanic formations along the central (e.g., Montecristo Island
at 7.3 and 7.1 Ma) and eastern margins (e.g., Elba Island and Monte
Capanne at 8.2/6.2 Ma) (Jolivet et al., 1998; Savelli, 2000; Serri et al.,
2001).

The western edge of the Tyrrhenian Sea is characterized by the
presence of Corsica-Sardinia massif, a rotated tectonic block of Alpine
origin related to the Early Miocene back-arc rifting and opening of the
Ligurian-Provencal basin (Gueguen et al., 1998; Speranza et al., 2002).
Corsica Island exhibits a complex geological evolution, delineated into
two principal structural domains (Molli, 2008): i) the Hercynian sector
composed of autochthonous undeformed crystalline-basement rocks and
ii) the Alpine region comprising a sequence of metamorphic rocks,
ophiolites and flysh (Malavieille et al., 1998; Marroni and Pandolfi,
2003).

The central portion of the northern Tyrrhenian Sea (Fig. 1a) exhibits
a distinctive pattern of nearly north-south oriented horst and graben
sequences as response to a brittle deformation in a regime of tectonic
fragmentation (Bartole, 1995; Pascucci, 2002; Cocchi et al., 2016). One
prominent structural high in this area is represented by the EPR, situated
between the Corsica basin and the Tuscan Shelf. Its northern sector is
characterize by volcanic island of Capraia and the intrusive plutonic
rocks occurring at Mt. Capanne (Elba Island) and Montecristo Island.
South of Elba Island, the EPR emerges at Pianosa Island, which is mainly
formed by Early Miocene (Burdigalian) Late Miocene (Tortonian-Early
Messinian) and Pleistocene marine and continental deposits (Bossio
et al., 2000). Progressing southward, the EPR crops out at the Scoglio
d’Affrica, an uninhabited islet formed by shallow marine Pleistocene
calcarenites resting above Triassic-Liassic limestones and the meta-
morphic basement (Cornamusini et al., 2002; Motteran and Ventura,
2005). The compressive tectonic deformation in this sector is primarily
associated with thrust-like kinematics, which is accountable for the
observed antiform arrangement of the Eocene-Miocene sedimentary
sequence (Buttinelli et al., 2024).
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This region underwent extensive exploration by AGIP Spa (Italian Oil
& Gas Company) in the 1970s, involving seismic surveys and explor-
atory drillings. The Mimosa-1 and Martina-1 wells recovered approxi-
mately 3380 m and 3127 m of Eocene-Oligocene siliciclastic deposits,
respectively (Fig. 1b). Stratigraphic data from Martina-1 reveal the
occurrence of coarse gravel-sized clasts comprised of ophiolite rocks,
specifically serpentinites, ophiolitic breccias, and minor gabbros. These
clasts are widely dispersed within the Eocene sediments, ranging in
depths from 2000 m to 2200 m below sea level (b.s.1., hereafter). Within
this stratigraphic context, finer-sized serpentinite clasts are prevalent in
a broader range of the log, spanning depths from 1850 m to 2500 m, and
exhibiting an increase in abundance upward (Cornamusini and Pascucci,
2014).

Additionally, the high abundance of greenish shales and the presence
of extraclasts of chlorites observed throughout both sedimentary se-
quences (see supplementary information in Cornamusini and Pascucci,
2014), can suggest a potential link with the serpentinization process.

Submarine gas exhalations near the Scoglio d’Affrica area have been
documented since the early 1960s (Del Bono and Giammarino, 1968;
Motteran and Ventura, 2005). Pioneering marine surveys conducted by
scuba divers (Barletta et al., 1969) revealed the presence of a network of
faults and fractures often associated with gas emissions mainly
composed of CH4 and minor concentrations of No, Oz and CO;. The
origin of these gas seeps remain uncertain and it is still a subject of
discussion (e.g. Meister et al., 2018). More recently, Saroni et al. (2020)
conducted a geochemical study of the gas emissions around Scoglio
d’Affrica revealing a methane composition of thermogenic origin con-
trasting with those sampled offshore Elba Island (Scoglio dell’Ogliera,
Pomonte site) which exhibit a certain abiotic signature (Sciarra et al.,
2019).

3. Data and methods

In July 2017, a new magnetic and bathymetric investigation of the
Scoglio d’Affrica offshore region was performed in collaboration with
the Italian Navy-Hydrographic Institute (Istituto Idrografico della
Marina, IIM) on board the R/V Aretusa. This survey was performed to
identify any potential causative sources responsible for the 2017 gas
outburst.

3.1. Shipborne magnetic survey

Magnetic data were collected using a SeaSpy Marine Magnetics
magnetometer towed about 50 m astern of a hydro-jet survey boat. The
vessel was equipped with DGPS positioning (Omnistar-VBS correction)
and a QPS Qinsy navigation system. Raw magnetic data, sampled at 1
Hz, were collected using the SeaLink software suite which also ensured a
synchronous GPS lay-back correction for the precise positioning of the
magnetic sensor at sea.

The magnetic survey was planned taking into account various factors
such as water depths, the seafloor morphology and also the magnetic
anomaly pattern of the study area from available regional data (i.e.
aeromagnetic data, Caratori Tontini et al., 2004). The magnetic inves-
tigation was conducted following a set of 20 E-W (average heading
N85°) parallel survey lines and 2 orthogonal control tie lines (Fig. 2a).
The resulting dataset comprises over 480000 data records collected
along 152 linear km.

The total-field magnetic data were processed removing spikes and
outliers. Despite the inherently low magnetic signature of the small
fiberglass boat, a heading correction was applied to minimize the (very
low intensity) magnetic noise generated by the vessel. To account for the
time dependence of the Earth’s Magnetic field, daily magnetograms
from the Duronia geomagnetic observatory in Italy (https://www.
intermagnet.org) were utilized. Diurnal correction was applied by sub-
tracting the time-dependent magnetic contribution directly from the raw
dataset. Systematic errors arising from variation in velocity, depth
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Fig. 2. (a) Layout of shipborne magnetic survey of Scoglio d’Affrica area performed in 2017. Red filled point indicates the position (at sea-level) of the gas burst
occurred in March 2017. Contour lines represent the isobaths derived from EMODnet DTM 2020 (EMODnet Bathymetry Consortium, 2020). (b) Total field magnetic
anomaly field acquired during the 2017 survey (panel a). A-A’ black dashed line identifies the track of the magnetic profile used in the forward model (Fig. 8). (¢)
Map of analytic signal derived from magnetic anomaly field. Coloured circles indicate the position of the Euler’s solutions; the symbols size is proportional to the

depth of the magnetic source.

position of the two-fish and a not perfect navigation of the vessel were
assessed through a statistical analysis of the cross points between par-
allel (E-W) and orthogonal (N-S) survey-lines. The cross-over errors
were removed applying a statistical levelling. The magnetic anomaly
field (Fig. 2b) was computed by subtracting from the corrected total
intensity field the deep contribution of the Earth’s magnetic field
derived from the IGRF model (Alken et al., 2021). The intrinsic dipolar
behaviour of the magnetic anomaly field has been corrected by applying
the reduction to the pole (RTP) algorithm (Baranov and Naudy, 1964)
(Fig. S1). This transformation involves a FFT-phase shifting using
present-day values of inclination (55.2°) and declination (2.6°) of
Earth’s Magnetic field, as derived from the IGRF model.

A qualitative evaluation of the distribution of magnetic sources was
achieved by estimating the 3D analytic signal (Fig. 2c). This mathe-
matical procedure is based on the summation of the horizontal and
vertical derivatives of the magnetic anomaly field (total intensity)
(Nabighian, 1984). It represents a very useful analytic approach aimed
to enhance the edges of the causative sources (or ensembles of sources).
In fact, distribution of analytic signal yields a bell-shape curve with
maximum amplitude coinciding with the lateral boundaries of the
magnetic sources. Starting from the magnetic gradient estimation, we
performed a qualitative evaluation of the depth distribution of the
causative magnetic bodies employing the Euler’s deconvolution tech-
niques (Reid et al., 1990; FitzGerald et al., 2004). This methodology
relies on a least-square inversion of the Euler’s homogeneity equation
applied to the magnetic anomaly data utilizing a specific structural
index (SI) (Thompson, 1982). This parameter can vary from O to 3
considering the specific geometry of the magnetic sources. In our case,
we used SI equal to 1 (tabular, sill and horizontal sequence) as optimal
value because it results in a most compact distribution (high clustering)
of the solutions.

3.2. Magnetic modelling

The magnetic forward model technique permits a qualitative
reconstruct of the geometry and magnetic susceptibility properties of
potential causative sources along a cross section. In this study, observed
data were sampled from an interpolated grid along the profile A-A’ (W-E
oriented, Fig. 2b), intersecting the major magnetic features of the Sco-
glio d’Affrica region.

The forward model computation was carried out using GmSYS tool of
Oasis Montaj software suite (Seequent Ltd) based on analytical

algorithms (Talwani and Heirtzler, 1964; Won and Bevis, 1987). This
approach primarily involves estimating the best fitting between the
observed magnetic profile and the synthetic one derived by a distribu-
tion of causative bodies with shape and magnetic susceptibility defined
by the user. To enhance the interpretation, a 2.5D forward modelling
approach was employed, accounting for variations in shape and sus-
ceptibility of the different rock blocks both along and across (in sym-
metric manner) the track profile.

The geologic cross section was constrained using the local strati-
graphic data obtained from the Martina-1 well (Fig. 1.b; Cornamusini
and Pascucci, 2014). The forward computation was performed using
intensity (average value 46212 nT), inclination and declination values
of the local geomagnetic field (from IGRF; Alken et al., 2021).

Subsequently, a quantitative interpretation of magnetic anomaly
data of the Scoglio d’Affrica region was achieved by using a tri-
dimensional inversion. Data were inverted utilizing a voxel mesh with
an upper bound defined by the seafloor morphology and a flat bottom
layer placed at depth of 3.0 km. The total magnetic field was sampled at
the center of each cell and the target misfit set to be variable for the
resulting observation points of the model. The mathematical algorithm
combines a Cartesian cut cell (CCC) (Ingram et al., 2003; Ellis and
MacLeod, 2013) approach and the Iterative Reweighting Inversion (IRI)
focusing (VOXI ™) method to model sharpen contacts. Resulting sus-
ceptibility values have been bounded in the range of +0.1 SI based on
the expected magnetic signature of the crustal structures. Several in-
versions were performed, varying parameters such as the horizontal and
vertical gradient weighting factors and the IRI focus value.

The final selected model represents the best solution that aligns the
available geological information, exhibiting the lowest difference be-
tween the observed and predicted data, i.e. Root Mean Squared (RMS)
misfit equal to 1.4 after 32 iterations.

3.3. Bathymetry survey

Multibeam bathymetry survey was performed in 2017 collecting
data over an area of 75 km?, using Kongsberg EM2040 and EM2040C
multibeam systems working at a frequency of 300/400 kHz. Vessel
positioning was supplied by DGPS FUGRO 9205 GNSS, with Marinestar
HP + G2 corrections. Sound velocity profiles were collected using the
Valeport MiniSVP probe, while tidal data were downloaded from the
ISPRA gauge at Marina di Campo (Elba Island). Bathymetric raw data
were processed with CARIS Hips & Sips 9.0.1 using the CUBE algorithm
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to provide Digital Elevation Model (DEM) with a cell-size of 0.5 m; the
accuracy of bathymetric data is less than 1.22 m and 0.64 m for the
horizontal and vertical planes, respectively. DEM was used to derive the
slope gradient map and to parameterize the main seafloor geomorphic
features through Global Mapper software (Blue Marble Geographics).

3.4. Previous seismic data

The EPR has been largely surveyed by several seismic reflection
profiles in the past. This study contributes a novel and detailed strati-
graphic analysis of the study area, incorporating and reinterpreting
diverse seismic data sources, as depicted in Fig. la. The analyzed
datasets include:

i) High-resolution seismic profiles. The vintage sparker profiles
used in this work (BCO-01 and BCO-02; blue dashed lines in
Fig. 1a) are part of the CNR database acquired on board of R/V
Bannock during 1970s and 1980s (Fabbri et al., 1981)(“Progetto
Finalizzato — Oceanografia e Fondali Marini”’). These profiles were
acquired using a 30-kJ seismic source from Teledyne Exploration
(Huston, USA), with a shooting interval of 25 m and a record
length ranging from 4 to 8 s (TWT). BCO-01 and BCO-02 profiles
are part of the digital Sparker DataBank (SDB, CNR) designed to
preserve and reuse vintage data (Ferrante et al., 2023). To
enhance accessibility and usability, printed seismic lines were
initially scanned to produce high-resolution raster images (TIFF),
which were then converted into standard georeferenced SEGY
profiles using the IMAGE2SEGY tool (Farran, 2008).

ii) Deep crustal multi-channel lines (CROP project). The Scoglio
d’Affrica region was explored by two multichannel seismic lines
(M12A and M12B; red lines in Fig. 1a) being part of the CROP
database (CROsta Profonda; www.crop.cnr.it; Scrocca et al.,
2003; Finetti, 2005). These lines were acquired in the early *90s
and utilized marine data acquisition techniques involving 4 tuned
arrays of 32 airguns and a 4500 m long streamer with 180
channels spaced 25 m apart. The shot interval was 50 m,
providing a coverage of 4500%. Stacked M12A and M12B profiles
have been post-stack time-migrated using a seismic velocity of
1530 m/s at the seafloor and increasing with depth.

iii) Oil and gas exploration seismic surveys. Agip Spa (now Eni S.p.A)
conducted an active exploration of Tuscany basin since 1970,
conducting seismic reflection surveys and drilling operations
(Mimosa-1 and Martina-1 wells) (Pascucci et al., 1999; Pascucci,
2002). Among all the numerous of seismic lines spanning the
northern Tyrrhenian Sea (www.videpi.it), we have selected the
T9 and T12 lines (black lines in Fig. 1a) because they partially
intersect the Scoglio d’Affrica region. These profiles were ac-
quired using an airgun source, and a streamer equipped by 240
hydrophones; the shot interval ranged from 13 m to 26 m. Data
were processed and time-migrated as outlined by Mariani and
Prato (1988).

The seismic lines underwent a detailed analysis providing a detailed
interpretation of the main sedimentary units spanning from the Eocene
to the Plio-Quaternary. This interpretation was conducted using the
Kingdom Suite software (IHS Markit). The identification of the several
seismic facies (base of Pliocene, of Miocene and of Oligocene or top of
Eocene) was constrained by using the Mimosa-1 and Martina-1 strati-
graphic sequences. The projection of stratigraphic sequence on the
seismic line required a depth conversion using a seismic velocity equal
to 3300 m/s.

In addition, a 2D geometrical reconstruction of the seismic horizon
associated with the top of Eocene was performed, time-deriving its
distribution from sparker (BCO-01) and multichannel seismic lines
(M12A-B and T12 lines), and finally creating a 100 m grid cell size map.
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4. Results and interpretation
4.1. Morpho-bathymetric data

The study area is located between 3 and 155 m water depths (wd,
hereafter), corresponding to the upper part of the EPR (Fig. 3a). The
distribution of geomorphic features in the area can be divided into two
sectors:

a) the shallow (first 50 m wd) and gently sloping top-of-the-ridge
central sector is morphologically characterized by several cone-
shaped morphological highs, with diameters of some hundreds of
meters and heights of few tens of meters. They generally have a flat
summit and steep flanks (Fig. 3b), where lobate-like flows are
sometimes recognized. Direct observations through ROV and scuba
dives on two of these features have detected diffuse seepage and
mud-breccia (Casalbore et al., 2020; Saroni et al., 2020; Ferretti
et al., 2021), leading to interpret them as mud volcanoes (MV in
Fig. 3a). Particularly, the mud volcano responsible for the 2017
outburst is made of two small coalescence mounds, forming an
NNE-SSW elongated ridge. Besides these mud volcanoes, the area is
characterized by small patches of irregular seafloor, interpreted as
sandy patches that interrupt the continuity of the Posidonia oceanica
meadows, and by sub-circular or slightly elongated depressions
interpreted as pockmarks, with diameters of few tens of meters and
negative relief of a few meters (Spatola et al., 2022).

b) The western and eastern ridge flanks are instead characterized by a
steeper seafloor, morphologically dominated by a series of steep (on
average 15°, locally up to 40°) and linear escarpments, mainly ori-
ented along N-S and NNE-SSW directions. These features are several
hundred meters long and a few tens of meters high, sometimes
delimiting elongated channels, as for instance observed in the
northern part (Ch in Fig. 3a). Along the western flank, a series of sub-
circular or irregular morphological highs (MH in Fig. 3a) are present,
with a maximum diameter of few hundred meters and maximum
relief of ~10 m with respect to the surrounding seafloor. Their top is
almost flat and smooth, and aligned along a NNE-SSW direction or
forming ridges elongated in the same direction (ridges in Fig. 3a).

4.2. Magnetic data and modelling

The shipborne dataset collected during the 2017 oceanographic
cruise represents the unique available, high resolution magnetic set of
data of this portion of the northern Tyrrhenian Sea.

The study area shows a low amplitude magnetic anomaly pattern
(Fig. 2b) related to the geological background mainly formed by clastic
successions having a low-to-null magnetic susceptibility. Anyway, the
eastern portion of the survey area shows a very intriguing singularity: a
N-S oriented, 10 km-long magnetic anomaly, ranging between —30 and
-+100 nT. This anomaly is well distributed along the entire survey region
and it probably extends also further. East of the structure another high
positive magnetic peak ranging about 120-150 nT is present. This
magnetic high has a very complex geometry with a clear dipolar shape
still observable in the RTP anomaly map (Fig. S1). The positive-negative
dipolar distribution seems oriented in E-W/NW-SE direction, which is
not parallel to the declination of the Induced magnetic field (about 3°,
NNE-SSW direction). This behaviour could suggest the presence of a
ferromagnetic causative source having an anthropic origin.

The distribution of analytic signal (Fig. 2¢) identifies a main N-S
magnetic structure which is clearly divided in two main portions with an
asymmetric elongation: the longer and smaller portions of the structure
occur at southern and northern edges of the study area, respectively. The
two segments seem both placed between 700 and 1500 m b.s.l. with an
average depth of the centroids about 1200 m (max. depth 1700 m); the
southernmost edge of the structure seems to rise upward in shallower
position (minimum depth 500 m. b.s.l). The north-eastern cluster of
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Fig. 3. (a) Shaded relief map (artificial sunlight from E) and isobaths (equidistance 20 m) of the study area, with the indication of the main geomorphic features; MV:
mud volcano, MH: morphological high, Ch: channel. (b) slope gradients map of the study area.

solutions shows an increasing depth without a clear correlation with
analytic signal. These solutions could be associated with a low
frequency-low amplitude regional magnetic pattern. The south-eastern
magnetic anomaly seems linked to a very shallow source (or a cluster
of sources) located at depth <200 m (min. depth 114 m). This can
suggest its anthropic origin. Anyway, in this sector, the Euler’s decon-
volution process was very unstable with a large number of uncertain
solutions (many depth values very close to the seafloor). Considering
this ambiguity coupled to the undefined nature of this source and the
lack of other independent data, our interpretation will be mainly focused
on the western sector of the study area.

The peculiar setting of the Scoglio d’Affrica region was quantita-
tively modelled by inverting the magnetic anomaly field (Fig. 4). This
approach permitted to reconstruct the 3D distribution of the magnetic
susceptibility of a crustal volume limited between the seafloor and a flat
bottom layer placed at about 3 Km of depth. We provided a simple
representation of the inverse model highlighting a set of isosurfaces
encompassing most of the rock having positive susceptibility (>0.02 SI).
The resulting model highlights the presence of a major N-S elongated
body having middle-high susceptibility (>0.05 SI) which extends for the
entire length of the area of interest (Fig. 4 and additional views in
Fig. S3). This structure seems to be divided in two major branches: a 2.5

Fig. 4. 3D inverse model of Scoglio d’Affrica region; nested isosurfaces range from 0.02 SI (light blue) to 0.08 SI (dark blue) encompassing most of the source rock
volume with magnetic properties. View from South-East. Coloured circles indicate 3D distribution of the Euler’s solutions (see Fig. 2c).
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km long northern tip which tends to enlarge in volume and gently
deepening northward reaching a depth of about 2300 m b.s.l; the
southern branch shows a 7.5 km long, tapered body placed at an average
depth of 1500 m. Moving to the inner portion of this elongated body the
magnetic susceptibility tends to increase reaching a value of 0.08 SI,
which is a value highly compatible with the results obtained by the
previous forward model. Depth distribution of the susceptibility struc-
tures highlighted in the inverse model matches very well the position of
the Euler’s solutions (Fig. 2c).

4.3. Seismic data

The interpretation of the six seismic lines (single and multichannel)
was mainly performed using the stratigraphic sequence derived from
Martina-1 and Mimosa-1 wells (Fig. 1b). The well logs have been used as
primary constraint to map (in depth position) the ophiolitic deposits/
turbiditic sequence along the different seismic lines.

The two explorative drillings, located at the top of the EPR (Fig. 1b),
detect rocks from Eocene (unit SUB1), Oligocene (unit SUB2) and Early
Miocene (unit LITO) without any significant records about Middle-Late
Miocene sedimentary events; very thin layers of Pleistocene age are
also detected at the top of the two wells.

The Late Miocene to Pleistocene sedimentary sequence forming the
EPR is well described in the sparker (Fig. 5) and CROP profiles (Fig. 6).
Westward, a well-stratified and mainly not-deformed sedimentary unit,
interpreted as Pliocene-Quaternary sequence, thickens up to about 990
m within the Corsica Basin (Fig. 5), assuming an average seismic ve-
locity of 2000 m/s. This unit reaches a similar thickness in an N-S ori-
ented inner basin to the east.

The entire Corsica-Tuscany sector is generally deformed by
Tortonian-Messinian extensional tectonics (Pascucci et al., 1999;
Moeller et al., 2013; Loreto et al., 2021) , as confirmed by Early Mes-
sinian syn-rift deposits (base of Pliocene, in dark green line, Figs. 5 and
6). On the western side of EPR, the Corsica basin, filled by
Eocene-Quaternary sediments (Figs. 5 and 6a), is bounded by a main
extensional W-dipping faults related to the opening of the basin (Pas-
cucci, 2005). On the eastern and northern side, sediments are dislocated
by E and W-dipping major listric and minor normal faults (Figs. 5 and
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6b), forming graben or half-graben systems, also shown in Bartole
(1995). Such normal faults allowed the formation of Pianosa and Mon-
tecristo basins having maximum depths of 280 m and 450 m, respec-
tively (Fig. 6a).

The extensional system deforms the Eocene sediments previously
uplifted and folded by a compressional tectonic, linked to the Ligurian-
Provencal phase (Principi and Treves, 1984; Mauffret and Contrucci,
1999; Brunet et al., 2000), as also inferred by the folded deep sediments
observed within seismic images (Fig. 6). Notably, in the easternmost
part of the sparker profile BCO-02 (see CDPs 0-5000 in Fig. 5a), two
gentle folds deform the entire Miocene to Pliocene sedimentary
sequence, indicating a potential recent shortening phase with W-ver-
gence. Episodes of Late Miocene compressive pulses are also observed in
the westernmost portion of Tuscan shelf (Buttinelli et al., 2024) and in
the inner sector of the northern Apennine chain (Bonini et al., 2014).

Additional oil and gas exploration seismic lines T12 and T9 (Fig. 7,
Fig. S2, respectively; location in Fig. 1a) have been also studied in order
to add further stratigraphic details of northern and southern portions of
EPR. T12 lines (Fig. 7) runs in E-W direction very close to the Martina-1
well (projected). In the western side, the Eocene-Early Miocene sedi-
mentary sequence tends to be thicker in the centre of the Corsica Basin,
becoming instead thinner on the eastern side. Eastward, the sediments
are deformed by major E-verging detachment faults that shifted down
the bottom of the Early Miocene unit at the same level of the bottom of
the Oligocene (see shot-points 420-480, Fig. 7). The seismic line T9
(Fig. S2) highlights a similar structural pattern with a clear rising up of
Oligocene unit (probably also Eocene) in proximity of EPR (shot point
400). East of the structural high two east-verging normal faults displace
the base of Early Miocene unit. Pliocene deposits seem not be recognized
along this profile.

5. Discussion

The magnetic anomaly field of Scoglio d’Affrica region presents a
very distinct pattern, notable intriguing given that the EPR is predom-
inantly composed of a more than 3-km thick Eocene-Miocene silici-
clastic sequence overlying a crystalline basement (Cornamusini et al.,
2002). All these sedimentary units are featured by a very low magnetic

Fig. 5. High resolution sparker profiles BCO-02 (a) and BCO-01 (b) with superimposition of the interpretative line-drawing (tracks of the profiles are reported in
Fig. 1a); position explorative wells are projected and graphically represented with grey bars. Intersection with other seismic profiles is marked with small black bars.
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Fig. 6. Interpretation of the multichannel seismic profiles M12A (a) and M12B (b) from CROP database (CROsta Profonda; www.crop.cnr.it); tracks of seismic lines

are shown in Fig. 1a. Black rectangles identify the inset of Fig. e.

susceptibility. The inverse model of magnetic anomaly field (Fig. 4,
Fig. S3) reveals the presence of a N-S elongated high magnetic suscep-
tibility body formed by the overlapping of two main elements: i) a
deeper northern branch having a N-S extension of about 2.5 km; ii) a
central-southern magnetic source extending for about 7.5 km.

The interpretation of inverse model is not unique; in fact, the same
susceptibility distribution could be associate with rock-sources of
different nature, specifically either: a) Fe-rich intrusive magmatic body
or b) high grade serpentinite/ophiolite deposits.

We can dismiss the first hypothesis for several reasons: a) a potential
magmatic intrusion should be linked to the neighbouring monzogranite
rocks forming Montecristo Island (Innocenti et al., 1997), that are
characterized by very low magnetic susceptibility (i.e. Vercelli Smt;
Cocchi et al., 2016); b) the magnetic body extends along a flat layer at
depth of 2000/2500 m without any vertical root, excluding the possi-
bility of a classic deep magmatic plumbing system; c) magmatic in-
trusions typical exhibit seismic facies characterized by highly
discontinuous and reflective horizons forming chaotic signature (e.g.
Firetto Carlino et al., 2019; Loreto et al., 2021). No evidence of these
seismic features has been identified in the study area (Figs. 5, Fig. 6,
Fig. 7).

On the other hand, we argue that the observed magnetic anomaly
pattern could be more readily associated with ophiolite/serpentinite
deposits commonly characterized by medium to high magnetic suscep-
tibility values (i.e. Maffione et al., 2014 and references therein). This
hypothesis is corroborated especially considering that some layers of
this material were intersected by both Mimosa-1 and Martina-1 wells.

To validate this interpretation, we performed a 2.5D magnetic for-
ward model along the W-E profile (track A-A’ in Fig. 2b), which in-
tersects orthogonally the N-S elongated magnetic body (Fig. 8).

This cross section shows a primary bedrock composed by Mesozoic
limestones with low susceptibility (from 0.005 to 0.01 SI) overlaid by
approximately 500 m thick of marine sediments showing almost null
magnetic signature (0.005 SI). The susceptibility values of these sedi-
mentary layers come from the literature (Telford et al., 1990). The
thickness of these different layers was extrapolated from the Martina-1
well (Fig. 1b and reported as inset of Fig. 8), located a few km north
to the study area. This well displays a continuous stratigraphy without
any record of duplication of the succession (thrust overcoming) as
instead observed in the Mimosa-1 well-log (Cornamusini et al., 2002).

The best fitting (misfit error of 1.551 nT) between observed and
computed magnetic profiles was achieved by introducing a high sus-
ceptibility body that extends in depth from 1760 m to 2200 m, with its
centroid situated around 1900 m. In light of the Martina-1 well log, we
attribute the causative source to the presence of ophiolite/high-grade
serpentinized clasts and blocks embedded in turbiditic-like deposits,
originating from the Alpine Corsica region (Cornamusini and Pascucci,
2014). Consequently, our model was constrained using a susceptibility
value for the recovered ophiolitic deposit equal to those of Corsica-West
Alpine serpentinite rocks (0.08-0.09 SI; Bonnemains et al., 2016).

The geophysical model reveals that ophiolitic deposits of Scoglio
d’Affrica are emplaced at a shallower depth (about 200 m) than the
sedimentary sequence of the Martina-1 well (average meter 2100 m).
This discrepancy could simply be attributed to the non-uniform sedi-
mentary input across the entire EPR. Considering the sedimentary na-
ture of these deposits, it is plausible to assume that their depth location
and thickness can vary from site to site along the EPR. In these terms,
clear differences are evident when transitioning from the southern
Mimosa-1 wells to the northern Martina-1 site.

It is noteworthy that the forward model may not entirely represent
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Fig. 7. (a) Line drawing relative to the seismic profile T12, crossing the Martina-1 well (projected). Location is shown in Fig. 1a. (b) The uninterpreted migrated T12

seismic profile; rectangle identified the inset reported in Fig. 9d.

the real distribution of the diverse lithologies constituting the whole
thickness (2500 m) of the crustal section. This methodology does not
facilitate the identification of small-scale magnetic susceptibility varia-
tions (such as fine-sized clastic material diluted in the stratigraphic
column) but tends to average magnetic properties over macro sectors of
the cross-section. As a consequence, slight discrepancies in terms of
depth and vertical extension of the modelled bodies compared to the real
ones may occur.

The latest outcomes of our magnetic modelling and seismo-
stratigraphic analysis offer a comprehensive depiction of the tectonic
setting in the EPR, uncovering the occurrence of shallow ophiolitic de-
posits within the Eocene siliciclastic unit, already punctually identified
by explorative wells. Significantly, these deposits exhibit a distinctive
alignment primarily along the western margin of the EPR. This can be
attributed to i) the preferential deposition of coarse-gravel turbiditic
material linked to flows originating from the west and ii) variation in
rates and deformation styles passing from external to internal margin of
the EPR. In this context, the western EPR margin exhibits significant
compressional deformation encompassing the entire sedimentary
sequence, ranging from Pliocene to Eocene. Progressing eastward, into
the inner sections of the Pianosa and Montecristo basins, east-dipping
normal faults induce a downward shift in the Eocene unit and its asso-
ciated ophiolitic deposits. This structural pattern is well depicted by the
isochrones map (Fig. 9a) related to the top of Eocene strata, where
ophiolite clasts are embedded. These units swiftly ascend towards the
EPR structural high, forming a circular minimum of approximately 0.5 s

(TWT) in proximity to the Scoglio d’Affrica region (Fig. 9a), where they
are abruptly interrupted by a set of east-verging listric faults (Figs. 6a
and 7, Fig. S2). The asymmetric tectonic and sedimentary style evident
across the EPR results in a peculiar pattern magnetic anomaly field
characterized by a high-intensity positive anomalies along the western
margin which gradually vanishes towards the eastern portion (Fig. 2a,
Fig. S1).

The stratigraphic sequences retrieved from explorative wells also
highlight that the ophiolites deposits are placed within the Eocene
strata, about 1.5-2 km below the gas enriched sediments predominantly
found within the Oligocene succession, as evidenced by the Mimosa-1
well. Additionally, minute gas-bearing layers are discernible within
the Miocene units, as observed in the upper segment of the Marina-1 log
(at depth of 500/550 m; see Videpi repository).

Only Martina-1 well detects Miocene units where very tiny
gas-bearing layers are also present (at depth of 500/550 m). To better
understand the relationship between ophiolites deposits and gas-
enriched sediments, we projected these levels on the M12a-b seismic
lines and on the T12 multi-channel seismic profile (Fig. 9c-e). These
results prompt intriguing questions about a potential correlation be-
tween the presence of ophiolitic deposits, the observed mud volcanism
and methane-enriched gas up-flow in the Scoglio d’Affrica region.
Nonetheless, as indicated by Saroni et al. (2020), the gas emissions in the
proximity of the mud volcano at Scoglio d’Affrica are primarily
composed of CH4 (95-96.8 vol%), exhibiting an isotopic signature
consistent with a thermogenic origin. While we cannot definitively
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Fig. 8. 2.5D magnetic forward model of Scoglio d’ Affrica offshore area. Observed magnetic profile was obtained sampling every 65 m the gridded magnetic anomaly
field along the A-A’ profile (track shown in Fig. 2b). On the right side we report the stratigraphic sequence of Martina-1 well (simplified from Cornamusini and
Pascucci, 2014).

Fig. 9. (a) Contour map of the top of the Eocene seismic horizon (time-derived) reconstructed combining high resolution sparker (BCO-01, Fig. 5b), CROP seismic
profiles (Fig. 6) and T12 line (Fig. 7). (b) Distribution of seismic lines used for the compilation of the top of Eocene map (a); (c-e) Inset of seismic lines (Figs. 5, Fig. 6,
Fig. 7) with the position of ophiolites (green) and gas-enriched (red) deposits projected from Martina-1 and Mimosa-1 wells.
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establish a relationship between gas emissions/mud volcanism and the
presence of 10-km-long shallow ophiolitic deposits, this latter structur-
al/sedimentary element aligns remarkably well with the geodynamic
scenario of this sector of the Tyrrhenian Sea.

During the Eocene, the EPR-Corsica basin evolved into a thrust-top
system (Mauffret et al., 1999), resulting in the deposition of approxi-
mately 3 km of siliciclastic material, primarily associated with
turbiditic-like fan systems fed by the eastern Alpine-Corsica region
(Fig. 10). In this context, the aggregates of ophiolitic/serpentinitic ma-
terial (block and clasts) can be interpreted as olitostromes within Eocene
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siliciclastic unit. These are related to the block and/or mass slides
originated from peripheral highs and accumulated in intra-wedge or
piggy-back basins inverted during the Oligocene (Cornamusini et al.,
2002). The sedimentary infilling of intra-wedge basins persisted also
during the Oligocene (see Figs. 5, Fig. 6, Fig. 7). Contextually, in this
period, the EPR area experienced the effects of a strike-slip fault zone
(Turco et al., 2012), leading to the deformation of the existing detrital
deposits. This is evident in the Mimosa-1 well-log, which demonstrates a
doubled sedimentary sequence (Fig. 1b). Since the Miocene, the exten-
sion phase has been relevant, giving rise to a series of normal faults that

Fig. 10. 3D sketch of the Corsica Basin-Tuscany Archipelago, with location of ophiolitic deposit depicted by magnetic model. Additionally, ophiolitic bodies
identified along different seismic lines and well logs (red dots) are also reported as simple cartoons (not in scale). On the upper side, we present a schematic
illustration of a turbiditic system (high and low density); idealized vertical stacking pattern has been derived and simplified from Eocene sequence of Martina-1 well.
Cross-section (lower inset) represents the tectonic/structural setting of the Corsica-EPR transect during the Early Miocene (simplified from Cornamusini and Pas-

cucci, 2014).
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shaped the EPR region and led to the formation of structural highs. In the
current geodynamical context, the Scoglio d’ Affrica forms a segment of a
larger morphologic high, bordered by high-angle normal faults that
were active during the post-Burdigalian extensional stage (Cornamusini
et al., 2002) (Figs. 5, Fig. 6, Fig. 7, Fig. 10). The crustal fragmentation
has involved very shallow structural layer promoting the emplacement
of mud volcanoes and fluid seeps; they typically manifest at the crests of
the fault system, whether normal or back thrust where secondary brittle
features associated with fold growth serves as primary conduits for fluid
migration (Bonini, 2012). The gas emissions along EPR may be attrib-
uted to the reactivation of local shallow normal fault systems, which
acted as primary pathways for the upwelling of CHy-bearing fluids
originating from the nearby Eocene-Oligocene intra-wedge sedimentary
basins.

6. Conclusion

A comprehensive interpretative crustal model of Scoglio d’Affrica
has been developed, integrating magnetic, morphologic, seismic, as well
as stratigraphic (well-log) data. The Scoglio d’Affrica is an emerged
segment of the southern EPR and is notable for widespread fluid
seepage, featuring multiple active shallow-water mud volcanoes, as
testified by the recent explosive gas outburst occurred in 2017 a few km
far from the islet.

The quantitative interpretation of magnetic data involved the com-
bination of direct and inverse magnetic models constrained by strati-
graphic records obtained from different seismic profiles and two
explorative wells. The latest findings outline the presence of an N-S
elongated body placed about 2000 m b.s.], exhibiting high magnetic
susceptibility. Considering the stratigraphic succession of the area, this
body is interpreted as deposit of clasts and blocks of ophiolites/ser-
pentinites placed which are originated from the disruption of Alpine
Corsica basement. This sedimentary unit can be interpreted as
allochthonous, indicating a distinct provenance in contrast to the in-
ternal Ligurian ophiolites units that are partly exposed in proximity of
the nearby Elba Island.

Seismo-stratigraphic analysis additionally depicts that the ophiolitic
materials are positioned below the gas-enriched layers (mainly found
within Oligocene successions) in proximity to normal faults flanking the
EPR structural high. The coexistence of shallow ophiolite-like deposits
just beneath a mud volcano, affected by moderate gas leakages, can
sparks speculative yet stimulating discussions about the causes of the
recent episodic gas burst in the study area. Nonetheless, a definitive
answer to this intriguing scientific question necessitates additional data.

The outcomes derived from the magnetic model introduce novel
interpretative elements shedding light on the crustal setting of the
Scoglio d’Affrica region. Here we observe a convergence of multiphase
tectonic deformation, the presence of shallow ophiolitic-like deposits
and mud volcanism with active gas exhalations. All these features pro-
vide a fascinating subject for exploration and invites further investiga-
tion into the complex geological processes shaping the Scoglio d’Affrica
region.
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