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A B S T R A C T   

Carbonate concretions accompanied by elemental sulfur were found in an early Messinian (Late Miocene) marine 
succession of NW Italy. The rocks were studied with an integrated approach including sedimentological, 
petrographical, stable isotope (carbon, oxygen, and multiple sulfur isotopes), and lipid biomarker analyses. 
Unlike other examples from Messinian strata of the Mediterranean area, the studied carbonate and sulfur con
cretions did not derive from the diagenetic replacement of sulfate minerals. Three lithofacies were distinguished: 
a) laminated lithofacies representing aphotic carbonate stromatolites enclosing fossils of filamentous sulfide- 
oxidizing bacteria; b) brecciated lithofacies deriving from the brecciation of carbonate stromatolites by mud 
injections; c) sulfur-bearing lithofacies deriving from the precipitation of thin laminae of elemental sulfur at or 
close to the sediment-water interface. The carbon and oxygen stable isotope composition of authigenic carbonate 
minerals and lipid biomarkers indicate that the initial formation of the laminated lithofacies was favored by 
organoclastic sulfate reduction in the shallow subsurface close to the sediment-water interface, producing sulfide 
that sustained dense microbial mats of sulfide-oxidizing bacteria at the seafloor. Calcification of the mats and 
consequent formation of stromatolites were possibly favored by nitrate-driven sulfide oxidation at the seafloor. 
The subsequent brecciation of the stromatolites was apparently the consequence of sulfate-driven anaerobic 
oxidation of methane (SD-AOM) in an underlying sulfate-methane transition zone (SMTZ). Focused fluid flow 
from below, possibly resulting from destabilization of gas hydrates, was not only responsible for the brecciation 
of the stromatolites, but also for the delivery of bicarbonate ions and the consequent precipitation of additional, 
13C-depleted calcite (δ13C values as low as − 52‰). Along with bicarbonate, also hydrogen sulfide was produced 
by SD-AOM at the SMTZ and was transported upwards. The oxidation of hydrogen sulfide at or close to the 
seafloor promoted the formation of elemental sulfur characterized by δ34S values and Δ33S values close to coeval 
seawater sulfate.   

1. Introduction 

In marine sediments, the formation of authigenic carbonates and 
elemental sulfur can be induced by organoclastic sulfate reduction 
(OSR) and sulfate-driven anaerobic oxidation of methane (SD-AOM). 
OSR is a prominent pathway for organic matter remineralization in 
marine sediments (Jørgensen, 1982), where sulfate-reducing bacteria 
utilize porewater sulfate for the oxidation of organic matter, particularly 

short-chain carboxylic acids (e.g., Londry et al., 2004; Liu et al., 2020). 
Alternatively, sulfate can be reduced during SD-AOM in the 
sulfate-methane transition zone (SMTZ; e.g., Ritger et al., 1987; Akam 
et al., 2023). SD-AOM is performed by a consortium of methanotrophic 
archaea and sulfate-reducing bacteria (Boetius et al., 2000). Both OSR 
and SD-AOM produce bicarbonate ions that increase alkalinity (Ritger 
et al., 1987; Campbell, 2006; Akam et al., 2023). Along with bicarbonate 
production, hydrogen sulfide is produced by OSR (Jessen et al., 2016; 
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Himmler et al., 2018) and SD-AOM (Bohrmann and Torres, 2006; 
Campbell, 2006). Generally, free hydrogen sulfide can react with 
reduced iron to form pyrite (Berner, 1984), or can be reoxidized to 
sulfate or intermediate sulfur species including elemental sulfur 
(Jørgensen et al., 2004; Lin Q. et al., 2015; Lin Z. et al., 2018). The 
reoxidation of sulfide can be both an abiotic or biotic process. Abiotic 
oxidation proceeds with molecular oxygen or even in anoxic sediments, 
with the concomitant reduction of iron oxides (e.g., Lin Z. et al., 2018). 
Biotic oxidation of sulfide is mediated by different types of 
sulfide-oxidizing bacteria, which oxidize sulfide with oxygen (Beggiatoa) 
or nitrate (Thioploca; Teske and Nelson, 2006). Some sulfide-oxidizing 
bacteria (e.g., Arcobacter) are able to excrete sulfur, in turn promoting 
sulfur accumulation at or immediately below the seafloor (Taylor et al., 
1999; Sahling et al., 2002; Wirsen et al., 2002; Sievert et al., 2007; 
Omoregie et al., 2008, 2009). 

Generally, both OSR and SD-AOM produce 13C-depleted bicarbonate; 
the carbon isotopic signature of authigenic carbonates can be used to 
differentiate between the two processes (Irwin et al., 1977; Peckmann 
and Thiel, 2004). While low δ13C values (as low as − 76‰) are charac
teristic for SD-AOM, higher values (approximately − 20‰) may suggest 
that OSR was the dominant process responsible for bicarbonate pro
duction. Nevertheless, the carbon isotope signature of authigenic car
bonates can be influenced by other carbon sources, including dissolved 
inorganic carbon (Irwin et al., 1977). Similarly, considering that the 
microbial sulfur pathways (sulfate reduction, sulfur disproportionation, 
sulfide oxidation) are partially associated with diagnostic sulfur frac
tionations, the sulfur isotope composition of elemental sulfur (32S and 
34S), including the minor isotopes (33S and 36S) can be applied for dis
tinguishing between sulfide produced by OSR and SD-AOM (Lin Z. et al., 
2018; Liu et al., 2020, 2022) and potentially whether reoxidation 

Fig. 1. A) Structural sketch map of the Tertiary Piedmont Basin (modified from Bigi et al., 1990). VVL: Villalvernia-Varzi Line. The red rectangle indicates the study 
area. B) Schematic geological map of the Ripa dello Zolfo area (modified from Festa et al., 2015). The red dots indicate the carbonate concretions. VVFZ: 
Villalvernia-Varzi fault zone. C) Outcrop view of the Ripa dello Zolfo section. The blue dotted line indicates the erosional surface at the base of the Valle Versa 
Chaotic complex (Messinian Erosional Surface; MES). D) Sketch showing the distribution of the carbonate concretions in the Ripa dello Zolfo area and the strati
graphic position of the concretions studied here. E) Stratigraphic log of the studied section, with indication of the lithologic cycles (C1–C4) and the concretions 
described in the text. 
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occurred biotically or abiotically (Guibourdenche et al., 2022). Addi
tional information on the potential microbial processes involved in 
carbonate and native sulfur formation derives from the study of mo
lecular fossils (lipid biomarkers), which are preserved in the authigenic 
mineral phases (Peckmann et al., 1999; Birgel et al., 2008; Natalicchio 
et al., 2012; Aloisi et al., 2013; Sabino et al., 2020; Rouwendaal et al., 
2023). 

In this paper we focus on unusual carbonate concretions associated 
with elemental sulfur that were found in the Tertiary Piedmont Basin 
(NW Italy), in the Ripa dello Zolfo (i.e., “Sulfur Scarp”) section. The 
study was conducted integrating sedimentological, petrographical, 
carbon, oxygen, and multiple sulfur (δ34S and Δ33S) stable isotope an
alyses and is complemented with the study of molecular fossils. The Ripa 
dello Zolfo concretions are embedded in hemipelagic sediments of 
Messinian age. Carbonates associated with elemental sulfur are 
frequently reported from Messinian strata, but usually their genesis is 
associated with early (syngenetic) or late (epigenetic) replacement of 
preexisting sulfate minerals (Rouchy et al., 1998; Ziegenbalg et al., 
2010; Caruso et al., 2015; Tzevahirtzian et al., 2022; Rouwendaal et al., 
2023) that formed during the Messinian salinity crisis (Hsü et al., 1973; 
Ryan, 2023). Sulfate mineral dissolution by meteoric waters results in 
the release of calcium and sulfate ions. When organic compounds or 
hydrocarbons (methane, crude oil) are abundant, OSR or SD-AOM can 
induce the formation of authigenic carbonates and elemental sulfur (e. 
g., Peckmann et al., 1999; Lindtke et al., 2011; Aloisi et al., 2013; Caesar 
et al., 2019; Labrado et al., 2019; Rouwendaal et al., 2023). In great 
contrast, the Ripa dello Zolfo concretions formed prior to the Messinian 
salinity crisis and are not associated with sulfate minerals. 

2. Geological and stratigraphic setting 

The Tertiary Piedmont Basin is a wide wedge-top basin filled with 
Eocene to Messinian sediments that unconformably overlay a complex 
tectonic wedge of Alpine, Adriatic, and Ligurian units (Fig. 1A; Festa 
et al., 2005; Mosca et al., 2010; Rossi, 2017). The Ripa dello Zolfo sec
tion is located in the eastern part of the basin, south of the Villalvernia 
–Varzi line, a steeply dipping E-W striking regional fault separating the 
Northern Apennines to the north from the Tertiary Piedmont Basin to 
the South (Di Giulio and Galbiati, 1995; Ghibaudo et al., 1985; Festa 
et al., 2015). The stratigraphic succession of this sector consists of 
Oligocene-Pliocene sediments that unconformably overlay Mesozoic 
Ligurian units. 

The older sediments exposed in the Ripa dello Zolfo section are the 
Sant’Agata Fossili Marls (Fig. 1B, C, D), consisting of Tortonian outer 
shelf sandstones and silty mudstones overlain by early Messinian slope 
hemipelagites and turbiditic sandstones (Ghibaudo et al., 1985). The 
hemipelagites consist of an alternation of organic-rich shales and marls 
(Fig. 1E), indicating cyclic fluctuation of oxygen levels at the seafloor 
under the control of precession-driven climate oscillations (Gennari 
et al., 2020; Pellegrino et al., 2020; Sabino et al., 2021). The hemi
pelagites host several stratabound carbonate concretions (Fig. 1C and 
D), considered to represent the product of methanogenesis and SD-AOM 
in the shallow subsurface (Natalicchio et al., 2012), cylindrical concre
tions interpreted to represent fluid conduits generated by the rising of 
methane-rich fluids toward the seafloor (Cavagna et al., 2015), and rare, 
isolated mound-like concretions of brecciated carbonates with dense 
accumulation of lucinid bivalves representing the product of fluid 
expulsion at the seafloor (Fig. 1C and D; Dela Pierre et al., 2010). 
Methane release was possibly favored by the destabilization of gas hy
drates in the shallow subsurface (Dela Pierre et al., 2010). In situ gypsum 
deposits recording the onset of the Messinian salinity crisis are not 
observed in the study area. Gypsum exclusively occurs as meter-to tens 
of meter-sized blocks within a Messinian chaotic unit (Valle Versa 
Chaotic complex), which overlies the Sant’Agata Fossili Marls through 
an erosional surface (Messinian erosional surface; MES; Fig. 1B and C). 
This chaotic unit was emplaced by mass wasting events induced by an 

intra-Messinian tectonic phase (Clari et al., 2009; Natalicchio et al., 
2013). It is in turn overlain by upper Messinian fluvial and lacustrine 
terrigenous deposits referred to as the Cassano Spinola Conglomerates 
(Ghibaudo et al., 1985, Fig. 1B). The Ripa dello Zolfo concretions 
studied herein were found in the topmost part of the Sant’Agata Fossili 
Marls, few meters below the erosional surface at the base of the Valle 
Versa Chaotic Complex (Fig. 1D and E). 

3. Methods 

3.1. Field and petrographic analyses 

Field work included the logging of the stratigraphic section, the 
description of the geometry and lithology of the carbonate concretions, 
and their relationships with the loose consolidated host sediments. 
Twenty oriented samples of the carbonate concretions and eight samples 
from the host sediments were collected. All samples from the carbonate 
concretions were cut both parallel and perpendicular to bedding and the 
resulting slabs were observed under the microscope. Petrographic 
studies were performed at the Department of Earth Sciences of the 
University of Torino by examining 15 standard thin sections with plane- 
and cross-polarized as well as ultraviolet (UV) light microscopy. Cath
odoluminescence (CL) observations were made using a CITL 8220 MK3 
operating at ca. 17 kV and 400 μA. Scanning electron microscopy (SEM) 
observations were carried out on 30 carbon-coated sediment chips and 
ten thin sections using a JSM-IT300LV scanning electron microscope 
equipped with an energy dispersive X-ray spectroscope (EDS). 

3.2. Carbon and oxygen stable isotope analyses of carbonate 

Carbon (δ13C) and oxygen (δ18O) stable isotope analyses were con
ducted at the Department of Earth Sciences of the University of Milano 
on 24 samples (21 from the carbonate concretions and three from the 
unlithified sediments). About 200 μg of sample powder was microdrilled 
and subsequently reacted in an inert atmosphere (He) with ultra-pure 
concentrated orthophosphoric acid at 50◦C using a Gasbench II 
(Thermo Fisher Scientific). The produced CO2 was automatically flushed 
through a chromatographic column to the source of a Thermo Fisher 
Scientific Delta V Advantage isotopic ratio mass spectrometer (IR–MS). 
The carbon and oxygen isotope composition is expressed in the con
ventional delta notation calibrated to the Vienna Pee-Dee Belemnite (V- 
PDB) scale by the international standards IAEA 603 and NBS-18. 
Analytical reproducibility was better than ±0.1‰ for both δ13C and 
δ18O values. 

3.3. Multiple sulfur isotope analyses of elemental sulfur 

Multiple sulfur isotope analyses of elemental sulfur were conducted 
at the Institut de Physique du Globe de Paris. Powdered carbonate 
samples of ca. 1 g were reacted with pentane at room temperature to 
extract native sulfur. The dissolved sulfur was then reacted with acti
vated copper that turned black to form CuxSX. These steps were repeated 
several times until no CuxSx formed anymore to ensure that all sulfur was 
successfully extracted from the samples. CuxSx was then reacted under a 
nitrogen flux with an acidic CrCl2 solution prepared daily following 
Fossing and Jørgensen (1989) to produce gaseous hydrogen sulfide. 
Produced hydrogen sulfide was precipitated into Ag2S by bubbling into a 
AgNO3 solution (Geng et al., 2018). The resulting Ag2S was washed 
three times with deionized water and dried in an oven at 60 ◦C. 

Ag2S powder was subsequently reacted overnight in Nickel bombs 
with excess fluorine gas to produce gaseous SF6. SF6 was purified 
cryogenically and by gas chromatography before analysis by a dual inlet 
mass spectrometer MAT-253 (Ono et al., 2006; Johnston et al., 2007; 
Labidi et al., 2012). The δ34S values were calibrated with an in-house SF6 
standard using the IAEAS-1 international standard (Robinson, 1995; 
Ding et al., 2001; Brand et al., 2014). Repeated analyses of IAEAS-1 (n =
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4) yielded δ34S = − 0.26‰ ± 0.1 and Δ33S = 0.086‰ ± 0.005. Replicate 
chemical extraction and measurement of the internal elemental sulfur 
standard (n = 2) yielded δ34S = − 7.97‰ ± 0.1 and Δ33S = 0.027 ±
0.002‰. The major isotopic composition (δ34S) is expressed as the ratio 
between 34S and 32S abundances measured in the sample normalized by 
the same ratio in the international standard Vienna-Canyon Diablo 
Troilite (V-CDT) in per mil notation. 

δ34S=

⎛

⎜
⎜
⎝

34s
32ssample
34s
32sVCDT

− 1

⎞

⎟
⎟
⎠× 1000(%0) (1) 

The minor isotopic composition (Δ33S) is expressed as the deviation 
of the measured minor isotope partitioning (33S/32S) from predicted 
thermodynamic equilibrium calculated from 34S/32S measurement as 
follow (in per mil notation): 

Δ33S= δ33S − 1000 ×

[(

1 +
δ34S
1000

)0.515

− 1

]

(‰) (2)  

3.4. Lipid biomarker analyses 
Analysis of the molecular fossil content of the Ripa dello Zolfo con

cretions was performed at the Institute for Geology, University of 
Hamburg, using the protocol described by Birgel et al. (2006). Three 
carbonate samples (ca. 200 g each) were crushed to small pieces and 
decalcified with 10% hydrochloric acid (HCl). The residual sediments 
after decalcification were subsequently saponified with 6% potassium 
hydroxide in methanol at 80◦C for 2 h using an ultrasonic bath to release 
bound carboxylic acids and then extracted by ultrasonication with 
dichloromethane (DCM): methanol (3 + 1) until the extracts became 
colorless. Water was added to the combined extracts, and then 10% HCl 
was added to reach pH 1 to transfer the free fatty acids from the aqueous 
phase to the organic solvent phase. For gas chromatography (GC) 
analysis, each extract was cleaned by separation into n-hexane soluble 
and DCM soluble fractions. The n-hexane fraction was further treated 
and separated via solid phase extraction using a Supelco glass cartridge 
(6 ml, 500 mg, DSC-NH2) into four fractions of increasing polarity: (1) 
hydrocarbons with 4 ml n-hexane, (2) ketones with 6 ml n-hexane:DCM 
(3:1, v/v), (3) alcohols with 7 ml DCM:acetone (9:1, v/v), (4) carboxylic 
acids with 8 ml 2% formic acid in DCM. Alcohols were derivatized to 
trimethyl silyl ethers by reacting them with a 1:1 mixture of pyridine 
and N,O-bis(trimethylsilyl) trifluoracetamide (BSTFA) at 70◦C for 60 
min. Free carboxylic acids were reacted with 1 ml 14% boron trifluoride 
in methanol at 70◦C for 1 h to form fatty acid methyl esters. After 
cooling, the mixture was extracted four times with 2 ml n-hexane. 
Combined extracts were evaporated under a stream of nitrogen, and 
redissolved in n-hexane prior injection. The hydrocarbon fraction and 
the derivatized alcohol and carboxylic acid fractions were analyzed 
using coupled gas chromatography–mass spectrometry (GC–MS) with a 
Thermo Scientific Trace GC Ultra coupled to a Thermo Scientific DSQ II 
mass spectrometer. Internal standards used were 5α-cholestane for hy
drocarbons, 1-nonadecanol and DAGE n-C18/n-C18 for alcohols, and 
2-Me-C18 fatty acid for carboxylic acids. Both GC systems were equipped 
with a HP-5 MS UI fused silica column (30 m × 0.25 mm i.d., 0.25 μm 
film thickness). The carrier gas was helium for GC–MS measurements. 
The GC temperature program for all fractions was: 50◦C (3 min); from 
50◦C to 230◦C (held for 3 min) at 25 ◦C/min; from 230◦C to 325◦C (held 
20 min) at 6◦C/min. Compound assignment was based on retention 
times and published mass spectral data. Compound-specific carbon 
isotope analyses were performed with an Agilent 6890 gas chromato
graph coupled with a Thermo Finnigan Combustion III interface to a 
Thermo Finnigan Delta Plus XL isotope ratio mass spectrometer 
(GC-irms). The GC conditions were identical to those mentioned above 
for GC-FID and GC–MS analyses. Compound specific carbon isotope 
values are given as δ13C values in per mil (‰) relative to the Vienna 

Pedee Belemnite (V-PDB). 

3.5. Isotopic model 
In order to better constrain the potential processes that shaped the 

isotopic composition of the Ripa dello Zolfo elemental sulfur, we 
designed a simple numerical model to reproduce the effect of mixing of 
different reduced sulfur pools, sulfate consumption by microbial sulfate 
reducers, and hydrogen sulfide oxidation. These processes can occur 
concomitantly in a sedimentary environment and modify the isotopic 
composition of elemental sulfur depending on their relative contribu
tion. In this model, we fixed the δ34S-Δ33S of the initial reacting sulfate 
processed by microbial sulfate reduction (MSR) with the average values 
of Messinian sea water (Masterson et al., 2016). First a Rayleigh distil
lation equation was used to model the evolution of the isotopic ratios of 
a first pool of hydrogen sulfide 3x/32RH2S1 = 3xS/32S(H2S1) produced by 
the progressive consumption of the sulfate reservoir 3x/32RSO4 =

3xS/32S 
(SO4) by MSR, (with x = 33 or 34).  

3x/32RSO4(fSO4) =
3x/32R SO4 (f SO4 = 1) *f SO4 

(αMSR− 1)                           (3)  

3x/32RH2S1(fSO4) = (3x/32RSO4 (fSO4 = 1) − 3x/32RSO4(fSO4)*fSO4) /(1− f SO4)(4) 

In equations (3) and (4), fSO4 represents the fraction of the sulfate pool 
that remains in the pore water and varies between 0 (when the sulfate 
pool is completely exhausted) and 1 (corresponding to no change in 
sulfate concentration). We used a near thermodynamic equilibrium 
fractionation factor during microbial sulfate reduction αMSR = 0.93 
(εMSR = − 70‰) because microbial respiration generally occurs at low 
rates in marine settings (Jørgensen, 2021). Sensitivity tests for smaller 
fractionation factors (αMSR = 0.96 or εMSR = − 40‰ and αMSR = 0.98 or 
εMSR = − 20‰) during microbial sulfate reduction were also conducted 
(see Supplementary Fig. S1). We recalculated the isotopic composition 
of this first pool of hydrogen sulfide from the modelled isotopic ratios in 
equations (3) and (4) using equations (1) and (2) to obtain δ34S1 and 
Δ33S1. 

We then mixed this first pool of sulfide (δ34S1 and Δ33S1) with a 
second pool of hydrogen sulfide (with isotopic values noted δ34S2 and 
Δ33S2) produced in the vicinity of the SMTZ, where fSO4 approaches 
0 and δ34S2 and Δ33S2 values approach oceanic sulfate values. The 
following equation was used to model this mixing where parameter fmix 
varying from 0 to 1 regulates the degree of mixing between the two pools 
of H2S: 

δ3xSmix = δ3xS1 × fmix + δ3xS2 × (1 − fmix) (5) 

Finally, the hydrogen sulfide produced by the mixing of these two 
pools was reoxidized (biotically or abiotically). Fractionation factors for 
re-oxidation were taken from the literature (Zerkle et al., 2016; Eldridge 
and Farquhar, 2018). 

4. Results 

4.1. Field observations 

The studied carbonate concretions are embedded in the topmost part 
of the Sant’Agata Fossili Marls, 3 m below the erosional contact with the 
Valle Versa Chaotic Complex (Fig. 2A). The sampled section consists of 
an alternation of laminated shales and marls, which defines four litho
logical cycles (C1, C2, C3 and C4; Fig. 1E), ranging in thickness from 
1.20 m to 7.30 m. 

Decimeter-sized cylindrical concretions cemented by dolomite are 
observed in the marls of cycle C3 (Fig. 1E and 2B). The carbonate con
cretions studied here (A and B) are hosted in the marls of cycle C4 
(Fig. 2C and D). The concretions exhibit an ellipsoidal shape with sharp 
contacts with the hosting unconsolidated sediment. The width of 
concretion A is 1 m and its thickness is 50 cm (Fig. 2C); concretions B is 
thinner (20 cm) and the width is about 1 m (Fig. 2D). The marls hosting 
the concretions contain a relatively diversified foraminifer assemblage 
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that is commonly observed in pre-evaporitic Messinian sediments (e.g., 
Gennari et al., 2013). It includes both planktic (Globigerinella obesa, 
Globigerina bulloides, Orbulina universa, Turborotalita quinqueloba) and 
benthic (Cibicidoides spp., Valvulineria complanata, Melonis spp., Hanza
waia boueana, Bulimina echinata, Bulimina aculeata, Boliviva spathulata) 
taxa (R. Gennari, personal communication). In the absence of detailed 
bio-and cyclostratigraphic analyses that are beyond the scope of this 
paper, no conclusive age constraints are available for the studied sedi
ments. However, some evidence is provided by benthic foraminifers. In 
particular: a) the relatively diversified assemblage described above is 
similar to the assemblage that in the nearby astronomically-dated 
Govone section was observed in sediments deposited between 6.6 and 
6.4 Ma (Gennari et al., 2020), which is the age suggested for the studied 
Ripa dello Zolfo sediments; b) such an age assignment agrees with the 
presence of Bulimina echinata just below concretion A, which indicates 
an early Messinian age (younger than 6.7 Ma) and poorly oxygenated 
bottom water conditions (Violanti, 1996). 

4.2. Sedimentology and petrography 

Three lithofacies of the Ripa dello Zolfo concretions were distin
guished on the basis of sedimentological and petrographical features: a) 
laminated lithofacies; b) brecciated lithofacies; c) sulfur-bearing lith
ofacies. The brecciated and sulfur-bearing lithofacies are further char
acterized by irregular cavities, partially filled with calcite. 

4.2.1. Laminated lithofacies 
This lithofacies is represented by concretion B and is typified by a 

lamination defined by the alternation of mm-thick yellow laminae and 
thinner gray to brownish discontinuous laminae (Fig. 3A and B). Both 
types of laminae are composed of peloids and curved to straight 

filamentous microfossils 70–100 μm in diameter and up to 1 mm in 
length (Fig. 3C). Pyrite framboids are common. In the gray to brownish 
laminae, filaments are densely packed, whereas in the yellow laminae 
filaments are sparse (Fig. 3B). Laminae are cemented by a low-Mg calcite 
microspar with yellow to bright orange CL color. This cement is also 
observed within the filamentous microfossils (Fig. 3D). The latter show a 
bright autofluorescence when exposed to UV light, suggesting high 
contents of organic matter, and contain tiny opaque grains corre
sponding to iron sulfides (Fig. 3E). Interestingly, in the yellow laminae 
most filaments and peloids are rimmed by a 100 μm-thick layer of 
fibrous aragonite, not luminescent under CL (Fig. 3D). In these laminae, 
aragonite crystals also fill residual porosity. Rare, thin white laminae 
composed of acicular crystals of aragonite are also present; they appear 
locally dark in transmitted light because of the presence of fluid in
clusions and organic matter. The filament-bearing laminae are crosscut 
by a complex network of mm-wide fissures oriented both parallel and at 
a high angle with respect to bedding (Fig. 3A–F). These features may 
cause brecciation of the originally laminated fabric, which can be locally 
completely disrupted (Fig. 3F). The fissures are filled with foraminifer- 
bearing hemipelagic mud sourced from the Sant’Agata Fossili Marls, 
sand-sized terrigenous grains (quartz, mica flakes, carbonates), fila
mentous microfossils, and angular clasts of aragonite (Fig. 3G and H). 
Clasts are commonly aligned parallel to the fissure walls. The mud infill 
is cemented by a calcite microspar with dark orange CL color, different 
from the color of the cement observed in the filament-rich laminae 
(Fig. 3D). 

4.2.2. Brecciated lithofacies 
The brecciated lithofacies was identified in concretion A, where it is 

interbedded with the sulfur-bearing lithofacies (Fig. 4A and B). It con
sists of mm-to cm-sized angular clasts composed of dense accumulations 

Fig. 2. A) Outcrop view of concretions A and B. The white lines indicate bedding, the blue dotted line the erosional surface at the base of the Valle Versa Chaotic 
Complex. B) A cylindrical concretion (yellow arrow) in the indurated marls of cycle C3. C) Outcrop view of concretion A. D) Outcrop view of concretion B. 
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of filamentous microfossils rimmed by aragonite (Fig. 4C), identical to 
those described in the laminated lithofacies. The matrix between the 
filaments is cemented by the same low-Mg calcite microspar cementing 
the filaments. Calcite has the same bright orange CL color as in the 
laminated lithofacies (Fig. 4D). The clasts commonly reveal a fitted 
fabric and display an isopachous rim of fibrous aragonite composed of 
mm-long acicular crystals, which are not luminescent under CL (Fig. 4C 
and D). The same network of mud-filled fissures described in the lami
nated lithofacies is observed. Here, however, the degree of brecciation is 
higher than in the laminated lithofacies and the original fabric is 
completely disrupted. The brecciated lithofacies is characterized by 
irregular and elongated cavities, locally with angular edges, ranging in 
size from some mm to a few cm, in places filled with calcite (Fig. 4E). 
Some cavities show an internal segmentation defined by the branching 
of micritic films of putative microbial origin, in turn covered by calcite 
microcrystals (Fig. 4F). 

4.2.3. Sulfur-bearing lithofacies 
This lithofacies is observed in concretion A, sandwiched between the 

brecciated lithofacies. It consists of a 2 cm thick interval formed by mm- 
thick pale-yellow, sulfur-rich discontinuous laminae intercalated to a 
dark gray and brownish sediment (Fig. 4B and 5A). The yellow laminae 
seal the mud-filled fissure on the underlying brecciated lithofacies but 
locally laminae are bent upward or crosscut by the same mud-filled 
fissures observed in the breccia (Fig. 4B). In plane view, sulfur forms 
cm-large patches that interfinger with the dark gray sediment and the 
brecciated lithofacies (Fig. 5B). Under transmitted light, the sulfur 
laminae appear dark and show a core consisting of thin flakes of native 
sulfur (Fig. 5C), embedded in a micritic sediment composed of micron- 
sized calcite crystals mixed with sulfur. Calcite shows the same dark 
orange-brown CL color as the calcite observed in the mud-filled fissures. 
The thin native sulfur flakes show a bright autofluorescence, in contrast 
to the poorly fluorescent micrite with scattered sulfur (Fig. 5D). The 
fluorescent sulfur consists of irregular filamentous or coccoidal objects 
(10 μm across and up to 50 μm long; Fig. 5E), which are interpreted as 
putative microbial features. Millimeter-sized elongated cavities parallel 
to lamination and partially filled with calcite crystals enclosing micron- 
sized sulfur grains were observed in the sulfur-bearing lithofacies 
(Fig. 5F, G, H). 

4.3. Carbon and oxygen stable isotopic composition of carbonates and 
multiple sulfur isotopic composition of elemental sulfur 

The laminated lithofacies shows clustered carbon and oxygen isotope 
values of both calcite and aragonite cements with δ13C values ranging 
from – 23.5 to − 14.9‰ and δ18O values ranging from − 1.4 to +1.3‰; 
only one sample of aragonite cement shows more positive δ13C (− 1.6‰) 
and δ18O (+5.2‰) values (Fig. 6 and Table 1). Three filament-bearing 
clasts in the brecciated lithofacies were analyzed; δ13C values range 
from − 20.4 to − 10.8‰ and δ18O values from +1.6 to +5.7‰. The 
microcrystalline calcite of the mud-filled fissures in the brecciated 
lithofacies displays similar δ18O values (+2.5‰ on average), but is 
significantly more 13C-depleted (δ13C from – 52 to − 30‰). Similar δ13C 
values (− 30.5‰) characterize the calcite cement enclosing sulfur in the 
sulfur-bearing lithofacies. Its δ18O values are around +0.7‰ on average. 

The results of sulfur isotope analyses of elemental sulfur from the 
sulfur-bearing lithofacies are shown in Table 2 and Fig. 7. The δ34S 
values range from 10.4 to 12.2‰, whereas the Δ33S values fall between 
0.054 and 0.068‰. 

4.4. Lipid biomarker data and compound specific carbon isotopes 

4.4.1. Hydrocarbons 
In all three lithofacies, hydrocarbons are present with low contents 

(Supplementary Fig. S2). In the laminated lithofacies, long-chain n-al
kanes (C27-33) are the most abundant compounds; other compounds are 
short-chain iso-alkanes with 18 and 19 carbons. In great contrast, the 
brecciated and sulfur-bearing lithofacies are typified by only minor 
contents of alkanes, but high contents of native sulfur in the brecciated 
lithofacies. Long-chain alkanes yielded δ13C values ranging from − 34 to 
− 32‰, which is typical for leaf waxes of land plants. 

4.4.2. Alcohols 
The three lithofacies are characterized by a different lipid assem

blage in the alcohol fraction (Fig. 8). The laminated lithofacies is pre
dominated by n-alcohols with chain lengths peaking from C24 to C26 
(Fig. 8A). Other abundant compounds are land-plant derived pentacy
clic triterpenoids (oleanenes; Killops and Frewin, 1994) and two 
dinostanol epimers, most likely derived from dinoflagellates (e.g., 
Volkman, 2003). Other, minor compounds were three non-isoprenoid 
macrocyclic glycerol diethers (McDGs), which were first described in 
authigenic carbonates from Egypt and Spain (Baudrand et al., 2010). 
These compounds are accompanied by the isoprenoid diphytanyl glyc
erol diether archaeol, which is a common membrane lipid of many 
archaea, especially of methanogenic, methanotrophic, and halophilic 
archaea (Koga et al., 1998; Blumenberg et al., 2004 Dawson et al., 
2012). The brecciated lithofacies predominantly contains mid-to long-
chain n-alcohols, with a predominance of even over odd chains that are 
maximizing at chain lengths from C24 to C28 (Fig. 8B). In contrast to the 
laminated lithofacies, the two dinostanols are accompanied by choles
terol, cholestanol, β− sitosterol, stigmastanol and other minor sterols in 
the brecciated lithofacies. Further, various α,ω− diols and 1,15-C30-diol 
are present; the latter are commonly assigned to eustigmatophyte algae 
(e.g., Rampen et al., 2022). Other minor compounds are dialkyl glycerol 
diethers (DAGEs) with 31–33 carbons. Similar as for the laminated 
lithofacies, three non-isoprenoid macrocyclic glycerol diethers (McDGs) 
were found in brecciated lithofacies, but with slightly higher contents, 
also accompanied by archaeol (Fig. 8B). The sulfur-bearing lithofacies 
shows the same composition of n-alcohols and various sterols and sta
nols as in the brecciated lithofacies (Fig. 8C). In contrast to the other 
lithofacies, the three non-isoprenoid McDGs are the predominating 
compounds in sulfur-bearing lithofacies; for all lithofacies, C34-McDG 
(compound C; Fig. 8C) is most abundant and C32-McDG (compound A, 
Fig. 8C) is least abundant (Fig. 8C and D). Compound specific carbon 
isotope compositions of McDGs in the sulfur-bearing lithofacies range 
from − 31 to − 27‰; in the other samples, McDGs contents were too low 
to measure their isotopic compositions. DAGEs were found as well, 
comprising C31/32 DAGEs with average δ13C values of − 39‰ (Fig. 8C). 
The δ13C values of stanols range from − 29‰ (stigmastanol) to − 23‰ 
(dinostanol); however, some sterols co-elute with long-chain n-alcohols. 

Fig. 3. A) Polished slab of the laminated lithofacies (cut perpendicular to bedding). Note the whitish/yellowish finely laminated packets and mud-filled fissures 
(arrows) orientated both parallel and at a high angle with respect to lamination. B) Two filament-bearing laminae. The white dotted line is the boundary between a 
lamina with densely packed filaments (below) and a lamina with sparser filaments (above). The arrows indicate filaments in the upper lamina. C) Irregular boundary 
(white dotted line) between a filament and peloid-bearing lamina and a mud-filled fissure with abundant terrigenous grains. The white arrow in the lower part points 
to a filament. D) Cathodoluminescence (CL) image of C). Note the different CL color of the cement in the filament and peloid-bearing lamina (bright orange) and in 
the mud-filled fissure (dark orange). Aragonite (Ar) is non luminescent. Mg–C: low magnesium calcite. The white arrow in the lower part points to a filament. E) 
Detail of a fluorescent filament. The white arrows indicate tiny opaque grains corresponding to iron sulfide grains. F) Close up of the laminated lithofacies (polished 
slab cut perpendicular to bedding). Note the mud filled fissures (arrows) and the brecciation of the laminated fabric. G, H) Details of a mud filled fissure. Note in G the 
clasts composed of aragonite and in H the filament rimmed by aragonite (yellow arrow) and the abundant terrigenous grains. 
B, C, G, H: plane-polarized photomicrographs; E: cathodoluminescence photomicrograph; H: ultraviolet-light photomicrograph. 
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Archaeol yielded a δ13C value of − 19‰, representing the least 
13C-depleted compound (Supplementary Table S1). 

4.4.3. Carboxylic acids 
The carboxylic acid fractions are dominated by n-fatty acids for all 

lithofacies (Supplementary Fig. S3). In particular, mid-to long-chain n- 
fatty acids with 22–30 carbon atoms predominate in the brecciated 
lithofacies. In the laminated carbonate and sulfur-bearing lithofacies 
additionally high contents of saturated C14-18 n-fatty acids have been 
recognized. The δ13C values of C16-18 n-fatty acids are − 28‰ on average, 

Fig. 4. A, B) Polished slabs of the brecciated and sulfur-bearing lithofacies. A) Brecciated lithofacies; note the whitish angular clast and the fissure-filling dark gray 
mudstone. B) Sulfur-bearing lithofacies (cut perpendicular to bedding). Discontinuous sulfur rich-yellowish laminae are interbedded between the brecciated lith
ofacies. Note that the sulfur-rich laminae are locally bent upward and crosscut by gray mudstones (arrow). The rectangle indicates the location of Fig. 4E. C) Clasts 
with an isopachous rim of aragonite. Clasts are separated by fissure-filling mudstone. Some filaments in a clast (arrow). The rectangle indicates the location of 
Fig. 4D. D) Detail of C under cathodoluminescence light (CL), showing a mud-filled fissure cross cutting the clasts. Note the different CL color of the microcrystalline 
cement in the clasts (bright orange) and in the mudstone (dark orange). The aragonite rim of the clasts is non luminescent. E) Detail of B (polished slab cut 
perpendicular to bedding). Note irregular cavities partially filled with cement. Some cavities display angular edges (arrows). F) Detail of a cavity, partially filled with 
calcite crystals. Note the internal segmentation evidenced by the branching of thin micritic filaments. C, F: plane-polarized photomicrographs; D: cath
odoluminescence light photomicrograph. 
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Fig. 5. A) Sulfur-rich laminae (S) interbedded to dark-gray brownish fine-grained sediment consisting of sulfur and calcite microspar (Cc + S). B) Sulfur patches 
interfingering with a breccia composed of filament-bearing clasts. Polished slab (cut parallel to bedding). C) Irregular flakes of elemental sulfur (S). Cc + S: Calcite ad 
sulfur. The black rectangle indicates the location of Fig. 5F. D) Fluorescent sulfur flakes (S). E) Irregular elongated sulfur grains (arrows). F) Detail of C: sulfur grains 
enclosed in calcite microcrystals partially filling an irregular cavity. G) Detail of F, showing an irregular, elongated sulfur grain resembling a filament (arrow). H) 
Fluorescent sulfur grain (arrow). A: reflected light photomicrograph; C, F, G: plane-polarized light photomicrographs; D, H: ultraviolet-light photomicrographs.; E: 
SEM photomicrograph. 
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whereas longer chain n-fatty acids range from − 28‰ (n-C22) and − 31‰ 
(n-C28). Acyclic biphytanic diacid yielded a value of − 31‰. All samples 
revealed minor amounts of 10Me–C16 and iso- and anteiso- C15 and C16 

fatty acids. The low contents of these compounds, however, did not 
allow for their compound-specific carbon isotope composition to be 
determined. 

5. Discussion 

5.1. The laminated lithofacies: A carbonate stromatolite reflecting 
organoclastic sulfate reduction 

The laminated lithofacies displays a characteristic stromatolitic 
fabric resulting from the vertical stacking of filament-rich laminae. The 
intricate network of fluorescent filamentous structures supports its mi
crobial origin. The affiliation of the fossilized filamentous structures to a 
specific group of microorganisms is difficult (Schopf et al., 2012; Dela 
Pierre et al., 2015; Andreetto et al., 2019), since different clades of 
prokaryotes, including cyanobacteria and sulfide-oxidizing bacteria, can 
produce similar morphological features. 

The studied rocks are enclosed within unlithified hemipelagic sedi
ments deposited on a poorly oxygenated seafloor well below the photic 
zone; i.e., in the medium-lower bathyal zone between 500 m and 1000 m 
estimated water depth (Ghibaudo et al., 1985). Such depth constraints 
exclude that the formation of the microbialite was mediated by photo
trophic microorganisms. The large diameter (~80 μm) and the curved 
shape of filaments, as well as the presence of tiny iron sulfide grains 
within them (Fig. 3E) – the latter possibly corresponding to early 
diagenetic transformation products of original sulfur globules stored by 
the bacteria – suggest that the filaments probably represent remains of 
large sulfide-oxidizing bacteria like Beggiatoa or Thioploca (cf. Oliveri 
et al., 2010; Dela Pierre et al., 2015; Andreetto et al., 2019; Aloisi et al., 
2022). Such an assignment agrees with the presence of saturated C14, 
C16, and C18 fatty acids as well as monounsaturated C18:1ω7 fatty acids in 
the studied samples. Although these compounds are ubiquitous and 
therefore can derive from a wide array of organisms among bacteria and 
eukaryotes, they are the most common lipids found in modern chemo
trophic microbial mats dominated by Beggiatoa and Thioploca (McCaf
frey et al., 1989; Arning et al., 2008). 

The excellent preservation of the filamentous microfossils, showing 
circular cross sections without any evidence of compaction, is the 
consequence of rapid precipitation of carbonate minerals stabilizing the 
soft microbial mat. The biogeochemical processes, favoring carbonate 
precipitation and coming along with the concomitant production of 
hydrogen sulfide apparently sustaining sulfide-oxidizing bacteria at the 
seafloor, were probably OSR and SD-AOM (cf. Irwin et al., 1977; Peck
mann and Thiel, 2004). However, subsequent sulfide oxidation with 
oxygen promotes a decrease of alkalinity, favoring dissolution of car
bonate minerals (Peckmann et al., 2004; Bailey et al., 2009; Himmler 
et al., 2018). In contrast, acidity can be consumed and calcification can 
be stimulated if sulfide-oxidizing bacteria couple the oxidation of sulfide 
with the reduction of nitrate, following the reaction HS− + NO3

− + H+ +

H2O → SO4
2− + NH4

+ (Bailey et al., 2009; Himmler et al., 2018). 
Nitrate-dependent sulfide oxidation therefore may have induced an in
crease of alkalinity and the consequent precipitation of carbonate min
erals in the Ripa dello Zolfo microbial mat. This process has been 
described in modern stromatolitic carbonates at a deep-water methane 
seep located in the oxygen minimum zone of the northern Arabian Sea 
(Himmler et al., 2018). There, Thioploca filaments are surrounded by 

Fig. 6. Cross-plot of the carbon and oxygen stable isotope data of the studied 
concretions. Data from the host unconsolidated sediments are from Natalicchio 
et al. (2012). 

Table 1 
Carbon (δ13C) and oxygen (δ18O) stable isotope values.  

Lithofacies Sample Mineralogy δ13C [‰PDB] δ18O [‰PDB] 

Laminated X.4.1 Mg calcite − 19.9 − 0.4 
X.4.3 Mg calcite − 14.9 − 1.4 
X.4b Mg calcite − 16.7 +0.1 
X.8.2 Mg calcite − 23.5 +0.7 
X.4.2 Aragonite − 17.0 +1.3 
X.4.4 Aragonite − 1.6 +5.2 
X.4a Aragonite − 21.4 +0.8 
X.8.1 Aragonite − 20.3 +1.3 

Brecciated X2a.3 Calcite − 50.8 +3.5 
X2a.4 Calcite − 36.6 +1.8 
X2a.4 Calcite − 36.5 +1.8 
X.2.1 Calcite − 52.0 +2.9 
X.2a.2 Calcite/aragonite − 20.4 +2.3 
X.2a.1 Aragonite − 10.8 +5.7 
X.2.2 Aragonite − 16.6 +1.6 

Sulfur-bearing X.3.I Calcite − 30.0 +0.6 
X.3.II Calcite − 30.2 +0.8 
X.3.IV Calcite − 30.6 +0.5 
X.3.V Calcite − 29.9 +0.8 
X.3.V Calcite − 29.9 +0.7 
X.3.III Calcite − 32.7 − 0.2 

Encasing marls DM133 Calcite − 4.1 − 2.1 
DM134 Calcite − 1.7 − 3.0 
DM135 Calcite − 1.1 − 2.8 
OM1 Calcite − 2.8 − 1.5 
OM3 Calcite − 2.1 − 2.0 
OM9 Calcite − 3.0 − 2.5  

Table 2 
Multiple sulfur isotope data from elemental sulfur.  

Sample name δ34S ± 0.1‰ Δ33S ± 0.002‰ 

X.3c1 12.2 0.067 
X.3c2 11.7 0.054 
X.3d1 11.1 0.064 
X.3d2 10.4 0.062 
X.3e 11.3 0.068  
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and partially filled with fibrous aragonite (Himmler et al., 2018). 
In the Ripa dello Zolfo concretions, carbonate minerals are repre

sented by: a) low-Mg calcite microspar found within the filaments and in 
the enclosing matrix; b) aragonite, mostly encrusting filaments. The 
moderately negative δ 13C values (~− 20‰) of the carbonate and the 
presence of iso- and anteiso-C15 fatty acids and 10Me–C16 fatty acids, 
compounds commonly associated with sulfate-reducing bacteria in 
marine environments (Arning et al., 2008, 2009), suggest that carbonate 
precipitation and generation of sulfide was induced by OSR in 
organic-rich sediments (Fig. 9A). In addition, most of the δ18O values (– 
1.4 < δ18O ‰ PDB < + 1.3) are indicative of open marine conditions 
(Bellanca et al., 2001; Pierre and Rouchy, 2004). The depositional 
environment of the Ripa dello Zolfo concretions was therefore different 
from the hypersaline environment that favored the formation of similar 
stromatolitic carbonates from Sicily (Oliveri et al., 2010) and Calabria 
(Perri et al., 2017; Borrelli et al., 2021). The latter carbonates originated 
during the Messinian salinity crisis and are characterized by more pos
itive δ18O values (from +3 to +5 ‰PDB; Perri et al., 2017) than the 
carbonates of the laminated lithofacies of the Ripa dello Zolfo 
concretions. 

The alternation of laminae with less (yellow laminae) and more (gray 
laminae) filamentous microfossils observed in the Ripa dello Zolfo 
concretion might suggest changing redox conditions at the seafloor, 
most likely controlled by short-term climate fluctuations (Fig. 9B and C). 
Under low oxygen bottom water conditions, the seafloor was colonized 
by microbial mats possibly dominated by filamentous sulfide-oxidizing 
bacteria (e.g., Thioploca) sensitive to high concentrations of molecular 
oxygen (Jørgensen and Gallardo, 1999). At the sediment water inter
face, the presence of hydrogen sulfide produced by OSR promoted 
nitrate-driven sulfide oxidation that favored the precipitation of arago
nite around the filaments (Fig. 9B). Just below the mat, active OSR in 
anoxic pore waters, induced the precipitation of low-Mg calcite micro
spar, contributing to the stabilization of the mats. When the conditions 
at the seafloor changed to higher oxygen levels, and the sulfate reduc
tion zone moved downward in the sedimentary column, 
sulfide-oxidizing bacteria retreated into the sediments where sulfide was 
still available. Such a process possibly resulted in the formation of the 
laminae with more densely spaced filaments (darker laminae; Fig. 9C). 

5.2. The brecciated lithofacies: stromatolite disruption induced by deep- 
seated SD-AOM 

The clasts of the brecciated lithofacies display the same composition 
(filamentous microfossils rimmed by aragonite and cemented by low-Mg 
calcite) and carbon and oxygen isotope values as the laminated lith
ofacies (Fig. 6). This pattern suggests that brecciation occurred at the 
expense of an already consolidated microbial mat formed under similar 
conditions as described for the laminated lithofacies (Fig. 9A–D). The 
sharp edges of the clasts and their fitted, jigsaw puzzle pattern indicate 
that brecciation occurred in situ. In addition, the fact that the clasts are 
separated by mud-filled fissures suggests that brecciation was caused by 
the injection of fluidized mud during its rise through the semi-lithified 
microbial mat. Mud injections have also been recognized in Triassic 
methane-seep deposits, suggesting that high enough pore-water pres
sures are attained in gas-rich sediments to force fluid mud into carbonate 
lithologies at shallow depth (Peckmann et al., 2011). Cementation of the 
microbial mats was promoted by OSR and nitrate-driven sulfide oxida
tion at or immediately below the seafloor, creating a rigid barrier fa
voring local overpressure conditions. The same process also affected the 
laminated lithofacies, even though the degree of brecciation of the latter 
is lower than in the brecciated lithofacies. 

Interestingly, the calcite cement of the mud-filled fissures displays 
δ13C values as low as − 52‰. The same cement is typified by more 
positive δ18O values (+2.5‰ on average), compared to the laminated 
lithofacies (+1.0‰ on average). The 13C depletion indicates that the 
bicarbonate incorporated into the authigenic calcite derived from the 
oxidation of biogenic methane by SD-AOM (Peckmann and Thiel, 2004), 
Similar δ13C values were found in the Ripa dello Zolfo area for strata
bound, cylindrical, and mound-like concretions (Dela Pierre et al., 2010; 
Natalicchio et al., 2012), occurring only a few meters below the con
cretions studied herein (Fig. 9A). The positive δ18O values of these 
concretions (up to 8 ‰) possibly reflect gas hydrate destabilization (Dela 
Pierre et al., 2010; Martire et al., 2010; Natalicchio et al., 2012). Some of 
the diagenetic carbonates in the underlying strata contain abundant 
13C-depleted molecular fossils (δ13C values as low as − 102‰) of a 
SD-AOM consortium (Natalicchio et al., 2012; Supplementary Table S1), 
confirming that carbonate precipitation was induced by SD-AOM. In 

Fig. 7. Multiple sulfur isotope composition (δ34S and Δ33S) of elemental sulfur of the studied concretions and modelled isotope composition for biotic (A) and abiotic 
(B) oxidation of H2S. Individual curves correspond to the modelled isotopic composition of the elemental sulfur resulting from the oxidation of H2S. The latter formed 
by mixing of two isotopically distinct pools. The first pool is produced by the progressive consumption of SO4

2− in the porewater, regulated by the parameter fSO4 
(fSO4 = 1 meaning that no SO4

2− has been consumed by microbial sulfate reduction and fSO4 = 0 meaning that all the porewater SO4
2− has been reduced to H2S). The 

second pool of H2S is produced at the vicinity of the SMTZ where all SO4
2− has been consumed by microbial sulfate reduction and its isotopic composition is close to 

the seawater sulfate isotopic value (i.e δ34S = 22.2‰ and Δ33S = 0.035‰). fmix is the parameter that regulate the mixing of the two pools of H2S and vary between 
0 and 1, with fmix = 0 meaning that all the S0 was produced by the oxidation of the first pool of H2S and fmix = 1 meaning that all the S0 was produced by the oxidation 
of H2S produced at the vicinity of the SMTZ (pool 2). 
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addition, these stratigraphically deeper authigenic carbonate rocks 
provide evidence of vertical displacements of the SMTZ based on the 
different types of formations arguably forming at different depths (see a 
complete list of molecular fossils of these concretions in Supplementary 
Table S1; cf. Dela Pierre et al., 2010; Natalicchio et al., 2012). Cylin
drical concretions correspond to conduits originating by the upward 
migration of methane-rich fluids (Clari et al., 2009; Cavagna et al., 
2015). Surprisingly, the similarly negative δ13C values of the cement of 
the mud-filled fissures of the studied elemental sulfur-containing con
cretions are not accompanied by any molecular fossils indicative of 
SD-AOM. The only evidence for archaea is the presence of archaeol, a 
biomarker of many representatives of this domain of life (Koga et al., 

1998). However, the δ13C value of archaeol of − 19‰ and the absence of 
diagnostic SD-AOM lipids argue against the occurrence of this biogeo
chemical process in the depositional environment where the Ripa dello 
Zolfo concretions formed; therefore archaeol was rather sourced by 
methanogens, halophiles, or marine planktic Euryarchaeota (cf. Koga 
et al., 1998; Vandier et al., 2021; Sollai et al., 2019). Although diag
nostic lipids of sulfate-reducing bacteria (terminally branched fatty 
acids and C31/32 DAGEs) are present in the brecciated lithofacies, their 
compound-specific δ13C values (− 39‰) are also not consistent with 
SD-AOM and rather point to OSR. This line of evidence argues against 
the formation of the strongly 13C-depleted calcite cement within the 
SMTZ by SD-AOM. A possible explanation for the 13C-depleted 

Fig. 8. Chromatograms of the laminated (A), brecciated (B) and sulfur-bearing (C) lithofacies showing the distribution and the relative abundance of the main lipids 
in the alcohol fraction. In C, compound specific carbon isotope values are also indicated for the most abundant lipids. D) Molecular structures of the main macrocyclic 
diethers (McDGs) with 32 (15,16-dimethyl-C30), 33 (7, 15, 16-trimethyl-C30) and 34 (7, 15, 16, 24-tetramethyl-C30) carbons, respectively, attached to the glycerol via 
two ether bonds (see Baudrand et al., 2010 for details). ist: internal standard; DAGE: dialkyl glycerol diethers. 
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authigenic carbonate is the supply of SD-AOM-derived bicarbonate ions 
from a deep-seated SMTZ (Fig. 9A–D); the presence of stratabound and 
cylindrical methane-derived concretions cemented by dolomite (Nata
licchio et al., 2012; Cavagna et al., 2015, Fig. 9A) a few meters below the 
studied sulfur-bearing concretion suggests that a SMTZ must have been 
present in the vicinity. Therefore, the SD-AOM-generated bicarbonate 
ions were apparently entrained with fluidized mud by upward rising 
overpressured fluids, shifting the carbonate equilibrium toward super
saturation and inducing the precipitation of 13C-depleted low-Mg calcite 
in the pores of the mud filling the fissures. The positive δ18O values of 
this cement may suggest that fluids were produced by gas hydrate 
destabilization (Dela Pierre et al., 2010). According to this scenario, 
gas-rich fluids escaping toward the water column were probably 
entrapped in partially cemented sediments giving rise to the cavernous 
fabric of the studied concretions (Fig. 4E and F; Fig. 9D). Cavities with 
angular edges were possibly originated by the growth of gas hydrates in 
the sediment and their subsequent destabilization. Similar features were 
described in modern (Bohrmann et al., 1998; Greinert et al., 2001) and 
ancient (Bojanowski, 2007; Martire et al., 2010) gas hydrate-associated 
carbonates. 

5.3. Formation of the sulfur-bearing lithofacies 

The observations that sulfur did not aggregate in a displacive mode, 
forming thin discontinuous laminae parallel to bedding and draping the 
breccia derived from the stromatolite suggests that sulfur is a syngenetic 
product of the oxidation of hydrogen sulfide at or close to the seafloor. 
Elongated cavities, probably derived from rising gas, are enclosed within 
the sulfur laminae (Fig. 5A–C), further supporting a shallow formation 
depth. 

The sulfur isotope composition of elemental sulfur (δ 34S and Δ33S) 
can be used to further distinguish whether hydrogen sulfide was pro
duced by OSR or SD-AOM (Lin Z. et al., 2018; Liu et al., 2020, 2022). At 
the top of the microbial sulfate reduction zone, pore water is fed by 
seawater-derived sulfate diffusing from the water column into the sed
iments (δ34S= 22.2 ± 0.2‰ and Δ33S= 0.035 ± 0.013‰ for the Messi
nian seawater; Masterson et al., 2016); the hydrogen sulfide produced 
from its reduction yields much lower δ34S (as low as − 50‰) and higher 
Δ33S values (as high as +0.2‰) than coeval oceanic sulfate (Johnston, 
2011). With increasing depth, sulfate is progressively consumed by 
microbial sulfate reduction; the δ34S values of hydrogen sulfide tend to 

increase and Δ33S values tend to decrease following a Rayleigh type 
distillation (Fike et al., 2015). In the vicinity of the SMTZ, where 
porewater sulfate is typically close to be completely consumed, the 
isotopic composition of hydrogen sulfide is often observed to be similar 
to that of seawater sulfate (Liu et al., 2020, 2022). Within or below the 
SMTZ, where trace amounts of sulfate are still present and methane 
diffuses upward from the methanic zone, OSR is outcompeted by 
SD-AOM and the resulting hydrogen sulfide is typically characterized by 
higher δ34S and lower Δ33S values than those of coeval seawater (Lin Z. 
et al., 2018; Liu et al., 2022). 

The isotope values of the Ripa dello Zolfo native sulfur (δ34S and 
Δ33S) plot in a mixing area between two sulfur pools, i.e., sulfur derived 
from the oxidation of hydrogen sulfide produced by OSR and from SD- 
AOM (Fig. 7). We applied the numerical model described in paragraph 
3.5 to trace the relative amount of sulfate that has been consumed in the 
porewater (controlled by the parameter fSO4 varying between 0 and 1), 
the contribution of two different hydrogen sulfide pools (controlled by 
the parameter fmix varying between 0 and 1), and the process responsible 
for hydrogen sulfide oxidation. The results of this modelling exercise for 
biotic (i.e., chemolithotrophic) and abiotic oxidation are shown in 
Fig. 7A and B, respectively. In both diagrams (Fig. 7A and B), the isotope 
values of elemental sulfur plot in a relatively small area characterized by 
fmix ≥ 0.8. At least 80% of the reoxidized hydrogen sulfide to produce 
elemental sulfur derives from a porewater reservoir exhausted in sulfate, 
i.e., from the base of the microbial sulfate reduction zone, most likely in 
the surroundings of the SMTZ (Fig. 9A). The remaining 20% of hydrogen 
sulfide was produced by OSR at shallower sediment depth, where the 
porewater sulfate concentration was closer to its concentration in 
seawater. In particular, the fact that in both diagrams elemental sulfur 
values plot between fSO4 = 0.2 and fSO4 = 0.4 suggests that 60–80% of 
porewater sulfate was already consumed and reduced to hydrogen sul
fide. Therefore, the elemental sulfur in the Ripa dello Zolfo concretions 
mostly derives from the oxidation of dissolved hydrogen sulfide pro
duced at the vicinity of a deep-seated SMTZ. Interestingly, in the Ripa 
dello Zolfo concretions sulfur co-precipitated with 13C-depleted authi
genic calcite, probably reflecting carbonate supersaturation induced by 
the upward rising of 13C-depleted bicarbonate ions originated in a deep- 
seated SMTZ and transported upward by overpressured fluids (Fig. 9D). 
The same mechanism may have been responsible for the upward 
transport of hydrogen sulfide. The latter was subsequently oxidized to 
elemental sulfur at or close to the seafloor, either abiotically or 

Fig. 9. A) Schematic scenario for the formation of the Ripa dello Zolfo carbonate and elemental sulfur. GH: gas hydrate. The columns on the right represent the 
suggested processes (OSR: organoclastic sulfate-reduction; SD-AOM: sulfate-driven anaerobic oxidation of methane; ND-SO: nitrate-driven sulfide oxidation), sulfate 
and sulfide profiles, two pools of H2S (blue: within the OSR zone; red: at the SMTZ), and the authigenic minerals (Ar: aragonite; S: sulfur; MgC: Mg calcite; Cal: 
calcite; Dol: dolomite). B-D) Details of A showing the formation of the laminated (B, C) and the brecciated and sulfur-bearing (D) lithofacies. See text for details. 
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biotically. 
Both biotic and abiotic oxidation of hydrogen sulfide involve only 

limited isotope fractionation (Zerkle et al., 2016; Eldridge and Farquhar, 
2018; Liu et al., 2020). Abiotic oxidation occurs with molecular oxygen 
or, in oxygen-depleted sediments like those studied here, with the 
concomitant reduction of iron oxides or nitrate (Lichtschlag et al., 2013; 
Lin Z. et al., 2018; Liu et al., 2020, 2022). Biotic oxidation is mediated by 
sulfide-oxidizing chemolithotrophs. Among them, Arcobacter is known 
to form elemental sulfur during bacterial oxidation of sulfide, forming 
dense “cotton-like” microbial mats at or immediately below the seafloor 
(Taylor and Wirsen, 1997; Wirsen et al., 2002; Sievert et al., 2007; 
Grünke et al., 2011; Madrid et al., 2001; Fischer et al., 2012; Pimenov 
et al., 2018). The results from the isotope model do not allow to 
discriminate whether the oxidation of sulfide was abiotic or biotic since 
the area representing chemolithotrophic oxidation (Fig. 7A) largely 
overlaps with the area reflecting abiotic oxidation (Fig. 7B). 

While abiotic oxidation with metal oxides has been proposed to be 
the principal mechanisms for hydrogen sulfide oxidation in marine 
sediments from the Southern China and Baltic seas (Lin Z. et al., 2018; 
Liu et al., 2020, 2022), the absence of iron oxides and pyrite in the 
sulfur-bearing lithofacies argues against such process as the driving 
mechanism for elemental sulfur formation. In contrast, the involvement 
of microorganisms in the formation of elemental sulfur apparently 
agrees with the intense autofluorescence of the sulfur laminae, which 
suggest the presence of organic matter; the latter might represent the 
original, though degraded, biomass of the microorganisms involved in 
sulfide oxidation and sulfur precipitation, akin to the known 
sulfur-excreting bacteria. The molecular fossils assemblage of the 
sulfur-bearing lithofacies does not provide conclusive evidence on the 
involvement of such microorganisms. The most abundant molecular 
fossils of this lithofacies are short-chain C12-18 fatty acids, with a pre
dominance of saturated and unsaturated C16 and C18 fatty acids. These 
lipids are indeed produced by modern sulfur-excreting bacteria (i.e., 
Arcobacter; Jelinek et al., 2006; Park et al., 2016; Zhang et al., 2016), but 
these compounds are also synthesized by many organisms including 
other filamentous sulfide-oxidizing bacteria (i.e., Beggiatoa; Arning 
et al., 2008). 

Besides fatty acids, high contents of non-isoprenoid macrocyclic 
glycerol diethers (McDGs) were found in the Ripa dello Zolfo lithofacies, 
especially in the sulfur-bearing-lithofacies. Although the source of these 
compounds is enigmatic, McDGs have also been described from hydro
thermal sulfidic environments (Blumenberg et al., 2007). The same 
McDGs like the Ripa dello Zolfo McDGs were found in sulfur-bearing 
carbonates deriving from diagenetic transformation of gypsum (Bau
drand et al., 2010; Ziegenbalg et al., 2012; Aloisi et al., 2013; Birgel 
et al., 2014). Possible sources of the McDGs are extremophilic bacteria 
including sulfate-reducing bacteria adapted to extreme conditions 
(Rouwendaal et al., 2023). Interestingly, it has been suggested that 
sulfate-reducing bacteria may induce the precipitation of native sulfur 
under highly sulfidic conditions (Bishop et al., 2013; Labrado et al., 
2019; Wang et al., 2023). In the sulfur-bearing lithofacies, the δ13C 
signatures of McDGs are similar to the signatures of lipids from 
allochthonous sources such as algae or land plants (i.e., stigmastanol, 
dinostanol, cholesterol) but also sulfate-reducing bacteria (i.e., DAGE). 
Such values agree with a heterotrophic metabolism of the 
McDG-producing organisms. In this light, an origin of the Ripa dello 
Zolfo elemental sulfur from sulfate-reducing bacteria incompletely 
reducing sulfate to elemental sulfur as an adaptation to extreme envi
ronmental conditions – as opposed to sulfide oxidation to native sulfur – 
cannot be excluded (Rouwendaal et al., 2023). 

6. Conclusions 

Authigenic carbonate minerals and elemental sulfur hosted in early 
Messinian suboxic sediments originated as a consequence of organo
clastic and methane-driven sulfate reduction. The former process 

promoted the formation of aphotic carbonate stromatolites from benthic 
microbial mats dominated by filamentous sulfide-oxidizing bacteria. 
Calcification was probably favored by nitrate-driven sulfide oxidation at 
the seafloor and organoclastic sulfate reduction at shallow sediment 
depth. Local overpressure, possibly induced by gas hydrate destabili
zation, promoted the brecciation of the carbonate stromatolites by mud 
injection and the upward transport of 13C-depleted bicarbonate ions and 
34S-enriched hydrogen sulfide produced by sulfate-driven anaerobic 
oxidation of methane at a sulfate-methane transition zone at greater 
depth. The consequent alkalinity rise favored the precipitation of 13C- 
depleted calcite, whereas the oxidation of hydrogen sulfide led to the 
formation of elemental sulfur at or close to the seafloor. Sulfide oxida
tion was possibly mediated by microorganisms such as sulfur excreting 
sulfide-oxidizing bacteria. Alternatively, sulfate-reducing bacteria 
adapted to locally extreme conditions reduced sulfate to elemental sul
fur under highly sulfidic conditions. This study highlights that a multi- 
proxy approach, including sedimentological and petrographical obser
vations coupled with isotope geochemistry and lipid biomarkers, has 
great potential for the reconstruction of spatially and temporarily 
separated biogeochemical processes in the shallow subsurface or at the 
seafloor (i.e., anaerobic methane oxidation, sulfate reduction, sulfide 
oxidation) – processes that may induce the syngenetic formation of 
authigenic carbonate and sulfur deposits in marine sediments. 
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