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Article history: The Crotone Basin (Calabria, Southern Italy) is a representative area in the Italian peninsula where
Received 12 May 2025 Messinian halite deposits preserve three distinct crystal facies: (i) banded composed of cumulate halite
Revised 10 October 2025 and mud-rich interlayers, (ii) white consisting of bottom-growth crystals with chevron fabrics, and (iii)
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Available online 4 Novernber 2025 transparent made up of massive, optically pure crystals. The transparent facies appears to be undocu-

mented in other Mediterranean Messinian basins, offering new perspective on halite crystallisation under
variable environmental conditions. Microscopic observations (optical and scanning electron microscopy),
supported by high-resolution 3D imaging through synchrotron-based X-ray microtomography, revealed a
Salt deposits lack of pervasive recrystallisation in all facies, enabling the non-destructive visualisation of internal fab-
Facies analysis rics and inclusions. These methods provided critical insights into halite growth dynamics and the envi-
Evaporite formation ronmental conditions prevailing during deposition.

Organic matter Microthermometric data indicated that all halite crystals precipitated from a NaCl-MgCl,-H,0 salt-
water system under extreme evaporative conditions, with fluid salinity exceeding 340 %. — 360 %o and
a distinct brine temperature for each facies (~35 °C in the banded, ~45 °C in the white, and ~ 20 °C in
the transparent). Strontium isotope ratios (8’Sr/%6Sr) placed halite formation within the TG14-TG12 inter-
val (ca. 5.61 - 5.55 Ma), with progressively increasing values from banded to transparent facies, suggest-
ing enhanced continental input and brine dilution in the later stages of deposition.

Organic matter was detected both in primary fluid inclusions and within the halite lattice, particularly
in the white and transparent facies. Raman spectroscopy and UV-epifluorescence revealed amorphous
organic compounds, including carotenoids and aliphatic functional groups such as methyl and methy-
lene, which are commonly associated with microbial activity. These findings suggested that organic-
rich brines may have played an active role in crystal nucleation and growth dynamics. The chemical
immaturity and heterogeneous distribution of organic compounds imply a combination of autochtho-
nous microbial input and episodic allochthonous influx, pointing to complex organic-mineral interactions
during halite formation.

The coexistence of three petrographically distinct halite facies within a confined area, each linked to
specific environmental and geochemical conditions, supports the view that halite precipitation was mod-
ulated by fluctuations in hydrological balance, brine composition, and organic matter availability. These
data contribute to a better understanding of the environmental and geochemical processes that con-
trolled evaporite deposition during the Messinian Salinity Crisis.
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1. Introduction

During the Messinian age (5.97 - 5.33 Ma), the Mediterranean
area was characterised by a catastrophic event (Hsii et al., 1977;
Krijgsman et al., 1999; Fauquette et al., 2006; Lugli et al., 2015),
known as the Messinian Salinity Crisis (MSC). This resulted from
two simultaneous factors: (i) a slow paleogeographic evolution dri-
ven by plate tectonics, which progressively led to the restriction of
marine gateways and to the temporary decrease reduction of con-
nections between the Mediterranean Sea and the Atlantic Ocean,
and (ii) an eustatic fall in the sea level linked with global cooling
(Garcia-Castellanos and Villasendr, 2011; Flecker et al., 2015;
Ohneiser et al., 2015). This relatively recent (6 Ma) and very rapid
event (short time window of ca. 600.000 years) changed the chem-
istry of the Mediterranean Sea and produced a permanent impact
on both terrestrial and marine ecosystems of the entire area
(CIESM, 2008; Agiadi et al., 2024).

The MSC led to the deposition of kilometres-thick evaporite
units, including carbonates, gypsum and halite, across several
Mediterranean basins. Numerous studies have investigated various
aspects of these deposits, with particular attention to depositional
environments influenced by regional tectonics and climate, as well
as changes in the hydrological balance, often assessed through 87-
Sr/%5Sr isotopic analyses (Miiller and Mueller, 1991; Flecker et al.,
2002; Flecker and Ellam, 2006; Gladstone et al., 2007; Guido
et al.,, 2007; Manzi et al., 2009, 2011; Lugli et al., 2010; Topper
et al., 2011; Garcia-Veigas et al., 2013; Topper and Meijer, 2013;
Birgel et al., 2014; Roveri et al., 2014; Warren, 2006; Costanzo
et al,, 2019; Cipriani et al., 2021, 2023a, 2024a; Natalicchio et al.,
2014, 2021; Perri et al., 2023, 2024; Aloisi et al., 2024; Krijgsman
et al., 2024; Dominici et al., 2025). Halite deposits are one of the
most important evaporite rocks from both scientific and economic
perspectives (Warren, 2006; Urai and Spiers, 2007; Adamuszek
et al.,, 2021) due to their: (i) abundance, with deposits reaching
kilometric thickness, (ii) wide applications in urban and industrial
sectors (e.g., mining, construction, civil engineering), and (iii) role
in paleoenvironmental reconstruction. The considerable diversity
in the conditions of ancient salt accumulation, which often signif-
icantly differ from those in modern times, makes the paleogeogra-
phy of ancient evaporite basins frequently a topic of intense
debate. An important contribution is provided by primary fluid
inclusions trapped within evaporite crystals representing micro-
reservoirs of water from ancient basins. Their physicochemical fea-
tures can provide valuable information for reconstructing the pale-
oenvironmental conditions and mechanisms of halite
crystallisation (Davis et al., 1990; Bein et al., 1991; Lowenstein
et al, 1998, 2001; Horita et al., 2002; Brennan et al., 2004;
Garcia-Veigas et al., 2013; Lugli et al., 2015; Galamay et al,,
2023), whereas, secondary fluid inclusions offer insights into
post-depositional processes, such as recrystallisation, fluid migra-
tion, and later diagenetic events (Schléder and Urai, 2005; Urai
and Spiers, 2007; Debois et al., 2012). Messinian evaporites can
also preserve organic matter and potential microbial remnants
within fluid inclusions, offering additional data to past ecological
and environmental conditions (CIESM, 2008). However, studies
specifically addressing these aspects in halite are still relatively
rare, making them a valuable but currently limited source of pale-
oenvironmental information (Wierzchos et al., 2006; Hoffmann
et al.,, 2021; Vreeland et al., 2024).

To better constrain the crystallisation and depositional condi-
tions of the halite facies, the present work focuses on two main
objectives:

(1) to discriminate the origin (primary or secondary) of the dif-
ferent textures, types and sizes of the halite crystals belong-
ing to the banded, white and transparent facies, based on
detailed petrographic analyses (optical microscopy, scan-
ning electron microscopy and synchrotron radiation X-ray
computed microtomography);

(2) to clarify the precipitation conditions and determine the ori-
gin of the different halite facies in relation to environmental
parameters (e.g., brine chemistry, depositional depth, and
mineralization processes), chemical analyses were per-
formed on halite crystals and their fluid inclusions. These
analyses included Raman spectroscopy, scanning electron
microscopy coupled with energy-dispersive X-ray spectrom-
etry, and thermal ionization mass spectrometry for Sr-
isotopic ratio determination.

Altogether, the multidisciplinary dataset provides a solid frame-
work for interpreting the environmental conditions that governed
halite deposition in the Crotone Basin during the Messinian Salin-
ity Crisis.

1.1. Halite deposits of the Crotone Basin

The halite deposits of the Crotone Basin (Calabria, southern
Italy), although already known in 60 s (see Roda, 1964), were only
investigated for mineral exploitation. Forty years later, petro-
graphic studies on these crystals were conducted by Lugli et al.
(2007) and Speranza et al. (2013, 2016). Lugli et al. (2007) recog-
nised two primary halite facies in the Zinga area and one in the salt
mining areas of Belvedere di Spinello, located in the north-east and
south-east sectors, respectively. These facies, made of micro- and
macro-crystalline halite, were called banded, white and clear.
Banded and white facies were sampled from exposed outcrops,
whereas the clear facies were documented from drill cores.
Although halite facies were strongly modified by folding and
recrystallisation, owing to burial and subsequent uplift Lugli
et al. (2007) suggested that: (a) the banded facies, made of cumu-
late crystals, were deposited in a salt pan and a saline mudflat; (b)
the white facies, called bottom-growth crystals, were probably
deposited in a saline lake which underwent phases of desiccation;
and (c) the clear facies were a product of displacive halite over-
growth in a saline mudflat after initial subaqueous nucleation.
Speranza et al. (2013, 2016) investigated halite deposits from the
Zinga and Verzino areas to elucidate the mechanical and rheologi-
cal properties of the rock salt. The authors conducted the first
microthermometric study on fluid inclusions from the white facies
in the Zinga area, estimating a trapping temperature of ~ 18 °C.
These studies led to the first elaboration of environmental
formations.

These deposits represent an important key for the reconstruc-
tion of the stratigraphic architecture, as well as the paleo-
morphological and paleo-environmental conditions of the Crotone
Basin during the Messinian age. Moreover, studying these deposits
provides insight into possible future implications since their pres-
ence could favour both rapid ground deformation (subsidence) due
to their variability in petrographic features (e.g., Cipriani et al.,
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2024a) and affect the quality of the local water resource. As
reported by Vespasiano et al. (2021, 2023), the widespread pres-
ence of such units can promote the development of extremely sal-
ine waters affecting the overall quality of aquifers.

2. Geological setting

The Crotone Basin (CB - Fig. 1) is a Neogene wedge-top basin of
the southern Italy foreland basin system located along the Ionian
side of the Calabria Arc (Roda, 1964; Van Dijk et al., 2000;
Barone et al., 2008; Borrelli et al., 2022). In this basin, Zecchin
et al. (2020) recognised three first-order sequences named CB;
(Serravallian-Messinian), CB, (uppermost Messinian-Zanclean),
and CBs (Piacenzian-upper Pleistocene).

The sequence CB;, covering the Sila Unit (crystalline basement)
through a basal unconformity in the western margin of the Crotone
Basin, is composed of: (a) the San Nicola Formation (continental
deposits), (b) the Ponda Group including the Ponda Clay Formation
(shelf to slope marine deposits, mainly clay with sandy and grav-
elly turbidites), (c) the Hera Lacinia Formation (deep-marine tur-
biditic deposits), (d) the Monte Anastasia Sandstone (sandstone
deposits), (e) the Tripoli Formation (diatomite-rich pelagic depos-
its), (f) the Evaporite Formation (resedimented gypsum, microbial
limestones, and basin-centred halite deposits) and (g) the Petilia
Policastro Formation (brackish deposits with siliciclastic and clas-
tic gypsum).

39° 13'50.02" N
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The sequence CB,, which extends from the uppermost Messi-
nian to Zanclean, records the transition from restricted to fully
marine conditions after the Messinian Salinity Crisis. It is com-
posed of: (a) the Carvane Group (continental to lagoonal deposits),
(b) the Cavalieri Marl (claystones and siltstones) and (c) the Zinga
Group (shallow-marine to fluvio-deltaic deposits).

The sequence CBs, from the Piacenzian to the upper Pleistocene,
reflects coastal progradation, glacio-eustatic fluctuations, and
regional uplift. It includes: (a) the Spartizzo Clay (lagoonal depos-
its), (b) the Scandale Sandstone (sandstones and conglomerates);
(c) the Cutro Clay (claystones and siltstones), (d) the San Mauro
Sandstone (shallow-marine to fluvial deposits), (e) the Serra
Mulara Formation (submarine canyon fill with fining-upward
sequences) and (f) terrace deposits (mixed marine to continental
sediments).

These three sedimentary sequences reflect the complex inter-
play between tectonics, sea-level changes, and evaporitic condi-
tions that shaped the Neogene-Quaternary evolution of the
Crotone Basin. Among them, the CB; sequence preserves extensive
evidence of Messinian evaporite deposition, including a thick (up
to 300 m) halite-bearing interval (Lugli et al.,, 2007). In details,
Messinian halite deposits outcrops in three distinct areas: Coste
del Sale, Zinga, and Verzino (Fig. 1). The Coste del Sale hosts a sin-
gle, well-preserved halite body and represents the only area in Cal-
abria where the original stratigraphic position of the halite, above
the Tripoli Formation, can be directly observed. This study presents

Petilia Policastro
Formation

Varycolored clays
| Evaporite Formation
Tripoli Formation
Varycolored clays
Ponda Clay

San Nicola
Formation

/ LEGEND

4 . Holocene cover (sand,
{::{ I:l alluvial soil, Iandsfide
® ; debris)

Plio-Pleistocene deposits
(clay, sand and sandstone)

Miocene deposits
(conglomerates, sandstone,
limestone, clay, gypsum and
halite)

Fig. 1. Geological map and general stratigraphic column of the Crotone Basin (eastern Calabria). In the map the halite deposits outcropping in the Coste del Sale, Zinga and
Verzino areas and the salt mine located in the Belvedere Spinello are reported (modified after Barone et al., 2008). In the Zinga e Verzino areas the Miocene evaporitic deposit

are covered by Plio-Pleistocene normal marine deposits.
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the first documentation and analysis of this deposit, which offers
an opportunity to observe undisturbed in situ evaporite stratigra-
phy. In contrast, the halite outcrops at Zinga and Verzino corre-
spond to salt domes that have intruded into overlying late
Messinian and Pliocene sediments. Previously described by Lugli
et al. (2007), they preserve clear evidence of diapiric activity.

3. Materials and analytical methods

The sampling was preceded by a macroscopic observation of the
halite deposits exposed in three distinct areas of the Crotone Basin:
Coste del Sale (CS), Zinga (Zi), and Verzino (Ve). All three sites pre-
serve halite belonging to the banded facies, characterised by
microcrystalline halite. In addition, the Zinga area also shows
deposits of macrocrystalline halite belonging to white facies and
transparent facies.

Sixteen samples were selected from the banded facies collected
across all three study areas: CS-01 to CS-04, Zi-01 to Zi-06, and Ve-
01 to Ve-06 (Table 1), while eight samples, made of macrocrys-
talline crystals and belonging to the white and transparent facies
(Zi-07 to Zi-09; Zi-10 to Zi-14; Table 1), were collected from the
Zinga area.

Halite samples were sent to the ALS Petrophysics Laboratory
(Normandy) to obtain fluid inclusion wafers (~150 pm in thick-
ness), suitable for petrographic and microthermometric analyses
aimed at characterising the composition and entrapment condi-
tions of primary fluid inclusions.

3.1. Optical microscopy

Petrographic and fluid inclusions studies were carried out in the
Geofluids Research Laboratory at the University of Galway (Ire-
land) and the Department of Biology, Ecology and Earth Science
of the University of Calabria (Italy). Petrographic investigation
was carried out using transmitted light microscopy on a Nikon
Eclipse E200 polarizing microscope, at various magnifications
(4 %, 10x%, 40x%, 60x). UV-epifluorescence were used to discriminate
the presence and distribution of organic compounds in the crystal’s
lattice, between halite crystals and fluid inclusions, through inci-
dent light emitted by a Hg high-pressure vapor bulb, attached to
a Zeiss Axioplan II Imaging optical microscope, with high-
performance wide bandpass filters, used as a parameter of fluores-
cence intensity (band-pass filter 436/10 nm/long-pass filter
470 nm, no. 488006, for the green light; and band-pass filter 450

490 nm/long-pass filter 515 nm, no. 488009, for the yellow light)
(Guido et al., 2012, 2019a,b; Cipriani et al., 2023b, 2024b). This
technique was used also to detect hydrocarbon-bearing fluid
inclusions.

Table 1

Geoscience Frontiers 17 (2026) 102207
3.2. Electron microscopy

Morphological observations and semi-quantitative analyses
using Scanning Electron Microscopy coupled with Energy Disper-
sive Spectroscopy (SEM-EDS) were conducted on selected halite
crystals from all three facies. The investigations focused on (i) pure
halite crystals, (ii) halite crystals displaying trails of fluid inclu-
sions, (iii) amorphous organic material predominantly recognised
in microcrystalline halite, and (iv) solid phases trapped within
Type 3 fluid inclusions. These analyses aimed to characterise both
crystal textures and the associated mineral and organic compo-
nents across the different facies.

The SEM apparatus utilized was an Ultra High-Resolution SEM
(UHR-SEM) - ZEISS CrossBeam 350 under the following condition:
resolution 123 eV, high voltage 10 keV, probe current 100 pA and
working distance 11 mm. The analysed samples were polished
with 0.25 pm diamond-impregnated surfaces and carbon-coated
(about 250 A). Mineralogical and chemical compositions were
determined under the following settings: voltage 15 keV, probe
current 60 pm, working distance 12 mm, take-off angle 40°, and
live time 30 s. The standardless quantitative analysis was checked
on the SPI no. 02757-AB serial 4AK standard and was collected
through the AMETEK APEX software suite V2.

3.3. Raman spectroscopy

All Raman spectra were recorded at room temperature using a
NRS-5500 spectrometer (JascoCorp., Tokyo, Japan) with a 532-nm
laser wavelength, 100 x objective and a power of 0.3 mW to avoid
damage of the samples. Data acquisition and spectra treatment
were carried out with the commercially available program Lab-
Specv7.02 (HORIBA Jobin Yvon GmbH). Raman analysis was per-
formed on the crystal lattices of massive halite crystals (white
and transparent facies), both inside and away from the FI trails,
as well as on 35 primary FI types 1 (monophase liquid rich) and
3 (multiphase assemblages), to investigate the brine composition
and the mineralogy of the solids trapped within the inclusions.

3.4. Microthermometry

Microthermometric analyses were conducted on twenty-four
double-side polished wafers prepared from both microcrystalline
and macrocrystalline halite samples. The measurements were per-
formed using a Linkam THMSG 600 heating and cooling stage
mounted on an Olympus BX51 transmitted light microscope (with
a range of objective lenses including a 100 x lens). The speed of
heating was from 1 to 5 °C/min, reduced to as slow as 0.1 °C/min
when bubbles were close to homogenization, and a cooling rate
of 0.5 to 3 °C/min. Only one stress cycle, ranging from —80 °C

Summary list on the main information based on field observations, on halite sampled crystals and on previous works (n.d. = no data).

Sampling area Halite facies Crystals Samples name Previous researches
Coste del Sale Banded Microcrystalline CS-01, CS-02, n.d.
CS-03, CS-04
Zinga Banded Microcrystalline Zi-01, Zi-02, n.d.
Zi-03, Zi-04,
Zi-05, Zi-06
White Macrocrystalline (Bottom-growth) Zi-07, Zi-08, Speranza et al. (2013)
Zi-09
Transparent Macrocrystalline (Massive) Zi-10, Zi-11, n.d.
Zi-12, Zi-13,
Zi-14
Verzino Banded Microcrystalline Ve-01, Ve-02, Lugli et al. (2007)
Ve-03, Ve-04,

Ve-05, Ve-06
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to +50 °C, was conducted because multiple cycles showed an error
of approximately +3 °C for each repetition in the temperature of
homogenization (Ty — temperature of the original brine). The tem-
perature of first melting (Tgy), according to Shepherd et al. (1985),
was recorded to obtain the salt system in which halite crystals
formed with an error of +1 °C. Although newer methods have
recently emerged (Guillerm et al., 2020), this study employed the
method proposed by Speranza et al. (2013), which has proven par-
ticularly useful for analysing a similar deposit, allowing for a direct
comparison of the data. The results provided the temperatures at
which phase changes take place (e.g., solid melting to liquid or lig-
uid becoming vapour) during cooling-heating cycles. These tem-
peratures are indicative of the fluid composition trapped in the
individual inclusion (Shepherd et al., 1985).

Microthermometric analyses were performed exclusively on
Type 1 and Type 2 primary fluid inclusions, which consist of mono-
phase liquid rich and two-phase liquid + vapour respectively, as
they are considered the most reliable for reconstructing trapping
conditions. In contrast, Type 3 inclusions, characterised by multi-
phase assemblages (liquid + vapor # solid + organic matter), were
excluded from the analysis. Although some authors have per-
formed microthermometry on multiphase inclusions when the
identity of the solid phases was well constrained (Roedder, 1984;
Sterner et al., 1988; Davis et al., 1990; Goldstein, 2001), the pres-
ence of accidental solids or daughter minerals can complicate
interpretation. In particular, Multiphase inclusions containing
organic matter are generally not recommended for microthermo-
metric studies, and the reliability of such measurements remains
a matter of debate.

3.5. Synchrotron radiation X-ray computed microtomography
(SR X-ray uCT)

3D petrophysical acquisitions on two crystals belonging to the
white (Zi-08) and transparent facies (Zi-14) were conducted at
the SYRMEP beamline (Dullin et al., 2021) at the Elettra Syn-
chrotron facility in Trieste (Italy). Utilizing the free-space
propagation-based phase-contrast imaging modality (PBI)
(Brombal et al., 2018), these acquisitions harnessed a polychro-
matic spectrum spanning [8.5 40] keV, generated by one of the
bending magnets of the storage ring. This spectrum underwent fil-
tration to eliminate low-energy components, achieved through
1.5 mm of Silicon and 1 mm of Aluminium, resulting in a beam
mean energy of about 24 keV. The imaging setup featured a Hama-
matsu sCMOS detector paired with a GGG: Eu scintillator screen,
with a thickness of 17 pum, alongside a high numerical optic aper-
ture allowing adjustment of the pixel size within the range of 0.9 to
6.5 pum. For the acquisitions detailed in this paper, a pixel size of
2.5 um was employed. To capitalize on the phase-contrast effect,
the propagation distance between sample and detector was set
to 10 cm (Donato et al., 2022). Specimens underwent imaging with
1800 projections captured over 180 degrees, each with an expo-
sure time of 2 s per projection. Due to sample lengths exceeding
the field of view (with the beam height, at full width at half max-
imum, measuring 4.25 mm), scans were obtained at overlapping
positions along the specimen axis to ensure comprehensive mor-
phology reconstruction.

Image reconstruction utilized the SYRMEP Tomo Project (STP)
software suite (Brun et al., 2015), employing the Filtered Back-
Projections (FBP) algorithm (Kak et al., 2002) and removal of ring
artifacts (Rivers, 1998). To enhance segmentation reliability and
maximize morphological analysis in phase-contrast SR-uCT, we
applied a single-distance phase-retrieval algorithm based on the
transport of intensity equation (Paganin et al., 2002) to acquired
sample projection images before reconstruction. With a parameter
value of 150 for /8 = 7, manually optimized to preserve

Geoscience Frontiers 17 (2026) 102207

microstructural features, being § and g, respectively, the real and
imaginary part of the complex refractive index.

Image segmentation employed Avizo® 9.3 commercial software
on both specimens, with merged stacks of reconstructed images
from various vertical acquisitions for comprehensive analysis. Vol-
umes of interest, sized at 3.3 mm x 4.0 mm x 17.2 mm and 4.0 m
m x 7.8 mm x 8.2 mm, were extracted from the core of the speci-
men volume, representing respectively the white and transparent
specimens. These were segmented using an automatic threshold-
ing algorithm (Otsu, 1979) in a two-step process. The first aim is
to distinguish between the solid and porous phases (voids and
FI), and the second to further differentiate between voids and Fls.

3.6. Isotopic analyses

Strontium isotopic analysis was carried out on five representa-
tive samples at the Department of Earth, Environment and
Resources Sciences of the University of Naples Federico II. Samples
treatment for Sr separation has been carried out in an ISO 6 class
clean room; 87Sr/86Sr has been determined through thermal ioniza-
tion mass spectrometry (TIMS) techniques. Ca. 20 mg of powder of
each sample was weighed in clean PFA Savillex™ vials. Powders
were dissolved by adding 4 mL of Milli-Q® (18.2 MQ resistivity)
deionized water to the vials kept closed for 1 h on a hot plate at
120 °C. After 8 min of ultrasonication and 10 min of centrifugation
at 4500 rpm in clean tubes, 3.5 mL of the supernatant solutions
were transferred to clean PFA vials, then left open on a hot plate
at 90 °C until full dryness under a laminar flow hood equipped with
HEPA filters. The residues were taken up in 1 mL 2.5 N Suprapur®
HCI, ultrasonicated for 8 min, and centrifuged again at 4500 rpm
for 10 min in clean tubes. Strontium separation from the matrix
was achieved through chromatographic techniques using AG®
50 W X-8 (200 - 400 mesh) BioRad™ ion-exchange resin packed
in 2 mL quartz columns. 2.5 M Suprapur® HCl was employed as lig-
uid phase allowing collection of the Sr-bearing solution in clean
PFA vials, left open on hot plate at 120 °C under a laminar flow
hood for complete evaporation. After nitrification with few drops
of 14 M Suprapur® HNOs, Sr samples were loaded on previously
outgassed 99.98 % pure rhenium filaments and finally introduced
in a Thermo Scientific™ Triton Plus® solid-source mass spectrom-
eter equipped with nine Faraday cups. Within-run correction was
made for possible mass interference on &’Sr by 8’Rb, and mass frac-
tionation by normalizing &7Sr/2°Sr to 88Sr/6Sr = 8.375209 through
an exponential law. The final 8’Sr/®5Sr value is the mean of 150 sin-
gle runs (15 blocks of 10 cycles each; integration time 16.777 s) at
20 confidence level following Deines et al. (2003). The NIST SRM
987 international standard measured in the period of samples
analysis provided a mean 37Sr/36Sr of 0.710243 + 0.000006 (20,
n = 29); accordingly, the measured 87Sr/®5Sr values were normal-
ized to the recommended value (0.710248 * 0.000012; Zhang
and Hu, 2020) applying a +0.000005 correction. In the period of
chemical processing of the halite samples, the total procedure Sr
blank was ca. 100 pg, deemed negligible.

4. Results
4.1. Field observations

In the Coste del Sale area (Fig. 2A), the halite deposit (~2.70 m
thick) exhibits an alternation of centimetre-thick white (off-white)
and grey layers composed of microcrystalline halite, characteristic
of the banded facies. The white layers consist of pure halite crys-
tals, while the grey ones contain halite dispersed within a fine-
grained, mud-rich interlayer matrix.
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In the Zinga and Verzino areas, salt domes are exposed beneath
a Pliocene clay cap (Fig. 2B, G and I). These deposits also include
microcrystalline halite from the banded facies, showing similar
white-grey alternations, though layer thicknesses vary from cen-
timetres to decimetres (Fig. 2C, H and ]).

In addition to the banded facies, the Zinga area hosts a salt
dome that includes two different halite facies (Fig. 2G), referred
to as the white and transparent facies. Stratigraphically, the white
facies is located at the base of the deposit and continues upwards
uninterrupted (over ~ 5 m) to the transparent facies. The white
facies (Fig. 2E) is characterised by large halite crystals (> 5 cm) dis-
playing alternating milky and clear bands. The milky bands are rich
in fluid inclusions, which are visible even during field observation.
The overlying transparent facies (not previously described in the
literature; Fig. 2F) is composed of similarly large, but distinctly
translucent halite crystals. This facies is termed “transparent”
due to the translucency of the crystals observed in the field, which
appear to have undergone recrystallisation (secondary origin). Sul-
phate nodules (> 1 cm) are consistently observed across all halite
deposits.

Table 1 delineates the main information about the sampling
areas, the specific names of the different facies, the texture and
name of the sampled crystals, and the previous researches carried
out on these crystals over time.

4.2. Petrographic and SEM characterisation of halite facies

4.2.1. Banded facies: Microcrystalline halite

Samples from Coste del Sale, Zinga, and Verzino display very
similar features, with well-preserved halite textures. The crystals
consist of small halite (< 2 mm in size), occasionally separated
and/or covered by thin argillaceous layers (< 2 mm) and scattered
clay nodules (up to 0.5 cm). Halite crystals show four distinct pat-
terns: (i) subhedral to euhedral shapes (Fig. 3A), (ii) rafts and flat-
tened plates oriented along the y-axis direction [010], which acted
as nuclei for (iii) the syntaxial growth of chevrons (Fig. 3A). Clay
nodules recognised in these crystals (Fig. 3A C), often incorporate
anhydrite minerals and/or amorphous organic materials emitting
very green bright UV-epifluorescence (Fig. 3B, C).

Samples from Verzino and Zinga also exhibit additional fea-
tures, including: (i) randomly oriented crystals, (ii) curved crystal
boundaries meeting at triple junctions with angles approaching
120° (Fig. 3D), (iii) clear halite cement (Fig. 3E), (iv) microstruc-
tures with polygonal shape and (v) crystals sharply truncated by
dissolution.

Transparent filaments and red organic materials, emitting
respectively blue and red fluorescence, were also observed
throughout the samples (Fig. 3F H).

SEM observations confirmed these optical features and further
revealed the microcrystal texture of the halite crystals, and the
complex morphology of the amorphous materials trapped within
(Fig. 31) or adjacent to the boundaries crystal. Elemental composi-
tion obtained by SEM-EDS indicates that the amorphous sub-
stances consist primarily of carbonaceous material (inferred by
the high Carbon content) with variable amounts of aluminium (8

37 wt.%), calcium (0.5 3 wt.%), and minor sulphur (< 1 wt.%).
In contrast, the halite crystal lattice is composed almost exclu-
sively of sodium and chloride, consistent with its primary
mineralogy.

4.2.2. White facies: Bottom-growth crystals

Samples Zi-07 to Zi-09 display large cubic euhedral habit com-
posed of alternating growth bands referred to as milky and clear.
The milky bands consist of numerous fluid inclusion (FI) trails that
display a chevron shape (chevron fabric; Fig. 4B) and emit bright
green UV-epifluorescence (Fig. 4C); these bands are occasionally
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interrupted by sharp and curved dissolution surfaces. The clear
bands are characterised by pure halite crystals and localized
microstructures with polygonal shape.

As observed in the microcrystalline of the banded facies, the
organic material display various morphologies and fluorescence:
transparent filament, green rounded materials and red organic
fragments emitting blue, green and red fluorescence, respectively.
In these crystals, evidence of dissolution, recrystallisation and frac-
turing were rarely observed.

SEM observations revealed the presence of abundant FIs and a
pervasive disturbance mainly in the milky bands (Fig. 4D, F).
Indeed, EDS analyses also reveal a different chemical composition
between the bands: clear bands, located away from the milky
bands, show only the presence of sodium and chloride, typical of
pure halite, whereas milky bands reveal the presence of carbon
(C = ~25 wt.%), sodium (Na = ~30 wt.%) and chloride (Cl =
~40 wt.%). Moreover, clear bands adjacent to, and between, milky
bands show the same elements recognised in the milky bands but
with a lower percentage of carbon (< 21 wt.%).

4.2.3. Transparent facies: Massive crystal

Samples Zi-10 to Zi-14 (Fig. 5A) do not show peculiar petro-
graphic features. They are composed solely of massive crystals
made up of translucent and opaque halite. The translucent halite
exhibits widespread evidence of intergranular voids and abundant
FI trails (Fig. 5B D), whereas the opaque halite lacks observable
petrographic characteristics due to its opacity, which obscures all
features.

Transparent filaments and rounded red organic materials, emit-
ting blue and red fluorescence, respectively, were observed
throughout the samples.

SEM observations confirm the petrographic features identified
in the translucent portions of the crystal, while also providing
additional information on the opaque areas, which are not visible
under optical microscopy. These areas show pagoda halite crystals
(crystals with pyramidal or conical form, with progressively smal-
ler layers as they extend upward; Fig. 5E) and reticulate ridge
halite on the surface (see Southgate, 1982). Individual cornet-
shaped hoppers have ridges radiating at right angles from their
corners. Pagoda crystals are smaller than the centrally located hop-
per and show a successive decrease in size with increasing distance
along the ridge. Each ridge consists of several horizontally stacked
halite corner growths. Thin ridges radiate from hopper corners,
thin, with increasing length, and either taper to a point or abut
without distortions occurring. Several pagoda-type hopper
regrowth was characterised by curved sides that truncate hopper
growth planes, implying partial hopper dissolution. Semi-
quantitative analyses on pure halite crystals show the presence
of sodium, chloride, and potassium. Elemental composition
obtained by SEM-EDS indicates that both translucent and opaque
halite are constituted by sodium (Na = ~29.5 wt.%), chloride (Cl =
~63.4 wt.%), and potassium (K = ~7.1 wt.%).

4.3. Fluid inclusion petrography

Both primary and secondary FIs are observed in all samples
through optical and scanning electron microscopy. Primary Fls
run parallel to the faster active growth faces (100) and reflect the
cubic crystallography of the host mineral. FIs are also distributed
in the crystal corners and sometimes show chevron fabric, which
is visible mainly in Zi-07 to Z-14 samples. Three types of primary
FIs were identified (Figs. 6 and 7; Table 2):

(1) Type 1 monophase liquid-rich inclusions have tabular or
negative crystal shapes (Fig. 7B). They range in size from
5 um to 55 pm (avg. 30 um) in microcrystalline halite, from
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Fig. 2. Halite deposits located in the Crotone Basin showing the three different facies. (A) Individual halite deposit (banded facies) outcropping in the Coste del Sale (scale
bar = 20 cm). (B) First halite salt dome (banded facies) in the Zinga area, and (C) detail showing white (off-white) and grey bands, highlighted with dotted white lines (scale
bar = 40 cm). (D) Second halite salt dome in the Zinga area (scale bar = 20 cm) and detail of halite crystals sampled from white (E) and transparent facies (F); white arrows
indicate grey bands devoid of fluid inclusions. (G) and (I) Two main salt domes (scale bars = 20 cm) recognised in the Verzino area showing cap rock above the halite deposits
(spotted white line) and magnification (H and ]J) showing dark layers (white arrows) interbedded by anhydrite and clay intervals (scale bars = 4 cm).
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25 um
—

Fig. 3. Main petrographic features of microcrystalline halite samples: CS-01 (A), Zi-01 (B) and Ve-01 (C), observed in thin sections through optical microscopy (D H, J),
UV-epifluorescence (I and K) and SEM (L); black arrows indicate the growth direction. (D) Sample from Coste del Sale showing subhedral and syntaxial growth of chevrons
crystals. (E) Amorphous organic materials (Om), that separate and cover halite crystals (Cx), emitting bright fluorescence (F). (G) Sample from Zinga displaying curved crystal
boundaries meeting at triple junctions with angles approaching 120° (red lines). (H) Sample from Verzio showing clear halite cement (Ce). (I K) Transparent filaments and red
organic materials, emitting respectively blue and red fluorescence. (L) Amorphous materials between halite crystals (red arrows).

5 pm to 145 pm (avg. 65 pm) in bottom-growth and from 400 pm (avg. 100 pm) in massive crystals. The degree of fill
5 pum to 80 wm (avg. ~ 35 pm) in massive crystals. A total [F = Vi/Vror, where F is the volumetric proportion of liquid
of 362 Type 1 FIs have been studied. (VL) relative to the total volume (Vqor) of the inclusion]
(2) Type 2 are two-phase liquid-rich (L > V) inclusions display- ranges between 0.70 and 0.98 (avg. 0.87). A total of 420 Type
ing mainly tabular, irregular and negative crystal shapes 2 FIs have been observed.
(Fig. 7B). They range in size from 5 pm to 150 pum (avg. (3) Type 3 are multiphase inclusions (L + V + S + OM) containing
60 pum) in microcrystalline halite, from 8 pm to 200 pm mainly a liquid phase with subordinate amounts of vapour,
(avg. 90 um) in bottom-growth crystals and from 5 pm to organic material and/or solid phases. They show irregular
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Fig. 4. (A) Main petrographic features of Zi-07 sample (bottom-growth crystal) observed in thin sections through transmitted light (B), UV-epifluorescence (C) and SEM
(D-F); black arrow indicates the growth direction. (B) and (C) Enlargement of a detail showing the alternating milky (white dotted lines) and clear growth bands. Note the
UV-epifluorescence in correspondence of milky bands (C). (D) Detail of fluid inclusions observed in the milky band. (E) FI trails in correspondence of milky bands. (F) Detail of
the irregular crystal lattice of the milky bands (white arrow), probably due to the presence of organic remains.

Fig. 5. (A) Main petrographic features of Zi-14 sample (massive crystal) observed in thin sections showing translucent (Tr) and opaque (Op) halite; black arrow indicates the
growth direction. (B) Translucent halite shows intergranular voids (white arrows) and (C) linear and irregular FI trails (black dotted lines). (D) and (E) show the surface of the
translucent and opaque parts of the sample, respectively. In the translucent area, fractures and fluid inclusions are clearly visible, whereas the opaque part displays
characteristic pagoda crystal structures (white arrows).
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Fig. 6. Schematic classification showing FI phases of primary inclusions recognised
in halite crystals. Phases present at room temperature and various morphologies
observed are arranged with respect to the amount of liquid (L) and/or vapour (V) as
well as solid (S) and organic material (OM) trapped within the inclusions.
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and negative crystal shapes (Fig. 7C-I) and range in size from
10 pm to 155 pum (avg. 80 um) in microcrystalline halite,
from 10 pm to 350 pm (avg. 125 pm) in bottom-growth
and from 10 pm to 400 pm (avg. 230 pm) in massive crys-
tals. Massive crystals exhibit a higher number of Type 3 Fls
compared to microcrystalline and bottom-growth crystals.
A total of 189 Type 3 FIs have been observed.

Trapped organic material in Type 3 Fls display colours ranging
from brown/orange to colourless, with morphologies ranging from
rounded to irregular (< 10 pum in size). These inclusions occur in
clusters and are commonly found near the FI corners or in their
core. They emit bright blue or red UV-epifluorescence. Well-
preserved, rounded, orange organic materials are also mainly
observed in the bottom-growth crystal. Three main types of
organic materials trapped within fluid inclusions were recognised:
(i) rounded red/orange (Fig. 7C), (ii) amorphous (Fig. 7C, D and G)
and (iii) black amorphous (Fig. 7F). Red/orange and amorphous
materials are recognised in all three types of facies, whereas black
substances were predominantly found in the massive crystals.

S

Fig. 7. Fls observed in the banded (A, B), white (C, F) and transparent (G-I) facies through transmitted and UV-epifluorescence light (white dotted line). (A) Type 1 and Type 2
FI trails defying chevron fabric; note the orientation and septum that bisects the chevron (scale bar = 100 um). (B) Group of Type 1 and Type 2 FIs showing negative crystal
shapes (scale bar = 50 um). (C) Individual Type 3 FI showing organic material emitting fluorescence (scale bar = 50 um). (D-F) Type 3 FIs black amorphous materials showing

green fluorescence (scale bar = 100 um). (G) Elongated FI trapping solids and organic material (scale bar = 20 um) and magnification (H and I) of its left and right rims; OM
emitting bright blue fluorescence (scale bar = 10 pm). OM = organic material; V = vapour; L = liquid; S = solid.
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Table 2
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Summary list of primary FIs characteristics observed in banded, white and transparent facies.

Halite facies Crystals FI types FI shapes FI sizes (nm)
Banded Microcrystalline Type 1 Tabular and negative crystal 5-55
(avg. 30)
Type 2 Tabular, irregular and negative crystal 5-110
(avg. 50)
Type 3 Irregular and negative crystal 10-155
(avg. 80)
White Macrocrystalline Type 1 Tabular and negative crystal 5-145
(Bottom-growth) (avg. 65)
Type 2 Tabular, irregular and negative crystal 8-200
(avg. 90)
Type 3 Irregular and negative crystal 10-350
(avg. 125)
Transparent Macrocrystalline Type 1 Tabular and negative crystal 5-80
(Massive) (avg. 35)
Type 2 Tabular, irregular and negative crystal 5-400
(avg. 100)
Type 3 Irregular and negative crystal 10-400
(avg. 230)

Solids hosted within the inclusions (Fig. 7D, H, I) are colourless
and range in size from 5 pm to 50 pm. They show various shapes:
prismatic, rounded, tabular, elongated, and acicular. Semi-
quantitative analyses carried out on solids trapped in type 3 Fls
show the presence of:

(a) gypsum (rounded or prismatic habit), bassanite (acicular or
elongated-prismatic habit), and anhydrite (tabular, lamellar
or elongated shapes) crystals. Gypsum and anhydrite solids
were recognised in all samples, whereas bassanite was only
identified in bottom-growth crystal;

(b) amorphous organic material consisting of carbonaceous
remains.

Primary Fls are abundant and well-preserved, particularly in the
milky chevron bands of the bottom-growth crystals. Indeed, within
a single milky band, “high frequency” fluid inclusion bands are pre-
sent. A typical milky band contains between 10 and 20 of these
high-frequency bands. 56 milky bands were counted in only 2 -
5 cm of an individual crystal. Each of these high-frequency bands
is considered an individual fluid inclusion assemblage (Goldstein
and Reynolds, 1994; Benison and Goldstein, 1999), meaning that
all fluid inclusions along each band formed at the same time.

Secondary Fls are distributed in groups or linear trails along
annealed microfractures and cleavage planes. Sometimes, they
cross-cut chevron and corner growth bands; however, they are
generally less abundant than primary inclusions. Scattered sec-
ondary Fls are affected by re-equilibration phenomena, such as
stretching, leaking and necking-down processes (Fig. 8), which
involve dissolution and re-precipitation of the host phase to reduce
the surface area, producing many smaller inclusions from the orig-
inal larger inclusion (see Larson et al., 1973; Bodnar and Bethke,
1984; Bakker and Jansen, 1990; Hall et al., 1993; Vityk et al,,
2000). Some inclusions show a dark appearance, indicative of
decrepitation phenomena (fluid loss). Two types of secondary Fls
have been recognised: Type 1 (monophase, liquid or vapour) and
Type 2 (two-phase, liquid-rich or vapour-rich). Both types display
irregular to negative crystal shapes and range in size from 2 pum
to 30 pum.

4.4. Fluid inclusion microthermometry
Microthermometric data are recorded on 380 fluid inclusions

hosted in halite crystals of the banded (n = 180), white (n = 135)
and transparent (n = 65) facies to obtain the temperature of first

melting (Tg — chemical composition of the brine) and Tempera-
ture of homogenization (Ty — temperature of the origin brine)
(Table 3).

e In microcrystalline halite samples from Costa del Sale (CS-01,
CS-03, CS-04 samples), analyses were carried out on 40 Type
1 and 25 Type 2 Fls. Type 1 inclusions show mainly negative
crystal shapes and range in size from 16 pm to 30 um (avg.
20 pm). Tgy is recorded at ~ —35 °C (H,0-NaCl-MgCl, salt sys-
tem) and Ty at +32 °C. Type 2 inclusions display mainly elon-
gated shapes, a degree of fill between ~ 0.70 and ~ 0.94, and
range in size from 40 pm to 72 pm (avg. 63 pm). Tey is recorded
at ~ —36 °C (H,0-NaCl-Mg(l, salt system) and Ty at +32 °C.

In microcrystalline halite samples from Zinga (Zi-01, Zi-03, Zi-
04), analysis was carried out on 22 Type 1 and 30 Type 2 Fs.
Type 1 inclusions show negative crystal shape and range in size
from 18.4 um to 50 pum (avg. 28 um). Tpy is recorded at —35
°C £ 1 °C (H,0-NaCl-MgCl, salt system) and Ty at +20 °C. Type
2 inclusions show elongated and negative crystal shapes, a
degree of fill between ~ 0.75 and ~ 0.97 and range in size from
20 pm to 140 wm (avg. 66 pm). Ty is recorded at —35 °C (H,0-
NaCl-MgCl, salt system) and Ty at +34 °C.

e In microcrystalline halite samples from Verzino (Ve-01, Ve-03
and Ve-05 samples), analysis was carried out on 25 Type 1
and 38 Type 2 FIs. Type 1 inclusions show negative crystal
shape and range in size from 10 pm to 17 pm (avg. 23 pum);
10 inclusions show Tgy at —23 °C (H,0-NaCl-KCl salt system)
and Ty at +44 °C, while 15 inclusions have Tgy at —34 °C
(H,0-MgCl, or H,O-NaCl-MgCl, salt system) and Ty at +33.5
°C. Type 2 inclusions show negative crystal shape, degree of fill
between ~ 0.93 and ~ 0.95 and range in size from 14 pm to
120 pm (avg. 43 pum); 18 inclusions show Try between —24 °C
(H,0-NaCI-KCl salt system) and Ty between +40 °C and +44
°C, while 20 inclusions have Ty at —35 °C (H,0-MgCl, salt sys-
tem) and Ty at +35°C.

In samples from the bottom-growth crystals of Zinga (Zi-07 and
Zi-09 samples), analysis was carried out on 55 Type 1 and 80
Type 2 FlIs located within the milky bands. They occur in linear
trails, show negative crystal shapes and range in size
from ~ 10 pum to ~ 200 pm (avg. 100 pm); Type 2 Fls show a
degree of fill between ~ 0.74 and ~ 0.98 (avg. ~ 0.93). Tgy is
recorded in 20 Type 1 and 33 Type 2 FIs and occurred at
-35°C+ 1 °C(avg. —34 °C; H,0-NaCl-Mg(l, salt system) in both
Types. Ty is recorded from FIs forming the high-frequency
growth bands; they show a decrease in values from +44 °C,
obtained on the base, to +50 °C on the top of the chevron.
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Fig. 8. Necking-down process in halite crystal, observed from bottom to top, using different plane of focus. Pictures from (A) to (D) show smaller inclusions from the original
larger inclusion still visible in (E) and (F) photos. The scale bar shown in panel (A) applies to all images.

Table 3

Summary of microthermometric data for the analysed halite samples, including facies, fluid inclusion (FI) types, number of measurements (n), inclusion sizes, temperature of first

melting (Trv), and homogenization temperature (Ty).

Samples Facies FI types n FI sizes (nm) Tem (°C) Ty (°C)
CS-01 Banded Type 1 40 16 - 30 -35 +32
CS-03 (avg. 30)
CS-04 Type 2 25 40 — 472 (avg. 63) -36 +32
Zi-01 Banded Type 1 22 18.4 - 50 -34 to -36 +20
Zi-03 (avg. 28) (avg. —-35)
Zi-05 Type 2 30 20 - 140 -35 +34
(avg. 66)
Ve-01 Banded Type 1 10 10 -17 -23 +44
Ve-03 15 (avg. 23) -34 +33.5
Ve-05 Type 2 18 14 — 120 (avg. 43) -24 +40
29 -35 +35
Zi-07 White Type 1 55 10 - 130 —34 to -36 +44 to +50
Zi-09 (avg. 45) (avg. -35) (avg. 45)
Type 2 80 10 - 200
(avg. 125)
Zi-10 Transparent Type 1 25 8 - 50 -32 to -33 +18 to +22
Zi-12 (avg. 25) (avg. 20)
Zi-14 Type 2 40 10 - 50
(avg. 32)

e n samples from the massive crystals of Zinga (Zi-10, Zi-12 and
Zi-14 samples), analysis was carried out on 25 Type 1 and 40 Type
2 Fls displaying elongated, tabular or negative crystal shape and
range in size from 8 pm to 50 pm (avg. 25 pm); Type 2 FIs have a
degree of fill between 0.90 and ~ 0.98 (avg. ~ 0.96). In both FI
types, Try is documented at —33 °C + 1 °C (H,0-MgCl, salt sys-
tem), while Ty is recorded from +18 °C to +22 °C (avg. 20 °C).

4.5. Chemical characterisation with Raman spectroscopy

In bottom-growth crystal, Raman analysis was conducted on (i)
portions of the crystal devoid of FI trails, (ii) crystal enriched in FI
trails, (iii) organic materials trapped in Type 3 Fls and (iv) Type 1
Fls. In details, the following spectral signatures were observed:

(i) six prominent absorption bands around 358, 1337, 1582,

2678, 2884 and 2940 cm™! (Fig. 9A) in crystal devoid of FI

trails;

(ii) peaks at 358 cm™!, a significant bump in the region between

1200 cm™! and 1600 cm™!, and peaks at 2250, 2686,
2930 cm™! (Fig. 9B) in crystal enriched in FI trails;

(iii) peaks around 263, 1149, 1614, and 2900 cm™"' (Fig. 9C) and

around 1150 - 1570 cm™! and 1500 - 1550 cm™! in dark FIs;

2930 cm™! (Fig. 9D) in liquid FIs.

(iv) a bump between 500 and 2000 cm™' and a peak at

Moreover, solid crystals trapped within Type 3 inclusions have
been identified as anhydrite (CaSO4), gypsum (CaS04-2H,0) and
halite (NaCl).
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Fig. 9. Raman spectra (range between 0 and 4000 cm™") collected from different areas of bottom-growth (A to E) and massive (D) crystals. Red, yellow, and blue dots mark
analysis points shown in panels (A-E), while black, red, and blue lines display the corresponding spectra. Note that the Raman spectra showing bumps at the peaks around
1340 cm~'and 1600 cm™! are related to the D- and G-Bands, which are typical of the organic material. The scale bar in the pictures is 200 um (A, B and E) and 50 pm (C and F).
The x-axis represents the Raman shift (in cm™'), and the y-axis indicates relative normalized intensity (a.u. = arbitrary units).

Regarding massive crystal, analyses were conducted on Type 3
FIs and pure halite crystals. Type 3 FIs have showed two bumps
(Fig. 9E): (i) in the region between 500 and 1200 cm™!, and (ii)
between 1500 and 2000 cm~!, with main peaks at 358 and
2930 cm™!, while analyses carried out on pure halite crystals
showed the same peaks recognised in Type 3 inclusions but with
significantly lower intensity.

4.6. 3D Image analysis through synchrotron radiation X-ray computed
microtomography (SR X-ray uCT)

The distribution, size, and morphology of fluid inclusions were
assessed using Synchrotron Radiation X-ray Computed Microto-
mography (SR X-ray nCT). Both samples, Zi-08 and Zi-14, exhibited
similar morphologies of primary fluid inclusions, however they dif-
fer significantly in terms of abundance and spatial arrangement.

In bottom-growth crystals, Type 1 inclusions, primarily associ-
ated with milky growth bands, are the most abundant (Fig. 10A),
followed in frequency by Type 2 and Type 3 inclusions (Fig. 10 B
—C). Conversely, in massive crystals, the relative abundance is
inverted, with Type 3 inclusions being the most common, followed
by Type 2 and Type 1 inclusions.

Throughout the entire volume of the two samples, Type 1 inclu-
sions showed mainly tabular and negative crystal shapes, regard-
less of their size. Type 2 inclusions displayed negative crystal
shapes for those smaller than 0.2 mm and irregular shapes for
those larger than 0.2 mm. In contrast, Type 3 inclusions were con-
sistently irregular, regardless of size, reflecting their complex
genesis.

As previously mentioned, the Type 3 FIs can contain crystalline
solids and/or organic materials. Although the detection of organic

13

matter via SR X-ray pCT is limited due to its low density and poor
contrast, solid inclusions (e.g., halite, gypsum, anhydrite) are read-
ily visible and characterised by sharp, well-defined edges. In terms
of internal structure and FI distribution, Zi-08 displays a well-
developed chevron fabric, with Type 1 inclusions densely concen-
trated along the milky bands, and largely absent or sparse in the
intervening clear bands (Fig. 11A).

In contrast, Zi-14 did not display a chevron structure; however,
well-defined trails of primary fluid inclusions were still clearly vis-
ible, although they appeared more irregularly distributed through-
out the crystal volume. The sample also exhibited an extensive
network of fractures, some of which host secondary inclusions. In
several cases, these secondary inclusions exhibited necking-down
phenomena (Fig. 11B). The co-occurrence of primary and sec-
ondary inclusions in Zi-14 suggests a more complex diagenetic his-
tory compared to growth-zoned fabric observed in Zi-08.

4.7. 87Sr/3%sr isotopic signature

Five samples from different crystals were used for isotopic anal-
ysis. Microcrystalline samples displayed 37Sr/®6Sr values of 0.708
950 + 0.000006 (2 s.e.), 0.708918 + 0.000007 (2 s.e.) and 0.70892
5 + 0.000008 (2 s.e.); Zi-07 sample from the bottom-growth crys-
tals show 87Sr/8Sr of 0.708934 + 0.000007 (2 s.e.) and Zi-14 sam-
ple from the massive crystal show &7Sr/25Sr of 0.709050 + 0.000007
(2 s.e.).

Plotting these values on the global ocean field and considering
the development of the Sr isotope curve in the Mediterranean
Sea during the MSC (see Roveri et al., 2014), the values fall between
5.60 Ma and 5.55 Ma (Fig. 12).
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Fig. 10. Different types of Fls observed in slices of the Zi-08 sample. (A) A portion of crystal showing clear and milky bands; milky band is enriched in Type 1 FIs with sporadic
Type 2 and Type 3. (B) Irregular Type 3 inclusion showing a big solid crystal and scattered organic material trapped within; the orientation of the samples does not allow
observation of the solids trapped among the other Type 3 inclusions. (C) Very large Type 2 and Type 3 inclusions with anhydrite crystals. OM = organic material; V = vapour;

L = liquid; S = solid.

5. Discussion
5.1. Facies interpretation

5.1.1. Microcrystalline halite from the banded facies

Halite deposits belonging to the banded facies, recognised in all
three investigated areas (Coste del Sale, Zinga and Verzino), consist
of alternations of white (pure halite), known as “cumulate halite”
(Hovorka, 1987; Benison and Goldstein, 1999; Goldstein, 2001;
Kiro et al., 2016), and grey layers, made up of cumulate halite crys-
tals immersed in thin mud-rich layers. Although primary sedimen-
tary structures are largely obliterated, the occurrence mudstone/
siltstone layers suggest repeated episodes of flooding and dilution
of the salt basin by undersaturated, muddy waters.

In details, in the banded facies, recognised in the Crotone Basin,
the eutectic point measured during microthermometric analyses
suggested a comparable H,0-NaCl-MgCl, brine composition for
all samples, except for Ve-01 and Ve-05 samples in which K*
becomes the dominant cation (H,0-NaCl-KCl) (Fig. 13). The Mg-
dominant compositions agree with the conditions of extreme
supersaturation previously assumed for the original brine. As
reported by Warren (2006), in a closed system, as seawater con-
centrates, the first mineral to precipitate is Calcite/Aragonite in a
salinity range between 40 %. and 60 %.. As the brine continues to
concentrate and approaches water salinity of 130 %o — 160 %o
(4 - 5 times the concentration of seawater), gypsum precipitates
from penesaline waters. Finally, at 10 - 12 times the original con-
centration (salinity range between 340 %o — 360 %o), halite begins
to precipitate from supersaline marine waters. At later stages,
when seawater is concentrated more than 70 - 90 times, K-Mg
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salts crystallise (Warren, 2006). The steady increase in total dis-
solved solids (TDS) during the ongoing evaporation of seawater
produces two types of brine: Na-Cl brines and Mg-CI-SO, brines.
Na-Cl brines dominate between 35 %. and 330 %o, but at higher
salinities, Mg-CI-SO,4 brines become prevalent due to the progres-
sive removal of Na* by halite precipitation. Initially, magnesium
dominates, but as MgSQ, salts begin to crystallise, K" takes its
place. CI™ remains the dominant anion throughout.

This evaporative sequence is consistent with the chemical evo-
lution models proposed by Babel and Schreiber (2014), who
emphasize that the relative abundances of Mg?* and K* in the
residual brines are highly sensitive to both the extent of halite pre-
cipitation and the degree of brine recycling or isolation. In particu-
lar, the authors suggested that the late-stage enrichment in
potassium often signals prolonged evaporation under hydrologi-
cally restricted conditions, with limited inflow and high residence
times. Moreover, they underline that Mg-rich brines, especially
those enriched in MgCl,, are a hallmark of advanced evaporative
concentration, and their persistence in the inclusion record reflects
minimal dilution or flushing by meteoric or marine waters after
halite deposition. These observations further support the interpre-
tation that the sampled halite record an advanced stage of evapo-
ration, with Ve-01 and Ve-05 potentially capturing a transitional
geochemical phase between Mg- and K- dominance in the residual
brine.

The average temperature value of the brine, obtained through
microthermometric analyses, is about +34 °C (between 20 °C and
45 °C). These water temperatures might seem very high, however,
Lugli and Lowenstein (1997) obtained similar homogenization
temperatures for primary fluid inclusions in halite hoppers crystals
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Fig. 11. 3D rendering of Zi-08 (A) and Zi-14 (B) samples in progressive transparency to highlight the distribution and quantity of primary (blue colour) and secondary

inclusions and fractures (in red colour).

taken from a complete mud-halite-mud cycle of Unit C of Real-
monte mine (Sicily). They concluded that the Realmonte salt
deposit formed by precipitation from a homogeneous column of
shallow water. Similar data were obtained by Roberts and
Spencer (1995) and Lowenstein et al. (1998) who measured tem-
peratures in the range 30 - 40 °C in halite fluid inclusions from
salted lakes in the Death Valley, California. The temperature
reported in this paper are also in agreement with more recent
results obtained by Rigaudier et al. (2011) and Galamay et al.
(2023) from microthermometric studies carried out on Messinian
halite from Realmonte mine (Sicily) and Messinian Salt in the
Tuz Goli Basin (Turkey), respectively. They recognised a variable
range of brine temperature from 21.8 °C to 41.5 °C (avg. 35 °C)
and between 12.7 °C and 73.5 °C (avg. 31 °C), respectively, which
coincide with the same brine temperature range obtained in this
work.

Regarding secondary features, all crystals registered early dia-
genetic processes (i.e., syntaxial halite overgrowth, chevron and
cornet crystals sharply truncated by dissolution, flattened crystals,
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tubular voids, and halite cement precipitation) typical of syn-
depositional alteration. These features suggest an inconstant halite
deposition in the basin, which was perturbated by fluid circulation,
inducing dissolution and reprecipitation, as well as inflow of mud
and clay, that influenced the formation of millimetric scale halite
crystal. The Verzino area shows more secondary petrographic fea-
tures compared to samples from Coste del Sale and Zinga areas and
records the main tectonic movements in the region. Post deposi-
tional diagenetic features are testified by the presence of (a)
equigranular mosaics crystals with boundaries that meet at triple
junctions (~120° angles), (b) secondary FIs (mainly two-phase
vapour rich), (c) necking-down (from weak to strong), (d) re-
equilibration processes (stretching and leakage), and (e) different
degree of fracturing (from medium to high). These features suggest
ductile and plastic deformation phenomena due to temperatures
and pressures increase (tectonic activity, burial and/or exhumation
processes) whereby grains ‘optimize’ their size, shape and orienta-
tion to minimize energy. These lines of evidence suggest that these
samples register early Pliocene extension or transtensional tecton-
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ics which allowed the Verzino salt dome to pierce the latest Mes-
sinian unit containing Lago Mare Fauna and the Cavalieri formation
(early Pliocene unit).

The integrated petrographic and geochemical approach con-
tributes to a better understanding of the depositional dynamics
and environmental conditions of halite formation, allowing evalu-
ation between shallow evaporitic and deep. Indeed, cumulate crys-
tals may precipitate and be preserved in both shallow and deep
saline settings through distinct, yet occasionally overlapping
mechanisms, that are strongly modulated by hydroclimatic sea-
sonality and water column stratification.

In shallow salt pan environments, halite can form directly at the
water surface through the development of flat crystal clusters
known as halite rafts. These are initially held at the surface by cap-
illary forces, but as they grow heavier, they detach and sink to the
basin floor, where they may continue to grow (Lowenstein and
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Hardie, 1985; Warren, 1999; Lugli et al., 2007; Tai and Aref,
2015; Lowenstein et al., 2021). A second mechanism active in these
settings involves the nucleation of fine halite crystals within a
supersaturated water column, particularly during winter. Under
thermally and chemically stratified conditions, these crystals settle
rapidly (~0.5 cm/s) and undergo minimal growth during descent,
preserving their original morphology. Once deposited, calm and
often anoxic bottom waters favour their accumulation and long-
term preservation as finely laminated cumulate halite beds (Taj
and Aref, 2015). Similar processes are observed in deep stratified
basins, such as the modern Dead Sea (widely regarded as a modern
analogue for the deep hypersaline basins that developed during the
Messinian salinity crisis), where halite deposition and preservation
are tightly linked to seasonal hydroclimatic dynamics. Thermal and
hyaline gradients generate a stable pycnocline that regulates halite
saturation along the water column. During summer, evaporative



M. Cipriani, A. Costanzo, M. Feely et al.

concentration in the epilimnion can lead to halite undersaturation
and dissolution, while the deeper, cooler hypolimnion remains
supersaturated, promoting halite precipitation (Kiro et al., 2016;
Sirota et al., 2017). This vertical gradient results in pronounced lat-
eral and vertical heterogeneity in halite textures and facies. Fur-
thermore, the generally low-energy hydrodynamic regime, with
limited wind and wave activity, minimizes brine mixing and
mechanical reworking, enhancing crystal preservation (Benison
and Goldstein, 1999). These conditions allow the development of
well-defined seasonal layering, typically alternating coarse- and
fine-grained halite, reflecting changes in temperature, brine chem-
istry, and saturation conditions throughout the year.

Regarding banded halite facies, recognised in the Crotone Basin,
the overall evidence indicates that these crystals formed under
very shallow and hydrologically unstable conditions. The fine lam-
ination of cumulate halite and the recurrent intercalation of mud-
stone/ siltstone layers point to cyclic flooding and dilution events,
typical of ephemeral saline pans subjected to fluctuating brine
levels. Dissolution and syntaxial overgrowth textures, together
with tubular voids and early cementation, indicate repeated epi-
sodes of partial dissolution and reprecipitation within a chemically
dynamic environment. The predominance of microcrystalline fab-
rics, the presence of halite rafts and chevron crystals, and the rapid
recrystallization processes are consistent with surface or near-
surface precipitation driven by intense evaporation. Fluid inclusion
data also support a shallow depositional setting. Indeed, the mea-
sured homogenization temperatures (20 — 45 °C; avg. 34 °C) are
significantly higher than those observed in deep, stratified basins
but closely resemble values recorded in shallow evaporitic envi-
ronments such as the Realmonte salt mine and Death Valley
(Lugli and Lowenstein, 1997; Lowenstein et al., 1998). Moreover,
the chemical composition of the inclusions indicates advanced
evaporative concentration under restricted hydrological condi-
tions, suggesting distinct conditions from those typical of persis-
tent stratification or deep-water renewal.

All these observations suggest that halite precipitation occurred
within a shallow, ephemeral saline pan affected by hydrological
oscillations. In such an environment, alternating episodes of flood-
ing, evaporation, and brine recycling could have produced finely
laminated halite-mudstone couplets and early diagenetic over-
prints, supporting the interpretation that the banded facies of the
Crotone Basin represent the product of shallow-water evaporitic
processes.

5.1.2. Bottom-growth crystal from the white facies

The bottom-growth crystals belonging to the white facies is
characterised by the direct crystallisation of halite at the sedi-
ment-water interface from saturated brines, typically under rela-
tively low degrees of supersaturation. According to Taj and Aref
(2015), this facies includes subhedral to euhedral halite crystals
with well-defined growth zoning and frequent chevron morpholo-
gies, indicative of in situ precipitation rather than crystal settling.
Crystals grow undisturbed, and their texture is formed by separate
bands of a dark colour (milky bands — enriched with Fls) and light
colour (clear bands — with few or absent FIs). Such zoning is the
result of varying crystal growth rates (see Warren, 1999, 2006),
with milky bands forming rapidly during periods of intense evap-
oration and clear bands crystallising slowly during periods of lower
evaporation rates linked to pycnocline oscillations (see Roedder,
1984; Lowenstein and Hardie, 1985). This growth pulse creates pri-
mary textures referred to as “chevron fabric”. Each pulse is charac-
terised either by thin layers of less saline salts or by inclusions of
brine that were poikilitically enclosed during crystal precipitation.
This style of microlaminated crystal layering reflects changes in
crystal precipitation rates induced by short-term changes (daily
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to monthly) in salinity on the subaqueous floor of the brine pan
(Hanford, 1991; Warren, 1999).

Bottom-growth crystals are commonly associated with desicca-
tion and partial dissolution of crystals due to freshwater inflow
(e.g., Casas and Lowenstein, 1989); in fact, in shallow brines, a
freshwater flood entering the brine may cause mixing of the water
column, which reduces the degree of saturation of halite and in
turn causes dissolution (Lowenstein and Hardie, 1985).

Zi-07 and Zi-09 samples preserve well chevron fabric. Indeed,
they show only scarce syn- or post-depositional features, including
bands occasionally interrupted by sharp and curved dissolution
surfaces, consistent with the salt dome evolution of this deposit,
suggesting a minimal burial and/or exhumation (diapiric
upwelling).

Regarding primary features, in the Zi-09 sample, 56 pulses in
2.5 cm of crystal are counted; using data from Schreiber and Hsii
(1980), who estimate a rate of approximately 10 m per 1000 years
(~1 cm per year), the pulses are formed in ~ 28 days; however,
considering the modern halite precipitation in the Dead Sea
(Sirota et al.,, 2017 and references therein), the growth rate
is ~ 0.1 m/yr, which results in ~ 3 months for Zi-09 sample. The dif-
ferent rates of halite precipitation depend on continental water
input and/or physicochemical and climatic factors (e.g., salinity,
temperature) that are reflected in a different water balance.

The fast growth of milky bands could be derived from (i) high
brine temperature and/or (ii) periodic variation in organic material
content during crystal growth. Zi-07 and Zi-09 samples demon-
strate the coexistence of these two variables. Microthermometric
analyses show high brine temperatures between 44 °C and 50 °C,
suggesting a hypersaline environment and scarce continental
inflow. While periodic variation in organic material content during
crystal growth is evidenced by the bright UV-epifluorescence
recognised in milky bands, by amorphous carbonaceous material
detected under SEM observations and by traces of organic-rich
remains trapped within Type 3 FIs. The presence of organic mate-
rial is confirmed by Raman analysis, which revealed, in addition to
the typical halite peak (358 cm™!), bumps in correspondence of G-
and D-bands (1345 cm™! and 1600 cm™") characteristics of organic
remains (Guido et al., 2018, 2022). The presence of such organic
compounds may not only reflect syn-depositional biological activ-
ity or the incorporation of decaying biomass but may also have
actively contributed to the nucleation and crystallisation of halite.
As demonstrated by Jagniecki and Beninson (2010), halite can pre-
cipitate directly from supersaturated brines in the presence of
acidic organic compounds, which act as heterogeneous nucleation
agents. These compounds modify the local physicochemical condi-
tions of the brine, effectively reducing the activation energy
required for halite crystal formation. The resulting halite, termed
acid-precipitated halite, often displays characteristic micro tex-
tures, such as fine-grained, poorly aligned crystals, potentially
analogous to some of the microcrystalline textures observed in
the studied samples.

Additional evidence for organic-mediated halite formation
comes from Schubert et al. (2010a), who observed that halophilic
microbial communities inhabiting brine environments can pro-
mote halite precipitation through both passive and active pro-
cesses. Microbial EPS (extracellular polymeric substances), in
particular, provide nucleation surfaces that trap ions and create
localized microenvironments conducive to crystal growth. More-
over, the decay of microbial cells and organic residues alters the
ionic composition and pH of the surrounding microhabitats, fur-
ther modulating mineral saturation states. In this context, the
organic matter detected in samples from the Crotone Basin, sup-
ported by SEM, Raman spectroscopy, and UV-epifluorescence,
may have acted as both a record of past biological activity and a
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catalyst for halite nucleation, influencing crystal size, morphology,
and fluid inclusion textures.

Therefore, the observed association between organic matter and
halite may not be indicative of a biogeochemically influenced pre-
cipitation mechanism, but it may be related to processes influenc-
ing both the microstructure and the diagenetic evolution of the
halite. As previously observed in the cumulate crystals, the eutectic
point measured for bottom-growth crystals suggests an original
H,0-NaCl-MgCl, brine composition (Fig. 13) in agreement with
an advanced evaporative state, a condition of extreme supersatura-
tion, and a salinity range 70 - 90 times higher than the original
seawater (> 340 %o — 360 %o).

As shown for the Ty determined in cumulate crystals, Ty
obtained in white facies (Ty > 45 °C) agree with the data of
Galamay et al. (2023), which indicated brine temperature between
12.7 °C and 73.5 °C (avg. 31 °C). These elevated temperatures may
explain the abundant presence of bassanite and anhydrite in Type
3 Fls, as observed under synchrotron and confirmed by SEM-EDS
analyses. Indeed, the transformation of gypsum into bassanite or
anhydrite typically occurs at relatively high ambient temperatures
and/or high brine salinities (e.g., > 45 °C; Mahmoud et al., 2015),
and these phases may appear either as solid inclusions or as
daughter minerals. In contrast, the lower average Ty (~18 °C)
reported by Speranza et al. (2013) from samples of the same salt
deposit most likely reflects fluid trapped in halite layers that pre-
cipitated under different brine conditions. This apparent discrep-
ancy may be attributed to stratigraphic and textural variability
within the salt dome, as the samples analysed in our study come
from different levels or facies that may have recorded distinct envi-
ronmental or diagenetic histories. Therefore, the observed range in
Ty values should not be interpreted as a contradiction, but rather
as a reflection of the complex thermal and geochemical evolution
of the halite body.

5.1.3. Massive crystals from the transparent facies

Massive halite crystals, characterised by translucent and opa-
que halite and herein classified within the newly defined transpar-
ent facies, had not been previously documented in the Crotone
Basin or other Mediterranean Messinian settings. While macro-
and meso-scale observations initially suggested complete recrys-
tallisation, detailed micro- and nano-scale analyses combined with
SEM-EDS investigations revealed critical features that challenge
this interpretation. Specifically, (i) the absence of pagoda halite
crystals on translucent crystal surfaces, (ii) aligned trails of pri-
mary fluid inclusions (FlIs), and (iii) Type 3 FIs containing remnants
of organic matter collectively indicate that these crystals are not
fully recrystallised.

In contrast, the opaque portions of the crystals (unobservable
under optical microscopy) revealed, through SEM analysis, distinc-
tive structural features such as pagoda morphologies and surface
ridges. Pagoda crystals form through preferential NaCl precipita-
tion on crystal edges rather than faces, representing progressive
increases in precipitation rate under specific physicochemical con-
ditions (Southgate, 1982). Their occurrence, alongside curved
regrowth morphologies that truncate original hopper planes,
implies episodes of partial dissolution and regrowth, rather than
pervasive diagenetic overprinting.

Furthermore, the crystals display intergranular voids and sec-
ondary FlIs exhibiting necking-down and stretching textures,
indicative of tectonic stress effects, potentially associated with salt
dome evolution. SEM-EDS elemental analyses confirm the crystals’
composition as predominantly made by sodium (~29.5 wt.%), chlo-
ride (~63.4 wt.%), and potassium (~7.1 wt.%), and this is consistent
across both translucent and opaque domains.

The low temperature of the brine (between +18 °C and +22 °C),
combined with the absence of chevron fabric, suggests a preferen-
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tial halite growth along the depressed outer rim of the evaporative
basin, where the brine was at deepest levels and evaporation was
most intense (see Arthurton, 1973; Southgate, 1982). This localized
deepening likely created conditions favourable to the development
of massive crystals, with fewer interruptions from wave action or
sediment input. According to Southgate (1982), such marginal
zones of saline basin often record episodic inflows or evaporative
concentration, which contribute to the formation of larger, more
transparent halite crystals with smooth faces and minimal
inclusions.

Considering the stratigraphic position of the massive crystals
lying above the bottom-growth crystals, and their limited areal
extent, it is more plausible that these crystals reflect a transitory
phase of increased water depth, possibly triggered by localized
subsidence, renewed inflow of less saline water, or temporary
flooding events. Such environmental shifts could have temporarily
stabilized the brine composition and reduced sediment influx,
allowing crystals to grow undisturbed and favouring the develop-
ment of clearer and massive halite.

5.2. 87Sr/86Sr ratios — mixing processes

The Sr isotope ratio of water, in a partially closed basin con-
nected to the global ocean, is controlled by simple mixing between
ocean water and other water sources feeding the basin (e.g., river
run-off and rainwater) (Ingram and Sloan, 1992; Reinhardt et al.,
1998). The Mediterranean evaporites incorporated the Sr of the
water from which crystals precipitated without Sr-isotope frac-
tionation, and therefore, their 8’Sr/8Sr can provide important
information on the origin of brine in the basin (continental or mar-
ine). As reported by several authors (e.g., Ingram and Sloan, 1992;
Reinhardt et al., 1998; Flecker and Ellam, 2006, Topper et al., 2011;
Andreetto et al., 2021; Flecker et al., 2022) the degree of mixing
between oceanic and externally sourced water (e.g., river water)
can be estimated by calculating the difference in the 87Sr/®6Sr. Dur-
ing the MSC, in most Mediterranean marginal basins (e.g.,
Schildgen et al., 2014), the predominance of Mesozoic carbonates,
characterised by a 37Sr/36Sr ratio between ~0.7071 and ~0.7076
(McArthur et al., 2012), resulted in a relative decreasing of the 8-
Sr/88Sr ratio as a consequence of the local run-off. The final isotopic
signature could be similar to a mixture of the three potential
sources of the Mediterranean Basin: (i) Atlantic (~0.7090 during
the late Messinian; McArthur et al., 2012); (ii) main Mediterranean
rivers (e.g., the Nile with 0.7060 and Rhone with 0.7087; Brass,
1976; Albarede and Michard, 1987), and (iii) Eastern Paratethys
(0.7084 - 0.7085; Grothe et al., 2020), making local and Oceanic
inputs challenging to distinguish (Andreetto et al., 2021).

By contrast, the Crotone Basin in NE Calabria is characterised by
fluvial catchments dominated by Palaeozoic Crystalline Units (e.g.,
the Sila Unit; Van Dijk et al., 2000; Borrelli et al., 2022). Rivers
draining these rocks have substantially higher 87Sr/%6Sr ratios (>
0.7100 on average, e.g., Toscani et al, 1990; Conticelli et al.,
2009). This contrast makes it possible to distinguish the local flu-
vial supply to this Calabrian marginal basin from the lower Sr iso-
tope ratios of the Mediterranean’s water sources.

Regarding the cumulate crystals collected in all investigated
areas, they highlighted 87Sr/%6Sr values of 0.708950, 0.708918,
and 0.708934 (CS-01, Zi-01, and Ve-01 samples, respectively).
These results are in agreement with Roveri et al. (2014), who place
the halite samples from the East-Mediterranean in a 87Sr/86sr
range from 0.708800 to 0.709000, corresponding to the second
stage of the MSC during the halite deposition at TG14 and TG12
isotope stages (ca. 5.61 - 5.55 Ma; Clauzon et al., 1996; Vidal
et al., 2002; Roveri et al., 2008a,b).

On the other hand, Bottom-growth (white) and Massive (trans-
parent) crystals, representative of the Zinga sampling area, have
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shown 87Sr/86Sr values of 0.708934 and 0.709054, respectively.
These values are also in agreement with Roveri et al. (2014). If
the entire Zinga succession (Cumulate, Bottom-growth, and Mas-
sive) is considered, a gradual increase in the isotope ratio is
observed up to values even higher than the expected average for
oceanic water during the late Messinian (~0.7090; McArthur
et al,, 2012). Based on the above, this positive shift could represent
an increase in local continental input, representative of a granitic-
crystalline basement. This would testify to the presence of a more
diluted water mass in transparent facies concerning the cumulate
and bottom-growth crystals, further corroborated by the lower
temperatures recognised for the “transparent” brine (from +18 °C
to +22 °C).

5.3. Implications of synchrotron-based 3D imaging for halite growth
and basin dynamics

The integration of synchrotron-based X-ray microtomography
provided a unique opportunity to visualise the internal structure
of Messinian halite crystals in three dimensions, offering new
insights into their growth dynamics and the environmental condi-
tions of deposition. One of the most significant observations
emerging from this technique is the lack of pervasive recrystallisa-
tion across white and transparent facies. The preservation of pri-
mary microstructures is a key prerequisite for a reliable
interpretation of halite growth history.

The scarce presence of recrystallisation features, such as grain
boundary migration, fractures or fluid inclusions affected by re-
equilibration phenomena, confirm that the halite facies retained
their original depositional fabrics. The textural integrity of these
fabrics is critical because it enables the use of crystal morphology
and inclusion distribution as proxies for interpreting the hydrolog-
ical and geochemical conditions during crystal growth.

Synchrotron microtomography allowed the non-destructive,
three-dimensional visualisation of halite crystals at high resolution
(down to a few microns), revealing internal features not accessible
by traditional 2D petrography. For instance, the distribution of
fluid inclusions in the white and transparent facies occurs in organ-
ised, layered patterns or as clusters aligned along growth zones,
indicating cyclic or pulsatory brine inflow and rapid precipitation
events.

The internal architecture of the halite crystals, as revealed by
3D imaging, also correlated strongly with microthermometric
and isotopic data, reinforcing the interpretation of distinct facies-
specific thermal regimes and brine compositions. Indeed, the rela-
tively low temperature and increased Sr isotopic ratio observed in
the transparent facies align with the presence of large, fluid-rich
cavities and massive crystal structures, suggesting a more diluted
brine and slower crystal growth in a possibly more open hydrolog-
ical system.

5.4. Organic materials

The presence and distribution of organic materials within halite
crystals and their associated fluid inclusions provide critical
insights into the environmental conditions and potential biotic
interactions during crystal formation. Raman analyses revealed a
variety of trapped organic substances, including elongated trans-
parent filaments, amorphous compounds, and pigmented cellular
matter. The filaments, displaying a strong blue fluorescence under
UV and a convolute morphology, are tentatively attributed to
cyanobacteria of the Oscillatoriales genus, organisms typically
thriving in shallow, well-mixed aquatic environments (Reynolds
et al., 2002). In addition, the red/orange organic inclusions, which
exhibit intense red fluorescence, likely correspond to Dunaliella
spp., halophilic microalgae capable of surviving in hypersaline con-
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ditions and known for producing high concentrations of p-carotene
and glycerol (Schubert et al., 2009, 2010a,b; Lowenstein et al.,
2011; Sankaranarayanan et al., 2011). This interpretation is further
supported by Raman detection of carotene-related spectral peaks.

Amorphous organic materials, ranging in colour from yellow to
brown and black, were also observed, particularly within Type 3
fluid inclusions and among the crystals. These materials yielded
Raman signatures consistent with low-maturity organic matter,
including G- and D-bands (1345 cm™! and 1600 cm™'), as well as
methyl and methylene group vibrations near 2885 - 2930 cm™!
(Guido et al., 2018, 2019b, 2022; Bukowski et al., 2020; Adar,
2021). Their occurrence in both crystal lattice and inclusions sug-
gests episodic enrichment of the brine in organic material during
halite precipitation. While the data do not conclusively demon-
strate whether this organic matter was in situ microbially derived
or passively incorporated from external sources, their localization
and spectral features are compatible with the intermittent input
of carbonaceous compounds during crystal growth.

These observations align with findings from previous studies
showing microorganisms (i.e. halophilic archaea) not only survive
within fluid inclusions but may actively influence halite crystallisa-
tion processes. Specifically, their presence has been shown to pro-
mote the formation of larger halite crystals, increase the size and
abundance of fluid inclusions, and induce dendritic morphologies
(Lopez-Cortés et al., 1994; Grant et al., 1998; Le Métayer-Levrel
et al, 1999; McGenity et al., 2000). Furthermore, organic com-
pounds such as microbial necromass and hydrocarbons, like those
occasionally trapped within inclusions, may serve as energy and
carbon sources for long-term microbial survival within ancient
halite deposits (Pironon et al., 1995; McGenity et al., 2000).

Overall, the results suggest a possible dual role of organic mat-
ter in halite formation: (i) as modulator of crystal morphology,
potentially influencing nucleation and growth dynamics, and (ii)
as reservoir within primary fluid inclusions, which may have sus-
tained halophilic microbial communities over extended time
scales.

Although the investigation of organic compounds was not the
primary focus of this study, our findings highlight the need for
specific molecular and isotopic analyses of the preserved organic
matter. Such studies are essential to verify these hypotheses and
to identify the original microbiome and/or specific biomolecules
that may have played a role in the biomineralisation processes.

5.5. Integrated paleoenvironmental model and implications for basin
evolution

The halite deposits of the Crotone Basin are interpreted as the
result of precipitation within a salt pan or saline mudflat system,
in agreement with the model proposed by Lugli et al. (2010). This
environment, likely shallow and hydrologically unstable, was char-
acterised by repeated cycles of flooding, dilution, and strong sea-
sonal variability. These dynamics produced distinct salinity
regimes, reflected in the deposition of the three halite facies
(banded, white, and transparent) each capturing a specific stage
in the evolution of the evaporative system.

The banded facies, widespread across Coste del Sale, Zinga, and
Verzino, is composed of alternating cumulate halite beds and mud-
rich layers. Primary textures such as subhedral-euhedral crystals
and chevron patterns, together with the presence of primary fluid
inclusions and poor-intercrystalline cementation, point to only
partial diagenetic overprint, in contrast to the interpretation of a
fully recrystallized facies in Verzino by Lugli et al. (2007). These
features indicate shallow, marginal depositional conditions with
intermittent detrital and possibly microbial input, consistent with
modern analogues described by Hovorka et al. (2007).
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The Coste del Sale succession is of particular significance, as it
preserves in situ halite directly overlying the Calcare di Base (lime-
stone formation). Unlike the Zinga and Verzino deposits, where
halite is exposed due to diapirism, this stratigraphic context offers
a unique opportunity to reconstruct the original precipitation set-
ting. The preservation of architectural features, 87Sr/2Sr isotopic
ratios, and fluid inclusion assemblages supports a primary deposi-
tional origin during the early phase of the Messinian Salinity Crisis,
offering key insights into paleogeographic and hydrological condi-
tions across the basin.

The white facies, dominated by chevron-textured bottom-
growth crystals with alternating milky and clear bands, records
halite crystallisation at the sediment-brine interface under variable
brine chemistry and supersaturation dynamics, potentially driven
by pycnocline oscillations (Lowenstein and Hardie, 1985;
Warren, 1999). The presence of primary fluid inclusions, elevated
homogenization temperatures, and solid inclusions such as bas-
sanite and anhydrite, indicates deposition from hypersaline and
thermally elevated brines. Furthermore, the detection of organic
matter suggests putative biotic mediation in nucleation processes,
as previously described for microbial mats in brine systems
(Jagniecki and Beninson, 2010; Schubert et al., 2010a,b).

The transparent facies, unique to the Crotone Basin, is com-
posed of massive halite crystals with translucent and opaque
domains. While initially interpreted as fully recrystallized, detailed
petrographic and SEM observations revealed the presence of
growth zoning, aligned primary inclusions, and organic-rich sec-
tors, arguing against pervasive diagenesis. The presence of pagoda
halite morphologies (sensu; Southgate, 1982) in the opaque zones
indicates episodic growth under fluctuating physicochemical con-
ditions. These features, together with partial dissolution-
regrowth textures and relatively low homogenization tempera-
tures (18 - 22 °C), support a model of precipitation in a more
stable, stratified subaqueous environment, possibly related to
localized deepening or brine recharge during the late stages of
halite accumulation.

Together, these findings delineate a coherent facies evolution
model from shallow, intermittently exposed and biologically active
marginal zones (banded, white) to a more chemically buffered and
spatially restricted central-basin environment (transparent). The
integration of sedimentological, petrographic, geochemical, and
spectroscopic data underlines the critical role of organic matter
input, brine evolution, and early diagenetic processes in shaping
the internal architecture and textural variability of Messinian
halite.

6. Conclusions

This study integrated petrographic, geochemical, and spectro-
scopic data to reconstruct the depositional history of Messinian
halite in the Crotone Basin. The identification and characterisation
of three halite facies (banded, white, and transparent) revealed dis-
tinct physicochemical and paleoenvironmental conditions during
halite precipitation.

The banded facies formed in marginal, shallow settings under
fluctuating hydrological regimes, preserving primary textures
despite minor diagenetic overprint. The white facies reflects
dynamic brine evolution, with variable salinity, organic input,
and evidence of microbial influence on crystal growth. The trans-
parent facies indicated halite formation from stable, stratified bri-
nes, with limited organic content and minimal post-depositional
modification.

Overall, these facies represent a continuum of depositional
environments shaped by salinity dynamics, organic matter
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availability, and basin-scale hydrological changes. Their combined
analysis offers new insights into the complexity of evaporite for-
mation during the Messinian Salinity Crisis and highlights the
value of halite as a proxy for reconstructing past environmental
conditions in evaporite settings.

Moreover, the presence of organic materials, including micro-
bial filaments and low-maturity compounds, within halite crystals
and fluid inclusions highlights the potential role of biological pro-
cesses in mineral nucleation and brine evolution. These findings
emphasize the complexity of evaporite formation in extreme envi-
ronments and open new avenues for investigating the interactions
between biological, chemical, and physical processes in both mod-
ern and ancient hypersaline systems.
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