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ABSTRACT

The youngest and one of the largest saline deposits of Earth history formed in the Mediterranean
during the Messinian salinity crisis (MSC; 5.97 - 5.33 Ma, Late Miocene), when global climate was
experiencing a trend of cooling and aridification. However, recent paleoclimate reconstructions
indicate strong climate gradients across the Mediterranean Basin and the persistence of humid

conditions in the northern Mediterranean during the earliest phase of the MSC. To characterize



climatic and hydrologic variability across the onset of the MSC, we studied inorganic geochemical
proxies, comprising Si, Ti, and Zr element distributions and organic geochemical proxies, such as
sedimentary plant wax contents and their carbon (8'*Cy.ai) and hydrogen (8*Hy.ai) stable isotope
compositions in deep-water (>200 m), alternating shale and marl deposits of the Piedmont Basin
(Govone section; NW lItaly). Our results suggest that deposition was controlled by precession-
driven climate fluctuations before and after the onset of the MSC, with shales deposited under
moister conditions (lower element/Al ratios and 8*Hy.ai Values) and marls when drier conditions
prevailed (higher element/Al ratios and 8*Hj.ai Values). The observed 8°Hy.ai pattern further
suggests changes in the relative contributions of the sources of moisture for precipitation. At
precession minima, shales were deposited and moisture was mainly sourced from the North
Atlantic, as reflected by lower *H,.qi values. At precession maxima, marls were deposited and
higher 8°Hy.ai values point to a — probably western — Mediterranean source of moisture. The
decrease of element/Al ratios as well as the coeval increase of plant wax abundances after the onset
of the MSC indicate enhanced humidity and increased net precipitation over the northern
Mediterranean. These changes coincided with a restriction of the Atlantic-Mediterranean gateways
and resulted from an enhanced contribution of deuterium-enriched moisture sourced from seawater

evaporation in the Mediterranean, evidenced by an increase of *H.qi Values.

1. Introduction

Following the Mid-Miocene Climatic Optimum, the global climate experienced a trend of
cooling and aridification, coinciding with evidence for transient glaciations in the northern
Hemisphere and the establishment of a marked seasonality (e.g. Herbert et al., 2016; Pound et al.,
2012; Tzanova et al., 2015; Zachos et al., 2001). This trend culminated in the Late Miocene

(between 7 and 5.3 Ma) in the decrease of ocean temperatures to modern values (Herbert et al.,



2016) and was accompanied by changes in terrestrial ecosystems. One prominent change was the
expansion of C4-dominated grasses at the expenses of Cs grasslands (Cerling et al., 1997; Hotzel et
al., 2013; Stromberg, 2011). In the Mediterranean area, the Late Miocene cooling coincided in part
with the so-called Messinian salinity crisis (MSC, 5.97 — 5.33 Ma; Manzi et al., 2013). The MSC
represents an environmental crisis during which the Mediterranean was transformed into the
youngest salt giant in Earth history (Cita et al., 1978; Flecker et al., 2015; Hsl et al., 1973; Roveri
et al., 2014). This event is thought to have been driven by the progressive restriction of the Atlantic-
Mediterranean gateways (e.g. Flecker et al., 2015; Krijgsman et al., 2018), superimposed by long
(eccentricity) and short (precession) orbitally-controlled climate fluctuations (Roveri et al., 2014),
modulating the hydrological budget of the basin (Meijer and Tuenter, 2007; Simon et al., 2017).
Part of the MSC stratigraphic record is typified by a precession-paced cyclic succession of shales,
diatomites, and marls, with shales recording humid conditions at precession minima and insolation
maxima and marls recording more arid conditions at precession maxima and insolation minima
(Bellanca et al., 2001; Blanc-Valleron et al., 2002; Gennari et al., 2018; Hilgen and Krijgsman,
1999; Kouwenhoven et al., 2006; Lozar et al., 2018; Manzi et al., 2007; Sierro et al., 1999). During
the first phase of the MSC, shale and gypsum couplets of the Primary Lower Gypsum unit (PLG;
Roveri et al., 2008) were deposited in shallow peripheral basins (<200 m), changing laterally to
shale and marl cycles similar to their pre-MSC counterparts in basins of intermediate to deep water
depths (>200 m; e.g. Dela Pierre et al., 2011; Manzi et al., 2007; Natalicchio et al., 2019). The
evaporite cycles and their lateral equivalents reflect precession-controlled fluctuations of the
Mediterranean climate (Krijgsman et al., 1999; Natalicchio et al., 2019), with gypsum depositing in
marginal settings and marls in intermediate to deep settings. The deposition of gypsum and marls
corresponds to precession maxima and periods of more arid conditions, reflecting a reduced net
hydrological budget of the basin (Roveri et al., 2014).

The widespread deposition of evaporites during the MSC was originally taken as the main

argument for aridification of the whole Mediterranean area (Hsu et al., 1973). However, later



reconstructions indicated no substantial climate change across the onset of the MSC and revealed
that strong latitudinal gradients persisted in the Mediterranean with a wet northern region and an
arid southern region (Bertini, 2006; Bertini and Martinetto, 2011, 2008; Fauquette et al., 2006;
Favre et al., 2007; Jiménez-Moreno et al., 2013, 2010; Suc and Bessais, 1990). Such reconstructions
were mostly based on pollen and plant remains, which are, however, scarce and poorly preserved
within evaporites (Bertini, 2006; Bertini and Martinetto, 2011; Fauquette et al., 2006).

An alternative approach to reconstruct climate variability involves the application of inorganic
and organic geochemical proxies such as major and trace elements (Calvert and Pedersen, 2007,
Schnetger et al., 2000; Tribovillard et al., 2006; Wehausen and Brumsack, 2000, 1999) and
sedimentary long chain n-alkanes and their carbon and hydrogen stable isotopic compositions
(Eglinton and Eglinton, 2008; Naafs et al., 2012; Pancost and Boot, 2004; Pedentchouk and Zhou,
2018; SchefuB et al., 2005, 2003; Tipple and Pagani, 2010; Vasiliev et al., 2017, 2015). Long-chain
n-alkanes are common constituents of epicuticular waxes of terrestrial higher plants (e.g. Diefendorf
et al., 2011; Eglinton and Hamilton, 1967). Due to their refractory nature, they are excellent
recorders of climate-induced change in terrestrial vegetation and input of terrestrial organic matter
(TOM) to ocean basins (e.g. Pancost and Boot, 2004; Scheful3 et al., 2003).

Here, we use geochemical proxies to study the onset of the MSC archived in the Govone section
(Piedmont Basin, NW lItaly), aiming for the reconstruction of changes in climate, terrestrial
vegetation (C;3 vs C,4 plants), and hydrology at the northernmost offshoot of the Mediterranean
Basin. The MSC is reflected at this location by a cyclic succession of shales and marls, representing
the deep water equivalent of the PLG unit (Bernardi, 2013; Dela Pierre et al., 2016). Our study
documents the presence of humid climate conditions in the northern sectors of the Mediterranean
during the earliest phase of the MSC. Moreover, the new data complement climate and few
hydrological reconstructions from other Mediterranean regions (Andersen et al., 2001; Vasiliev et
al., 2017, 2015, 2013), confirming the presence of strong climate gradients across the

Mediterranean during the MSC.



2. Geological and stratigraphic setting

2.1 The Piedmont Basin

The Piedmont Basin is a wedge-top basin filled with upper Eocene to Messinian sediments that
developed in the Alpine retroforeland and became eventually involved in the Apennine orogeny
(Mosca et al., 2010; Rossi, 2017; Rossi and Craig, 2016; Fig. 1A). The Messinian sediments,
mostly buried beneath Pliocene to Quaternary deposits of the Savigliano and Alessandria sub-basins
(Irace et al., 2005), are exposed along the uplifted southern and northern basin margins (Dela Pierre
etal., 2011; Fig. 1A). The succession starts with alternating organic-rich shales and marls deposited
in an outer shelf to slope environment (Sant’ Agata Fossili Marls, Tortonian — lower Messinian;
Sturani, 1973; Fig. 1B), forming 2 to 3 m thick lithological cycles. Abundance fluctuation of
calcareous microfossil assemblages demonstrated that lithological cyclicity was controlled by
precession-controlled climate change, with shales recording moister climate at precession minima
and insolation maxima and marls reflecting drier climate at precession maxima and insolation
minima (Lozar et al., 2018; Violanti et al., 2013). At the southern and northern basin margins, the
Sant’Agata Fossili Marls are overlain by sulfate evaporites of the PLG unit deposited during the
first stage of the MSC (Fig. 1B; Dela Pierre et al., 2011). Basinward, the gypsum layers of the PLG
unit laterally pass into marls alternated with organic-rich shales (Dela Pierre et al., 2011;
Natalicchio et al., 2019, 2017; Fig. 1B). The PLG unit and its lateral, deeper equivalents are
unconformably overlain by resedimented and chaotic evaporites (Valle Versa Chaotic Complex;
Dela Pierre et al., 2007; Irace et al., 2005), equivalent to the Resedimented Lower Gypsum unit
deposited in many Mediterranean sub-basins during the second stage of the MSC (5.60-5.55 Ma;
Roveri et al., 2014). The Messinian succession ends with fluvio-deltaic and lacustrine deposits,

characterized by brackish water fauna of the Lago Mare biofacies (Cassano Spinola Conglomerates;



Dela Pierre et al., 2011, Sturani, 1976; Fig. 1B), recording the third stage of the MSC (5.55-5.33

Ma; Roveri et al., 2014).

2.1.1  The Govone section

The Govone section (44°48'08"N; 8°07'34"E) is located at the southwestern margin of the
Piedmont Basin (Fig. 1A, B) and comprises the entire Messinian succession (Bernardi, 2013;
Bernardi et al., 2012; Dela Pierre et al., 2016). Here, the Sant’Agata Fossili Marls comprise 35
lithological cycles (Gm1 — Gm35; Fig. 2) composed of shale and marl couplets with up to 2 m
thickness (Fig. 1C, D, E). The upper cycles (Gm33 to Gm35) are disturbed to some extent by
slumping. The Sant’ Agata Fossili Marls are conformably overlain by the PLG unit, which is
composed of nine lithological cycles (Ggl — Gg9; Fig. 2). Gypsum beds are up to 3 m thick and are
made up of laminar gypsum, consisting of alternating clay-rich and gypsum-rich laminae. In some
layers, flattened conical structures, composed of mm to cm-sized selenite crystals are present. They
are interpreted as poorly developed branching selenite (sensu Lugli et al., 2010), whose growth was
hampered by clay deposition (Dela Pierre et al., 2016). The PLG unit is overlain by clastic gypsum
layers interbedded to laminated shales (Valle Versa Chaotic Complex; Dela Pierre et al., 2016). The
Messinian succession terminates with fluvio-deltaic deposits (Cassano Spinola Conglomerates;

Dela Pierre et al., 2016).

2.1.2  The MSC onset in the Govone section

The age model for the Govone section (Bernardi, 2013) is based on the identification of several
age-diagnostic planktonic foraminifer bioevents correlated with the astronomically tuned Perales
reference section (Manzi et al., 2013; Sierro et al., 2003, 2001). The most diagnostic bioevents

identified by Bernardi (2013) and used for astrochronological correlations are: (1) the first abundant



occurrence of Turborotalita multiloba in cycle Gm12, which is dated 6.415 Ma in the Perales
section (Sierro et al., 2001); (2) the left/right coiling change of Neogloboquadrina acostaensis in
cycle Gm14, recorded in cycle UA17 at Perales and dated at 6.36 Ma (Sierro et al., 2001); (3) the 1%
influx of Globorotalia scitula in cycle Gm17, dated at 6.29 Ma in Perales (Sierro et al., 2001). A
hiatus of about 50 kyr (approximately three precessional cycles), corresponding to a slump scar,
was identified in the marls of cycle Gm17, immediately above this last bioevent (Bernardi, 2013);
(4) a 2™ influx of G. scitula in cycle Gm24, which occurs within an acme interval of T. multiloba.
This acme interval was reported in Perales between cycles UA23 and UA30 (Sierro et al., 2001).
Consequently, the 2" influx of G. scitula in cycle Gm24 is correlated with that recognized in
Perales in cycle UA29 and dated at 6.10 Ma (Sierro et al., 2001). Accordingly, the onset of the
MSC — corresponding to the timeline at 5.97 Ma — was placed in the Govone section at the base of
the marls of cycle Gm30, i.e. six precession cycles above the 2" influx of G. scitula (Bernardi,
2013). Correlation with the Perales reference section indicates that the marls of cycle Gm30
correspond to the first gypsum bed of Perales (cycle PLG1, Manzi et al., 2013), which appears six
cycles above the 2" influx of G. scitula (Fig. 2A). In the Govone section, calcareous microfossils
disappear in the marls of cycle Gm27, probably because of diagenetic processes favoring
dissolution of calcareous tests (Bernardi, 2013). The disappearance of calcareous tests prevents the
recognition of the calcareous nannofossil biovents (abundance peak of Sphenolithus abies, followed
by minor peaks of Helicosphaera carteri and Umbilicosphaera rotula) that were used to
approximate the onset of the MSC in the absence of evaporites in different Mediterranean sub-
basins (Gennari et al., 2018; Lozar and Negri, 2019) including the Piedmont basin (Pollenzo
section; Lozar et al., 2018). The position proposed by Bernardi (2013) an herein for the onset of the
MSC does not correspond to the position reported by Dela Pierre et al. (2016), who placed the MSC
onset one cycle below, i.e. cycle Gm29. The latter misplacement reflected an error in the bed by bed
correlation of the upper part of the Govone section with the Perales section. Consequently, the work

of Dela Pierre et al. (2016) should not be used as a reference for the age model of the Govone



section. In the topmost part of the Sant’ Agata Fossili marls, the presence of slumps makes the
identification of the cyclostratigraphic pattern problematic. However, it is still possible to recognize
undeformed layers of organic-rich shales that correspond to the lower part of the three lithological
cycles (Gm 33, Gm34 and Gm 35) immediately below the gypsum-bearing cycles of the PLG unit
(Fig. 2A).

To sum up, in the Govone section the onset of the MSC was identified in the upper part of the
Sant’Agata Fossili Marls (Fig. 2A). The studied section includes four pre-MSC cycles (Gm26 —
Gm29) and four MSC cycles (Gm30 — Gm33; Fig. 2B), the latter corresponding to the deep-water
counterparts of the lower four PLG cycles exposed in the marginal part of the basin, with marls

interpreted as lateral equivalents of gypsum (cf. Bernardi, 2013).

3 Materials and methods

Thirty-three excavated samples (four samples per cycle on average) were collected from cycles
Gm26 to Gm33. For each sample an aliquot was dried and homogenized with an agate mortar. The

obtained powders were divided in sub-aliquots to perform the analyses described below.

3.1 X-ray fluorescence (XRF) analyses

All samples were analyzed by X-ray fluorescence (XRF) for major and trace element contents
at the Institute of Chemistry and Biology of the Marine (ICBM) Environment of the University of
Oldenburg using an Axios plus, Panalytical spectrometer. Di-lithium tetraborate (4.2 g) and
ammonium nitrate (1 g) for preoxidation were added to 0.7 g of samples and then fused to glass
beads. An in-house black shale reference material and international standard were used to check
analytical accuracy, which was <0.3% for major (Al, Si, Ti) and <4% for trace (Zr) elements.

Silicon, Ti and Zr were plotted against Al to assess relative enrichment or depletion with respect to



the background aluminosilicates of the investigated marls and shales (Calvert and Pedersen, 2007;
Tribovillard et al., 2006). Ratios were calculated from wt%/wt% for Si/Al and Ti/Al and from

(mg/kg)/wt% for Zr/Al.

3.2 Total organic and inorganic carbon contents

The total inorganic (TIC) and organic (TOC) carbon contents were measured at the Institute for
Geology of the University of Hamburg. The sub-aliquots were further split into two fractions. One
fraction was used to determine total carbon (TC) contents using a LECO SC-144DR Carbon
Analyzer equipped with an infrared detector, heating the sample to 1350°C. The other fraction was
heated to 550°C for 5 h to combust the organic carbon (OC) fraction, before temperature was raised
to 1350°C to determine total inorganic carbon (TIC) contents. Prior and after sample analysis, a
Synthetic Carbon Leco 502-029 (1.01 £ 0.02 carbon%) standard was measured. TOC contents were

determined with the formula TOC = TC — TIC.

3.3 Lipid biomarker analyses

Twenty-one samples were selected for lipid biomarker analyses (at least 2 samples per cycle)
following the procedure described in Birgel et al. (2006). The total lipids where extracted by
saponification with 6% potassium hydroxide in methanol in an ultrasonic bath (80°C/2h), followed
by repeated ultrasonication with dichloromethane(DCM):methanol (3:1, v:v) until the organic
solvent phase became colorless. To transfer also the released fatty acids after saponification (not
further discussed in this study) to the organic solvent phase, extracts were treated with pure water
and 10% hydrochloric acids to reach pH 2. The organic solvent phase with the extracts was reduced
through a rotary evaporator, transferred into vials with DCM and dried. To prepare the extracts for

gas chromatography (GC) analyses, a cleaning procedure was applied: the vials containing the total



lipid extracts were washed with n-hexane to separate the n-hexane-soluble fraction (collected in a
separate vial) from the dichloromethane-soluble fraction. The former was further split in four sub-
fractions of increasing polarity (hydrocarbons, ketones, alcohols and carboxylic acids) via solid
phase extraction using a Supelco glass cartridge (6 ml, 500 mg, DSC-NH,). The hydrocarbon
fraction was eluted with n-hexane and finally dried. For GC analysis, n-hexane was used as eluent.
Compounds were identified with a Thermo Scientific Trace GC Ultra coupled to a Thermo
Scientific DSQ Il mass spectrometer (GC-MS) through comparison of retention times and
published mass spectral data. A Fisons Instruments GC 8000 series equipped with a flame-
ionization detector (GC-FID) was used for compound quantification. For the hydrocarbon fraction,
5a-cholestane was used as internal standard for quantification. Helium was used as carrier gas for
GC-MS runs, while for GC-FID analyses hydrogen was used. An Agilent HP-5MS Ul fused silica
column with a length of 30 m, a diameter of 0.25 mm, and a film thickness of 0.25 pm was used for
all analyses. The GC temperature program was: 50 °C (3 min); from 50 °C to 230 °C (held 2 min)

at 25 °C/min; from 230 °C to 320 °C (held 20 min) at 6°C/min.

3.3.1 Compound-specific hydrogen and carbon stable isotopes

Compound-specific stable hydrogen (8*H; sixteen samples) and carbon (8*3C; twenty-one
samples) isotope analyses of long-chain n-alkanes were performed at MARUM — Center for Marine
Environmental Sciences, University of Bremen and Institute for Geology at Hamburg University,
respectively.

Hydrogen isotopes were measured using a ThermoFisher Scientific Trace GC coupled via a
pyrolysis reactor (operated at 1420 °C) to a ThermoFisher Scientific MAT 253 isotope mass
spectrometer (GC-IRMS). The GC temperature program was: 120 °C held for 3 min, heating up to
320 °C with a rate of 5 °C/min and then held for 15 min. 8°H values were calibrated against H,

external reference gas and are reported in %o versus Vienna Standard Mean Ocean Water (V-



SMOW). The H**-factor varied from 5.05 to 5.14 during the measurement period. After every six
runs an externally calibrated standard mixture of 16 n-alkanes was measured. Its long-term
precision and accuracy were 3%o and <1%o, respectively. Analyses were conducted in duplicate
when n-alkane concentrations were high enough. Average reproducibility in replicate analyses of
the n-C3; and n-Cs3 alkanes was 1.1%o and 1.8%o, respectively. Measurement of n-C,g alkane §*H
values was impossible due to coelution with the internal standard (5a-cholestane).

Carbon isotopes were measured using an Agilent 6890 GC coupled via a Thermo Finnigan
Combustion 11 to a Thermo Finnigan Delta Plus XL isotope mass spectrometer (GC-IRMS). The
temperature program was: 50 °C held for 2 min, heating up to 320 °C with a rate of 12 °C/min and
held for 35 min. 8'*C values are reported in %o versus Vienna Pee Dee Belemnite (V-PDB). After
every 3 to 4 samples, an externally calibrated standard mixture of 15 n-alkanes was measured.
Analyses were conducted at least in duplicates when n-alkanes concentrations were high enough.
Average reproducibility in replicate analyses of the n-C3; and n-Csz alkanes was 0.3%o and 0.4%o,
respectively. §"3C values of n-Cg alkane were not considered because of coelution with the internal

standard.

3.3.2 Carbon Preference Index

The odd-over-even predominance of higher plants derived n-alkanes was calculated through the

Carbon Preference Index (CPI), according to the formula from Bray and Evans (1961):

CrstCyy1CrotCs+Cs3 N Cps5tCy71tCo9tCyy +C33> )

CPI=0.5x (
CogtCretCogtCsptCsy  CrgtCrgtCsptCsptCay

where C, indicates the relative concentrations of C,4 to C34 n-alkanes. CPI values in sediments can

be used to trace the level of degradation and/or contamination of the terrestrial organic matter, with



low values (CPI1 <2) indicating diagenetic/catagenetic degradation (e.g. Mayser et al., 2017; Pancost
and Boot, 2004) and/or contamination from recycled and degraded organic matter from older

sediments (Cortina et al., 2016).

4 Results

4.1 Lithological cycles, major and trace element distribution, and total organic carbon

The studied section consists of lithological cycles of shale and marl couplets ranging in
thickness from 50 cm to 1 m (Fig. 1C, D, E, 3). The laminated shales are dark gray to olive (Fig.
1D), while marls are light gray and homogeneous (Fig. 1E); in the pre-MSC cycles (except for cycle
Gmz29) marls are bioturbated. Estimates on sedimentation rates are obtained by dividing the
thickness of each cycle by the time of deposition and vary between 2.3 cm/kyr and 4.9 cm/kyr, with
slightly higher average sedimentation rates in the MSC interval (4.1 cm/kyr) than in the pre-MSC
cycles (3.1 cm/kyr; see Supplementary material). No sedimentation rates are assessed for cycle
Gm33 because of a slumped interval at its top.

The Ti/Al, Si/Al, and Zr/Al ratios display a distinct cyclic pattern with a narrow amplitude.
Lower values are found for shales and higher values for marls (Fig. 3; see Supplementary material),
although locally this pattern is partially blurred, particularly for the Si/Al ratio (Gm31-Gm32
cycles; see paragraph 5.1 for a discussion). Overall, the ratios slightly decrease from the pre-MSC
to the MSC intervals (Fig. 3).

The total organic carbon (TOC) contents vary in accord with lithological cyclicity, with higher
contents (up to 3.1%) found for shales and lower contents (as low as 1.0%) obtained for marls

(Supplementary material).

4.2 n-Alkane distributions and Carbon Preference Index (CPI)



The n-alkanes found in the Govone samples range from C;g to C37 with a strong odd-over-even
predominance (Fig. 4). The most abundant homologues are the n-Cs; and n-Cyg alkanes, followed by
n-C,7 and n-Cgs (Fig. 4; Supplementary material). Longer homologues, i.e. n-Css and n-Cs7, were
also detected. However, n-Cgss coelutes with lycopane (Fig. 4), a compound whose source is still
uncertain (Sinninghe Damsté et al., 2003; Wakeham et al., 1993), while n-Cs; occurs only in trace
amounts. Short chain n-alkanes (n-Cis.23) show commonly very low abundances (< 1.5 ug/g TOC).
The contents of long chain n-alkanes (C,7, Cz9, C31 and Cs33) mirror lithological cyclicity, with
highest contents in shales (up to 156 pg/g TOC) and lowest contents in marls (as low as 10 ug/g
TOC). After the MSC onset, contents of long-chain n-alkanes increase (Fig. 3), reflected by an
almost doubling of average contents from the pre-MSC (34 pg/g TOC) to the MSC cycles (58 ug/g
TOC).

The CPI ranges from 4.3 to 7.7 with highest values in shales (Fig. 3; Supplementary material).
Lower average CPI values (pre-MSC: 6.2; MSC: 5.4; Supplementary material) are found after the
onset of the MSC (Fig. 3). The CPI values are persistently >4 and show that sedimentary TOM is
largely unaffected by recycled organic matter. The pronounced cyclicity reflecetd in proxy patterns
suggests that aging of leaf waxes in soils is negligible (e.g. Aichner et al., 2018; Eglinton et al.,
1997), indicating that possible temporal biases are smaller than the temporal spacing of sample
intervals (minimum temporal spacing for biomarker analyses of ~2 kyr and ~3 kyr for pre-MSC

and MSC, respectively).

42.1 n-Alkanes — carbon and hydrogen isotopes (5*3C and &°H values)

The §'3C values of n-Cs; and n-Cas alkanes vary from —33.7%o to —30.2%o, without a pattern

depending on lithology (Fig. 3; Supplementary material). On average, 5'°C values slightly decrease



in MSC sediments (813C31-a|k: —32.4%o; Casualk: —32.3%0) compared to pre-MSC sediments
(8"Cap.ai: —31.7%0; 8°Caz.anc: —31.3%o; Fig. 3; Supplementary material). The 8°H values of the n-
Ca1 and n-Cg;3 alkanes range from —191%o to —140%o, yielding a cyclic pattern in phase with
lithology. Shales are characterized by “H-depletion compared to marls (Fig. 3; Supplementary
material). Moreover, a shift toward higher §°H values is observed in the MSC interval, mainly

caused by stronger “H-enrichment in shales (Fig. 3).

5 Discussion

5.1 Implications of changing elemental abundances

Fluctuations of Ti/Al, Si/Al, and Zr/Al ratios in marine sediments are commonly used as
climate proxies. These element patterns allow to distinguish between arid phases, where aeolian
input prevails, and humid phases characterized by dominant fluvial input (Calvert and Fontugne,
2001; Calvert and Pedersen, 2007; Martinez-Ruiz et al., 2015; Moller et al., 2012; Natalicchio et al.,
2019; Schnetger et al., 2000; Wehausen and Brumsack, 2000, 1999). During arid phases, Ti is
transported by wind in the detrital silt-sized fraction in the form of heavy minerals such as rutile,
sphene, and ilmenite, resulting in an increase of the Ti/Al ratio in marine sediments (Moller et al.,
2012; Schnetger et al., 2000; van der Laan et al., 2012). During humid climate phases, the Ti/Al
ratio in marine sediments decreases due to higher fluvial input of clay minerals containing Al and a
denser terrestrial vegetation cover, favoring chemical weathering — sink of Ti minerals —and
lowering the deflation potential of the land surface (Moller et al., 2012; Schnetger et al., 2000).
Similarly, Si/Al and Zr/Al ratios can be used to trace increased aeolian input, since wind derived
material like loess is enriched in quartz and zircon, which are resistant to chemical and physical

weathering (Schnetger, 1992; Wehausen and Brumsack, 1999).



In the Govone section, fluctuation of element abundances follows lithological cyclicity (Fig. 3),
although in places this pattern is partially blurred, particularly the Si/Al ratio (Gm31-Gm32 cycles).
The most likely reason for the latter is enrichment of biogenic silica (e.g. Calvert and Pedersen,
2007) or authigenic minerals derived from dissolution and reprecipitation of biogenic silica (Badaut
and Risacher, 1983; Schieber, 1996), which can bias climate reconstructions. Therefore, when using
the Si/Al ratio as paleoclimate proxy, this approach must be validated by other proxies such as
Ti/Al and Zr/Al ratios or the distribution of land-derived lipids (e.g. n-alkanes). Despite some
variability, the lower Ti/Al, Zr/Al, and Si/Al ratios of shales agree with more humid conditions,
whereas the higher element/Al ratios in marls suggest increased aeolian transport during more arid
phases. Interestingly, a trend to lower ratios after the MSC onset suggests that the supply of heavy
minerals and quartz, representing sources of Ti, Zr, and Si, weakened and input of clay minerals,
representing a source of Al, apparently increased. Both scenarios agree with an increase of humidity
during the early phase of the MSC, in line with recent reconstructions for northern, marginal sectors
of the Mediterranean (Natalicchio et al., 2019). Humid to arid climate oscillations have already
been recognized in the pre-MSC cycles of Govone (Bernardi, 2013) and other parts of the
Mediterranean (e.g. Blanc-Valleron et al., 2002; Gennari et al., 2018; Kouwenhoven et al., 2006;
Lozar et al., 2018; Sierro et al., 2003) based on changes in calcareous plankton assemblages
attributed to precessional forcing. The cyclic element patterns described above confirm that the
deposition of the microfossil deprived (pre-MSC) and apparently microfossil free (MSC) Govone
strata was controlled by precession, with shales reflecting more humid phases at precession minima
(insolation maxima) and marls reflecting more arid phases at precession maxima (insolation

minima; see also Natalicchio et al., 2019 for the neigbouring Pollenzo section).

5.2 Controls of climate on input of terrestrial organic matter (TOM)



Long-chain n-alkanes (C,7-33) are lipid biomarkers predominantly sourced by epicuticular leaf
waxes of terrestrial vascular plants (Eglinton and Hamilton, 1967; Eglinton and Eglinton, 2008).
Their highly refractory nature to degradation in the water column and sediments (Diefendorf and
Freimuth, 2017) makes them excellent proxies for tracing the input of terrestrial organic matter
(TOM) to the sediment (Diefendorf and Freimuth, 2017; Mayser et al., 2017; Pancost and Boot,
2004; Pedentchouk and Zhou, 2018; Scheful? et al., 2003; Vasiliev et al., 2019, 2017). Higher
contents of long-chain n-alkanes in the shales than in marls of the Govone section suggest that
TOM input was controlled by precession. The high CPI values (>4) and the observed n-alkanes
distribution confirm that plant waxes were mostly sourced by coeval terrestrial vegetation of the
Piedmont Basin hinterland through fluvial transport, while aeolian transport was apparently of only
minor importance (cf. Natalicchio et al., 2019). Taken together, such patterns confirm that TOM
input was higher during humid phases at insolation maxima, corresponding to times of shale
deposition and low element/Al ratios. Moister conditions favored the growth of vegetation in the
hinterland and triggered more intense riverine runoff (Natalicchio et al., 2019), resulting in higher
contents of long chain n-alkanes in shales. At times of marl deposition during more arid phases
dominated by aeolian transport, the input of TOM and river discharge were significantly reduced
(cf. Natalicchio et al., 2019).

Apart from the variability between the different lithologies, a general increase of long chain n-
alkane contents occurred after the onset of the MSC (Fig. 3). Such increase may reflect progressive
shallowing of the basin along with a displacement of the coastline toward the basin depocenter or an
increase of humidity, resulting in denser vegetation and more transport of TOM to the basin. Since
neither sedimentological characteristics, nor geological regional reconstructions (e.g. Dela Pierre et
al., 2011) indicate abrupt shallowing, the increase of n-alkane contents and the lowering of CPI
values rather point to a shift toward more humid conditions after the advent of the crisis. Such
change toward moister conditions enhanced (1) soil weathering and the associated degradation of

plant waxes in soils (Luo et al., 2012) and (2) riverine runoff and transport of TOM to the basin.



This scenario is consistent with the observed increase of sedimentation rates from the pre-MSC (3.1

cm/kyr on average) to the MSC interval (4.1 cm/kyr on average).

5.3 Source of terrestrial organic matter: Insights from compound-specific carbon isotopes

The 8"*Ca1.33.a1¢ values obtained for the Govone section ranging from —33.7%o to —30.2%o
indicate the predominance of C;3 vegetation in the hinterland of the Piedmont Basin. C3 plants,
mostly trees and shrubs adapted to cooler and humid conditions, use the Calvin-Benson-Bassham
cycle and synthesize **C-depleted long chain n-alkanes (8*Cp.aic ~ —34%o). Conversely, C plants,
mostly grasses adapted to warm and arid conditions, use the Hatch-Slack pathway and produce less
13C-depleted lipids (8*3Cp.ai ~ —21%o; Collister et al., 1994; Naafs et al., 2012; Tipple and Pagani,
2010). The predominance of C3 plants in the Messinian of the working area was already recorded
using lipid biomarkers (Pollenzo section; Natalicchio et al., 2019), paleobotanical data (pollen and
macrofossils), and paleovegetation models (Bertini, 2006; Bertini and Martinetto, 2011, 2008;
Fauquette et al., 2006; Favre et al., 2007). All proxies indicate the predominance of arboreal C;
plants, whereas herbs were very scarce at least during insolation maxima. According to Bertini and
Martinetto (2011), land plants were mostly represented by subtropical humid taxa in lowlands and
conifers in uplands. However, only the subtropical-humid taxa are likely sources of n-alkanes in the
studied section; otherwise chain distribution pattern of n-alkanes would be different. The two main
conifer families reported for the Piedmont Basin are Pinaceae and Cupressaceae (Bertini and
Martinetto, 2011, 2008). Pinaceae produce very low amounts of plant waxes or even none
(Diefendorf et al., 2015), whereas Cupressaceae produce abundant Csz3 to C37 odd-numbered n-
alkanes (Diefendorf et al., 2015; Diefendorf and Freimuth, 2017). These n-alkanes are minor
constituents in the Govone sediments, therefore conifers are at best a minor source of n-alkanes.
The almost identical 8*C.ai values in the marls relative to shales further suggest that subtropical

Cs plants still dominated at precession maxima even after the MSC onset. Since the MSC marls in



intermediate to deep basins are considered as time equivalents of the marginal gypsum deposits (i.e.
the PLG unit; Dela Pierre et al., 2011; Manzi et al., 2007; Natalicchio et al., 2019), our new data
provide information on the type of vegetation at insolation minima during the first stage of the
MSC; information that was not available before due to the absence of pollen and plant fossils in
evaporites (cf. Bertini, 2006).

To sum up, little variability of 8*3C values of long chain n-alkanes in the Govone section point
to the persistence of subtropical forests dominated by Cs plants throughout the investigated interval
(i.e. between 6.07 and 5.92 Ma). Furthermore, slightly lower 8*C values in the upper part of the
section probably reflect reduced water stress for C3 plants caused by an increased humidity after the
MSC onset. Reduced water stress decreased water use efficiency of plants, leading to enhanced
isotope fractionation upon uptake of carbon dioxide and hence lower "*C values of leaf waxes (e.g.
Diefendorf and Freimuth, 2017; Madhavan et al., 1991). Such pattern suggests that during the
earliest phase of the MSC, the precession-paced climate in the northern Mediterranean never
became arid as seen for the central or southern parts of the Mediterranean, which were instead
dominated by an open, xeric vegetation (Bertini et al., 2006; Bertini and Martinetto, 2011, 2008;

Fauquette et al., 2006; Favre et al., 2007; Suc and Bessais, 1990).

5.4 Hydrological changes across the onset of the MSC: Insights from compound-specific

hydrogen isotopes

The 8°H values of terrestrial plant n-alkanes (5°H,..i) preserved in sediments represent a
powerful tool for unraveling paleohydrological and paleoclimatic changes on continents (e.g.
Andersen et al., 2001; Vasiliev et al., 2017, 2015). The hydrogen isotopic signature of plant n-
alkanes mainly depends on the 8°H value of meteoric water, the main hydrogen source for terrestrial
plants (Sachse et al., 2012), and, to a lesser extent, on isotope enrichment due to evapotranspiration

and water-use efficiency of the respective plant (Kahmen et al., 2013a, 2013b; Sachse et al., 2012;



Tipple and Pagani, 2010). In particular, “H-enrichment in waxes can result from (1) reduced
rainfall, (2) increased evapotranspiration, (3) a high condensation temperature under warmer
climate, (4) replacement of C3 grasses by C, grasses, (5) downslope movements of vegetation belts,
or (6) a change toward a “H-enriched moisture source (Collins et al., 2013; Dansgaard, 1964;
Herrmann et al., 2017; Hou et al., 2008; Jaeschke et al., 2018; Kahmen et al., 2013a, 2013b; Risi et
al., 2008; Rozanski et al., 1993; Sachse et al., 2012; Tipple and Pagani, 2010).

In the Govone section, §*Hy.ai Values show a cyclic pattern in phase with lithological cyclicity
(with more negative 8°H,.ai values in shales) and other paleoclimatic proxies such as element/Al
ratios and n-alkane contents (Fig. 3). Such a pattern suggests that 8°H variability was influenced by
climate change at precession scale. Because 8*C..i values indicate persistent Cs plant dominance,
a change of vegetation can be excluded. Similarly, downslope and upslope vegetation shifts are
unlikely to have caused such oscillations, although some minor effects cannot be excluded. In fact,
to produce the observed differences in 8*Hy.ai values between precession maxima and minima,
altitudinal shifts of about 1000 m are needed; for modern environments gradients of 15-20%./1000
m have been reported (Jaeschke et al., 2018 and references therein). In the modern and Messinian
alpine environments, characterized by strong vegetation zonation, it is unlikely that shifts of such
high magnitude may have occurred without a change in C3 vegetation (e.g. conifer expansion). Such
a severe shift is not recorded in the Govone data set. Therefore, the main cause of §*Hy.aik
fluctuations must have been climate change driven by precession, including changes in (1) the
amount and intensity of rainfall, (2) evapotranspiration, (3) temperature, and (4) relative moisture
sources.

In the present-day northern Mediterranean south of the Alps, moisture is mainly sourced from
the Western Mediterranean, the North Atlantic and, to a lesser extent, from Central Europe (e.g.
Celle-Jeanton et al., 2001; Drumond et al., 2011; Gmez-Hernandez et al., 2013; Sodemann and

Zubler, 2010). The resulting precipitation is typified by mixed 8”H signatures, with the North



Atlantic supplying “H-depleted rainfall compared to the Mediterranean. Unfortunately, no data are
available for moisture sourced from central Europe (Celle-Jeanton et al., 2001). Interestingly,
climate models indicate that at least until the Pleistocene, the Western and northern Mediterranean
were affected by precession-driven changes in the intensity of the Mediterranean storm track
(Kutzbach et al., 2014; Toucanne et al., 2015). The Mediterranean storm track is related to the
extension of North Atlantic depressions toward the Mediterranean, bringing additional precipitation
from the North Atlantic during insolation maxima (Meijer and Tuenter, 2007; Toucanne et al.,
2015).

Assuming similar moisture sources for the northern Mediterranean during the Late Messinian
and considering that the Piedmont Basin was influenced by precession-controlled climate
oscillations (Natalicchio et al., 2019), we suggest that the lower *H,.ai values in shales reflect a
higher contribution of moisture from the North Atlantic during insolation maxima when the
Mediterranean storm track was more intense (Fig. 5A). The resulting increased rainfall and lower
evapotranspiration contributed to “H-depletion of long chain n-alkanes. As insolation maxima are
expected to coincide with higher temperatures, the temperature effect cannot explain our
observations. Conversely, the higher §°H,.ai values in marls would indicate a weakening of the
Mediterranean storm track at insolation minima (cf. Kutzbach et al., 2014; Toucanne et al., 2015),
resulting in (1) relatively increased “H-enriched moisture from Mediterranean sources, (2)
decreased precipitation, and (3) higher evapotranspiration rates (Fig. 5B). Expected lower
temperatures had apparently not a major effect on the “H isotope patterns.

The increase of §°Hy.ai values across the MSC onset is mostly due to higher values in shales.
Such a pattern would suggest an overall shift towards more arid conditions at first glance. However,
this interpretation would be in conflict with the other proxies (lower element/Al ratios, increased
contents of long chain n-alkanes, their lower CP1 and lower §"*C-values) and the paleovegetation

reconstructions for the northern Mediterranean (e.g. Bertini and Martinetto, 2011), all pointing to an



increase of humidity after the MSC onset. We consequently put forward the scenario that the
observed “H-enrichment was caused by a progressively increasing moisture contribution from the
Mediterranean. The observed increase of 8*Hy.ai values coincided with a reduction of the Atlantic-
Mediterranean connection at the onset of the MSC (cf. Flecker et al., 2015; Krijgsman et al., 2018;
Roveri et al., 2014). Indeed, climate simulations for the Mediterranean area in the Late Miocene
predict that the net hydrological budget, especially in the Western Mediterranean, was smaller than
today because of basin restriction (Gladstone et al., 2007; Marzocchi et al., 2016; Meijer and
Tuenter, 2007; Simon et al., 2017). It is consequently likely that evaporation was enhanced,
resulting in an increased supply of “H-rich moisture from the Mediterranean (Fig. 5C). Due to these
changes (1) “H became enriched in Mediterranean seawater (2) as well as in Mediterranean-derived
moisture, and (3) Mediterranean-sourced (*H-enriched) precipitation increased, causing an increase

of humidity in the northern Mediterranean across the onset of the MSC.

6 Conclusions

The distribution of major elements and plant-wax derived long chain n-alkanes, as well as their
8"3Cn.ai and 8”Hy.ai values, allowed tracing climate variability and hydrological changes in the
northern Mediterranean basin across the onset of the Messinian salinity crisis (MSC). In the studied
Govone section, fluctuations of major and trace elements (Ti/Al, Si/Al, Zr/Al ratios) and of long
chain n-alkane contents are in phase with lithological cyclicity, confirming the control of
precession-paced climate change on the deposition of pre-MSC and MSC strata. The observed
cyclic pattern is mirrored by the §°H values of long chain n-alkanes, indicating the same precession-
controlled driving forces had induced hydrological change. Shales, characterized by lower
element/Al ratios and lower 8*H,.qi values as well as higher long chain n-alkane contents, were

deposited under more humid conditions and higher riverine runoff at precession minima. Moister



climate was favored by an intensified Mediterranean storm track, supplying *H-depleted moisture
from the North Atlantic. Conversely, marls with their higher element/Al ratios, higher §*Hp-ax
values, and lower long chain n-alkane contents reflect drier climate and reduced continental input at
precession maxima and times of a weakened Mediterranean storm track. The 8'°Cy.ai values
indicate that C3 plants were the dominant source of terrestrial organic matter, agreeing with a
persistently humid climate in the northern Mediterranean. Moreover, an increase of humidity, which
is superimposed on the precession-controlled climate fluctuations, is inferred for the early phase of
the MSC in the study area. This shift most likely reflects a hydrological change in the
Mediterranean triggered by further restriction of the Atlantic-Mediterranean connection, which
enhanced evaporation of Mediterranean seawater. Such evaporation produced “H-enriched

moisture, which led to progressively “H-enriched precipitation in the study area after the onset of

the MSC.
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Figure captions

Fig. 1. (A) Structural sketch map of the Piedmont Basin indicating the location of the Govone section
(modified from Bigi et al., 1990). Insert in the top left corner: Piedmont Basin position (star) and distribution
of the Messinian evaporites on the Italian peninsula and in the Western Mediterranean (modified from
Natalicchio et al., 2019). Gray dotted lines indicate the isobaths of the base of the Pliocene. (B) Stratigraphic
relationships among the Messinian deposits of the Piedmont Basin along a N-S profile, with the position of
the Govone section (modified from Dela Pierre et al., 2011). (C) Overview of the Govone lithological cycles
deposited across the Messinian salinity crisis onset (red line). The insets indicate the position of figures D
and E. (D) Laminated pre-MSC shale. Note lamination. (E) Homogenous pre-MSC marl. MSC: Messinian

salinity crisis; PLG: Primary Lower Gypsum unit



Fig. 2. (A) Govone section (Bernardi, 2103) tuned with astronomical solution (65° N summer insolation;
Laskar et al., 2004) and correlated with the Perales section (Spain; Manzi et al., 2013; Sierro et al., 2001).
(B) The investigated interval (cycles Gm26 — Gm33). FAQ: first abundant occurrence; MSC: Messinian

salinity crisis.

Fig. 3. From left to right of the Govone section: Si/Al, Ti/Al and Zr/Al ratios; sum of the odd-numbered Cy;-
Cs3 n-alkanes; Carbon Preference Index (CPI); compound-specific carbon (8"3C,.ai) and hydrogen (8*Hi-ai)
stable isotope compositions. Error bars are indicated where measurements have been conducted at least in
duplicate. Shaded pale green areas indicate shales. Ages reflecting the midpoint of shale layers (far left) are

from Manzi et al. (2013).

Fig. 4. Partial GC-MS chromatograms (m/z 71) of sedimentary n-alkanes of two representative samples of
shale (left) and marl (right). The n-Cs5 alkane coelutes with lycopane (Ly). Note the relative intensity of the
internal standard (IS) compared to the n-alkanes, indicating the higher content of lipids in shales compared to

marls.

Fig. 5. Paleoclimatic and paleohydrological reconstruction of the Piedmont Basin at precession
minima/insolation maxima (A) and precession maxima/insolation minima (B) across the onset of the MSC.
(C) Reconstruction of the northern Mediterranean hydrological pattern during the early MSC. Areas of major
evaporation (according to Gladstone et al., 2007) are indicated in shades of blue. Green shaded area indicates
the northern Mediterranean. Paleogeography modified from Popov et al. (2006). G: Govone section; MSC:

Messinian salinity crisis; N. Atlantic: North Atlantic; W. Med.: Western Mediterranean.



Highlights
e Proxies indicate climate change driven by precession in the Northern Mediterranean
e (C;vegetation dominated after the onset of the crisis at precession maxima
e Source areas of moisture varied as a function of precession

e Humidity increased after the onset of the Messinian salinity crisis
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