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Abstract Carbonate deposits related to active seeps are documented along most continental margins and are characterized by
peculiar seep-related facies and by chemical (isotope signature), paleontological and mineralogical markers. Their fossil ana-
logues are recognized all over the world by the same features and occurred since the beginning of Phanerozoic. In this paper, we
present a new seep outcrop (Castagneto village, Reggio Emilia, northern Italy) belonging to the late Eocene Loiano Formation
which, to our knowledge, is in Italy the most ancient seep deposit with not-reworked chemosymbiotic fauna. The outcrop can be
roughly divided into two portions, a northern part showing abundant presence of macrofossils in silty carbonate matrix and sub-
horizontal subdivisions, and a southern part, where macrofossils are almost absent, characterized by sub-vertical internal
subdivisions and a clear vertical structure consisting of the rhythmic alternation of light and dark mineralization. Detailed
analysis of samples from the southern portion showed the occurrence of authigenic calcite and pyrite, the latter with a peculiar
framboidal texture. This feature, together with the occurrence of chemosymbiotic species and Bc isotope depletion, suggests
possible hydrocarbon-rich fluid-related genesis and provides useful criteria for identifying hydrocarbon-rich fluid-related de-

posits in geologic units.
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1. Introduction

Authigenic carbonate deposits form when hydrocarbon-rich
fluids diffuse through sediments toward the seafloor (Bohr-
mann and Torres, 2006; Meister et al., 2008; Greinert et al.,
2013; Suess, 2014), creating conditions for the development
of chemosynthesis-based micro- and macro-ecosystems
sustained by the energy associated with rising fluids (Ahar-
on, 1994; Clari et al., 1994; Boetius et al., 2000; Gomez-
Pérez, 2003; Baker et al., 2010). Fluid-microbial interactions
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is realized by the anaerobic oxidation of methane (Boetius et
al., 2000) inducing the precipitation of authigenic carbonates
with distinct isotopic signatures (Greinert et al., 2001).
Carbonate deposits linked to active seeps are recognized
along most continental margins (Baker et al., 2010) and are
characterized by distinctive features (Campbell et al., 2002;
Campbell, 2006): (1) discrete masses of limited extent (up to
a few hundred meters) and thickness (to a few dozen meters)
with peculiar seep-related facies and structures, and gen-
erally enclosed in fine-grained siliciclastic successions; (2)
abundant distinctive, chemotrophic assemblages, dominated
by lucinids, vesicomyids, modioloids and tube worms, but
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absent in the enclosing sediments; (3) strong depletion of Bc
with ¢°°C ranging from —15%o to —50%o; (4) possible mi-
neralization with peculiar textures.

Their fossil analogues have been recognized by the same
features and occurred since the beginning of Phanerozoic
(Campbell, 2006; Teichert and van de Schootbrugge, 2013).
In the Apennine chain, seep-carbonate outcrops are mainly
hosted in Neogene successions (Conti et al., 2021) and his-
torically known under the informal lithostratigraphic name
of Calcari a Lucina (Taviani, 1994). Seep-carbonate pre-
cipitation and fluid expulsion processes occurred in different
tectonic settings of the Apennine foreland, from wedge-top
basins through the outer slope of the accretionary prism, and
at the leading edge of the deformational front in the inner
foredeep, in correspondence of fault-related anticlines. Until
now, the most ancient chemosymbiotic fauna in the northern
Apennines is from the lower Miocene of the Casentino ba-
sins (Conti et al., 2017). Other older reports refer to late
Oligocene 13C—depleted carbonate blocks or macroconcre-
tions (Clari et al., 2009) lacking chemosymbiotic organism
remains and reworked carbonates without showing complete
evidence of typical seep markers (Marroni et al., 2014).

This research presents a new seep outcrop (Castagneto
village, Reggio Emilia, northern Italy) identified on the basis
of seep-related facies and structures, chemosymbiotic fauna,
stable isotope geochemistry and, as recently proved, by the
abundant occurrence of framboidal pyrite (i.e., a microscopic
spherical and subspherical aggregate of nearly equidimen-
sional pyrite microcrystals). The presence of pyrite has long
been accepted as a redox proxy in ancient (and recent) se-
dimentary environments (Wilkin and Barnes, 1997; Suits and
Wilkin, 1998; Wignall and Newton, 1998; Wilkin and Ar-
thur, 2001; Wignall et al., 2005, 2010; Shen et al., 2007,
2016; Zhou and Jiang, 2009; Bond and Wignall, 2010; Guan
et al., 2014). Although most studies of authigenic pyrite
focus primarily on pyrite content and sulfur isotopic com-
position (Peckmann et al., 2001; Zhang J et al., 2014; Lin et
al., 2015, 2016b, 2016c; Feng et al., 2018; Liu et al., 2020b),
also morphology, size, distribution and texture of pyrite
crystals have been suggested as a marker of the crystal-
lization environment (Wilkin et al., 1996; Peckmann et al.,
2001; Soliman and El Goresy, 2012; Zhang M et al., 2014;
Wang et al., 2015; Lin et al., 2016a; Rickard, 2019; Miao et
al., 2021). Several recent studies confirmed that pyrite ag-
gregates with framboidal texture are larger in oxic-dysoxic
than in euxinic environments, promoting the presence of
framboids and their size distribution as an effective marker
not only of bottom water redox conditions (Wilkin et al.,
1996, Wilkin and Barnes, 1997; Suits and Wilkin, 1998;
Wignall and Newton, 1998; Wilkin and Arthur, 2001; Niel-
sen and Shen, 2004; Wignall et al., 2005, 2010; Shen et al.,
2007; Zhou and Jiang, 2009; Bond and Wignall, 2010; Ca-
valazzi et al., 2012; Guan et al., 2014), but also as indicators
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of methane seepage (Lin et al., 2016a, 2016b; Rickard, 2019;
Miao et al., 2021). More specifically, pyrite framboids may
form and grow where the anaerobic oxidation of methane
seeps and microbial reduction of sulfates occur simulta-
neously. This zone, normally found a few meters deep in the
sediments, is known as the sulfate-methane transition zone
(SMTZ) and here the formation of pyrite (and occasionally
other phases) is greatly enhanced precisely because of me-
thane infiltration (Peckmann et al., 2001; Arvidson et al.,
2004; Jargensen et al., 2004; Neretin et al., 2004; Sassen et
al., 2004; Garming et al., 2005; Novosel et al., 2005; Rie-
dinger et al., 2005; Larrasoafia et al., 2007; Lim et al., 2011;
Peketi et al., 2012). Actually, in the SMTZ most of the me-
thane gas released into the ocean is consumed by micro-
organisms through anaerobic oxidation coupled to sulfate/
iron/manganese reduction (Knittel and Boetius, 2009) and
this reaction can lead to the formation of either authigenic
carbonate and pyrite, providing an important tool to study
past methane seepage activities (Berner, 1984; Boetius et al.,
2000; Borowski et al., 2013).

The outcrop studied in this research, which is strongly
characterized by the presence of mineralization and fossils,
occurs in the basal part of Epiligurian succession deposited
in northern Apennine wedge-top basins indicating a late
Eocene age and, to our knowledge, represents in Italy the
most ancient seep deposit with not-reworked chemo-
symbiotic fauna. The experimental results, obtained and
discussed by applying a multidisciplinary approach, outlined
the geological, paleontological and mineralogical char-
acteristics of the seepage. Seep deposits are markers of fossil
fluid circulation and their identification is critical for re-
constructing tectonic setting; we therefore believe that the
analytical approach here proposed can be very helpful in
their identification and characterization.

2. Geological setting

2.1 The northern Apennines

The orogenic wedge of the northern Apennines consists of
several, imbricated tectonic units bound by thrusts generally
verging to the northeast. The farthest traveled structural unit,
the Ligurian nappe, presently occupies the highest position in
the chain (Appendix Figure Sla, https://link.springer.com).
The main component units of the nappe, the Jurassic-Eocene
Ligurian units, are the remnants of the oceanic seaways of
the Alpine Tethys (Ligurian Ocean) and, perhaps, of the
adjacent continental margin of the Adria microplate (Bor-
tolotti et al., 2001; Marroni and Pandolfi, 2007; Conti et al.,
2020). Some of these units were deformed in a Late Cre-
taceous-Eocene accretionary wedge (Figure S1b), prior to
the continental collision between the European plate and
Adria microplate (Labaume et al., 1991; Pini, 1999; Marroni
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and Pandolfi, 2001; Catanzariti et al., 2007). Following the
Oligocene-Miocene continental collision, clastic wedges
accumulated in foreland basins in front of the deforming belt
as due to the activation of crustal thrusts and the progressive
roll-back of the subducting Adriatic slab (Faccenna et al.,
2001; Finetti et al., 2001).

The post-collisional deformation of the western part of the
Adria microplate took place during distinct tectonic phases
of Oligocene, early Miocene, late Miocene, Pliocene and
Pleistocene ages (Castellarin et al., 1992). These deforma-
tional phases were responsible for the onset of thrust-boun-
ded structural units, such as the diverse Tuscan units and the
Umbria-Romagna unit (Boccaletti et al., 1990; Conti and
Gelmini, 1994; Vai, 2001). During the NE-ward migration of
the thrust belt system, deposition occurred not only in the
foredeep, but also in smaller basins located atop the internal
part of the Ligurian nappe in the so-called Epiligurian suc-
cession (Ricci Lucchi and Ori, 1985; Bettelli et al., 1989).
These sediments are separated by the underlying Ligurian
Units by an angular unconformity of middle-late Eocene age;
their deposition continued until the late Miocene, interrupted
by several regional-scale unconformities (Bettelli et al.,
1989; Fornaciari and Rio, 1996; Catanzariti et al., 1997,
Remitti et al., 2011). Epiligurian deposits are interpreted as
the infilling of thrust-top basins, which evolved during the
collisional stages (wedge-top or satellite basins). During the
advancement of the Ligurian nappe system, materials (se-
dimentary mélange, olistostromes, mass transport deposits)
slide off the front of the nappe and were intercalated in
foredeep deposits. Beginning in the late Oligocene, the
frontal part of the Ligurian tectonic prism interacts with the
inner edge of Adria (Tuscan and Umbria-Romagna units)
giving rise to tectonic coverings and gravitational emplace-
ment of materials within the slope and foredeep sequences
(Conti and Fontana, 2002; Lucente and Pini, 2008; Remitti et
al., 2011).

2.2 Baiso area

In the studied area (Figure 1a), the lower part of the Epili-
gurian succession is characterized by deposits consisting of
thick accumulations of polygenic breccias (Baiso Argillac-
eous Breccias), marls and hemipelagic clays (Monte Piano
Marls). Their age ranges from the middle Eocene (Lutetian)
to early Oligocene. Enclosed in the Monte Piano Marls are
present lenticular arenaceous bodies of the Loiano Fm
(hereafter referred to as LOI) with an arkosic composition
(Gazzi and Zuffa, 1970; Cibin, 1989). The sandstones of the
LOI, represented by a confined turbidite body with complex
geometry, were deposited in a deep pelagic environment
below the carbonate compensation limit. They are char-
acterized by lightly cemented whitish quartz and feldspathic
siliciclastic sandstones, organized in commonly amalga-
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mated layers and locally made up of arenaceous-pelitic tur-
bidites in medium and thin layers. The LOI has been dated to
a time interval between Lutetian and Bartonian (Bettelli et
al., 2002). The studied outcrop (Figure 1b) is in the LOI near
the village of Castagneto where the formation has a thickness
of a few tens of meters, much lower than those of the more
eastern areas (Modena and Bologna Apennines). The outcrop
is part of the northern flank of a syncline involving the lower
part of the Epiligurian Antognola Fm. The structure is
characterized by a rather sloping southern flank with local
overturns involving the Ranzano Fm that are interpreted as
related to longitudinal late Oligocene inverse faults (De
Nardo et al., 1992). A system of tardive extensional high-
angle faults north of M. Valestra and M. S. Maria (partially
coinciding with the compressive late Oligocene fault) jux-
taposes (Figure 1a) the lower and the upper part (Pantano and
Cigarello Fms) of the Epiligurian succession (Papani et al.,
2002).

3. Samples and analytical methods

Detailed field analysis of geometry, lithology and facies
conducted in the Castagneto area around the outcrop together
with preliminary analysis of some samples led to the iden-
tification of two main sampling areas (Figure 1b and Figure
S2a) characterized by the absence (FP4409 1 sampling area)
or well noticeable occurrence (FP4409 2 sampling area) of
massive sulfide mineralization and blackish patches of iron
and manganese oxides and hydroxides.

All samples were characterized through classical chemical
and mineralogical techniques. On a representative selection
of carbonate rocks from the outcrop were collected samples
for petrographic observations on thin section. Stable oxygen
and carbon isotopes were measured on calcite from vein and
micritic matrix. Bulk chemical and mineralogical character-
ization of total rock was performed on powders from three
different aliquots of each sample, whereas microscopic (op-
tical and electron) characterization was carried out on po-
lished thin (100 um) sections and on aliquots of
disaggregated material enriched in framboids following the
method proposed in Wilkin et al. (1996). More specifically,
thin-section measurements were used to define the textural
relationships within framboids and between framboids and
other minerals, and images collected on the disaggregated
material to assess the size of framboids and get size dis-
tribution. Paleontological data were derived both from the
sampling performed for this research and from the analysis of
fossil specimens collected in the past by the Natural Science
Society of Reggio Emilia in a portion of the outcrop no
longer preserved due to quarrying activities. See the Sup-
plementary Information for further detail about instruments,
analytical methods and adopted experimental conditions.
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Figure 1 Geological sketch map of the Reggio Emilia Apennines south of Baiso (a) with a magnification of the outcrop area (b). Legend: (1) un-
differentiated Ligurian lithostratigraphic units (Lower Cretaceous-Lower Eocene). Epiligurian Units: (2) Baiso Argillaceous Breccias (Middle/Upper Eo-
cene); (3) Monte Piano Marls (Middle Eocene-Lower Oligocene); (4) Loiano Formation (Middle/Upper Eocene); (5) Ranzano Fm. (Lower Oligocene); (6)
Antognola Fm., Val Tiepido-Canossa Argillaceous Breccias and Contignaco Fm. (Undiff.) (Upper Oligocene-Lower Miocene); (7) Pantano and Cigarello
Fms. (Lower/Middle Miocene); (8) trace of sincline axial plane; (9) slope and superficial quaternary deposits; (10) studied Loiano main outcrop (big star) and
isolated reworked blocks (small star). Red lines, faults; black lines, stratigraphic contacts. The black rectangle in Figure la identifies the area of the

Castagneto outcrop enlarged in Figure 1b. Modified from Papani et al. (2002).

4. Results

4.1 Geological and paleontological overview of the
outcrop

Near the small village of Castagneto, the LOI occurs
showing peculiar facies and it is characterized by the absence
of a clear stratification, the presence of carbonate lithologies
and cements, red to black mineralization due to supergene
alteration processes and abundant macro-fossiliferous con-
tent (mainly bivalves).

The Castagneto outcrop (Figure 1b, Figure S2a) has an
irregularly elliptical base (about 55x40 meters in areal ex-
tension) with a thickness of about 20 m; nevertheless, his-

torical chronicles indicate that it represents a small witness of
a more extensive outcrop that was intensely exploited to
produce crushed stone and mixed granulate after the second
world war. Minor isolated carbonate blocks occur in the
southwestern side of the studied area (Figure 1b), but they
are probably reworked, as they are located near the contact
between Montepiano and Ligurides. The main outcrop con-
sists of micritic and partially laminated finely arenaceous
limestones, sometimes with siliceous inclusions. Yellowish
to slightly orange calcarenites are also occurring, locally
brecciated and with the presence of small voids; the calcar-
enites, when present, are irregularly alternating with carbo-
nate-rich sandstones and sandy levels, lithologies typical of
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Brecciated portions (Figure S2b) are irregularly pervaded
by veins and sinuous conduits (Figure S2c¢) passing to va-
cuolar-vuggy-fabric with rhombohedral crystalline termina-
tions in small geodes (Figure S2d), probably in part derived
from the dissolution of organic residues. As in other Epili-
gurian outcrops (Conti et al., 2014), these structures are ty-
pical of seep-carbonates. Carbonate bodies are in primary
position as confirmed by concordant attitudes, gradual con-
tact, and the occurrence in the vicinity of thin seepage-re-
lated carbonate layers intercalated in the Loiano deposits.

Overall, on today’s examination, the scarp represented by
the residual quarry face, oriented roughly in the meridian
direction, can be divided into a northern and a southern
portion (roughly corresponding to sampling areas FP4409 1
and FP4409 2, respectively. The former is the only fossili-
ferous part and is marked by sub-horizontal subdivisions; the
latter is characterized by sub-vertical internal subdivisions
and by a sharp vertical structure (Figure S3) consisting of the
rhythmic alternation of yellowish-white (calcite) and dark-
brown to black (microcrystalline pyrite and patches of iron
and manganese oxides and hydroxides) mineralization. Be-
tween the top and bottom of the vertical structure is a dis-
placement of about 50 centimeters, imposed after the
formation of the vertical structure. The anomalous litholo-
gical features, characterized by a strong carbonate content,
persist even in some small exposures about twenty meters
north of the main escarpment of the former quarry (traces of
possible original stratification are still present in them).
Residues of fluid seepage are also clearly visible in thin
section; in fact, the compositional lithological imprinting of
the LOI appears to be pervaded by a regular pattern of veins
and fractures with an evident presence of metallic miner-
alization (Figure 2a) that will be later described. As will be
reported below a distinctive feature of the samples from the
Castagneto outcrop is that, despite the presence of iron
oxides/hydroxides, pyrite was almost always found forming
framboids of well-preserved crystals.

Fossil remains abundantly occur especially in the central
part of the northern portion, roughly corresponding to the old
quarry floor. These are complete models (internal and ex-
ternal, or composites), mainly of bivalves and gastropods
sometimes mineralized to form small calcite geodes (Figure
S4a). More specifically, samples collected for this study re-
vealed the presence of bivalves (lucinids), in isolated and/or
not densely-clustered specimens; nevertheless, there is evi-
dence (samples stored at the repository of the Natural Sci-
ence Society of Reggio Emilia) also of an abundant and often
densely-clustered past seep-fauna. Bivalves are predominant
and belong mainly to the subfamily Bathymodiolinae and to
the Families Lucinidae and Vesicomyidae, for which che-
mosymbiosis or close relation to chemosynthetic food chain
can be reliably inferred and considered characteristic of seep-
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communities (Kiel and Taviani, 2017; Hryniewicz, 2022).
Also associated are specimens of Solemyidae (Acharax),
which are common, but not exclusive, to the same environ-
ments, as they are adapted to anoxic conditions. It is also
known that Solemyidae, Lucinidae and Vesicomyidae belong
to a sulfide-based community (Le Pennec et al., 1995; Taylor
and Glover, 2013); in particular, Vesicomyidae (Figure S4a)
are likely to be associated with high levels of sulfide (Ta-
viani, 1994; Glover and Taylor, 2007). In addition, even
among the numerous specimens found in the past by mem-
bers of the Natural Science Society of Reggio Emilia,
monospecific concentrations of the bivalves of these groups
appear only rarely. On the contrary, dense and chaotic as-
semblages of several species, including a few gastropods
(Buccinidae, Colinae subfamily), are more common. These
groupings of fossils (Figure S4b), together with the presence
of sandy veils within the limestone and of Bathymodiolinae
and Lucinidae in isolated valves (Figure S4c), could result
from local rearrangements caused by low-energy fluid ex-
pulsion phases. Trace of tubeworms (Annelida Polychaetes)
and sporadic poorly preserved remains interpretable as dec-
apod crustacean are also present along with other fossil re-
mains of problematic determination. Fossiliferous patches
are associated with bioturbation traces and burrows. At the
base of the outcrop, some calcareous blocks with stromato-
litic fabric and some decimetric globular nodules with calcite
veins resembling a septaria-like structure were noted, as re-
ported in other outcrops of ancient cold seeps (Krajewski and
Luks, 2003; Cavalazzi, 2005).

A comprehensive taxonomic study of the seep-fauna
(made particularly challenging by the presence of endemics
and new species and, not least, by the difficulty in isolating
individual specimens) is underway.

4.2 Bulk mineralogical and chemical characterization

X-ray powder diffraction (XRPD) measurements (Figure
S5), primarily carried out to define the sampling areas de-
scribed above, well show the occurrence of pyrite, gypsum
and calcite only in the samples collected from area
FP4409 2, thus confirming the observations made in out-
crop. In the samples from area FP4409 1, sulfide and sulfate
are not detectable; in contrast, quartz, feldspar, illite, dolo-
mite and calcite are well represented, with significant dif-
ferences in concentration depending on the sampling point.
These phases are also confirmed by the chemical analysis of
the major elements and by the sulfur content (Table S1).

4.3 Isotopic analyses

The negative sc signature of the carbonates is recognized
as the best evidence of a methane-related origin, whereas
PI0) signature providing information on the temperature of
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Figure 2 (a) Detail of a thin section with occurrence of filled fractures (red arrows), pyrite framboids (blue arrows) and calcite grains (yellow arrows). (b)
Representative SEM image (general overview) of pyrite framboids both isolated and aggregated to form clusters of different sizes and geometry.

seep carbonate precipitation and on the origin of fluids
(Aloisi et al., 2000; Chang et al., 2022; Yao et al., 2022).
Samples of carbonate material for 6°C and ¢"°0 mea-
surements were taken from two types of carbonate material,
microcrystalline matrix and veins (as, for example, indicated
in Figure 2a by the yellow and red arrows, respectively).
Samples from area FP4409 2 showed §°C values (Table S2)
ranging from —34.3%o to —6.2%o (matrix) and —32.5%o to
—13.6%o (veins), with a median of —28.1%o (matrix) and
—27.6%o (veins) and standard deviations (SD) of 8.3%o
(matrix) and 6.1%o (veins). Samples from area FP4409-1
show averagely higher §°C values ranging from —29.5%o to
—5.4%0 (matrix) and —26.8%o0 to —10.0%0 (veins), with a
median of —21.4%o (matrix) and —18.2%o (veins) and SD of
7.6%o (matrix) and 6.1%o (veins). 5*0 values are broadly
similar for all sample types and range from: (1) —3.9%o to

—0.45%0 (matrix) and —3.5%0 to —1.0%0 (veins), with a
median of —1.7%o (matrix and vein) and SD of 0.86%o
(matrix) and 0.84%o (veins) in area FP4409 2; (2) —3.0%o to
—0.98%0 (matrix) and —3.7%o0 to —1.2%0 (veins), with a
median of —1.5%o (matrix) and —2.2%o (veins) and SD of
0.50%o0 (matrix) and 0.79%o (veins) in area FP4409 1.

4.4 Scanning electron microscopy

In samples not mineralized with sulfides (sampling area
FP4409 1), in agreement with XRPD measurements, the
most occurring phases are quartz, illite, calcite and, to a
lesser extent, dolomite (Figure S6); occasionally zircon and
barite/celestine crystals have also been observed.

In samples from area FP4409 2, according to preliminary
optical microscopy observations, and as evidenced by the
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low magnification SEM image shown in Figure 2b, pyrite
framboids are the dominant textural form. As will be detailed
below, the framboids are both isolated and aggregated to
form clusters of different sizes and geometry; although rarer,
isolated pyrite crystals with octahedral habit were also ob-
served. Gypsum and carbonates are present, among the latter
mainly calcite as evidenced by XRPD (Figure S5b), but also,
tough rarely, dolomite, the latter not detectable by XRPD.
Quartz and feldspar relicts, oxide/hydroxide particle and
small crystals of barite (very rare) can also be observed, but
in such quantities that they are not detected by XRPD (oxi-
des/hydroxides could not be detected because they are
probably amorphous).

Framboids (Figure 3a, 3b) consist of several microcrystals
generally subhedral, but sometimes exhibit pyritohedral
(Figure 3c¢) or octahedral (Figure 3d) habit; the latter usually
protrudes from the external surface of the framboid. The
arrangement of individual pyrite crystallites within fram-
boids is normally disordered, although in some cases pyrite
microcrystals follow nearly regular concentric patterns

November (2023) Vol.66 No.11 2641

(Figure 3e, yellow dashed circle) or form “sub-framboids”
within larger framboids (Figure 3f, yellow dashed circles). It
is also notable that the individual pyrite crystals inside the
framboids, unlike at the edge, are typically isolated from
each other. The size of microcrystals showing pyritohedral
habit is fairly homogeneous and varies between about 3 and
4 um (Figure 3c).

Both isolated framboids (Figure 4a, 4b), but mostly ag-
gregated to form clusters of various sizes and geometry (e.g.,
Figure 4c), were observed. The external (pseudo) spherical
shape of the framboids is almost unaltered; nevertheless,
even if rarely, the aggregates show polygonal contours with
flattening at their edges in correspondence to contacts with
other surrounding framboids (Figure 4c¢). Isolated octahedral
pyrite crystals (e.g., Figure 4b) are occasionally found in
different parts of the rock without, however, following a
precise textural pattern. Pocket-like structures formed by the
aggregation of more or less deformed framboids closely
compacted with each other also occur (Figure 4d, 4e). Inside
these pockets may be found single framboids, relicts of

Figure 3 SEM images showing the morphology and structure of individual pyrite crystals within the framboid ((a), magnified in (b)). Pyrite microcrystals
can sometimes exhibit pyritohedral ((c), magnification of (a)) or octahedral (d) habit; crystallites occasionally form nearly regular concentric patterns (e) or
“sub-framboids” within larger framboids (f) as marked by the yellow dashed circles.
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500 pm

Figure 4 SEM images of isolated ((a), and enlarged in (b)) and clustered framboids (c); pocket-like structures formed by the aggregation of framboids ((d),
(e)) “hosting” other framboids and relics of quartz and feldspar (f); gypsum veins between calcite (g) or pyrite framboids (h). Isolated pyrite crystals with

octahedral habit (b) are also visible.

quartz and feldspar frequently wrapped in a gypsum matrix
(Figure 4f); as mentioned above, quartz and feldspars were
not detected by XRPD, but their (modest) occurrence is
confirmed also by chemical analysis (Table S1). The gypsum
was also found to form thin, elongated veins between calcite
(Figure 4g) and framboids (Figure 4h).

The interstitial material between/within pyrite framboids is
like those in the pockets. Iron oxides and/or hydroxides form
irregularly shaped, isolated structures of modest size (Figure
S7) and elongated structures of varying shape and size (>250

microns, Figure S8); in both cases, they are always within a
carbonate (calcite and low-Mg calcite) matrix. Although it is
conceivable that they derive from the alteration of pyrite,
other genetic mechanisms cannot be ruled out, since we have
never found them associated with pyrite relics and/or
showing significant sulfur contents.

The sizes of pyrite framboids are obtained from five dif-
ferent samplings collected in the FP4409 2 area with higher
pyrite concentration. Analysis of the size distribution (Figure
5) shows that the mean diameter (MD) of framboidal pyrite
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varies from 4.3 to 77.1 pm with a mean value of 37.2 um and
a SD of 14.7 um, thus indicating a significant difference in
the size distribution.

5. Discussion

Methane seepage and associated faunal communities in the
Apennine chain are reported from the early Miocene on-
wards (Conti et al., 2017; Kiel and Taviani, 2017). Among
them, Miocene seep deposits essentially contains large
bathymodiolin, vesicomyid and lucinid bivalves, whereas the
sporadic Pliocene outcrops reveal similarities with modern
restricted Mediterranean seep fauna (Taviani, 1994; Cau et
al., 2015; Oppo et al., 2015). The only deposit with an age
comparable with the Castagneto outcrop is the middle Eo-
cene Buje deposit (Natalicchio et al., 2015), but in a very
different geological context. In this scenario the Castagneto
outcrop represents a peculiar situation in the LOI: chemo-
symbiotic fauna, seep-related facies, isotope analyses and
framboidal pyrite suggest that carbonates were formed as a
consequence of anaerobic oxidation of methane. The
southern part of the outcrop, dominated by sub-vertical dis-
continuities and traces of seep ducts, could represent the
main, rather fast, rising point of the fluids. Vertical linea-
ments, breccias, fractures and conduits resemble plumbing
structures reported in fossil mud volcanoes (Clari et al.,
2004), suggesting a similar origin for this portion of the
Castagneto outcrop, related to rapid and vigorous fluid
emission. The northern part, characterized by sub-horizontal
lithofacies subdivisions and with a significant presence of
fossil remains, would instead represent a sector with slower
and more widespread emissions. The occurrence of brec-
ciated/dislocated bodies and of infiltration conducts in the
southern part (Figures S2 and S3) agrees with the seepage
scenario and suggests partly piped fluid transport rather than
pervasive infiltration; in fact, mineralization is well con-
centrated in small areas and quickly fades in nonmineralized
calcarenites. This aspect also agrees with observations made
in the past in other sedimentary basins interested by in-
filtration (Conti and Fontana, 2002; Clari et al., 2004;
Zwicker et al., 2021; Yao et al., 2022).

High concentration of framboidal pyrite can be considered
as a signal to identify the position of the SMTZ in the stra-
tigraphic column. More specifically, in an anoxic environ-
ment, methane in sediments can undergo strong sulfate-
driven anaerobic oxidation that occurs exactly in the sulfate
reduction zone, resulting in the formation of framboidal
pyrite (Sassen et al., 2004; Lin et al., 2016a, 2016b, 2016c).
In the Castagneto outcrop the contacts between the various
framboids rarely are flattened, with some minor exceptions
(e.g., Figure 4c) or when they are closely aggregated to form
the pocket-like structures (Figure 4d, 4e). This feature
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probably indicates absence (or low) plasticity at the time of
formation. The aggregation of framboids of various sizes
suggest the presence of cavities of various dimensions at the
time of crystallization. The absence of textures other than
framboidal (single octahedral pyrite crystals are present, but
rare) suggest their formation in a single event or, at least,
during a succession of single, rapid and close pulses that led
the pyrite framboids to undergo successive stages of over-
growth, as evidenced by the occurrence of “sub-framboids”
within larger framboids (Figure 3f). In addition, the pyrite
microcrystals within each framboid have approximately the
same size denoting that nucleation and growth occurred si-
multaneously, thus strengthening the hypothesis of a single
(or rapid pulsed) genetic event. More complex is the ex-
planation of the occurrence of pocket-like structures. We
believe it is unlikely that these are fossil casts, especially
because of their irregular and uneven shape evidenced in
various samples. The most likely hypothesis is that these are
natural cavities that are common in other outcrops of the LOI
(although not mineralized).

Gypsum veins among the framboids (Figure 4h) indicate
conditions of sulfur supersaturation during their formation;
however, it cannot be completely ruled out that the gypsum
formed, even in recent times, in an aerial environment by
sulfide dissolution and subsequent re-precipitation of the
sulfate (although no pyrite relics associated with iron oxides
were found in the thin sections, reddish discolorations cor-
relating with sulfide alteration are clearly evident on the
outcrop rocks, Figure S3). The presence of a non-negligible
amount of magnesium in the samples from the FP4409-2
area and the absence of diffuse dolomite (i.e., not detected by
XRPD) suggest the occurrence of low-magnesium calcite
rather than pure calcite. Indeed, the occurrence of dissolved
sulfide catalyzes the dehydration of magnesium by promot-
ing the precipitation of Mg-calcite (Smrzka et al., 2020).

Pyrite can form either in the water column in euxinic
conditions, or diagenetically within the sediment. In the first
case, the crystals precipitate rather rapidly and once covered
by sediment they no longer growth. On the other hand,
crystals formed in a diagenetic environment can increase in
size depending on element availability and redox conditions.
This difference in genetic mechanism means that pyrite
crystals (and aggregates) that form diagenetically are nor-
mally larger and more heterogeneously sized than syngenetic
ones (Wilkin et al., 1996; Wilkin and Barnes, 1997; Bond
and Wignall, 2010; Wignall et al., 2010). Statistical studies
(Wilkin et al., 1996; Wilkin and Barnes, 1997; Bond and
Wignall, 2010) of the size of pyrite framboids in recent
marine sediments performed, however, without considering
the sulfate-driven anaerobic oxidation of methane, showed
that in a sulfide marine environment the crystallization of
numerous small framboids with mean diameter (MD) less
than 6 pm and a very small SD is favored; in contrast, in an
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oxidizing environment the framboids are fewer in number,
but larger in size (MD>6 um) and show high SD values
(usually higher than 3 um). Subsequently, Lin et al. (2016b),
based on samples collected in recent sediments on the
northern continental slope of the South China Sea demon-
strated that in the SMTZ, the size and size distribution of
pyrite framboids could be boosted by the anaerobic oxidation
of methane (AOM) which promote not only the formation of
large pyrite framboids (average diameter greater than 20
um), but also their aggregation into clusters. Lin et al.
(2016b) also concluded that pyrite textures, originated where
only sulfate reduction occurred, are different; therefore, the
presence of textures with large and heterogeneous framboids
can be considered a valid marker in paleo-marine systems of
high AOM conditions. Similar conclusions were reached by
Miao et al. (2021) studying authigenic pyrite in the sedi-
ments of site Q6 of “Haima seep” (Qiongdongnan Basin,
South China Sea, China). The considerations that can be
drawn from the analysis of the size distributions of pyrite
framboids (Figure 5) parallel those of the authors mentioned
earlier, thus strengthening the hypothesis that framboids
formed under AOM conditions confirming methane see-
pages. Whether or not the nucleation of the framboids was
mediated by organic matter prior to the methane seeps is
unknown. However, the conspicuous occurrence of fram-
boids also with large size suggests that there was an abun-
dant, perhaps pulsed, supply of iron and hydrogen sulfide
from the seepage; this allowed pyrite to continue to grow/
aggregate into framboids of various sizes even depending on
the space (cavities) available. In contrast, in normal marine
sedimentary environments, where “normal” sulfate reduction
occurs, the rate of pyrite formation is usually lower (Liu et
al., 2019, 2020a).

Isotopic measurements made on the carbonates indicate
that the carbon has a methanogenic origin, and the carbo-
nates can be assumed to be in “textural equilibrium” with
pyrite, further strengthening the hypothesis that precipitation
was induced by AOM coupled with sulfate reduction. In fact,
values of 6°C<—25%o indicate a substantial contribution of
methane-carbon to the isotopic footprint of calcite (Aloisi et
al., 2000; Chang et al., 2022; Yao et al., 2022). The absence
of substantial changes in both & C and 50 between micritic
matrix and veins suggests that calcite solubilized from sur-
rounding sediments is probably recrystallized in the veins.
Although the lowest values of §°C are for samples with the
greatest pyrite mineralization, no gradual transition from low
to high values is observed where mineralization does not
occur or where there is no evidence of seep-related structure
(northern part of the outcrop). Negative values greater than
—25%o do not discriminate with certainty the presence of seep
(Chang et al., 2022); however, in the area of the Castagneto
outcrop, which is very modest in size, seepage is also likely
to have affected, although less extensively, the northern part

Sci China Earth Sci

November (2023) Vol.66 No.11

25

20+

Size frequency (%)

T T T T T

0 10 20 30 40 50 60 70 80
Framboid diameter (um)

Figure 5 Frequency histogram of size distribution of framboidal pyrite
calculated on 131 framboids from five samplings.

where mineralization are not evident and where §"C values
are averagely higher than —25%o..

Interactions with meteoric fluids can reduce both 6"°C and
50 (Marshall, 1992; Kaufman and Knoll, 1995), and cor-
relations between §°C and ¢'°O values are documented in
the literature (e.g., Chang et al., 2022; Yao et al., 2022). In
samples from the Castagneto outcrop, assuming micritic
calcite as representative of the host rock, no correlations
between the two isotopes are observed (Figure S9). The high
5'*0 values found for all samples are in apparent contrast to
the lithological characteristics of the area which has con-
siderable brecciation (thus potentially favorable for altera-
tion by meteoric water). However, they agree with the
homogeneity of 6°C values found in veins and matrix,
suggesting that the original isotopic signature (seepage and
cold deep-sea waters of the LOI environment) has not been
substantially altered.

The outcrops of the LOI of the Reggio Emilia Apennines
represent the western end of a turbiditic basin that developed
for at least seventy kilometers longitudinally with respect to
the actual chain. The depocentral areas are located eastward
in the Bologna Apennines where the formation probably
exceeds a thousand meters in thickness. Towards the west, in
the Parma and Piacenza Apennines, the LOI is not present.
This situation suggests that the basin was largely controlled
by syn-depositional tectonics which maintained highly
structural areas where the sedimentation of arenaceous tur-
bidites was inhibited or extremely reduced, and areas of
constant subsidence, where considerable thicknesses of si-
liciclastic turbiditic materials (i.e., the LOI) could accumu-
late. The fault systems activated in this context could thus
represent the preferential pathway for methane seepage,
probably sourced from the potential reservoirs represented
by the less clayey portions (Cretaceous and Tertiary turbi-
ditic sequences) of the Ligurian accretionary prism under-
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lying the Epiligurian succession and already extensively
tectonized during the Ligurian or Mesoalpine tectonic phase
(middle Eocene).

6. Conclusion

This study, carried out by applying a multi-analytical and
multidisciplinary approach, outlines the geological, pa-
leontological and mineralogical feature of a very rare if not
unique seep outcrop belonging to the Loiano Formation. The
detailed facies and samples analyses showed that authigenic
pyrite found in the Castagneto outcrop crystalized under
methane seepage activity. Although these results refer to a
small outcrop, they are in nice agreement with other research
conducted on larger areas also in recent sedimentary en-
vironments, thus suggesting that the occurrence of framboids
in ancient marine deposits can not only be considered as an
indicator of increasing AOM, but also defines the position of
the SMTZ in the paleo-marine system. We want to reiterate
that the identification of the seep system is crucial for re-
constructing plumbing system as, in northern Apennines, is
generally linked to the tectonic setting.
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