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ARTICLE INFO ABSTRACT

Editor: Dr. Giorgio Basilici Large and deep marine evaporitic basins (salt giants) are common in the geological record, but the reconstruction

of the palaeoenvironment is challenging. The sedimentary products consist of clastic evaporites (mass transport

Keywords: and turbiditic deposits), commonly interbedded with evaporitic cumulates or non-evaporitic fine-grained de-
Med‘terlra“ea“ salt giant posits representing the background hemipelagic sedimentation. The study of the hemipelagic component can
Hemipelagites

provide crucial palaeoenvironmental information on these basins. This study examines the non-evaporitic,
hemipelagic sediments interbedded with gypsum turbidites from the Belice Basin (Italy), a deep onshore basin
of the Late Miocene Mediterranean salt giant. The studied succession belongs to the Resedimented Lower
Gypsum unit, formed during the second phase of the Messinian Salinity Crisis (5.60-5.55 Ma) and consists of
laminated diatomaceous and organic-rich shales, dolomitic and aragonitic mudstones. Sedimentological,
petrographic, and geochemical analyses indicate that the hemipelagites accumulated in a rather deep basin, with
high primary productivity in superficial waters. The palaeoenvironmental conditions in the water column and at
the seafloor were governed by the balance between the inflows of freshwater and marine water. Intervals of
reduced continental runoff and enhanced marine ingression, which induced water column mixing and seafloor
oxygenation, are recorded by the diatomaceous shales. The other lithologies record prolonged stratification of
the water column, induced by riverine runoff and basin restriction. Seafloor anoxia and the input of terrestrial
and marine organic matter favoured the formation of dolomite and pyrite following bacterial sulphate reduction.
This study provides insights into the chemical, physical, and biological conditions in a deep basin during the
Messinian Salinity Crisis.

Primary productivity
Water column stratification
Messinian salinity crisis

especially due to the paucity of fossil remains (Peryt et al., 2020; Man-
cini et al., 2022; Pellegrino et al., 2023) and the absence of modern
analogues.

1. Introduction

Evaporite deposition is currently restricted to marine marginal and

shallow hypersaline environments, including sabkhas, salinas and arti-
ficial salt works (Schreiber and El-Tabakh, 2000; Warren, 2010). How-
ever, in the geological past, evaporites also formed in large and possibly
deep basins with restricted connections with the open ocean (Hiibscher
et al., 2007) and a negative hydrological budget, the so-called “salt gi-
ants” (Warren, 2010). Reconstructing their palaeoenvironmental con-
ditions - such as water depth and the chemical and physical conditions in
the water column and at the seafloor - is particularly challenging,
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A few criteria have been proposed to distinguish ancient deep-water
salt giant successions, deposited below the wave base: 1) the absence of
shallow water bedforms and/or subaerial exposure evidence (Hardie
and Lowenstein, 2004); 2) the presence of laminated cumulate deposits
with an exceptional, basin-wide lateral continuity of individual laminae
(Anderson et al., 1972; Kirkland et al., 2000), which are unlikely to form
in small-sized evaporitic ponds; 3) the presence of clastic evaporites
sourced by the erosion of marginal evaporitic platforms and emplaced
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by various types of gravity flows such as mass transport deposits and
turbidites (Schreiber and El-Tabakh, 2000). These deposits, which
require persistent subaqueous and relatively deep environmental con-
ditions (Schreiber et al., 1976, 1977; Schlager and Bolz, 1977; Schreiber
and El-Tabakh, 2000; Lamarche et al., 2008; Manzi et al., 2005, 2021;
Huhn et al., 2019; Moneron et al., 2023; Oppo et al., 2023), are
commonly interbedded with fine-grained sediments that reflect the
background hemipelagic deposition (e.g., Manzi et al., 2005). The latter
comprises both evaporitic cumulates (gypsum and halite) (Lugli et al.,
2015; Raad et al., 2023) and fine-grained non-evaporitic sediments, such
as organic-rich and dolomitic mudstones (Dela Pierre et al., 2014), as
well as biogenic sediments, mostly diatomaceous shales (Pestrea and
Saint Martin, 2002; Meilijson et al., 2019; Pellegrino et al., 2023). The
different lithologies reflect the balance among various factors, which
include: 1) the relative contribution of continental vs marine waters,
which controls the input of solutes, nutrients and organic matter into the
basin (Miiller and Hsii, 1987; Miiller and Schrader, 1989; Garcia-Veigas
etal., 2018; Meilijson et al., 2019; Ryan and Raad, 2025), 2) the tectonic
framework, which significantly influences the basin configuration and
connectivity with the open ocean (Butler et al., 1995; Jolivet et al., 2006;
Roveri et al., 2014a), and 3) the climate, which controls precipitations
and the rate of evaporation (e.g., Krijgsman et al., 2024).

Under these circumstances, while the investigation of clastic evap-
orites provides insight into the catchment area and the tectono-
sedimentary evolution of the basin, the study of the interbedded hemi-
pelagic sediments is crucial for reconstructing the palaeoenvironmental
conditions. In this study, we focus on a well-preserved succession of fine-
grained non-evaporitic deposits - including biosiliceous sediments
(Pestrea and Saint Martin, 2002), organic-rich shales, and dolomitic and
aragonitic mudstones - interbedded with clastic gypsum layers deposited
during the Messinian Salinity Crisis (MSC) in the Belice basin (Sicily,
Italy), a deep-water basin of the Late Miocene Mediterranean salt giant
(Roveri et al., 2008a). Sedimentological, petrographic and geochemical
analyses of the non-evaporitic sediments were conducted to reconstruct
the depositional environments of the basin and to elucidate the rela-
tionship between changing controlling factors and the resulting sedi-
mentary products.

2. The Late Miocene Mediterranean salt giant and the evaporitic
succession of Sicily

During the MSC (5.97-5.33 Ma, Roveri et al., 2014a), the Mediter-
ranean basin turned into the youngest salt giant in Earth history
following the restriction of the connection with the Atlantic Ocean along
the Rifian and Betic gateways, initiated approximately at 7.2 Ma
(Kouwenhoven and van der Zwaan, 2006). The sedimentary products of
the MSC comprise more than 1 million km?® of evaporites (Haq et al.,
2020) deposited in both marginal and deep basins, the latter mostly
buried below the abyssal plains of the present-day Mediterranean Sea.
Messinian evaporites consist of both in situ (mostly gypsum and halite)
and clastic lithofacies, the latter emplaced by gravity flows (Manzi et al.,
2021; Oppo et al., 2023).

Sicily is a key area for the reconstruction of the stratigraphic archi-
tecture of the Mediterranean salt giant. During the Messinian, Sicily
represented a structural high in the central Mediterranean, deeply
influencing water exchange between the various Mediterranean sub-
basins (e.g., Blanc, 2000; Aloisi et al., 2024). The Sicilian succession is
considered an onshore analogue of the deep offshore western Mediter-
ranean basins (Lofi et al., 2005; Rouchy and Caruso, 2006; Raad et al.,
2021), and it was originally subdivided into two informal stratigraphic
units: a) the Lower Evaporites and b) the Upper Evaporites (Decima and
Wezel, 1971, 1973; Garcia Veigas et al., 1995; Rouchy and Caruso,
2006). More recently, a different classification was proposed, following
the three-stage model of the MSC (CIESM, 2008; Roveri et al., 2014a).
According to this model, primary sulphate evaporites (Primary Lower
Gypsum unit, PLG) were deposited during the first MSC stage
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(5.97-5.60 Ma, Manzi et al., 2013; Roveri et al., 2014a) in marginal
Mediterranean basins (Riding et al., 1998; Lugli et al., 2010; Dela Pierre
et al., 2011; Artiaga et al., 2021). In Sicily, these deposits are found in
internal wedge-top basins like the Calatafimi and Ciminna basins (Lo
Cicero and Catalano, 1976; Schreiber et al., 1977; Vitale, 1990; Catalano
et al.,, 1996, 2013; Roveri et al., 2008a) and on the foreland ramp
(Roveri et al., 2008b). During the second stage or acme phase of the MSC
(5.60-5.55 Ma; CIESM, 2008; Roveri et al., 2014a), the marginal evap-
orites underwent subaerial exposure and erosion (Marabini and Vai,
1985; Roveri et al., 2008c; Soria et al., 2008), following an alleged high
magnitude sea-level drop, as evidenced by a basin-scale erosional sur-
face often associated with an angular unconformity (e.g., Do Couto
et al., 2015). This surface, known as the Messinian erosional surface
(MES), can be traced basinward at the base of thick successions of clastic
evaporites grouped in the Resedimented Lower Gypsum unit (RLG). In
the Caltanissetta basin, which corresponds to the main Messinian fore-
deep (Roveri et al., 2014a), this unit consists of gypsum turbidites and
large-scale mass transport deposits interfingering with halite (Roveri
et al., 2008b; Manzi et al., 2021). A similar stratigraphic architecture is
imaged by seismics in the offshore Mediterranean basin (Lofi et al.,
2005, 2011; Maillard et al., 2006; Maillard and Mauffret, 2006; Roveri
et al.,, 2019), even though it is unclear whether clastic evaporites
interfinger (Roveri et al., 2014a) or predate (Oppo et al., 2023) halite. In
the Eastern Mediterranean, halite is interbedded with diatomaceous
deposits, which reflect periodic connections of the Mediterranean basin
with the Atlantic Ocean and consequent biosilica production (Meilijson
et al., 2019).

In the latest MSC stage (5.55 - 5.33 Ma, sulphate evaporites (Upper
Gypsum unit, UG) and brackish water deposits (Lago-Mare) precede the
restoration of marine conditions in the Mediterranean at the beginning
of the Zanclean (Andreetto et al., 2021).

3. Geological setting

The Belice basin (Fig. 1A) is a wedge-top basin developed at the front
of the Sicilian Maghrebid orogen (Catalano et al., 1996, 2013; Lentini
and Carbone, 2014; Henriquet et al., 2020). It is confined by the Pog-
gioreale ridge to the north and by the Monte Magaggiaro — Monte Ara-
ncio thrust to the south, separating it from the Menfi basin (e.g., Vitale,
1990), corresponding to the northernmost offshoot of the Caltanissetta
basin.

The MSC succession (Fig. 1B) starts with clastic gypsum deposits,
which were interpreted as turbidites (Schreiber et al., 1976). This unit
unconformably overlies the Tortonian-Early Messinian deltaic-proximal
marine hybrid arenites of the Terravecchia Fm. (Catalano et al., 1976; Lo
Cicero and Catalano, 1976; Vitale, 1997; Di Stefano et al., 2013). The
gypsum turbidites were placed by Decima and Wezel (1973) at the top of
the Calcare di Base Fm. and the Cattolica Gypsum (Lower Evaporites
sensu Rouchy and Caruso, 2006) and are locally interbedded with open
marine diatomaceous shales (Pestrea and Saint Martin, 2002), consid-
ered to record the episodic inflows of Atlantic waters in the Mediterra-
nean basin (the “Intra-Messinian inundation”; Miiller and Hsii, 1987;
Miiller and Schrader, 1989). These deposits are overlain by a few to
hundreds of metres thick successions of selenitic gypsum and thin marl
intercalations attributed to the Gessi di Pasquasia Fm. (Bommarito,
1984; Ruggieri and Torre, 1973; Di Stefano et al., 2013) - i.e. the
equivalent of the Upper Evaporites (Rouchy and Caruso, 2006) or the
Upper Gypsum unit (Roveri et al., 2008b). Alternatively, Roveri et al.
(2006) suggested that the selenitic deposits correspond to mountain-
sized blocks sourced by the erosion of the Primary Lower Gypsum unit
and emplaced by large-scale mass wasting processes in a relatively deep
basin (Fig. 1C). According to this interpretation, the selenitic gypsum
and the underlying clastic gypsum deposits belong to the Resedimented
Lower Gypsum unit, representing the second phase of the MSC (5.60-5-
55 Ma) and their basal surface correspond to the MES (Roveri et al.,
2008Db).
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Fig. 1. (A) Distribution of the evaporitic deposits of Sicily (modified after Bigi et al., 1991 and Roveri et al., 2008a). The polygon marked by the solid line indicates
the location of the Belice and Calatafimi basins. A-A’: trace of the cross section shown in panel C. (B) Schematic geological map of the Belice and Calatafimi basins
(modified from Bigi et al., 1991); the black rectangle indicates the studied area (see Fig. 2); question marks highlight unstudied gypsum outcrops. (C) Schematic NW-
SE geological cross section of Sicily (see trace in Fig. 1A; modified after Roveri et al., 2008a).

The selenitic gypsum deposits are locally capped by poorly exposed
marly deposits attributed to the uppermost Messinian (Lago Mare)
(Roveri et al., 2006), in turn overlain by the siliciclastic Arenazzolo Fm.
(Roveri et al., 2008a) and the Pliocene open marine marls of the Trubi
formation (Di Stefano et al., 2013).

4. Materials and methods
4.1. Field mapping and stratigraphic sections

Field mapping of the area comprised between the villages of Santa
Ninfa and Gibellina Nuova to the west and Gibellina Vecchia to the east
(about 50 kmz) was carried out to reconstruct the stratigraphic archi-
tecture of the MSC deposits of the Belice basin (Figs. 1B, 2A). Two
stratigraphic sections were measured and sampled (Fig. 2A): Molineddu
(N 37°80'72.744 N, 12°92/45.906 E) and Case Martorina (37°79'71.910
N, 12°94'43.404 E). Sixty-two samples were collected after the thorough
removal of the weathered surface. Sampling was accompanied by the
detailed description of the lithological and sedimentological features of
the sediments.

4.2. Petrographic and micropalaeontological analyses

Samples were wrapped in aluminium foil and subsequently dried at
40 °C for 24/48 h. Unlithified samples were impregnated with water-
clear epoxy resin using a vacuum pump before thin section prepara-
tion. Chips for scanning electron microscopy analyses were prepared
from untreated samples. Standard smear slides were prepared for

qualitative micropalaeontological investigations.

A total of 20 thin sections were obtained from the different lith-
ofacies. Petrographic studies were performed with an optical micro-
scope (Leica DM 2700 P) equipped with ultraviolet (UV) light.
Cathodoluminescence (CL) observations were made using a CITL 8220
MK3 equipment operating at ~17 kV and 400 pA. Scanning electron
microscope (SEM) observations were carried out on about 100 carbon-
coated sediment chips using a JSM IT300LV (JEOL Limited, Tokyo,
Japan), equipped with an Oxford Instruments Energy Dispersive Spec-
trometer (EDS) and a Tescan Vega at the Department of Earth Sciences,
University of Torino in both secondary (SE) and backscattered (BSE)
electron imaging. BSE imagery and semiquantitative EDS elemental
analyses were performed on polished thin sections.

4.3. Geochemical analyses

4.3.1. Isotope analyses

Carbon (613C) and oxygen (6180) stable isotope analyses on the bulk
rock carbonate fraction of the studied lithofacies were conducted at the
Department of Earth Sciences of the University of Milano on 9 sample
powders using a Thermo Fisher Scientific Delta V Advantage continuous
flow mass spectrometer, coupled with a Gasbench II automated car-
bonate preparation device. §'3C and §'%0 analyses were differentiated
for calcite and dolomite following the procedure of Al-Aasm et al.
(1990), and the results were normalised for the different carbonates
(calcite, dolomite and aragonite) after Kim et al. (2015). Results are
expressed in the standard & notation, calibrated on Vienna Pee-Dee
Belemnite (V-PDB). Precision for calcite and aragonite was better than
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Fig. 2. (A) Schematic geological map of the northern margin of the Belice basin, studied sections are indicated by red dots. A-A’: trace of the cross-section reported in
panel B). (B) Cross-section of the studied interval. Acronyms are the same as in panel A. (C) Left: panoramic view of the upper Tortonian-Messinian succession of the
studied area. Gypsum blocks are encircled by white dotted lines; the white arrows indicate two thick clastic gypsum beds. The acronyms are the same as in panel B.
The red line corresponds to the erosional surface at the base of the bedded unit (MES), and the dashed red line corresponds to the unconformity at the base of the
chaotic unit. Right: Equiangular stereographic projection of plane poles of the bedding of gypsum blocks.

40.06 %o and =+ 0.08 %o, and for dolomite better than 4-0.14 %o and +
0.17 %o for carbon and oxygen, respectively (see Supplementary mate-
rial Section 1 Table S1.1).

The %7Sr/%08r isotope ratio was measured on 3 samples of bottom-
grown gypsum and a selenitic clast of gypsrudite from the Case Mar-
torina section following the cleaning procedure of Reghizzi et al. (2018).
The latter consisted of leaching 10 mg of powdered gypsum in 1 M
ammonium acetate to remove exchangeable strontium and washing the
samples in ultrapure water. After drying, powders were dissolved in 3 M
HNO3, and Sr was separated in chromatographic columns equipped with
Sr-SPEC resin. Sr isotope ratios were measured with a Thermo Neptune-
Plus MC-ICP-MS at the Geosciences and Earth Resources Institute of Pisa
(IGG-CNR, Italian National Research Council). Measured 875r/808r ra-
tios were normalised to %°Sr/%%sr = 0.1194 and corrected to the stan-
dard NIST 987 value of 0.710248 + 0.000010 reported in McArthur
etal. (2001). For a detailed explanation of the method, see Agostini et al.
(2022).

4.3.2. Total organic carbon (TOC) and total nitrogen (TN) analyses
Twenty-four samples were selected for bulk rock analyses of the total

organic carbon (TOC) and its stable carbon isotope signature (613CT0C)

and total nitrogen (TN) contents. These analyses were performed at the

Department of Earth Sciences (University of Milano) using an Organic
Elemental Analyser (OEA Flash2000, Thermo Fisher) coupled with an
Isotope Ratio Mass Spectrometer (Delta V Advantage, Thermo Fisher).
The C/N ratio was calculated as wt% ratio.

4.3.3. X-ray powder diffraction semi-quantitative analyses (XRPD)

Nine samples were selected for semi-quantitative XRPD analyses. X-
ray diffraction analyses were performed with a Rigaku-Miniflex 600
XRD system (CuKa radiation) operating at 40 kV and 15 mA. XRD pat-
terns were collected on nine samples from 2° to 70° 26 (step size of 0.02°
and speed of 1°/min). About 2 g of each sample was thoroughly mixed in
an agate mortar and pestle to ensure homogeneity. Then, the sample was
sideloaded into a sample holder to achieve a randomly oriented spec-
imen. Identification of the phases was performed using standard search
match procedures and reference to patterns in the ICDD PDF2 database.
The reference intensity ratio (RIR) method was used for the semi-
quantitative analysis with the PDXL 2 (2.8.4.0 version, Rigaku) soft-
ware. The quartz percentage is representative of both quartz and opal.

4.3.4. Lipid biomarker analyses
Four samples were selected for lipid biomarker analyses using the
procedure described by Pellegrino et al. (2023). After the removal of the
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weathered surface, the samples (~20 g) were homogenised by using a
sterilised mortar and pestle. The samples underwent saponification with
a solution of 6 % potassium hydroxide in methanol, at 80 °C for 2 h,
followed by the lipid extraction procedure using repeated ultra-
sonication with a 3 + 1 mixture of dichloromethane (DCM) and meth-
anol until the extracts turned colourless. After this initial extraction, the
carbonate-rich samples (MAR 2, MAR 9) were decalcified with 10 % HCl
according to the method established by Birgel et al. (2014), in order to
analyse the molecular signature retained in the carbonate mineral ma-
trix. These decalcified fractions were saponified and re-extracted using
the same procedure introduced above. The maltene fraction (soluble in
n-hexane) obtained from the resultant total lipid extracts from both
extraction phases (before and following decalcification) was subdivided
into four separate fractions of increasing polarity through aminopropyl-
bonded silica gel column chromatography (Macherey & Nagel glass
cartridge: 6 ml, 500 mg, DSC-NH) and utilizing a sequence of organic
solvents: (i) hydrocarbons using n-hexane; (ii) ketones with a 3 + 1 n-
hexane and DCM mixture; (iii) alcohols using DCM and acetone (9 + 1);
and (iv) carboxylic acids using 2 % formic acid in DCM. The alcohol
fractions were derivatised with a 1 + 1 mixture of pyridine and (N, O)-
bis(trimethylsilytrifluoroacetamide. Carboxylic acids were derivatised
with 1 ml 14 % boron trifluoride in methanol at 70 °C for 1 h to form
acid methyl esters. Identification and quantification of compounds were
carried out using a gas chromatography-mass spectrometer (GC-MS),
specifically a Thermo Scientific Trace GC Ultra linked to a Thermo
Scientific DSQ II mass spectrometer. The GC-MS was equipped with a
30 m TG-5MS fused silica capillary column (0.25 mm i.d., 0.25 pm film
thickness). The carrier gas was He. The GC temperature program used
was 50 °C for injection, 3 min isothermal; from 50 °C to 325 °C at 6 °C
per minute, 25 min isothermal. Internal standards used were 1-nonade-
canol and 2-me-C;g fatty acid, which were added prior to saponification
and extraction for quantification of alcohols and carboxylic acids.

Carbon preference index (CPI) and average chain length (ACL)
indices were calculated for the quantified compounds on hydrocarbons
and carboxylic acids using equations of Bray and Evans (1961) and
Marzi et al. (1993) (see Supplementary material Section 3). Compound-
specific carbon isotopes of n-alcohols were measured using an Agilent
6890 GC coupled via a Thermo Finnigan Combustion III to a Thermo
Finnigan MAT 253 isotope mass spectrometer (GC-IRMS). The temper-
ature program was: 50 °C held for 2 min, heating up to 320 °C with a rate
of 12 °C/min and held for 35 min. 5!C values are reported in %o versus
Vienna Pee Dee Belemnite (V-PDB). The samples were measured in
duplicates. All isotope values were corrected for the addition during
derivatisation. The analytical precision was 0.8 %o.

5. Results
5.1. Stratigraphic architecture of the MSC succession

Field observations and geological mapping show that the MSC suc-
cession of the Belice basin unconformably overlies poorly exposed
Tortonian to lower Messinian fine-grained marls and sandstones of the
Terravecchia Fm. (Figs. 2A-B) (Di Stefano et al., 2013). The MSC
gypsum-bearing succession is subdivided into a bedded unit and a
chaotic unit (Fig. 2C), both dipping southwestward.

5.1.1. The bedded unit

The bedded unit is up to 150 m thick. The lower portion is exposed in
the Molineddu section (thickness of ~6 m, Fig. 2A) and directly overlies
the Terravecchia Fm; the contact is, however, not exposed but corre-
sponds to an angular unconformity according to geological mapping.
The Case Martorina section comprises only the middle to upper portion
of the bedded unit (thickness of ~12 m, Fig. 2A). This section is sepa-
rated from the Molineddu section by a ca. 100 m thick covered interval
(Fig. 3A).

The bedded unit consists of at least 7 laterally continuous beds of
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clastic gypsum (gypsrudites and gypsarenites), with a mean thickness of
about 2 m (Fig. 2C). In both sections (Fig. 3A), these beds are inter-
bedded with fine-grained sediments (Figs.3B, C, D), which comprise five
lithofacies (L1 to L5, see Sections 5.1.1.2 to 5.1.1.6).

5.1.1.1. Clastic gypsum beds. The clastic gypsum beds of the Belice
Basin were cited by Schreiber et al. (1976) as a prominent example of
gypsum turbidites, mostly based on the observation of well-preserved
Bouma sequences and traction current structures. This interpretation
was later confirmed by other authors (Roveri et al., 2006). In the studied
sections these beds, which were not analysed in detail, occur as cm- to
m-thick laterally continuous tabular strata (Bommarito, 1984). They
typically show load casts (Fig. 4A), a marked erosional base and normal
grading (Fig. 4B). Bedforms after tractive bottom currents are observed
(Fig. 4C). The beds are composed of poorly to moderately sorted gyps-
rudites and gypsarenites (Figs. 4B, D). Gypsum clasts range in size from
2 cm to 0.5 mm, are frequently white (Fig. 4B) and are partially
composed of secondary fine-grained gypsum from rehydration of
diagenetic anhydrite (Fig. 4D). Relicts of primary selenitic gypsum clasts
are also observed (Fig. 4C). The clasts are often corroded and coated by
calcite and hollow dolomite microcrystals ranging in size from 5 to 10
pm (Figs. 4E, F). Clay chips, often rich in dark filamentous objects about
500 pm long and ~ 10 pm wide, are common (Fig. 4D).

5.1.1.2. Organic-rich shales (Lithofacies L1). Lithofacies 1 (L1) consists
of laminated organic-rich shales and predominates in the lower part of
the bedded unit (Figs.3A, B). In the Molineddu section, this lithofacies
forms 4 to 50 cm thick packages interbedded with dolomitic mudstones
(Lithofacies 2). In the lower part of the Case Martorina section, it shows
thinner packages (around 4 cm each), interbedded with dolomitic
(Lithofacies 2, see below) and aragonitic (Lithofacies L3) mudstones.
Lithofacies 1 is characterised by very high Total Organic Carbon con-
tents (up to 4 wt%, see Section 5.5) and shows laterally continuous mm-
thick laminae, usually arranged in dark-light couplets. Dark laminae
consist of yellowish (Molineddu section, Figs.5A, B) to dark (mainly in
the Case Martorina section, Figs.5C, D) 50 pm to 1 mm long peloids,
composed of clays, minor dolomite microcrystals and pyrite grains up to
~10 pm in size.

Light laminae are characterised by clay minerals and silt- to fine
sand-sized rounded terrigenous grains (mostly quartz, feldspar, and
gypsum) mixed with dolomite microcrystals and subordinated pyrite
grains, often oxidised. Moulds of centric and pennate diatoms, consisting
of valves replicated by pm-sized flaky clays (Figs.5E, F, G), are common.
Organic matter is dispersed both within the matrix and in the peloids, as
evidenced by the bright UV autofluorescence (Fig. 5H). The fine lami-
nation of L1 is interrupted by cm-thick, normally-graded terrigenous
(gypsum, minor quartz and feldspars) layers with a basal erosional
contact (Fig. 5I). Diagenetic gypsum is also present, forming either
euhedral displacive single crystals (50-200 pm) (Fig. 5B) or mm-thick
veins (Fig. 5A) parallel and perpendicular to bedding.

5.1.1.3. Dolomitic mudstones (Lithofacies L2). Lithofacies 2 (L2) consists
of dolomitic mudstones and is observed in the entire bedded unit. It
forms beds with a thickness of 10 to 100 cm, interbedded with the other
lithofacies. This lithofacies is composed of pm-thick peloidal laminae
interbedded with pm-thick wavy clayey laminae (Figs.6A, B) and differs
from the organic-rich shales by its higher content of dolomite (up to
80.9 wt%, see Section 5.2). In the peloidal laminae, peloids are up to
200 pm long and 20 pm wide and are composed of dolomite, minor
pyrite (often oxidised) and clay. The peloids have a bright yellowish CL
colour, contrasting with the yellow to orange CL colour of the enclosing
dolomitic matrix (Fig. 6C). They show a bright autofluorescence when
exposed to UV light, suggesting a high content of organic matter. Their
size and shape, and the presence of organic matter support their inter-
pretation as faecal pellets. Clayey laminae are composed mostly of flaky
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Fig. 3. Stratigraphic sections and main lithofacies of the bedded unit. (A) Stratigraphic logs with the distribution of the lithofacies and stratigraphic position of the
analysed samples. Letters refer to photographs. Only the samples mentioned in the text are reported with acronyms (MOL for the Molineddu section and MAR for the
Case Martorina section). (B) Organic-rich shales (L1, reddish colour) interbedded with tan dolomitic mudstones (L2) in the Molineddu section. (C) Alternation of tan
dolomitic mudstones (L2), dark organic-rich shales (L1) and grey aragonitic mudstones (L3) below a m-thick clastic gypsum bed in the lower part of the Case
Martorina section. (D) Diatomaceous shales in the upper part of the Case Martorina section.
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Fig. 4. (A) Load casts at the base of a clastic gypsum bed; note the complex network of fractures filled with fibrous gypsum (white arrows). (B) Erosional base of a
normally graded gypsrudite bed. (C) Polished slab of clastic gypsum with ripple lamination. (D) TL photomicrograph (nX) of a gypsrudite bed showing selenitic
gypsum (Gy) and mud clasts (yellow arrow). The fine-grained gypsum in the core and at the periphery of the clasts results from the rehydration of diagenetic
anhydrite. (E) BSE image of hollow dolomite microcrystals (Dol, white arrow) coating the corroded rims of a clast (yellow arrows). (F) TL photomicrograph (nX) of

dolomite microcrystals (tan) coating and partially replacing gypsum.
TL: Transmitted light. nX: crossed Nicols.

clays and rare dolomite, and pyrite grains. The bright autofluorescence
under UV light suggests high organic matter content.

Dolomite appears both as isolated, pm-sized (5-10 pm) rounded
crystals (Fig. 6D) with a hollow core (Fig. 6E) or as aggregates of crystals
(Fig. 6F). In both cases, the dolomite crystals are coated by flaky clays
that also engulf pyrite framboids (Figs.6D, E). Abundant vibrio-shaped
objects of about 1 pm in length are observed either disposed on the
surface of hollow dolomite microcrystals or on the associated flaky clays
(Fig. 6G). The terrigenous fraction is scarcer than in the L1 lithofacies
(see Section 5.2 for XRPD semiquantitative analyses) and consists of silt-

sized grains of feldspar, quartz and gypsum. Millimetric discontinuous
laminae of gypsarenite are locally observed throughout the studied
section. Rare diagenetic celestite crystals which fill residual porosity are
also found.

5.1.1.4. Aragonitic mudstones (Lithofacies L3). Lithofacies 3 (L3) con-
sists of aragonitic mudstones found especially in the lower portion of the
Case Martorina section (first 3 m, Fig. 3A), interbedded with dolomitic
mudstones (L2) and organic-rich shales (L1). The aragonitic mudstones
form 10-15 cm thick packages. They are composed of mm-thick pure
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Fig. 5. Organic-rich shales (L1). (A) Close-up of a layer from the Molineddu section. Note the alternation of mm-thick light and reddish laminae. Gypsum veins
parallel to the lamination are highlighted with a white arrow. (B) TL photomicrograph (n//) of A showing the alternation of peloidal (yellowish) and clayey (reddish)
laminae; note a diagenetic gypsum crystal (Gy, arrow). The position of the picture is shown in panel A. (C) Alternation of dark organic-rich shale (L1), dolomitic
mudstones (L2) and aragonitic mudstones (L3, whitish intervals) in the Case Martorina section. (D) TL photomicrograph (n//) of C showing the alternation of
peloidal and light laminae; note the dark peloids (one marked with dotted line), the brownish clayey dolomitic laminae and the scattered terrigenous grains (yellow
arrows). (E) SE image of a centric diatom mould from the clay-rich laminae. (F, G) SE images of pennate diatom moulds. (H) UV light photomicrograph of D showing
the bright autofluorescence of organic matter (OM, yellow arrow) in both the peloids and the matrix. Note the rusty grains corresponding to oxidised pyrite (Py,
white arrow). (I) Close-up of a gypsum-rich clastic layer interbedded with the organic-rich shales (L1). Pencil for scale.

TL: Transmitted light. n//: parallel Nicols.

whitish aragonitic laminae (Fig. 7A) alternating with 30-70 pm thick
terrigenous laminae (Fig. 7A). Aragonite shows no luminescence under
CL (Figs. 7B, C) and mostly consists of randomly oriented 2-5 pm long
needles (Figs.7D-F); radial aggregates composed of larger needles with a
hollow core are rarely observed (Fig. 7F). Terrigenous laminae consist of
fine sand- to silt-sized gypsum and subordinated quartz and feldspar
grains, mixed with dolomite microcrystals, with the same habit and
yellow-orange CL colour (Figs. 7B, C) as in the dolomitic mudstones
(L2). Rusty grains from oxidation of pyrite, ranging in size from 5 to 10
pm, are common in these laminae.

5.1.1.5. Diatomaceous shales (Lithofacies L4). Lithofacies 4 (L4) consists
of diatomaceous shales, which dominate the upper portion of the Case
Martorina section (Figs.3A, D). In the outcrop, diatomaceous shales
appear as whitish to tan, finely laminated sediments (Fig. 8A), locally
interbedded with dolomitic mudstones (L2). Lamination is evidenced by
the alternation of pm to mm-thick whitish diatom-rich laminae and tan
(bright in BSE) clay-rich laminae (Fig. 8B). Elongated objects, up to 300
pm in length, are ubiquitous. They are disposed parallel to the lamina-
tion, and are composed of clays, subordinate calcite and hollow struc-
tures that resemble the remains of diatoms frustules (Fig. 8C). These
features support the interpretation of these objects as faecal pellets. The
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Fig. 6. Dolomitic mudstones (L2). (A) Field image showing the fine lamination of the dolomitic mudstones (Molineddu section). (B) TL photomicrograph (n//) of the
dolomitic mudstones; note the reddish wavy clayey laminae. The position of the picture is shown in panel A. (C) CL photomicrograph of the dolomitic mudstones;
note the bright yellow peloids (white arrows and dotted lines). (D-E—F) SE images showing hollow and coccoidal dolomite microcrystals (Dol) associated with
framboidal pyrite (Py); note in (E) the pm-sized flaky clays coating dolomite crystals and pyrite framboids. The position of the picture F is shown in panel C. (G) SE

image of vibrio-shaped objects in clays (dotted circles).
TL: Transmitted light. CL: cathodoluminescence. n//: parallel Nicols.

diatom assemblage consists of a variety of planktic open marine diatom
taxa with a strongly subordinated benthic and freshwater component.
The most common remains of marine planktic diatoms, which in some
cases form almost monogeneric laminae (Fig. 8D), belong to the genera
Asterolampra, Bacteriastrum, Coscinodiscus (Fig. 8E), Rhizosolenia and to
members of the family Thalassionemataceae (Fig. 8F), notably Tha-
lassionema nitzschioides. Moreover, a wide array of calcareous nanno-
fossil taxa, including Reticulofenestra spp., Rhabdosphaera claviger
(Fig. 8G), Syracosphaera sp., Umbilicosphaera spp., often with preserved
coccospheres, and remains of silicoflagellates of the genera Dictyocha
and Stephanocha, are observed. Preservation of biogenic silica varies
throughout the section. The best-preserved diatom valves are found in
the thickest beds (Fig. 3). On the other hand, altered valves associated
with flaky clays are more common in the thinner beds, especially when
the latter are finely interbedded with the dolomitic mudstones (L2)
(Fig. 8H; samples MAR 15-17). Neither dolomite nor pyrite was detected
in the diatomaceous shales, as confirmed by XRPD analyses (see Section
5.2).

5.1.1.6. Laminar gypsum (Lithofacies L5). Lithofacies 5 (L5) form beds
with a thickness between 15 and 150 cm. These beds are observed
throughout the bedded unit in both Molineddu and Case Martorina
sections, especially at the top of coarse-grained clastic gypsum beds
(Fig. 3A). The laminar gypsum consists of purple to yellow laminated
centimetre to metre-thick layers (Fig. 9A). Lamination is evidenced by
the alternation of gypsum-rich and clay-rich laminae. The clay-rich
laminae with a thickness between 200 pm and 1 mm contain abun-
dant clays, dolomite microcrystals, and scarce terrigenous grains

(quartz, feldspar). Two types of gypsum-rich laminae coexist in the
studied samples: a) ungraded laminae around 2 mm thick composed of
idiomorph crystals with tabular to lozenge habit (Fig. 9B); b) normally
graded laminae about 2 to 3 mm thick with finer crystals showing su-
tured contacts (Fig. 9B). In the former, crystals range in size between 50
and 500 pm and are always oriented parallel to the lamination. They are
usually light-coloured and devoid of inclusions. In the latter, the crystals
are smaller (size between 50 and 20 pm).

Diagenetic twinned gypsum crystals cutting the lamina surfaces, are
common (Fig. 9C). Finally, gypsum veins parallel and perpendicular to
the bedding, cutting and disrupting primary lamination, are ubiquitous
(Figs.9A, B).

5.1.2. The chaotic unit

The chaotic unit, 200 to 350 m thick, consists of mountain-sized
blocks of pristine selenitic gypsum (Fig. 10A) and blocks of alabastrine
gypsum mixed with anhydrite embedded in a fine-grained matrix. It
overlies both the bedded unit and the Terravecchia Fm. through an
erosional surface (Fig. 2A, B). Most of the block retains an ordered
stratigraphic succession consisting of metres to tens of metres thick beds
of primary gypsum alternating with cm-thick carbonate and marly
layers (Fig. 10B), without a significant lateral continuity. The bedding of
the gypsum blocks is randomly oriented, and their dip varies from sub-
horizontal to nearly vertical (Fig. 10C). Gypsum consists of bottom-
grown selenite crystals forming three different lithofacies: 1) massive
giant selenite (Fig. 10E), consisting of twinned (swallow tail) bottom-
grown gypsum crystals up to 1 m in size; 2) banded selenite
(Fig. 10C), consisting of palisades of bottom-grown selenite crystals up
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Fig. 7. Aragonitic mudstones (L3). (A) TL photomicrograph (n//) of alternating aragonitic (Arg) and terrigenous laminae. Note the brownish peloidal lamina at the
bottom of the image (yellow arrow). (B) CL photomicrograph of the aragonitic mudstones, note the orange colour of dolomite in the terrigenous laminae. Aragonitic
laminae are not luminescent: top to the right. (C) TL photomicrograph (n//) of the same laminae of panel B. Note the bright terrigenous grains, in the terrigenous
laminae. (D) SE image of an aragonitic lamina cut parallel to the lamination; note the random orientation of the needles. (E) Close-up of D. (F) SE image of a radial

aggregate composed of aragonite needles.
TL: Transmitted light. CL: cathodoluminescence. n//: parallel Nicols.

to 10 cm thick separated by thin carbonate layers (Lugli et al., 2010); 3)
branching selenite (Fig. 10D), consisting of cm-sized clear selenite
crystals arranged in radial (often skewed) nodules up to 50 cm (Lugli
et al., 2010; Natalicchio et al., 2021). In the recrystallised gypsum
blocks, rare relics of bottom-grown selenite crystals can be identified.

The matrix of the chaotic unit consists of organic-rich, fine-grained
sediments with evidence of soft sediment deformation and slumping
(Fig. 10F), embedding cobbles and pebbles (4 mm — 25 cm) of gypsar-
enites, gypsrudites (Fig. 10G), selenitic gypsum, and shales (clay chips)
(Fig. 10H). Metre-sized blocks of alabastrine gypsum are locally
observed. Dark grey early diagenetic lenticular gypsum crystals from 5
to 15 cm-large are common in the matrix (Fig. 10H).

A 20 m thick bedded interval (BI in Fig. 10) composed of at least 5
beds of clastic gypsum (Fig. 10I) with a thickness spanning from 30 cm
to 1 m is observed within the chaotic unit. These beds show limited
lateral continuity and are interbedded with fine-grained hemipelagites
of lithofacies L1 and L2, already described for the bedded unit (Fig. 10J).

5.2. Semi-quantitative XRPD analyses

The dolomite content of the studied samples varies from 2.5 % to 3.7
% in the organic-rich shales (L1), from 2.1 to 27 % in the aragonitic
mudstones (L3), and from 40.6 to more than 80 % in the dolomitic
mudstones (L2). Aragonite content varies through the different lith-
ofacies. It is from 23.4 to more than 80 % in the aragonitic mudstones
(L3) and around 5 % in L1. Calcite content is rather low in all the
samples (< 15 %); the higher values are found in L4, possibly reflecting
the presence of calcareous nannofossils (see Section 5.1.1.6).

Gypsum content varies throughout the studied section, indicating the
almost ubiquitous presence of either clastic or diagenetic crystals.
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However, its content is rather low (2-10 %), except obviously in the
laminar gypsum lithofacies (sample MAR 28). Undifferentiated clay
minerals are between 20 and 60 wt% in all the analysed samples, as also
revealed by SEM observations.

Quartz content is highly variable. In the organic-rich shales (L1,
16.9-22.8 wt%) and dolomitic mudstones (L2, 5.7-8.1 wt%) quartz
content likely reflects the presence of detrital grains, while in the dia-
tomaceous shales (L4), it matches with the presence of biosiliceous body
fossils as suggested by SEM observation. The results of XRPD semi-
quantitative analyses are summarised in Table 1; for spectra and RIR
table, refer to Supplementary material Section 2.

5.3. Carbon (5136) and oxygen (6180) stable isotopes

The §'3C and 8'®0 values measured at room temperature (25 °C),
representative of calcite and aragonite, range from —6.8 %o to +2.6 %o
and — 1.9 %o to +5.7 %o, respectively (Fig. 11). In particular, negative
613Cca1/arg values typify L1, L2 and L4 (513Cca1/arg ranging from —6.8 %o
to —1 %o); in great contrast L3 shows positive §'°C cal/arg values (as high
as 2.6 %o). These positive values coincide with high contents of aragonite
(29 - 83 wt%, see Section 5.2). Most of the studied samples from L1 and
L2 lithofacies display positive 50 cal/arg vValues (up to 5.7 %o); only the
diatomaceous shales (L4) show a slightly negative value (—1.9 %o).

The 6!3C and 5'80 values measured at 70 °C reflect the isotope
composition of dolomite (Al-Aasm et al., 1990). The 513Cd01 values are
always negative (613Cd01 from —5.6 %o to —0.4 %o) except for one sample
of lithofacies L2 (8'3Cgo1 = +0.1 %o). On the contrary, the 51804, values
are positive in all the analysed samples, ranging from +1.9 %o to +4.4 %o
(Fig. 11). The stable isotope values for the different carbonate phases are
presented in the Supplementary material Table S1.1.
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Fig. 9. Laminar gypsum (L5). (A) Field image of violet to yellowish laminar gypsum deposits (Molineddu section). (B) TL photomicrograph (n//) of the laminar
gypsum. Note the lamination, the normal grading, and the veinlets filled with diagenetic gypsum (top). (C) TL photomicrograph (n//) of diagenetic twinned gypsum

crystals.
TL: Transmitted light. n//: parallel Nicols.

5.4. %7sr/%5Sr analyses

The 87Sr/%08r ratio of three gypsum samples collected from metre-
sized blocks in the chaotic unit shows little variation (see Supplemen-
tary material Section 1 Table S1.2). Different gypsum lithofacies,
including the giant selenite, banded selenite and branching selenite
(sensu Lugli et al., 2010), were analysed, yielding values of around
0.708970 + 0.000010 within the confidence interval. A selenitic clast of
a gypsrudite bed from the Case Martorina section shows an &7Sr/36sr
value of 0.708944 + 0.000004.

5.5. Total organic carbon (TOC), C/N ratio and 6136T0C

The TOC content of the studied lithofacies ranges from 0.11 to 4.01
wt%. Organic-rich shales (L1) show an average TOC content of 2.14 wt
%, with values ranging from 0.88 to 4 wt%. Dolomitic mudstones (L2)
show a lower average TOC content of 0.49 wt%, with values ranging
from 0.25 to 0.65 wt%, with one outlier of 3.95 wt%. Aragonitic mud-
stones (L3) instead show less variability with an average value of 0.61 wt
%. Diatomaceous shales (L4) show average values of 0.84 wt%, with
values ranging from 0.93 to 2.16 wt%. Laminar gypsum (L5) has an
average content of 0.84 wt% with high variability between the samples
(from 0.11 to 1.21 wt%).

The §'3Croc values range from —23.6 %o to —16.2 %o, showing less
13C.depleted values in the lower part of the bedded unit (Molineddu
section) and more '3C-depleted values in the upper one (Case Martorina
section) (Fig. 12). Rather high values (average of —17.5 %o) are observed
in the laminar gypsum lithofacies. Similarly, samples of the organic-rich
shales (L1) have an average value of —17.9 %o but with high variability
from —16.21 %o in the lower part to —23 %o in the upper part. Dolomitic
mudstones (L2) show an average value of —19.3 %o with high variability
(—22.1 to —16.6 %o), as for the organic-rich shales (L1). Aragonitic
mudstone samples (L3) have an average of —21.7 %o with rather close
values between the different samples (—22.2 %o to —21.0 %o). Finally,
the lowest 5'3Croc values have been measured in the diatomaceous
shale samples (—23.2 %o on average) with low variability (—23.6 %o to
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—22.7 %o0).

Total nitrogen (TN) content varies from 0.0077 to 0.0978 wt%.
Organic-rich shales (L1) have an average of 0.064 wt%, higher than the
dolomitic mudstones (L2) average (0.035 wt%). Aragonitic mudstones
(L3) show even lower TN content (0.025 wt% on average). Diatoma-
ceous shales show the highest average values with a TN content of 0.075
wt%. Laminar gypsum has the lowest values (average of 0.021 wt%).

The trend of the C/N ratio is similar to that of the 613CTOC. The values
range from around 11 to 51, excluding laminar gypsum samples with
their high variability (15 to 87), and progressively decrease upward,
from the Molineddu to the upper Case Martorina sections. Organic-rich
shale (L1) samples have an average C/N ratio of 32.1 and high vari-
ability (20.9-44.6). The average value of the dolomitic mudstones (L2)
samples is 26.4, with high fluctuations also in this case (18.4-51.5).
Aragonitic mudstones (L3) samples have an average C/N of 24.2. Dia-
tomaceous shales (L4) have the lowest average C/N ratio (18.6) but with
moderate fluctuations between the different samples (10.8-28.7). All
the data are summarised in Supplementary material Section 1
Table S1.3.

5.6. Lipid biomarkers and compound-specific § 13C values

The lipid biomarker assemblage for the hydrocarbon, alcohol and
carboxylic fractions was analysed for representative samples from the
different lithofacies. In addition, the carbonate-rich lithofacies (L2 and
L3) were also compared for their lipid distribution before and after
decalcification. The hydrocarbon fractions of the studied lithofacies
range from 563 pg/g TOC (organic-rich shales L1) to 1980 pg/g TOC
(dolomitic mudstones L2) (Table 2) and are characterised by a pre-
dominance of long chain-n-alkanes. The long-chain n-alkanes have an
ACL,k of 29 (aragonitic mudstones L3 and diatomaceous shales L4), or
30 (organic-rich shales L1 and dolomitic mudstones L2). Generally, all
samples show an odd-over-even carbon number predominance with a
CPl,x varying from 1.8 (diatomaceous shales L4) to 7.1 (dolomitic
mudstones L2 after decalcification). Interestingly, the ACL of the dolo-
mitic (L2) and aragonitic (L3) mudstone samples are identical before
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Fig. 10. (A) The mountain-sized PLG block of Rocca delle Penne (37°47'26.27"N, 12°56'12.11"E), composed of up to three bottom-grown gypsum beds (dotted lines
indicate the bedding). Letters refer to the other panels of this fig. (B) Close-up of a laminated layer between two gypsum beds. (C) Banded selenite: note the thin
palisades of bottom-grown selenite crystals (yellow arrows). (D) Branching selenite (white dotted lines). (E) Giant selenite. (F) Soft sediment deformation in the
matrix of the chaotic unit, near Rocca delle Penne (outcrop from wind turbine WTG 16). Note the slumped layers (white dotted lines) and the gypsarenite blocks
(white arrows). (G) Detail of a breccia embedded in the matrix. Clasts are composed of gypsarenites and gypsrudites (white dotted lines). (H) Clast of laminated marls
in the matrix of the chaotic unit. Note the dark grey lenticular gypsum crystals (yellow arrows). (I) Two m-thick layers (arrows) of clastic gypsum (gypsarenites and
gypsrudites) interbedded in the chaotic unit (BI: bedded interval) near wind turbine WTG 20 (37°47'52.45"N, 12°55'59.43"E). (J) Rhythmic alternation of reddish
organic-rich shales (L1) and tan dolomitic mudstones (L2) in the bedded interval below a clastic gypsum bed.

and after decalcification, but the CPI changes from 3.5 to 7.1 and 1.7 to
4.4 in L2 and L3, respectively (Table 2), suggesting early entrapment
and a pristine signal preserved in carbonates (less degradation and
better preservation and thus higher CPI).

The contents of the carboxylic acids range from 595 pg/g TOC
(aragonitic mudstones L3 prior to decalcification) to 7138 pg/g TOC in
dolomitic mudstones (L2) after decalcification. The ACLg4 is constant at
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26. Both aragonitic (L3) and dolomitic (L2) mudstones revealed the
presence of terminally branched iso- and anteiso-C;5 and C;7 fatty acids
after decalcification, making up 7.4 and 3.2 %, respectively, of all fatty
acids identified (Table 2).

Only a few compounds were clearly recognised and quantified in the
alcohol fraction, including dinostanol, tetrahymanol, archaeol and a few
long-chain n-alcohols. Among them, archaeol is the most abundant
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XRPD semi-quantitative data of the studied samples obtained using the Reference Intensity Ratio (RIR) method; n.d.: not detected.

Lithofacies
See Section 5.1.1

Samples Quartz [wt%)] Gypsum [wt%]

Calcite [wt%]

Dolomite [wt%] Aragonite [wt%)] Clays [wt%] Feldspar [wt%]

MOL 2
MAR 1
MAR 2
MAR 3
MAR 4
MAR 8
MAR 9
MAR 23
MAR 28

L1
L1
L3
L3
L3
L2
L2
L4
L5

22.8
16.9
5.7
9.2
10.6
5.3
8.1
27
3.9

4.7
8.3 8.2
5.2 3.4
3.3 6
1.5 9.4
10.1 3.7
n.d. n.d.
n.d. 11.5
77.6 15.3

4.9

n.d.
5.5
83.6
23.4
29.1
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
20.5
n.d.
n.d.

3.7
2.5
2.1
27
26.7
80.9
40.6
n.d.
3.2

63.9
58.6
n.d.
31.1
22.7
n.d.
30.8
61.5
n.d.
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Fig. 11. Cross plot of carbon and oxygen stable isotope values obtained from

the different authigenic carbonates of the studied lithofacies. Dotted circles
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compound, ranging from 153 pg/g in the aragonitic mudstones (L3)
before decalcification to 755 pg/g in the dolomitic mudstones (L2)
before decalcification. In the same lithofacies, tetrahymanol ranges from
39 pg/g (L3) to 336 pg/g (L2) (Table 2). After decalcification also minor
amounts of long-chain n-alcohols with 28, 30, and 32 carbons were
found. Dinostanol was only detected in the organic-rich shales (L1) and
the aragonitic mudstones (L3); however, the high background signal in
the chromatograms of these sediments prevented a reliable quantifica-
tion of this compound.

Compound-specific carbon isotopes were measured only for archaeol
and tetrahymanol (THM) in the dolomitic (L2) and aragonitic (L3)
mudstones. 8'3Carehaeol Values account for —20.9 %o on average in L2 and
L3 samples before decalcification and for —16.5 %o on average in the

14

same samples after decalcification. 5'%Crym shows average values of
—25 %o in all the analysed samples. All the results, including chro-
matograms, are presented in Supplementary material Section 3.

6. Discussion
6.1. Age of the MSC deposits of the Belice basin

As mentioned in the Geological Setting (Section 3), the age and the
stratigraphic position of the MSC succession of the Belice basin are
debated. The controversy arises especially from the different in-
terpretations of the selenitic gypsum bodies at the top of the bedded
unit. Some authors considered these bodies (Bommarito, 1984; Ruggieri
and Torre, 1973) as in situ deposits, belonging to the Gessi di Pasquasia
Fm. (the equivalent of the UG unit). Other authors interpret them as
huge blocks supplied by the dismantlement of the PLG unit and
belonging to the RLG unit (Roveri et al., 2006). The observations made
in this study agree with the interpretation of Roveri et al. (2006). In
particular: a) the base of the evaporitic succession is an erosional surface
with angular unconformity, separating the evaporitic succession above
from the Terravecchia Fm. below. Further, field data confirmed that
selenitic gypsum bodies do not represent parts of in situ successions, but
rather consist of up to several hundred metres-sized blocks that float in a
slumped, fine-grained matrix (Fig. 4). b) The 87Sr/%%Sr ratios of gypsum
clasts from a gypsrudite layer in the bedded unit and from gypsum
blocks in the chaotic unit range from 0.708944 to 0.708980 (see Sup-
plementary material Section 1 Table S2.1). These values plot in the
range of the global ocean (McArthur et al., 2001; Flecker and Ellam,
2006) and show the typical signature of the Primary Lower Gypsum unit
(Roveri et al., 2014b; Reghizzi et al., 2018). These lines of evidence
suggest that the evaporite succession of the Belice Basin is composed of
recycled evaporites deposited during the first stage of the MSC and can
therefore be attributed to the RLG unit representing the second stage of
the MSC (5.60-5.55 Ma) (Roveri et al., 2006). In this light, the uncon-
formity at the base of the clastic gypsum succession can be correlated
with the MES, separating the pre-evaporitic succession below from the
RLG unit above. An age of 5.60 Ma is assigned to this surface (Roveri
et al., 2014a).

6.2. The fine-grained deposits of the bedded unit: Hemipelagic vs clastic

The studied sections show fine-grained deposits (L1-L5), interbedded
with clastic deposits (gypsum turbidites, Schreiber et al., 1976). It needs
to be verified whether the fine-grained deposits represent 1) distal
portions (tails) of turbidity currents (Manzi et al., 2005; Talling et al.,
2012), 2) hyperpycnal flow deposits (Zavala and Pan, 2018), or 3) true
hemipelagic sediments, recording the physical and chemical conditions
in the water column and at the sea bottom at the time of deposition.
Even though the distinction between fine-grained clastic and hemi-
pelagic sediments is not straightforward, the latter should satisfy the
following criteria (Stow and Smillie, 2020): 1) preservation of delicate
body fossils; 2) absence of sedimentary structures originated by bottom
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Table 2
Abundances of the hydrocarbon, carboxylic acid and alcohol fractions, CPI and ACL values of the studied samples; n.d.: not detected.
Samples Carboxylic acids Hydrocarbons Alcohols
Name Lithofacies (see Chapter [ug/g ACLgpn % iso/ [ug/g CPI  ACLax  Archaeol [pg/g Tetrahymanol [pug/g
5.1.1) TOC] anteiso TOC] TOC] TOC]
MAR 1 L1 Contaminated 563.6 3.4 30.1 Contaminated
MAR 2 [pre-decal] L3 595.2 25.7 0 824.3 1.7 29.1 153.1 39
MAR 2 [after L3 2571.8 25.6 3.2 1021.0 4.4 28.8 178.4 38.5
decal]
MAR 9 [pre-decal] L2 6969.1 26.1 0 1979.9 3.5 29.8 755.1 336.1
MAR 9 [after L2 7138.4 25.8 7.4 577.3 7.1 30 548.4 83.5
decal]
MAR 23 L4 1329.5 25.9 n.d. 1384.2 1.8 29.2 n.d. n.d.

currents; 3) planar geometry and high lateral continuity of the beds; 4) a
different composition from the interbedded clastic beds, often including
a significant palaeobiological fraction.

Most of the fine-grained sediments fulfil these criteria, except for the
laminar gypsum (L5). This lithofacies does not contain body fossils or
other palaeobiological remains but rather shows the same composition
of the clastic beds, typified by traction and fallout structures (Fig. 4).
These features are characteristic for a clastic origin (cf., Manzi et al.,
2005) and suggest that lamination results from tractive bottom currents.
Since this lithofacies is often observed at the top of gypsarenite and
gypsrudite beds, it possibly represents the uppermost fine-grained part
of gypsum turbidites (Fig. 3).

In great contrast, intact coccospheres of dissolution-prone taxa (e.g.,
Syracosphaera sp., Rhabdosphaera sp., Fig. 8G) and well preserved
diatom mats (Fig. 8D, E) in the diatomaceous shales (L4) indicate an in-
situ origin (Gibbs et al., 2004; Mancini et al., 2022).

Analogous conclusions can be drawn from the organic-rich shales
(L1) and the dolomitic mudstones (L2), although the formation of early
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diagenetic dolomite in both lithofacies has obliterated the original
sedimentary features (see below). Interestingly, these lithofacies are
typified by laminae almost entirely composed of peloids. These features
are here interpreted as faecal pellets produced in the water column
during episodes of high primary productivity (e.g., Cao et al., 2024, see
Section 6.3.1). Their preservation does not support extensive reworking
and suggests a hemipelagic origin for these deposits.

No body fossils are observed in the aragonite mudstones (L3).
Aragonite laminae are laterally continuous and are formed by delicate
aragonite needles randomly distributed on the lamina surface. Such a
pattern rules out the possibility that this lithofacies has a clastic origin. It
rather suggests that these laminae were formed by the settling of
aragonite crystals nucleated in the water column (see Section 5.1.1.4).

6.3. Palaeoenvironmental conditions during the second phase of the MSC
in the Belice basin

The interpretation of the fine-grained deposits (L1-L4) of the bedded
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unit allows us to reconstruct the palaeoenvironment of the Belice basin
during the second stage of the MSC. The discussion that follows is not
presented in stratigraphic order but rather considers the palae-
oenvironmental conditions in the different portions of the water mass,
from the uppermost layer down to the seafloor.

6.3.1. The upper water column

Compelling evidence of persistent marine primary productivity in
the upper water column during the acme phase of the MSC in the Belice
basin is provided by the well-preserved microfossil record of the diato-
maceous shales (L4), mostly comprising diatoms, silicoflagellates, and
calcareous nannofossils. Elongated faecal pellets composed of clays and
remnants of diatoms frustules are also observed. The diatom assemblage
is dominated by neritic to open marine planktic taxa, clearly reflecting
the background biosiliceous productivity of the basin. The assemblage is
similar to that of the pre-evaporitic Tripoli Fm. (Suc et al., 1995; Blanc-
Valleron et al., 2002), even if less diversified (Pestrea and Saint Martin,
2002). The common remains of Asterolampra spp. locally forming almost
monogeneric laminae (Fig. 9E) are likely indicative of warm and
oligotrophic surface waters (e.g., Garcia and Odebrecht, 2012; Chen
et al., 2023). The establishment of water column stratification, likely in
response to recurrent (seasonal?) freshwater input and an increase in
surface water temperatures, is reflected by the abundant remains of
Coscinodiscus spp. and especially Rhizosolenia sp. (e.g., Kemp et al.,
2000, 2006). These diatoms may have contributed to the formation of a
deep chlorophyll maximum, which in the present Mediterranean Sea is
observed at depth between 30 and 130 m (Siokou-Frangou et al., 2010;
Bar Zeev et al., 2008), and mostly consists of a ‘shade flora’ of diatom-
diazotrophic associations, such as the well-known Rhizosolenia-Richelia
symbiosis (e.g., Villareal, 1990; Kemp and Villareal, 2018). Other
common taxa in L4 are Bacteriastrum spp., nitzschioid diatoms and
Thalassionema spp. These diatoms may have also contributed to the deep
chlorophyll maximum (e.g., Crombet et al., 2011), but are mostly rep-
resented by bloom-forming species, like T. nitzschioides. The latter
thrives today under surficial eutrophic conditions, following enhanced
continental runoff or water column mixing, when pycnocline break-
down in response to temperature drop favours the reintroduction of
nutrients in the upper water column (e.g., Pellegrino et al., 2020).
Overall, the observed diatom assemblage suggests that the water column
was characterised by periodical episodes of fertilisation, nutrient
exhaustion, stratification and overturn (Fig. 13A). The latter destabi-
lised the diatom aggregates, which were formed under stratified and
surface oligotrophic conditions (Asterolampra, Coscinodiscus, Rhizosole-
nia), favouring their rapid deposition (cfr. Fall dump sensu Kemp et al.,
2000). The deposition of other planktic diatoms (Thalassionema, Bac-
teriastrum) likely reflects the end of blooming episodes. In this light, the
faecal pellets observed in the sediments point to periods of grazing by
heterotrophic organisms and suggest a relatively complex trophic chain
during deposition of L4. In contrast, subordinated freshwater and
benthic diatom assemblages (Aulacoseira sp., Cocconeis spp., Navicula
sp.) most likely derive from river plume transport or reworking by
coastal currents, rather than reflecting in situ diatomaceous productivity
(Pestrea and Saint Martin, 2002).

In the same lithofacies, the silicoflagellate (Dictyocha sp. and Ste-
phanocha sp.) and calcareous nannofossil (e.g. R. claviger, Umbil-
icosphaera) assemblages are consistent with warm and oligotrophic to
mesotrophic waters (cfr. Roy et al., 2023; Silva et al., 2008) and agree
with a scenario of open marine conditions inferred from the planktic
diatom assemblage. In addition, the calcareous nannofossil assemblage
points to stratified conditions. R. claviger could adopt an opportunistic
behaviour, flourishing in a nutrient-depleted upper water column with
an established pycnocline (Mancini et al., 2020). Umbilicosphaera, a
genus typically adapted to oligo-mesotrophic conditions (Ziveri et al.,
2004; Baumann et al., 2016), blooms in nutrient-depleted waters after
diatoms during the development of the pycnocline (Flores et al., 2005).
Finally, Reticulofenestra sp. is a stress-tolerant taxon probably thriving in
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Fig. 13. Reconstruction of the palaeoenvironmental conditions in the water
column and at the sea bottom in the Belice basin during deposition of (A)
Diatomaceous shales; (B) Aragonitic mudstones (aragonitic laminae); (C)
Dolomitic mudstones; (D) Organic-rich shales. Note that the water column
structure and the bottom redox conditions were mostly controlled by the bal-
ance between the input of marine and continental waters in the basin (arrows).
See text for details.

stratified conditions (Mancini et al., 2021). This taxon is quite common
in the Mediterranean upper Miocene successions before the onset of the
MSC (Lozar et al., 2010).

Geochemical data (613CTOC, C/N ratio) are in line with such a
reconstruction. The C/N ratio (< 20, Fig. 12) suggests a significant
contribution of marine organic matter (Lamb et al., 2006; Tyson, 2012)
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to the TOC. This is supported by the §'3C 1o values, ranging between
—24 to —22 %o, which show a typical signature of marine primary pro-
ducers (Lamb et al., 2006, Fig. 12).

In contrast, no microfossils are observed in the organic-rich shales
(L1), dolomitic mudstones (L2) and aragonitic (L3) mudstones, except
for the common presence of diatom moulds in the organic-rich shales.
This may be explained by inhospitable palaeoenvironmental conditions
for primary producers. However, abundant faecal pellets are recognised
in the organic-rich shales and dolomitic mudstones. Faecal pellets are
produced by a variety of planktic (e.g., [versen, 2023) and benthic (Lohr
and Kennedy, 2015) organisms. In the organic-rich shales (L1) and
dolomitic mudstones (L2) they form fine and laterally continuous lam-
ina with no evidence of (micro) bioturbation produced by benthic biota
(Lohr and Kennedy, 2015). Such observations suggest that these features
were produced in the water column by unknown planktonic organisms.
In the modern ocean, faecal pellets are a common component of the so-
called marine snow (e.g., [versen, 2023; Cao et al., 2024) and play an
important role in the particulate organic carbon flux to the seafloor
(Iversen, 2023 and references therein). Marine snow forms during epi-
sodes of enhanced primary productivity in the upper water column
through the production of zooplankton faecal pellets (Cao et al., 2024;
Kim et al., 2024) and the aggregation of clay particles and skeletal re-
mains (especially diatoms, Alldredge and Gotschalk, 1989; Alldredge
et al., 2002; Turner, 2002), and it has been widely observed in MSC
deposits of other Messinian basins (Dela Pierre et al., 2014; Pellegrino
et al., 2021; Sabino et al., 2021). In this light, the common diatom
moulds recognised in the organic-rich shales (L1) most likely represent
ghosts of skeletal remains that underwent degradation during early
diagenesis, caused by anoxic bottom water conditions promoting intense
bacterial sulphate reduction (see Section 6.3.3). The presence of
dinostanol, peaking in the alcohol fraction of the organic-rich shales (see
Supplementary material Fig. S3.1), agrees with such a reconstruction;
dinostanol is the degradation product of dinosterol, a compound pro-
duced by a wide array of primary producers, including dinoflagellates
(Withers, 1983) and diatoms (Volkman et al., 1993; Naeher et al., 2012).

The aragonitic mudstones (L3) are characterised by thin laminae
formed by the settling of tiny aragonite microcrystals that originated in
the water column and were subsequently deposited on the seafloor
(Fig. 13B). The processes responsible for the nucleation of these mi-
crocrystals in the water column are debated. Nucleation might result
from inorganic processes reflecting periodical alteration of the water
column chemistry, following the mixing of fresh and more saline,
evaporated waters, as for example in the Dead Sea during the last glacial
period (Golan et al., 2017; Belmaker et al., 2019; Ben Dor et al., 2021).
However, the §'80 values of the studied aragonite laminae (0.8 to 1.8
%o) agree with the formation from normal to slightly evaporated Medi-
terranean Messinian marine waters (0.89 to 1.3 %o, Longinelli et al.,
1978, Fig. 11), and not from highly evaporated waters (Oliveri et al.,
2010), making this process unlikely.

An alternative process is the photosynthetic activity of cyanobacteria
and/or siliceous microalgae (Swart et al., 2009; Ma et al., 2017; Stanton
et al., 2023). Indeed, enhanced activity of phototrophs in the water
column promotes CO2 uptake, which in turn increases the pH and fa-
vours aragonite precipitation (Larson and Mylroie, 2014). This mecha-
nism was proposed to explain the modern Bahamian whitings (Swart
et al., 2009) as well as the aragonite deposits from Eocene to Miocene
saline lakes (Ma et al., 2017), and from the Messinian Sorbas Basin
(Spain, Mancini et al., 2022). In such sites, the resulting aragonite
needles are morphologically very similar to those observed in this study
(Macintyre and Reid, 1992; Shinn et al., 1989; Mancini et al., 2022).
Although no body fossils of phototrophic organisms are observed in the
studied sediments, the following points suggest the possible contribution
of phototrophs to aragonite formation: i) the positive 613Caragonite values
(up to 2.6 %o) which agree with a preferential uptake of light carbon by
photosynthetic activity, causing the water to become enriched in the
heavier carbon isotope (Burkhardt et al., 1999; Swart et al., 2009); ii)
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the presence of dinostanol, a biomarker sourced from diatoms or di-
noflagellates (Volkman et al., 1993).

6.3.2. Prolonged stratification of the water column

Evidence of high marine primary productivity coexists with in-
dications of prolonged stratification of the water column and the
consequent development of a persistent chemocline (Schaeffer et al.,
1995; Wakeham et al., 2007). In particular, the dolomitic (L2) and the
aragonitic (L3) mudstones are typified by the presence of THM (see
Table 2), which is much more abundant in the former lithofacies (336.1
pg/g TOC) than in the latter (39 pg/g TOC). This compound is produced
by a wide array of organisms, such as bacterivorous ciliates (Harvey and
McManus, 1991; Fenchel and Finlay, 1991; Guhl and Finlay, 1993;
Sinninghe Damsté et al., 1995; Sorokin, 2002; Berndmeyer et al., 2014),
anoxygenic phototrophic bacteria (Kleemann et al., 1990; Rashby et al.,
2007; Eickhoff et al., 2013), and aerobic methanotrophic bacteria
(Banta et al., 2015; Cordova-Gonzalez et al., 2020). No matter which
organism is the producer, they occupy the same ecological niche at
various oxic-anoxic interfaces. Therefore, the presence of THM in sedi-
ments is considered a reliable indicator of water column stratification
(Fig. 13C). In the studied samples, the isotopic signature of THM
(6"3Cram = ~ — 25 %o0) most likely agrees with those of bacterivorous
ciliates (Grice et al., 1998) grazing on photosynthetic algae and/or other
prokaryotes in the photic water column at the oxic-anoxic interface.
Furthermore, in the same lithofacies, THM shows a positive correlation
with the abundance of lipids from terrestrial vegetation (i.e. long-chain
n-alkanes and n-fatty acids; Table 2 and Supplementary material
Figs. S3.2, S3.3) which are characterised by CPI,k values >2, and up to 7
in the decalcified dolomitic mudstone, indicating the entrapment of
fresh terrigenous organic matter (e.g. Scheful et al., 2003) sourced from
the basin margins. Such a pattern suggests that stratification was trig-
gered by enhanced riverine runoff, causing density contrasts in the
water column.

The absence of THM in the organic-rich shales (L1) could suggest the
break-up of stratification during the deposition of this lithofacies.
However, this interpretation is in contrast with other evidence of bottom
water anoxia (high TOC content up to 4 %, the fine lamination, and the
presence of dolomite and pyrite; see Section 6.3.3) (Fig. 13D), which
agrees with a stratified water column. The absence of THM can possibly
be explained by unfavourable conditions for the producers of THM
(Sabino et al., 2021). Ciliates mostly feed on green sulphur bacteria
(Sinninghe Damsté et al., 1995; Wakeham et al., 2012), which are dis-
favoured by limited light propagation through the water column
(Kharcheva et al., 2016). Indeed, organic-rich shales (L1) are typified by
high contents of terrigenous grains following enhanced riverine runoff.
The latter might have increased turbidity, not favouring phototrophic
green sulphur bacteria and, in turn, reducing the ciliate population. In
analogy with modern stratified basins like the Black Sea (Wakeham
et al., 2007), also in the studied sediments THM is commonly associated
with high contents of archaeol in the dolomitic (L2) and aragonitic (L3)
mudstones. Archaeol is produced by a wide array of archaea living in
both sediments and the water column, including mesopelagic marine
Euryarchaeota (Elling et al., 2015; Sollai et al., 2019), halophiles (Turich
and Freeman, 2011), methanotrophs and methanogens (Blumenberg
et al., 2004). Methanogenic or methanotrophic archaea commonly also
produce isoprenoid hydrocarbons like pentamethylicosane (PMI;
Schouten et al., 1997; Birgel et al., 2006, Blumenberg et al., 2004) and
halophilic archaea produce extended archaeol (Dawson et al., 2012;
Birgel et al., 2014; Becker et al., 2016; Vandier et al., 2021). Conse-
quently, methanogens, methanotrophs and halophiles can be excluded
as source organisms since these specific molecules are not observed in
the Belice samples. In addition, methanotrophic and methanogenic
archaea would have produced significantly negative 5'3C values (5'3C
< =100 %o; cfr. Wakeham et al., 2007; Zhu et al., 2024) than those
measured in the studied samples (6'3C -21 to —16 %o). Marine Eur-
yarchaeota and, in particular, Marine Euryarchaeota group III (MG-III)
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are potential archaeol producers that preferentially thrive in modern
ocean oxygen-deficiency zones (Belmar et al., 2011; Sollai et al., 2019)
and in the euxinic lower water column of the Black Sea (Sollai et al.,
2018), although their lipid inventory is still debated. It may be specu-
lated that this group of archaea was thriving in the anoxic portion of the
water column at or below the chemocline in a stratified basin.

In contrast, the absence of THM in the diatomaceous shales (L4)
requires a different explanation. The TOC content of this lithofacies is
relatively low (1-2 wt%), whereas the C/N ratio (~17) suggests that the
organic matter is mostly of marine origin (see Section 6.2.1), most likely
reflecting lower terrestrial organic matter dilution following a reduced
riverine runoff. Dolomite is, however, not observed in this lithofacies,
although the marine organic matter should favour organoclastic sul-
phate reduction (OSR) and, therefore, precipitation of this mineral (see
Section 6.3.3). Such a pattern, along with the low TOC contents of the
diatomaceous shales (L4) and the presence of mixed water diatom taxa,
points to the break-up of the permanent stratification (Fig. 13A). The
presence of stratified adapted diatom taxa (see Section 6.3.1) suggests
instead episodic (seasonal?) stratification events.

6.3.3. Bottom water conditions

Sedimentological, petrographic and geochemical data suggest that
organic-rich shales (L1), dolomitic (L2) and aragonitic (L3) mudstones
formed under anoxic bottom water conditions, resulting from intense
water column stratification. All three lithofacies share an extremely fine
lamination without any evidence of bioturbation. Such a pattern, along
with the relatively high TOC contents, especially in the organic-rich
shales of L1, suggests an anoxic seafloor (Ingall et al., 1993; Calvert
et al., 1996; Kemp, 1996) which prevented bioturbation (e.g., van Geen
et al., 2003), and favoured the preservation of organic matter (Ingall
et al., 1993). Interestingly, these sediments are typified by variable
contents of dolomite; up to 81 % in the dolomitic mudstones (L2), up to
4 % in the organic-rich shales (L1), and up to 27 % in the aragonitic
mudstones (L3), where this mineral is only observed in the terrigenous
laminae. Dolomite is accompanied by pyrite framboids and microcrys-
tals, whose relative abundance was not quantified. The absence of evi-
dence of compaction suggests that these minerals formed during early
diagenesis, at very shallow burial depth or at the seafloor. Size and habit
of the dolomite microcrystals (spheroidal shape, hollow core), their
negative 5'3Cgo1 values (down to —5 %o) suggest a microbial origin,
following OSR in anoxic pore waters (Fontes et al., 1987; Warthmann
et al., 2000; Van Lith et al., 2003; Lindtke et al., 2011; Natalicchio et al.,
2021). This process can trigger the formation of >C-depleted carbonate
minerals, including dolomite (cf. Vasconcelos et al., 1995; Bontognali
et al., 2010; Lindtke et al., 2011; Petrash et al., 2017; Lu et al., 2018;
Bradbury and Turchyn, 2019; Cai et al., 2021). The lipid biomarker
assemblage of the dolomitic (L2) and aragonitic (L3) mudstones further
confirms the involvement of sulphate-reducing bacteria. In these lith-
ofacies, iso- and anteiso-fatty acids with 15 and 17 carbons, which are
typically produced by sulphate-reducing bacteria (Taylor and Parkes,
1985; Kaneda, 1991), are observed only after decalcification (Supple-
mentary material Fig. S3.4). Furthermore, OSR releases hydrogen sul-
phide, potentially reacting with iron to form pyrite microcrystals or
framboids (Soetaert et al., 2007; Bradbury and Turchyn, 2019; Pasquier
et al.,, 2021; Liu et al., 2022), which are consistently observed in the
dolomitic lithofacies (L2) and in the terrigenous laminae of the arago-
nitic mudstones (L3). Interestingly, the small size of most of the pyrite
framboids (around 5-6 pm) supports nucleation in the water column (e.
g. Rickard, 2019) and thus euxinic conditions in the lower portion of the
water mass. The much lower dolomite content in the organic-rich shales
(average 3.1 %) possibly reflects a limited rate of sulphate reduction.
Interestingly, the lower dolomite content is accompanied by high CPI
(> 3) and ACLg4jk (30.1) values, which are indicative of input of fresh
terrestrial leaf waxes, (Fig. 13A) and a higher C/N ratio than in the
dolomitic (L2) and the aragonitic (L3) mudstones, which likely reflects a
stronger input of fresh terrestrial organic matter into the basin.
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Enhanced terrestrial input most likely had the effect of diluting marine
organic matter from primary producers. Since sulphate-reducing bac-
teria degrade preferentially the latter (Lyons and Gaudette, 1979; Lal-
lier-Verges et al., 1991; Gan et al., 2020), such a pattern may explain the
minor dolomite content in this lithofacies. Regarding the aragonitic
mudstones, the absence of dolomite and pyrite within the aragonitic
laminae may suggest that OSR was temporarily inhibited by short epi-
sodes of seafloor oxygenation, following water column overturn during
whiting events (Fig. 13B).

Bottom water sulphidic conditions and active OSR are in apparent
contradiction with the preservation of clastic gypsum beds in the basin.
OSR consume SOF~ ions, thus promoting undersaturation and gypsum
dissolution (Sanz-Montero et al., 2006; De Lange and Krijgsman, 2010).
The presence of dolomite microcrystals, coating partially corroded
gypsum clasts (Figs.4D, E), suggests that gypsum dissolution occurred in
the pore waters as a result of OSR. However, the partial preservation of
gypsum might reflect the balance between sulphate consumption and
sulphate replenishment by rapid deposition of clastic gypsum. In
particular, the partial dissolution of solid gypsum clasts may have fav-
oured sulphate replenishment in the pore waters, potentially enabling
saturation conditions at the seafloor and consequent preservation of
clastic gypsum beds (Natalicchio et al., 2021).

6.3.4. The role of diagenetic processes in influencing the preservation of
siliceous and calcareous microfossils

The reconstructed paleoenvironmental conditions suggested that
primary productivity played a key role in the deposition of organic-rich
shales (L1), dolomitic (L2) and aragonitic mudstones (L3) in the Belice
basin. However, apart from a few diatom moulds in L1, the sediments
are virtually barren of microfossils. The absence of remains of benthic
organisms might reflect sulphidic and anoxic bottom water conditions,
which were unfavourable for their life. Concerning the planktic
component (diatoms and calcareous micro- and nannofossils), its
absence may reflect inhospitable conditions in the water column as well,
which is, however, not in line with evidence of persistent primary pro-
ductivity (see above). An alternative explanation is the diagenetic
dissolution of siliceous and calcareous tests (Dela Pierre et al., 2014). In
particular, the absence of delicate diatom frustules in the dolomitic and
aragonitic mudstones (L2 and L3) and the presence of altered diatom
moulds in the organic-rich shales (L1) may result from the dissolution of
biogenic silica induced by the rise of pore-water pH following intense
OSR (Mazzullo, 2000; Wright and Wacey, 2005; Gallagher et al., 2012;
Han et al., 2016; Neumeister et al., 2020; Pellegrino et al., 2023). The
absence of calcareous microfossils can instead be tentatively explained
by enhanced dissolution of biogenic calcite following pyrite oxidation —
a process that increases acidity (Mancini et al., 2022). This interpreta-
tion is supported by the presence of oxidised pyrite grains in L1 and L2,
as well as in the terrigenous laminae in L3. However, this mechanism is
in contrast with the preservation of aragonite, which is less stable than
calcite, in this latter lithofacies. This inconsistency possibly reflects the
absence of pyrite in the aragonitic laminae, resulting from the temporary
oxygenation of the seafloor and the consequent suppression of OSR
during whiting events (see above).

Regarding the diatomaceous shales (L4), the low content of TOC and
lipid biomarkers, along with the absence of dolomite and pyrite (see
above), suggests that prolonged oxygenation of the seafloor favoured
body fossil preservation.

7. Conclusions

The integrated sedimentological, petrographic and geochemical
study of the Messinian succession in the Belice basin provides new in-
sights into the depositional setting and palaeoenvironmental evolution
of a deep basin of the Mediterranean salt giant during the second phase
of the Messinian salinity crisis. The succession, attributed to the Rese-
dimented Lower Gypsum unit, is characterised by clastic gypsum
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(turbidites and mass transport deposits) sourced by the erosion of
marginal selenitic platforms. In the lower part, clastic gypsum beds are
interbedded with fine-grained hemipelagic deposits that were grouped
into four lithofacies. The characterisation of these lithofacies points to
an open marine basin typified by high primary productivity in the upper
water column, possibly sustained by fertilisation pulses driven by pe-
riods of enhanced riverine runoff. Because of a fluctuating freshwater
input, the structure of the water column changed from permanently
stratified to well-mixed during intervals of enhanced and reduced
runoff, respectively. During periods of prolonged stratification and
bottom anoxia, the input of organic matter to the seafloor induced the
formation of microbial dolomite and pyrite via organoclastic sulphate
reduction. Reduced continental inflow and increased marine ingression
promoted instead the mixing of the water column and the oxygenation
of bottom waters, in turn favouring the preservation of biosiliceous
remains.

Offshore seismic studies suggested that clastic evaporites typify the
so-called lower unit of the Messinian trilogy recognised in the deep
western Mediterranean basin (Lofi et al., 2011; Krijgsman et al., 2024).
It is reasonable to assume that these bedded clastic evaporites are
interlayered with hemipelagic sediments, which remain largely un-
studied. In particular, the studied succession may represent a possible
onshore analogue of the offshore seismic bedded unit (Lofi et al., 2011;
Raad et al., 2023). In addition, biosiliceous deposits similar to those
recognised in the Belice Basin were recognised in the Eastern Mediter-
ranean, where they are interbedded with halite. These deposits suggest
the recurrent input of Atlantic waters in the Mediterranean during the
acme phase of the MSC (Meilijson et al., 2019). In this context, the result
of this work highlights that the multidisciplinary study of hemipelagic
background sediments in onshore successions can improve our knowl-
edge of the depositional dynamics in deep Mediterranean basins during
the deposition of the Late Miocene Mediterranean salt giant.
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