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Abstract

Primary gypsum deposits, which accumulated in the Mediterranean Basin during the
so-called Messinian salinity crisis (5.97-5.33 Ma), represent an excellent archive of
microbial life. We investigated the molecular fossil inventory and the correspond-
ing compound-specific 8*3C values of bottom-grown gypsum formed during the first
stage of the crisis in four marginal basins across the Mediterranean (Nijar, Spain; Vena
del Gesso, Italy; Heraklion, Crete; and Psematismenos, Cyprus). All studied gypsum
samples contain intricate networks of filamentous microfossils, whose phylogenetic
affiliation has been debated for a long time. Petrographic analysis, molecular fossil
inventories (hydrocarbons, alcohols, and carboxylic acids), and carbon stable isotope
patterns suggest that the mazes of filamentous fossils represent benthic microbial
assemblages dominated by chemotrophic sulfide-oxidizing bacteria; in some of the
samples, the body fossils are accompanied by lipids produced by sulfate-reducing
bacteria. Abundant isoprenoid alcohols including diphytanyl glycerol diethers (DGDs)
and glycerol dibiphytanyl glycerol tetraethers (GDGTs), typified by highly variable
carbon stable isotope composition with 8*3C values spanning from -40 to ~14%, re-
veal the presence of planktic and benthic archaeal communities dwelling in Messinian
paleoenvironments. The compound inventory of archaeal lipids indicates the exist-
ence of a stratified water column, with a normal marine to diluted upper water column
and more saline deeper waters. This study documents the lipid biomarker inventory of
microbial life preserved in ancient gypsum deposits, helping to reconstruct the widely

debated conditions under which Messinian gypsum formed.
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of life on Mars (Allwood et al., 2013; Benison & Karmanocky, 2014).

Fast growth of gypsum crystals allows for rapid entombment of

Primary bottom-grown gypsum is an excellent archive of ancient bio- organic material, including microalgae and prokaryotes, often

signatures (e.g., Schopfetal.,2012) and represents a promising target the only fossils found in ancient marine evaporites (Dela Pierre

for understanding early life on Earth and for exploring the possibility et al., 2015; Schopf et al., 2012). A prominent archive is the primary
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gypsum having accumulated in the Mediterranean Basin during the
Messinian salinity crisis (MSC; 5.97-5.33 Ma; Roveri et al., 2014),
when the Mediterranean was turned into the youngest salt giant
of Earth history (e.g., Hsl et al., 1973). The Messinian gypsum de-
posits are grouped into three stratigraphic units (CIESM, 2008): the
Primary Lower Gypsum unit, representing the first phase of the MSC
(5.97-5.60 Ma); the Resedimented Lower Gypsum unit, consisting of
large blocks of the Primary Lower Gypsum unit emplaced by gravity
flows during the second phase of the MSC (5.60-5.55 Ma; Roveri
et al., 2014); and the Upper Gypsum unit, deposited during the final
phase of the crisis (5.55-5.33 Ma). The environmental conditions
controlling the deposition of Messinian gypsum are still debated, es-
pecially due to the lack of modern analogs. The onshore Messinian
primary gypsum deposits are largely composed of bottom-grown sel-
enitic (i.e., larger than 2 mm and up to some meters in size) crystals.
Among the best examples of bottom-grown laminated, selenite gyp-
sum is the so-called “stromatolitic” gypsum deposits (sensu Rouchy
& Monty, 2000 and Allwood et al., 2013) of Cyprus and Crete. Their
formation has been explained by a combination of abiotic and micro-
bially driven processes (cf. Allwood et al., 2013).

Intricate networks of filamentous microfossils (Dela Pierre et al.,
2015; Panieri et al., 2010; Rouchy, 1982; Rouchy & Monty, 1981,
2000; Schopf et al., 2012; Vai & Ricci Lucchi, 1977), also described
as “shoestring-" and “spaghetti-like” structures (Vai & Ricci Lucchi,
1977), are the most striking feature of many gypsum crystals. The
phylogenetic affiliation of the microfossils has not been unequivo-
cally determined. It was proposed that the filaments represent brine
shrimp fecal pellets (Schreiber & Decima, 1976), algae (Vai & Ricci
Lucchi, 1977), or cyanobacteria (Rouchy & Monty, 2000). An assign-
ment to cyanobacteria was further substantiated on the basis of the
extraction of 16S rRNA from fossiliferous gypsum of northern Italy
(Panieri et al., 2010). Later on, Schopf et al. (2012) suggested that
the filaments may rather represent the remains of colorless sulfide-
oxidizing bacteria like Beggiatoa or Thioploca. The dense fossil ac-
cumulations have not resulted from settling of planktic filamentous
organisms, but represent former benthic assemblages of microbial
filaments (Dela Pierre et al., 2015). The recognition of abundant ag-
gregates of microcrystalline pyrite and associated polysulfide—the
latter representing a diagnostic criterion for this clade of bacteria—
within the filaments agrees with the assignment of the filamentous
fossils to the colorless sulfide-oxidizing bacteria (Dela Pierre et al.,
2015). Based on this circumstance, an unequivocal identification of
the phylogenetic affiliation of these microfossils would allow the
reconstruction of the depositional environment of bottom-grown
Messinian gypsum. Should the assighment to phototrophic cya-
nobacteria be correct, gypsum would have been deposited within
the photic zone, that is, at a maximum depth of 200 m (Lugli et al.,
2010). In contrast, colorless sulfide-oxidizing bacteria do not pro-
vide any depth constraints—these prokaryotes can live at any depth
from bathyal to peritidal settings (Bailey et al., 2009)—but can shed
light on the redox conditions at the seafloor and the presence of an
active biogeochemical sulfur cycle in Messinian brines (cf. Schulz &
Jorgensen, 2001).

The analysis of molecular fossils (lipid biomarkers) is a well-
established approach to reconstruct the composition of microbial
communities preserved in evaporites (e.g., Grice et al., 1998; Jahnke
et al., 2004; Turich & Freeman, 2011). The rapid entrapment of lipids
within evaporitic minerals tends to favor preservation for up to hun-
dreds of millions of years (e.g., Schinteie & Brocks, 2017; Summons
et al., 1999). Gypsum and microbial organosedimentary carbonate
deposits are common sedimentary products of modern hypersaline
settings (Aref & Taj, 2012; Dupraz et al., 2009; Petrash et al., 2012;
Vogel et al., 2010). These deposits exhibit a typical molecular fos-
sil association dominated by short-chain n-alkanes, fatty acids, and
hopanoids, commonly including abundant cyanobacterial lipids (e.g.,
Bihring et al., 2009; Jahnke et al., 2014). In contrast to modern gyp-
sum deposits, the molecular fossil inventory of the Messinian gyp-
sum has only been rarely investigated and only some groups of lipids
(i.e., n-alkanes, alkenones, and isoprenoids) have been used as prox-
ies for paleoclimate (Vasiliev et al., 2017) or for paleoenvironmental
reconstruction (Christeleit et al., 2015).

Here, we provide a comprehensive overview on the inventory
of molecular fossils preserved in filament-bearing, primary bottom-
grown selenitic gypsum formed during the first stage of the MSC
in four marginal basins across the Mediterranean. The excellent
preservation of molecular fossils, along with the determination of
compound-specific carbon stable isotope compositions, enables
us (1) to recognize the main groups of micro-organisms inhabiting
Messinian aquatic ecosystems at times of gypsum formation and
(2) to contribute to the identification of the enigmatic filamentous

microfossils.

2 | GEOLOGICAL SETTINGS OF THE
SAMPLED SECTIONS

Messinian primary gypsum from five sections was collected and ana-
lyzed for this study. The samples are from four Mediterranean pe-
ripheral basins, (1) the Nijar Basin (southeastern Spain) at the western
margin of the Mediterranean, (2) the Vena del Gesso Basin (Italy; two
sections) located in the northern sector of the Mediterranean, and
the (3) Heraklion (Crete) and (4) Psematismenos (Cyprus) basins in
the eastern Mediterranean (Figure 1). The studied samples are from
various stratigraphic levels, but they share the presence of densely
packed filamentous fossils.

2.1 | Nijarbasin

The Nijar Neogene sedimentary succession fills a SW-NE elongated
basin located in the internal zone of the Betic Cordillera (southeast-
ern Spain; Fortuin & Krijgsman, 2003). The Messinian succession
comprises (a) pre-MSC marine strata of the Abad Marls (a member
of the Turre Formation; Van de Poel, 1991), (b) sulfate evaporites
of the Yesares Formation (e.g., Fortuin & Krijgsman, 2003), which
is considered as the local equivalent of the Mediterranean Primary
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FIGURE 1 Distribution of Messinian evaporites in the
Mediterranean and location of sampling areas (black dots). (1) Nijar
Basin, SE Spain, (2,3) Vena del Gesso Basin (2: Monte Tondo quarry,
3: Monticino quarry), Italy, (4) Heraklion Basin, Crete, and (5)
Psematismenos Basin, Cyprus. Modified after Rouchy and Caruso
(2006)

Lower Gypsum unit (sensu Roveri et al., 2008), and (c) post-evaporitic
continental and lagoonal deposits of the Feos Formation (Fortuin &
Krijgsman, 2003; Omodeo Salé et al., 2012). The studied gypsum
was sampled from the Yesares Formation exposed in the Gafares
section (37°01'28"N, 1°59'17"W); here the Yesares Formation is ap-
proximately 70 m thick and consists of a cyclic alternation of at least
eight gypsum and laminated marl couplets (Lu, 2006). The Gafares
section starts with large selenitic gypsum crystals (the coarse and
palmate twinned selenite facies of Lu, 2006) and shows an upward
trend toward smaller gypsum crystals (grass-like selenite facies of
Lu, 2006). The filament-rich selenitic gypsum was sampled at the
base of the Yesares Formation. A dominantly marine origin has been
suggested for the Yesares selenites based on 8Sr/8Sr ratios, trace
element distribution, and the marine microfossil assemblages of the
intercalated marls (Lu & Meyers, 2003; Lu et al., 2001, 2002).

2.2 | Venadel Gesso basin

The Vena del Gesso Basin is located in the northern Apennines
(Italy), exposing a complete succession of the Primary Lower Gypsum
unit along a ridge (Figure 2a). This succession consists of 16 cycles
composed of gypsum and shale couplets (Lugli et al., 2010; Reghizzi
et al., 2018; Vai & Ricci Lucchi, 1977), cut at the top by the Messinian
erosional surface (Monticino quarry). The ideal cycle starts with
bituminous shales, followed by stromatolitic limestones (Rouchy &
Monty, 1981, 2000; Vai & Ricci Lucchi, 1977), which directly under-
lie the filament-bearing massive selenite facies (Figure 2b; Lugli et al.,
2010). The size of the selenite crystals decreases upward, with the
appearance of banded selenite and the branching selenite (the lat-
ter starting from the 6" cycle) facies completing an ideal cycle. Two
samples of filament-bearing selenite gypsum were taken from the
basal part of the third Primary Lower Gypsum cycle in the Monte
Tondo quarry (44°15'04"N, 11°40'13"E) and from the second cycle
in the Monticino quarry (44°13'29"N, 11°45'43"E).
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2.3 | Heraklion basin

In the Neogene Heraklion Basin (central Crete), samples of filament-
bearing gypsum were taken from the Tsangaraki section, approxi-
mately 1 km northeast of Profitis llias mountain (Allwood et al.,
2013; Rouchy, 1982). Gypsum containing filaments was taken from
dome-shaped bodies with stromatolitic morphology, the so-called
“selenitic domical or columnar stromatolites” (Allwood et al., 2013).
These deposits belong to the Lower Evaporites (Delrieu et al., 1993),
which are the equivalent to the Primary Lower Gypsum. According
to Rouchy (1982), they formed in a very shallow hypersaline lagoon.
In the Tsangaraki area, the 2-3 m thick stromatolitic gypsum interval
is located at the base of a gypsum unit (up to 80 m thick) containing
different types of gypsum (selenite crystals, nodular and laminated
gypsum, and gypsarenites). This unit overlies a chaotic interval of
laminated fossiliferous carbonates and a rhythmic succession of
laminated marls, diatomites, and fine-grained carbonates.

2.4 | Psematismenos basin

The Psematismenos Basin, located in the southeastern part of
Cyprus, is a Neogene sedimentary basin surrounding the Troodos
ophiolitic massif (Manzi et al., 2016). In this basin, Messinian evapo-
rites comprise a thick gypsum unit resting on an alternation of pre-
MSC sapropels, marls, and carbonate beds (Pakhna Formation). This
gypsum unit has been subdivided in the western Polemi Basin into a
Lower Gypsum, an Intermediate Breccia, and an Upper Gypsum sub-
unit (Orszag-Sperber et al., 2009). The correlation of these subunits
with the MSC chronostratigraphic model is still debated (Krijgsman
et al.,, 2002; Manzi et al., 2016; Orszag-Sperber et al., 2009).
According to Orszag-Sperber et al. (2009), in the Kalavasos area of
the Psematismenos Basin only the Lower Gypsum is preserved and
it correlates with the Primary Lower Gypsum unit of the western
Mediterranean, representing the first phase of the MSC. Manzi et al.
(2016), however, re-interpreted the Lower Gypsum subunit as an
equivalent of the Resedimented Lower Gypsum unit, deposited dur-
ing the second phase of the crisis (5.60-5.55 Ma; Roveri et al., 2014).
The gypsum studied herein was collected in the Tokhni section
(34°46'26"N, 33°18'54"E) and consists of selenitic filament-bearing
gypsum with domal lamination (Figure 2c,d). According to Manzi
et al. (2016), it represents a block of the Primary Lower Gypsum as-

signed to the Resedimented Lower gypsum unit.

3 | METHODS

Thin sections and thin platy gypsum crystals were studied with
transmitted light on a Leica DM4500 P LED optical microscope
equipped with a digital camera (Leica DFC 450 C). A FEI Inspect
S equipped with an energy dispersive X-ray detection unit (EDAX
Apollo XV) was used for scanning electron microscopy (SEM) and
semi-quantitative element recognition. For SEM analyses, thin
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gypsum slices were treated with deionized water to partly dissolve
the selenitic gypsum. Mineralogical composition was determined
with X-ray diffraction using a Panalytical X'Pert PRO diffractom-
eter (CuKa radiation, 40 kV, 40 mA, step size 0.0167, 5 s per step;
Table 1). The samples were loaded into the sample holders as ori-
ented powder.

One representative gypsum sample from each location (ap-
proximately 200 g each) was selected for lipid biomarker analysis.
The samples were carefully cleaned with acetone and ground with
pestle and mortar to a fine powder. The extraction and separation
procedure was carried out following Hoffmann-Sell et al. (2011).
The powders were saponified in 6% KOH/MeOH (3 h, 80°C) and
three times extracted with a microwave extraction system (MARS
X, CEM Corporation) at 80°C and 300 W with dichloromethane
(DCM):MeOH (3:1). The resulting total extracts were cleaned by
separation into an n-hexane soluble fraction (maltenes) and a DCM-
soluble fraction (asphaltenes). Maltene fractions were separated
into four fractions of increasing polarity by column chromatography
(hydrocarbons, ketones and esters, alcohols, carboxylic acids). In a
second step, the remaining extracted gypsum powder was dissolved
in clean water, enriched in NaCl, which had been annealed before,
and subsequently extracted and fractionated as described above.
The extracts of (1) gypsum powder (average 71 wt% of all extracted
lipids) and (2) gypsum powder after dissolution (average 29% of all
extracted lipids) yielded the same lipid distribution; for this reason,
the total amount of identified compounds (Table 2) represents the
sum of quantifications after both extractions.

For GC-MS analysis, alcohols were analyzed as their trimethylsi-
lyl ether (TMS-) derivatives and carboxylic acids as their methyl ester
(ME-) derivatives. Compounds from the hydrocarbon, alcohol, and
fatty acid fractions were examined by gas chromatography flame
ionization detection (GC-FID) and gas chromatography-mass spec-
trometry (GC-MS) using a Thermo Electron Trace DSQIl GC-MS
instrument at the MARUM, University of Bremen. Molecules were
identified based on retention times and in comparison with pub-
lished mass spectra. Contents are given in ng/g rock (dry weight).
Compound-specific carbon isotope analysis (irm-GC/MS) was per-
formed with a Thermo Electron GC-combustion-Ill-interface linked
to a Thermo Electron Delta-plus XP mass spectrometer at the
MARUM, University of Bremen. The §'°C values of alcohols and car-
boxylic acids were corrected for the addition of trimethylsilyl and
methyl derivatives, respectively. Each measurement was calibrated
using several pulses of carbon dioxide gas with known composi-
tion at the beginning and the end of the run. The precision of mea-
surements was checked with a mixture of n-alkanes (C,,-C,,) with
known isotopic composition. The analytical standard deviation was
smaller than 0.4%o.

Glycerol dibiphytanyl glycerol tetraethers (GDGTs) were pre-
pared according to the procedure described in Hoffmann-Sell et al.
(2011). An aliquot of each non-derivatized alcohol fraction was dis-
solved in n-hexane:propan-2-ol (99:1, v/v). Measurements were per-
formed with high-performance liquid chromatography/atmospheric
pressure ionization mass spectrometry (HPLC/ACPI-MS) using an

Agilent 1200 series HPLC system coupled to an Agilent 6120A sin-
gle quadrupole mass spectrometer at the MARUM, University of
Bremen. Identification of GDGTs was obtained by screening m/z
400-1400. For GDGT peak integration, single ion monitoring (SIM)
of the [M + H]+ions (m/z 1302, 1300, 1298, 1296, 1292) was used
(dwell time 76 ms). Archaeol (m/z 654) was measured on both GC-
FID and HPLC-APCI-MS and was used as reference compound. On
the GC-FID, it was quantified with n-C,, alcohol as internal standard.
The quantification of the GDGTs was carried out by correlating GC-
FID and HPLC-APCI-MS data for each sample with archaeol. The re-
sponse factors of archaeol and GDGT-0 on the HPLC-MS-APCI were
1.5 and 1.0, respectively.

4 | RESULTS

4.1 | Petrography and mineralogy
The studied gypsum samples show two types of morphologies: (1)
decimeter-sized twinned selenite crystals (arrow-head or swallow-
tail twins; Lugli et al., 2010) in the Vena del Gesso Basin (Figure 2b)
and (2) decimeter-high stromatolitic build-ups made of gypsum
(sensu Rouchy & Monty, 2000; Allwood et al., 2013) in Nijar, Crete,
and Cyprus (Figure 2c,d). Both types of gypsum show an inter-
nal lamination, characterized by the alternation of mm thick tur-
bid and limpid laminae (Figure 3a,b), possibly reflecting seasonal
climate variability (Orti, 2011; Dela Pierre et al., 2015; Reghizzi
et al., 2018). In the limpid laminae, solid inclusions are scarce or
even absent. In contrast, the turbid laminae entrap densely inter-
woven filamentous structures (Figures 3 and 4). In particular, in
the twinned selenite crystals of the Monte Tondo and Monticino
quarries, the filaments occur both in the re-entrant angles of the
twins and along the vertical growth bands (Figure 3a), with their
maximum lengths aligned to the main crystal faces. Clay-rich ag-
gregates and sparse terrigenous grains are also observed in the
turbid laminae. In gypsum build-ups (Nijar, Cyprus, Crete), the tur-
bid laminae (light-colored in hand samples; Figure 2d) are 0.5-1 cm
thick and contain dense aggregates (felts) of filaments aligned
parallel to the laminae, while the limpid laminae (dark-colored in
hand samples) contain much less filaments (Figure 3b). Accessory
minerals like dolomite, celestine, and bassanite were detected in
all the studied samples (Table 1).

The filaments are characterized by rounded ends and are up to
2 mm long and 60 to 110 um across, with uniform width along their
length (Figures 4 and 5a). Under transmitted light, the filaments ap-
pear as opaque tubular features (Figure 4b-g); some filaments are
partially hollow (Figure 4c,d). The surface of the filaments is fluo-
rescent when exposed to UV light (Figure 4e). Locally, the filaments
contain small dolomite (e.g., in Monte Tondo and Nijar samples) and
calcite (e.g., in Monticino, Crete, and Cyprus samples) crystals up
to 15 um in size (Figure 5b). Most filaments include aggregates of
um-sized opaque minerals (Figure 4e) identified as iron sulfide by
SEM-EDAX.
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FIGURE 2 Messinian gypsum. (a) Panoramic view of the Vena
del Gesso ridge made up of several tens of meters of thick gypsum
beds (Primary Lower Gypsum unit). (b) Typical arrow-head selenitic
crystal; note the darker re-entrant angle of the crystals (Monte
Tondo, Italy). (c) Outcrop view of “gypsum stromatolites” (sensu
Rouchy & Monty, 1981; Tokhni, Cyprus). (d) Close-up of laminated
gypsum stromatolites (Tokhni, Cyprus)

4.2 | Lipid biomarker inventory

The lipid biomarker inventory is largely similar among the various
studied samples (see Table 2), although some differences can be
recognized. Generally, the western and northern Mediterranean
samples (Nijar and Vena del Gesso) show lower total molecular fossil
contents, ranging from 1,594 ng/g rock (Monticino) to 3,348 ng/g
rock (Nijar). In contrast, the samples from the eastern Mediterranean
(Crete and Cyprus) are typified by higher contents (up to 5,179 ng/g
rock in the Crete sample; Table 2; Figure 6a). Carboxylic acids are the
most abundant molecular fossils, representing more than 60 wt% of

the total amount of lipids (Figure 6a).

421 | Hydrocarbons

The average contents of hydrocarbons range from ca.120 ng/g rock
in the Monte Tondo and Monticino samples to ca. 420 ng/g rock in
Nijar, Crete, and Cyprus. The n-alkanes are the dominant compounds
in the hydrocarbon fractions, peaking either at n-C,4 or n-C;,. Some
variations in the distribution of short-chain (n-C,,_,,) and long-chain
(n-C,,_55) n-alkanes are observed. While Nijar, Crete, and Cyprus
samples are characterized by prevailing short-chain n-alkanes, the
Vena del Gesso samples show equal contents of short- and long-
chain n-alkanes (Table 2). Among the short-chain n-alkanes, the
n-C,, alkane is not enriched compared to neighboring n-alkanes,
representing 8 to 11% of all hydrocarbons. The head-to-tail linked
C,, isoprenoid pristane and the head-to-tail linked C,, isoprenoid

phytane are the only isoprenoid hydrocarbons detected.

4.2.2 | Alcohols

Gypsum from all study sites contains n-alcohols, although in differ-
ent proportions; short-chain n-alcohols comprise 16% of the alcohol
fraction in Crete and Cyprus samples and about 57 and 55% in Nijar
and Monte Tondo samples, respectively. Among all fractions, the
molecular fossil inventories vary most from site to site for the alco-
hol fractions. While in the Nijar sample, the n-alcohols peak at n-C,,
n-C,g is most abundant in the Monte Tondo sample. In the Cyprus
sample, n-C,, is most prominent. Apart from n-alcohols, isoprenoid
alcohols account for 20% (Nijar) to 63% (Crete) of the compound
inventory of the alcohol fractions, also including diphytanyl glycerol
diethers (DGDs), glycerol dibiphytanyl glycerol tetraethers (GDGTs),
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Mineralogy revealed by

Additional mineral phases

TABLE 1 Mineralogy of studied
gypsum samples with entrapped filaments

Location XRD revealed by SEM/EDAX

Nijar Gypsum, traces of dolomite  Celestine

Monte Tondo Gypsum, traces of dolomite  Celestine, clay minerals

Monticino Gypsum Celestine, dolomite, calcite, clay
minerals

Crete Gypsum, traces of bassanite  Celestine

Cyprus Gypsum Celestine

the C,, isoprenoid phytanol, and sn2- and sn3-phytanylglycerol mo-
noethers (ph-monoether; Figure 6b). Among the DGDs, the C,, _,,
isoprenoid archaeol is the major isoprenoid alcohol in all sites with
contents varying between 18 ng/g rock (Monticino) and 289 ng/g
rock (Crete). In the Crete sample, C,,_,, archaeol is the most abun-
dant compound representing 26% of all alcohols. Except for the
Monticino sample, C,,_,, archaeol is always accompanied by C,_,5
archaeol (extended archaeol), yielding contents as high as 21 ng/g
rock (Crete). All samples contain GDGTs with a very uniform distribu-
tion (Figure 6c). The GDGT with 4 cyclopentane and one cyclohex-
ane moiety (GDGT-5, crenarchaeol; Table 2; Figure 6) predominates
in all samples, comprising 40-50% of all GDGTs (Table 2). This com-
pound is accompanied by minor amounts of the crenarchaeol iso-
mer (crenarchaeol; Liu et al., 2016; Sinninghe Damsté et al., 2018).
The acyclic GDGT (GDGT-O0, caldarchaeol) varies between 15 and
31% of all GDGTs. GDGT-0 is accompanied by almost equal amounts
of GDGTs with 1-2 cyclopentane moieties (GDGT-1; GDGT-2) and
minor amounts of GDGT with 3 cyclopentane moieties (GDGT-3;
Figure 6c).

Phytanol accounts for 2 to 5% of all the isoprenoid alcohols in
samples from Nijar, Monte Tondo, and Cyprus, but was absent in the
Monticino sample. Phytanol accounts for 20% in Crete and is ac-
companied by sn2- and sn3-ph-monoethers accounting for of 10 and
2% of all isoprenoid alcohols, respectively. Traces of these phytanyl
monoethers are also present in Cyprus (ca. 2%). Further compounds
in the alcohol fractions are cholesterol and dinosterol in all samples.
Dinosterol is particularly abundant in the Nijar sample (5% of all al-
cohols) and in the Cyprus sample (9% of all alcohols). Traces of the
pentacyclic triterpenoid tetrahymanol as well as cholestanol were
only detected in samples from the eastern Mediterranean (Crete and
Cyprus). The latter samples also contain low amounts (ca. 3% of the
alcohols) of the C,, monoalkyl glycerolether (MAGE n-C, ).

4.2.3 | Carboxylic acids

Saturated short-chain n-fatty acids are the predominant compo-
nents, accounting for 72 to 89% of the carboxylic acid fractions
(Figure 6d). The n-C, , fatty acid is the major compound in all samples,
representing 34-53% of all carboxylic acids, followed by n-C,, and
n-C,, fatty acids. The terminally branched iso- and anteiso-C, ., and
C,7, fatty acids are present with low contents (ca. 1 to 2%) in sam-
ples from Nijar, Crete, and Cyprus. Furthermore, monounsaturated

n-C,g., is present in all samples (between 3 and 7% of all fatty acids)
except for the Monte Tondo sample. Fatty acid n-C,,; was found

only in the Nijar sample, accounting for 5% of all carboxylic acids.

4.3 | Compound-specific carbon stable isotopes
A synthesis of the compound-specific §'°C values obtained from
the studied gypsum samples is shown in Figure 7. The 613Chydrocarbon
values vary from -33 to -25%.. Long-chain n-alkanes are slightly
more 13C—depleted (-33 to -28%o) than short-chain n-alkanes (-29
to -24%o). Besides long-chain n-alkanes, pristane and phytane are
among the most *3C-depleted compounds with §*3C values as low
as -33%o. The n-alcohols show in general about 4%. higher values
than the n-alkanes. The isoprenoidal alcohols (phytanol, phytanyl
monoethers, and DGDs) yielded the highest §'°C values ranging
from -22 to -13%o. Among them, the DGDs show a narrower range
of values between -20 and -14%o.. Relatively high values were also
obtained for tetrahymanol and the MAGE in the Cyprus (-12 and
-18%s, respectively) and Crete samples (-18 and -17%o). The §'°C
values of sterols range from -24 to -17%., with the highest value
found for dinosterol in Cyprus and Monticino samples (=17 %o).
Among the carboxylic acids, 5'3C values were only obtained
for few compounds. As for the n-alcohols, the n-fatty acids yielded
about 4%o. higher values than the n-alkanes; only in the Crete sam-
ple, §13C values of n-fatty acids are in the same range like n-alkanes.
The §'3C values of the predominant short-chain n-alkanes range
from =30 to -22%o.. Only few data were obtained for monounsat-
urated n-C,, , (-26%o; Nijar) and n-C, 4, fatty acids (-25 and -28%.
for Monticino and Crete, respectively), the terminally branched iso-
C,,, fatty acid (-15%o; Crete), and phytanic acid (-16%o; Crete). The
terminally branched iso-C,,., fatty acid and phytanic acid yielded

similarly high values like the isoprenoidal alcohols.

5 | DISCUSSION

Modern marine gypsum deposits typically form in shallow-water
hypersaline environments, including coastal mudflats (sabkhas), la-
goons, and human-made salterns. In such settings, biological diver-
sity is limited by high salinity (>110 PSU), which is lethal for most
eukaryotes; consequently, these environments are inhabited by
highly specialized prokaryotes, such as cyanobacteria and halophilic
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FIGURE 3 Incident light photomicrographs of bottom-grown gypsum with filaments. (a) Close-up of the re-entrant angle of the twinned
selenite crystal shown in Figure 2b; note the internal lamination defined by the alternation of limpid (LL) and turbid (TL) laminae. (b) Detail
of Figure 2d showing the alternation of darker limpid (LL) and brownish turbid (TL) laminae in stromatolitic gypsum. Note densely packed

filamentous fossils in the TL; the white arrows indicate some filaments

FIGURE 4 Transmitted light
photomicrographs of filamentous
microfossils prevalently entrapped

in turbid laminae. (a) Nijar, (b) Monte
Tondo, (c-€) hollow filaments in gypsum
from Monte Tondo quarry (arrows); (e)
UV-light photomicrograph showing an
empty filament (arrow) with a fluorescent
surface coated by scattered dark
non-fluorescent pyrite crystals (white
triangles). (f, g) network of filaments in
gypsum from Crete (f) and Cyprus (g);

the black arrowheads indicate curved
filaments. The lamination in (a) and (g) is
poorly defined because of high density of
filaments

Euryarchaeota (Jebbar et al., 2020; Oren, 2002; Ventosa et al., 2014),
and few eukaryotes including the brine shrimp Artemia salina and
the green alga Dunaliella salina (Oren, 2005). Some prokaryotes also
live as endoliths in gypsum deposits (Oren et al., 1995; Oren et al.,
2009; Stivaletta & Barbieri, 2009; Stivaletta et al., 2010; Jahnke &
Des Marais, 2019; Huang et al., 2020). The low biological diversity
of modern hypersaline environments is also mirrored by molecular
fossil inventories, mostly reflecting input of lipids from halophilic ar-
chaea such as DGDs (Dawson et al., 2012; Grice et al., 1998; Turich

& Freeman, 2011) and cyanobacteria such as saturated and mono-

unsaturated heptadecanes and heptadecenes (Jahnke et al., 2014).
Compared to most modern marine gypsum occurrences (e.g., Jahnke
et al., 2014), molecular fossils of the studied Messinian gypsum re-
flect different ecologies. This difference is probably best explained
by the respective depositional environments. While modern gyp-
sum forms in salinas and hypersaline lagoons with water depth at
the cm- to m-scale, the primary, bottom-grown Messinian gypsum
formed at the seafloor of a marine basin (e.g., Reghizzi et al., 2018).
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FIGURE 5 Scanning electron microscope photomicrographs. (a) Filamentous structures made mainly of dolomite projecting from gypsum
matrix (gy; gypsum was partially dissolved), Monte Tondo. (b) Close-up of one of the filamentous structures with abundant dolomite
microcrystals (dol) and clay minerals (cm); celestine crystals are also present (circle), Monte Tondo

A significant input of lipids from planktic biota is not to be expected

in case of salterns, salinas, and lagoons.

5.1 | DGDs and GDGTs indicate a diverse aquatic
archaeal community

The high contents of C,,_,, DGD (archaeol) co-occurring with C, 5
DGD (extended archaeol)—a compound diagnostic of halophilic
archaea (Dawson et al., 2012; Teixidor et al., 1993)—in all samples
except for Monticino (Figure 6) agree with the presence of a com-
munity of halophilic archaea. Archaeol is the major membrane lipid
of halophiles (Dawson et al., 2012; Kates, 1993), but is also a com-
mon membrane lipid of other archaea, particularly methanogenic
and methanotrophic euryarchaea (e.g., Hinrichs et al., 2000; Koga
et al., 1998). Other archaeol-producing archaea are marine planktic,
mesophilic euryarchaeal groups (e.g., Sollai et al., 2019). Among the
potential source organisms of the DGDs extracted from Messinian
gypsum, methanotrophic archaea can be excluded, since archaeol
(average 513C ~ -17%s) does not show the typical 5'3C values of li-
pids of this group of archaea (as low as -130%o; e.g., Niemann &
Elvert, 2008; Himmler et al., 2015) in any of the Messinian gypsum
samples. The lowest §3C value of archaeol was found for the Monte
Tondo sample (-20%o). The fact that this 513C value is similar to val-
ues of compounds of presumed planktic algal origin (i.e., sterols;
-21%o on average; Figure 6) and values of planktic archaeal origin
(i.e., bicyclic and tricyclic biphytanes; -20%o on average; see below
for further discussion) agrees with mesophilic planktic euryarchaea
as source of archaeol. The 83C values of archaeol from the other
sites reflect even less 3C depletion (5'°C values as high as —14%o,
Cyprus). Since extended archaeol exhibits the same §*3C value like
archaeol for all study sites, halophilic euryarchaea, probably plank-
tic, are the most likely producers of both DGDs. Apart from Monte
Tondo, A™Cpgp ierel 15 @S high as +7%. A similar offset between
the lipids of a halophilic archaeal community (DGD producer) and
algal phytoplankton (sterol producers) has been described for the
late Miocene evaporite-bearing deposits of the Dead Sea Basin
(Grice et al., 1998). The observed variability of §'3C values between
halophilic archaea (average §'3C ~ ~17%o) and phytoplankton (-21%o
on average) is in accord with water column stratification, reflecting

variations in salinity across the water column. However, the high
5'3C values of the lipids of halophilic archaea in such settings are not
yet fully understood (Birgel et al., 2014; Grice et al., 1998). The large
AS™Cpp.gtero COUID be possibly explained by the heterotrophic
lifestyle of halophilic archaea, involving the uptake of relatively 8¢
enriched carbon from carbohydrates and proteins by halophilic ar-
chaea in contrast to photoautotrophic algae assimilating dissolved
carbon dioxide (Oren, 1994). Carbohydrates and proteins are gener-
ally less *C-depleted than other organic substrates (e.g., lipids; De
Niro and Epstein, 1977, Grice et al., 1998).

Phytanol and the two phytanylglycerol monoethers extracted
from Crete and Cyprus gypsum revealed similar §'3C values (-22
to -13%o) to archaeol and extended archaeol (cf. Birgel et al., 2014;
Ziegenbalg et al., 2012); most likely the former compounds repre-
sent degradation products of DGDs (cf. Liu et al., 2018). The iso-
prenoid hydrocarbon phytane, however, is more *C-depleted
(53C: -33 to -30%o) than other isoprenoids with phytanyl moieties
(Figure 7). Phytane probably derives either from other heterotro-
phic archaeal communities (Wakeham et al., 2003) or from a sec-
ondary, possibly terrigenous source, and is unrelated to the other
compounds with phytanyl moieties. To sum up, the lipid biomarker
inventory of Messinian gypsum confirms the prominent presence of
halophilic archaea in the depositional paleoenvironment—not a sur-
prising result if the gypsum is interpreted as a product of fully hyper-
saline conditions. Halophilic archaea are commonly thriving in high
salinity environments like in some modern shallow-water microbial
mats (Biihring et al., 2009; Jahnke et al., 2014). However, uncultured
members of the genus Halobacteria have also been recognized in
aquatic systems with low salt concentrations such as at sulfur-rich
springs (Elshahed et al., 2004), estuaries (Purdy et al., 2004; Singh
et al., 2010), and the Black Sea, where the salinity of bottom wa-
ters is ca. 20 PSU (Jessen et al., 2016). In the latter environment,
Halobacteria were found in sediments covering Beggiatoa-dominated
microbial mats, occurring where the chemocline intercepts the sea
floor and steep gradients of molecular oxygen and hydrogen sulfide
exist. According to this example, sulfur-rich microenvironments may
have also favored the proliferation of halophilic archaea (cf. Elshahed
et al., 2004) in low salinity waters (i.e., with low contents of Na* and
CI” ions) during Messinian gypsum formation (cf. Natalicchio et al.,
2014; Evans et al., 2015; see paragraph 5.3).
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FIGURE 6 (a) Compound distribution in the different fractions
of molecular fossils from gypsum in ng/g rock. (b) Relative
percentages of isoprenoid alcohols. (c) Relative percentages of
glycerol dibiphytanyl glycerol tetraethers (GDGTSs). (d) Relative
percentages of carboxylic acids (FA, fatty acids)

The observed GDGT assemblages are much different from those
reported for modern shallow-water hypersaline settings (Petrick
et al., 2019). Halophilic archaea are not known to produce GDGTs
(Schouten et al., 2013; Teixidor et al., 1993). Although methanogens
isolated from hypersaline lakes have been shown to produce GDGT-0
and GDGT-1, they do not produce extended archaeol (Bale et al.,
2019). Most of the GDGTs found in marine sediments are thought
to be produced by planktic, ammonia-oxidizing Thaumarchaeota
(Brochier-Armanet et al., 2008; Kénneke et al., 2005; Schouten
et al., 2013; Spang et al., 2010; Wuchter et al., 2006). Crenarchaeol,
which is the most abundant GDGT in the studied Messinian gypsum
(Figure 5c¢), is also the predominant GDGT of Thaumarchaeota in the
marine epipelagic realm (Schouten et al., 2013; Turich et al., 2007).
It is also produced by soil-dwelling Thaumarchaeota (Sinninghe
Damsté et al., 2012) and occurs in marine hydrothermal settings
(Pearson et al., 2004; De La Torre et al., 2008). In contrast to soil-
dwelling Thaumarchaeota, marine Thaumarchaeota produce not
only crenarchaeol, but also the acyclic GDGT-0 (caldarchaeol) and
minor amounts of cyclopentane ring containing GDGTs (GDGT-1
to GDGT-4). Interestingly, the Messinian gypsum shows a GDGT-
distribution similar to that of marine Thaumarchaeota from the
modern Mediterranean Sea (Besseling et al., 2019). A derivation of
GDGTs from marine Thaumarchaeota also agrees with the GDGT-0/
crenarchaeol ratios ranging from 0.4 and 0.7, similar to ratios re-
ported for modern open marine environments (0.5 to 1; Zhang et al.,
2016; Petrick et al., 2019). In modern (Stowakiewicz et al., 2016) and
ancient (Cheng et al., 2017) hypersaline settings, on the other hand
GDGTs are scarce and mostly dominated by GDGT-0.

The 8'°C values of biphytanes found in the Monte Tondo and
Cyprus samples help to constrain the sources of (1) caldarchaeol,
mostly yielding acyclic biphytanes (BPO) after ether cleavage, and (2)
crenarchaeol, the probably source of tricyclic biphytane (BP3) after
ether cleavage. The monocyclic (BP1) and bicyclic (BP2) biphytanes
derive from GDGTs 1 to 3 and crenarchaeol (BP2 only). The 8*°C
values of BP3 (ca. -20%. on average) agree with crenarchaeol de-
riving from marine autotrophic Thaumarchaeota, an isotopic com-
position close to that found in modern oceans (ca. —21%o; Schouten
et al., 2013). The negative 8*3C values of BPO (as low as -37%o), on
the other hand, point to a different source of caldarchaeol, including
heterotrophic, possibly benthic archaeal communities (cf. Hoffmann-
Sell et al.,, 2011; Pearson et al., 2016; Wakeham et al., 2003). The
former presence of benthic archaea in addition to planktic archaea
is supported by relatively high contents of GDGT-1 (up to 18%,
Crete) and GDGT-2 (up to 18%, Nijar) compared to modern marine
GDGT distributions; these compounds are less abundant in marine
planktic archaea (<10% of total GDGTs; Lipp & Hinrichs, 2009). The
phylogenetic affiliation of benthic archaea cannot be determined



NATALICCHIO et AL.

14 " 0,
“ L wiLey- B

with certainty, yet methanotrophic archaea can be excluded since
this clade reveals different GDGT patterns with the predominance
of GDGT-2, 3¢ depletion, and other isoprenoids not observed in
the Messinian gypsum (Birgel et al., 2006, 2008; Natalicchio et al.,
2012). A possible group from which the *C-depleted biphytanes
could derive are methanogenic euryarchaea (Hoffmann-Sell et al.,
2011; Koga et al., 1998). Among other factors, the isotope com-
position of lipids synthesized by methanogens depends largely on
the metabolized substrate (Londry et al., 2008). Unfortunately, the
isotopic composition of GDGT-derived biphytanes has not yet been
determined in culture experiments with methanogens. Since ar-
chaeol, interpreted to be derived from halophilic archaea, yielded
513C values that are 15 to 20%o. higher than the values of acyclic and
monocyclic biphytanes, an origin of the latter compounds from halo-
philes can be excluded—an interpretation in accord with the known
compound inventories of halophiles.

To sum up, the lipid inventory of Messinian gypsum suggests the
former presence of three archaeal communities including (1) halo-
philes typified by relatively **C-enriched DGDs and phytanyl mon-
oethers, (2) planktic thaumarchaea yielding crenarchaeol (§°C: ca.
-20%o), and (3) a group of probably benthic archaea producing *°C-
depleted GDGT-0 and the cyclic GDGTs 1 and 2. Such high archaeal
diversity is not observed in modern shallow-water hypersaline envi-
ronments (Stowakiewicz et al., 2016; Petrick et al., 2019) and rather
agrees with a relatively deep stratified marine basin (Christeleit
et al., 2015; Garcia-Veigas et al., 2018). The planktic thaumarchaeal
community is believed to have lived in the upper water column,
probably typified by diluted marine conditions (Grothe et al., 2020;
Natalicchio et al., 2014; Reghizzi et al., 2018), whereas the halophiles
inhabited the deeper, more saline part of the water column. Such
interpretation is supported by the presence of tetrahymanol in the
Cyprus and Crete samples, a proxy of water column stratification
(Sinninghe-Damsté et al., 1995; Natalicchio et al., 2017; Sabino et al.,
2021).

5.2 | The affiliation of filamentous microfossils

The affiliation of the superabundant filamentous microfossils pre-
served in Messinian gypsum has not yet been resolved with cer-
tainty. At first, they were interpreted to represent fecal pellets of
brine shrimps (Schreiber and Decima, 1976), and later, they were
assigned to algae (Vai & Ricci Lucchi, 1977), cyanobacteria (Panieri
et al., 2010; Rouchy and Monty, 2000) or sulfide-oxidizing bacteria
(Dela Pierre et al., 2015; Schopf et al., 2012). An attribution to fecal
pellets does not agree with the partial hollowness of the studied fila-
ments (Figure 4e). Hollowness is not expected in fecal pellets, but is
strong evidence of a microbial origin of the filamentous microfossils
(Andreetto etal., 2019, and reference therein). Such originisin accord
with the curved shape of filaments and their internal segmentation
(Dela Pierre et al., 2015). The most striking argument for an assign-
ment to cyanobacteria was the extraction of 16S rRNA from samples
of the Vena del Gesso gypsum, matching with several cyanobacterial

clones and in particular with those of the genus Geitlerinema, typical
of coastal shallow marine environments (Panieri et al., 2010). The
finding of genetic material in several million-year-old geological sam-
ples requires excellent preservation of organic matter, supposably
caused by early permineralization in gypsum prior to cell decay and
disintegration (cf. Schopf et al., 2012). Molecular fossils, which are
much more stable than 16S rRNA, should therefore confirm the sug-
gested cyanobacterial origin of filaments. Cyanobacteria synthesize
lipid biomarkers (Table 3), including diplopterol (Biihring et al., 2009;
Rohmer et al., 1984) and bacteriohopanepolyols (Jahnke et al., 2004;
Summons et al., 1999; Talbot et al., 2008). Other diagnostic cyano-
bacterial lipids are short-chain n-alkanes, but especially heptadecane
and heptadecenes, as well as methylated hepta- and octadecanes
(Birgel et al., 2015; Hefter et al., 1993; Jahnke et al., 2014; Kozlowski
et al., 2018; Wieland et al., 2008). Some of these compounds or their
degradation products tend to be preserved for millions of years in
the geological record (Heindel et al., 2015; Summons et al., 1999).
Among these cyanobacterial biomarkers, only n-C,-alkane (hepta-
decane)is present in the studied Messinian gypsum (Table 3), yet with
moderate contents only, accounting on average for 7% of the total
hydrocarbon fraction and corresponding to n-C,./n-C, ratios below
1. In cyanobacterial mats from modern hypersaline environments,
n-C,, accounts for approximately 80% of the total hydrocarbon frac-
tion and the n-C,,/n-C, ratio is significantly above 1 (e.g., Biihring
et al., 2009; Jahnke et al., 2004). Despite heptadecanes being prone
to degradation (Hefter et al., 1993; Wieland et al., 2008), in cases of
16S rRNA preservation, these cyanobacterial-derived hydrocarbons
should be present as well. Although such negative evidence can ob-
viously not exclude the presence of cyanobacteria in the Messinian
depositional environment, the scarcity of cyanobacterial biomarkers
(see Table 3) renders unlikely an assignment of the superabundant
filamentous microfossils to cyanobacteria.

The other previously suggested hypothesis is that the interwo-
ven filaments in the Messinian gypsum represent the remains of col-
orless sulfide-oxidizing bacteria like Beggiatoa and Thioploca (Dela
Pierre et al., 2015; Schopf et al., 2012). Microbial mats dominated by
these large prokaryotes are found in coastal upwelling areas (Arning
et al., 2008; Bailey et al., 2009), in stratified basins (e.g., the Black
Sea; Jessen et al.,, 2016), as well as in sulfide-rich marine sediments
associated with methane seepage (Knittel et al., 2003; Zhang et al.,
2005). The lipid biomarker inventory of mats of sulfide-oxidizing
bacteria is typified by high contents of saturated (C, ., and C,4.,) and
monounsaturated (C,,, and C,g,) fatty acids (Arning et al., 2008;
Jacqg et al.,, 1989; Jiang et al., 2012; McCaffrey et al.,1989; Zhang
et al., 2005). The high abundance of these compounds in the major-
ity of the studied Messinian samples is consistent with this hypothe-
sis (Table 3). Unfortunately, other organisms including many bacteria
(Elvert et al., 2003; Londry et al., 2004) and diverse phytoplankton
(Viso & Marty, 1993; Wakeham, 1995) are known to produce these
largely unspecific fatty acids too.

Given the low specificity of the lipids synthesized by sulfide-
oxidizing bacteria (Arning et al., 2008), the origin of the filaments
can be assessed further with the overall lipid assemblage and the
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TABLE 3 Typical lipids produced by chemotrophic sulfide-oxidizing bacteria (= sulfur bacteria) and cyanobacteria and their abundance in

Messinian gypsum

Compounds Abundance
Sulfur bacterial lipids Cis.0-Crgo FA +++
Ci617Cig FA T+
Cyanobacterial lipids n-heptadecane (C,,) +++
n-heptadecene (C,,.,) +++
Me-C,, Me-Cy,, +
n-octadecane (C,g) ++
Me-C o +
Diplopterol +++
Bacteriohopanepolyols +++

Note: Abundances: (+++), high; (++), moderate; (+), low; and (<), not detected.

Abbreviations: FA, fatty acids; Me, methyl.

carbon stable isotope patterns. Compounds synthesized by sulfate-
reducing bacteria such as iso- and anteiso-C, s, and C,,., fatty acids
(Kaneda, 1991; Perry et al., 1979; Taylor & Parkes, 1983) are pres-
ent in gypsum from Nijar, Crete, and Cyprus. In the case of Cyprus
and Crete gypsum, which are the samples with the highest total lipid
abundance (Table 2), even a MAGE—a biomarker of sulfate-reducing
bacteria (Grossi et al., 2015; Ritters et al., 2001; Ziegenbalg
et al., 2012)—is present despite the generally low stability of MAGEs
(Vincon-Laugier et al., 2018). The relatively high 8*3C value of the
MAGE (-17%o) is similar to the value of the iso-C,, fatty acid (-15%o;
Crete), agreeing with the assignment of both compounds to a com-
mon source. On the contrary, the lower values (average -26%.) of
saturated (C 4, and C,4,) and monounsaturated (C,,,, and C,g,)
fatty acids suggest a different source than sulfate-reducing bacte-
ria. Moreover, the §'°C values of saturated and unsaturated fatty
acids in the Messinian gypsum are different from values of lipids de-
riving from terrestrial plants (e.g., long-chain n-alkanes), which are
on average more 13C-depleted (-30%o). Compounds deriving from
phytoplankton (dinosterol, cholesterol, cholestanol; Volkman, 2003)
are less *C-depleted (average -21%o; Figure 7) on the other hand.
Consequently, a predominant origin of these fatty acids from terres-
trial plants is unlikely. An origin from phytoplankton is instead possi-
ble, since culture experiments revealed that the offset between the
5'3C values of fatty acids and sterols can be as high as 8%o (Schouten
etal., 1998). Although phytoplankton cannot be excluded as a source
of these compounds, we suggest that sulfide-oxidizing bacteria rep-
resent the most likely source of the C ., Cigo, Ciea, and C g, fatty
acids, agreeing with petrographic observations (i.e., hollowness,
internal segmentation, and curved shape; Andreetto et al., 2019;
Schopf et al., 2012) and the presence of iron sulfide inclusions in
the filamentous fossils (Figure 4e). Such inclusions can represent the

This
References study
Jacq et al., 1989; McCaffrey et al.,1989; Zhang et al., +++

2005; Arning et al., 2008; Jiang et al., 2012

Jacq et al., 1989; McCaffrey et al.,1989; Zhang et al., +
2005; Arning et al., 2008; Jiang et al., 2012

Hefter et al., 1993; Wieland et al., 2008; Jahnke et al.,
2014; Birgel et al., 2015; Kozlowski et al., 2018

Hefter et al., 1993; Wieland et al., 2008; Jahnke et al., +
2014; Birgel et al., 2015; Kozlowski et al., 2018

Hefter et al., 1993; Wieland et al., 2008; Jahnke et al., -
2014; Birgel et al., 2015; Kozlowski et al., 2018

Hefter et al., 1993; Jahnke et al., 2014 +
Hefter et al., 1993; Jahnke et al., 2014 -
Rohmer et al., 1984; Biihring et al., 2009 -

Summons et al., 1999; Jahnke et al., 2004; Talbot -
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product of early diagenetic transformations of sulfur globules stored
within the cells (Dela Pierre et al., 2015), which is a clade diagnostic
feature of colorless sulfide-oxidizing bacteria (Schulz & Jgrgensen,
2001). Interestingly, a tight association of sulfide-oxidizing bacteria
with sulfate-reducing bacteria, as suggested by the biomarker in-
ventory of some of the Messinian gypsum, has been reported for
different modern environments (e.g., Arning et al., 2008; Fukui et al.,
1999; SamKamaleson et al., 2021).

5.3 | Paleoenvironmental implications

Provided that the assignment of the filamentous fossils to benthic
sulfide-oxidizing bacteria like Beggiatoa and Thioploca is correct and
given the association of filamentous body fossils with molecular fos-
sils of sulfate-reducing bacteria—especially in the samples with the
highest total lipid contents (i.e., Nijar, Cyprus and Crete)—the basin
floor where the Messinian gypsum grew was covered by a benthic
assemblage of chemotrophic bacteria involved in an intense sulfur
cycle. Such interpretation suggests suboxic to anoxic bottom water
conditions and production of hydrogen sulfide through intense bac-
terial sulfate reduction, in turn sustaining sulfide-oxidizing bacteria
(cf. Bailey et al., 2009; Teske et al., 2009). Sulfate-reducing bac-
teria live in suboxic to anoxic environments, using low molecular
weight organic compounds or molecular hydrogen as electron do-
nors (Grossi et al., 2015; Vincon-Laugier et al., 2016). In case of the
Messinian depositional environment, the electron donor was prob-
ably a mixture of organic substrates deriving from (1) phytoplankton
(diatoms, dinoflagellates) and (2) planktic archaea. The circumstance
that the §'°C values of the MAGE (average ca. -17%o; Cyprus and
Crete) are similar to those of archaeal-derived compounds (archaeol
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and sn2/sn3-phytanyl monoethers) is in favor of sulfate-reducing
bacteria metabolizing low molecular weight compounds deriving
from archaeal biomass. This hypothesis is in line with recent studies
of the Dead Sea, where bacteria have been found to develop strate-
gies involving the recycling of archaeal necromass (Thomas et al.,
2019), which represents the most abundant organic carbon source
in this saline basin (Oren, 1999).

The precipitation of gypsum probably caused the rapid entrap-
ment of the benthic assemblage of microbial filaments. The paleo-
environmental conditions behind the formation of the Messinian
gypsum are still discussed (e.g., Garcia-Veigas et al., 2018; Grothe
et al., 2020; Natalicchio et al., 2014). Data from fluid inclusions in
bottom-grown selenitic gypsum challenged the idea that gypsum
formed from hypersaline brines resulting from seawater evapora-
tion. Instead, these data indicated that gypsum formed from low sa-
linity waters (i.e., with low contents of Na* and CI” ions) equivalent
to 1.6 wt% sodium chloride on average (Costanzo et al., 2019; Evans
etal., 2015; Natalicchio et al., 2014). The water masses probably rep-
resented a mixture of marine water, freshwater from Mediterranean
rivers (Reghizzi et al., 2018), and brackish water from the Paratethys
(Grothe et al., 2020). Interestingly, studies on modern gypsum
suggest the involvement of prokaryotes in gypsum formation (van
Driessche et al., 2019; Lepinay et al., 2018; Mansor et al., 2018;
Thompson & Ferris, 1990). In particular, the oxidation of reduced

41 39 37 35 33 31 20 27 25 23 21 19 17 15 13 11

sulfur species by sulfide-oxidizing bacteria may supply, at least in
part, the sulfate needed for gypsum precipitation (e.g., Lepinay et al.,
2018; Mansor et al., 2018). Such microbial oxidation has been sug-
gested to promote gypsum supersaturation in bottom waters and
to favor the formation of gypsiferous thrombolites in a hypersaline
lagoon in Venezuela (Petrash et al., 2012). Since we interpret the
fossilized filaments in Messinian gypsum as the remains of sulfide-
oxidizing bacteria, a possible microbial involvement in gypsum pre-

cipitation should be taken into account in future studies.

6 | CONCLUSIONS

Primary Messinian bottom-grown gypsum deposits, formed during
the first stage of the MSC (5.97-5.60 Ma), preserve biosignatures
of ancient microbial communities, including diverse molecular fos-
sils and mazes of filamentous microfossils. The molecular fossil as-
semblages of gypsum from different Mediterranean subbasins are
unlike typical assemblage of modern marine gypsum deposits form-
ing in shallow-water hypersaline settings. The abundance of lipids
of planktic halophilic archaea, planktic thaumarchaea, and a poorly
constrained community of benthic archaea confirms that gypsum
formed in a stratified basin typified by a normal marine to diluted
upper water column and more saline deeper waters. Petrographic
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and mineralogical observations, the overall biomarker inventories,
and compound-specific carbon stable isotope patterns agree best
with the interpretation that the superabundant filamentous micro-
fossils enclosed in Messinian gypsum are the remains of sulfide-
oxidizing bacteria. Sulfide-oxidizing bacteria and sulfate-reducing
bacteria were probably the main constituents of chemotrophic mi-
crobial mats on the Messinian seafloor.
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