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Abstract

The Central Mallorca Depression (CMD) located in the Balearic Promontory
(Western Mediterranean) contains a well-preserved evaporitic sequence belong-
ing to the Messinian Salinity Crisis (MSC) salt giant, densely covered by high-
and low-resolution seismic reflection data. It has been proposed recently that
the MSC evaporitic sequence in the CMD could be a non-deformed analogue
of the key MSC area represented by the Caltanissetta Basin in Sicily. This pre-
sumed similarity makes the CMD an interesting system to better understand the
MSC events. Physics-based box models of the water mixing between sub-basins,
built on conservation of mass of water and salt, help constrain the hydrologi-
cal conditions under which evaporites formed during the MSC. Those models
have been widely used in the literature of the MSC in the past two decades. They
have been mostly applied to the Mediterranean Sea as a whole focusing on the
Mediterranean—Atlantic connection, or focusing on the influence of the Sicily Sill
connecting the Western and Eastern Mediterranean Sea. In this study, we apply a
downscaled version of such modelling technique to the CMD. First, we quantify
the present-day volumes of the MSC units. We then use a reconstructed pre-MSC
paleo-bathymetry to model salinity changes as a function of flux exchanges be-
tween the CMD and the Mediterranean. We show that a persistent connection
between the CMD and the Mediterranean brine near gypsum saturation can ex-
plain volume of Primary Lower Gypsum under a sea level similar to the present.
For the halite, on the contrary, we show that the observed halite volume cannot
be deposited from a connected CMD-Mediterranean scenario, suggesting a draw-
down of at least 850m (sill depth) is necessary. Comparison between the deep
basin halite volume and that of the CMD shows that it is possible to obtain the
observed halite volume in both basins from a disconnected Mediterranean basin
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1 | INTRODUCTION

The reduction of water exchange between the Atlantic
and Mediterranean caused by the tectonic uplift of the
Gibraltar arc during the Late Miocene Messinian Salinity
Crisis (MSC; 5.97-5.33 Ma) led to the deposition of a large
evaporitic body, also known as the Mediterranean Salt
Giant, in a relatively short geological time interval of ca.
640kyr (CIESM, 2008; Hsii, 1973; Krijgsman et al., 1999;
Ryan, 1973). It has been suggested that deposition of
the Mediterranean MSC salt giant has greatly affected
the global oceans, by sequestering up to ca. 6%-10% of
their salt content into the Mediterranean Sea (Garcia-
Castellanos & Villasefior, 2011; Haq et al., 2020). The
mechanisms and time spans for the deposition of the MSC
evaporites are still not clear and highly debated despite
the numerous studies in the last half century, although
a generally accepted chronostratigraphic model that di-
vides the MSC events into three stages has been proposed
(CIESM, 2008; Roveri, Flecker, et al., 2014). According
to this model, the onset of the MSC is marked, at least in
marginal basins (<200m paleo-depth), by up to 16 pre-
cessionally driven cycles of gypsum intercalated with
marls/carbonates, also called the Primary Lower Gypsum
(PLG). The deposition of the PLG took place during the
first stage of the MSC (stage 1; 5.971-5.60 Ma; Krijgsman
et al., 1999; Lugli et al., 2010). It was followed by stage
2 (5.60-5.55Ma), in which part of the PLG was removed
(by erosion and/or as mass transport deposit) and resedi-
mented as Resedimented Lower Gypsum (RLG) (Clauzon
et al., 2015; Manzi, Roveri, et al., 2021; Roveri et al., 2006),
and a halite unit was deposited in intermediate (ca. 200 to
1000 m paleo-depth; e.g., Caltanissetta Basin and Central
Mallorca Depression; Lugli et al., 1999; Raad et al., 2021)
to deep basins (>1000m paleo-depth; e.g., Provencal and
Levant basins; Lofi et al., 2011). During this stage, mar-
gins and slopes underwent intense erosion of subaerial
origin according to some authors (e.g., Clauzon, 1978;
Lofi et al., 2005) or of submarine origin according to oth-
ers (e.g., Roveri, Manzi, et al., 2014). The third and last
MSC stage is divided in two substages, substage 3.1 (5.55-
5.42Ma) in which the Upper Evaporites (UE) deposited
in hypersaline conditions (Manzi et al., 2009), and sub-
stage 3.2 (5.42-5.33 Ma) which witnessed more hyposaline

undergoing drawdown, although determining the average salinity of the Western
Mediterranean basin at the onset of drawdown requires further investigation.

Central Mallorca Depression, evaporites, Messinian Salinity Crisis, modelling

Highlights

« Gypsum saturation was reached in the upper
layer of the Mediterranean during stage 1 of the
Messinian Salinity Crisis.

o Primary Lower Gypsum deposition was not
limited to shallow (<200 m) silled basin.

A high amplitude drawdown >850m occurred
in the Western Mediterranean during the sec-
ond stage of the crisis.

 Halite emplacement in the intermediate basins
is diachronous from the deep basin halite.

conditions, also known as the Lago Mare phase (Andreetto
et al., 2021).

Several aspects and implications of the consensus model
remain ambiguous and continuously questioned. For exam-
ple, whether the halite deposition took place synchronously
and exclusively during stage 2 (Manzi et al., 2018; Manzi,
Gennari, et al., 2021; Roveri, Flecker, et al., 2014) or started
already during stage 1 (Meilijson et al., 2018, 2022). Another
controversy is whether the isolated conditions persisted
during the whole stage 3 or the Atlantic-Mediterranean
connection was restored at the beginning of that stage
(Andreetto et al., 2021), with a Mediterranean probably
supplied also by Paratethyan brackish water (Marzocchi
et al., 2016). Many more aspects continue to puzzle regard-
ing the MSC: the amplitude and duration of the main water
level drawdown, the reason for the absence of evaporites
on most of the shelves and slopes of the open deep basins,
the cause of lack of a clear paleo-depth distribution of ha-
lite (e.g., deep halite-free Valencia Basin versus shallower
Balearic Promontory containing halite; Heida et al., 2021).

The Balearic Promontory (BP), a prominent high in
the Western Mediterranean (Figure 1), presents a unique
opportunity to investigate the formation of the MSC evap-
orites, thanks to the well-preserved evaporitic units depos-
ited since the beginning of the crisis (Driussi, Maillard,
et al., 2015; Maillard et al., 2014; Ochoa et al., 2015; Raad
etal., 2021). Lying between Mallorca and Ibiza, the Central
Mallorca Depression (CMD) contains the most complete
and least tectonically deformed evaporitic sequence in the
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FIGURE 1 Map of the MSC units over the Balearic Promontory (BP), Valencia Basin and Algerian Basin. Our study area focuses on
the Central Mallorca Depression (CMD) located between the islands of Mallorca and Ibiza, which contains several Bedded Units (BUs)
and a Halite unit geometrically/attitudinally separated from the deep basin's Mobile Unit (MU) and Upper Unit (UU). MSC units of the

BP are modified from Raad et al. (2021). Onland geology of the Balearic Islands is modified from geological map of Spain 1:50000 (IGME).
Thin white lines in the background represent the present-day Bathymetry taken from the European Marine Observation and Data network
(EMODnet) database available online (www.emodnet-bathymetry.eu). Thin black lines represent the paleo-bathymetry at the start of the
MSC, modified after Heida et al. (2021). Arrows indicate the present day currents (from Pinot et al. (2002) and Liidmann et al. (2012)). BC,

Balearic Current; NC, Northern Current.

BP, including halite (Maillard et al., 2022; Raad et al., 2021).
This sequence has been studied and accurately mapped
recently by several authors (Figure 1) (Driussi, Maillard,
et al., 2015; Maillard et al., 2014; Raad et al., 2021). Most
recently, Raad et al. (2021) showed that the MSC evap-
oritic sequence in the CMD could be an undeformed
analogue of the intermediate-depth Caltanissetta Basin in
Sicily, a rare example of onshore record holding MSC ha-
lite, which makes the CMD an interesting place to study
for furthering our understanding of the MSC.
Physics-based models help in examining some hy-
drological factors under which the MSC evaporites
formed. Those models have been widely used in MSC
research in the past two decades (Blanc, 2000, 2006;
Krijgsman & Meijer, 2008; Meijer, 2006, 2012; Meijer &
Krijgsman, 2005; Simon et al., 2017; Topper et al., 2011;
Topper & Meijer, 2013). All those studies worked on

a Mediterranean scale aimed at the Atlantic-Western
Mediterranean and Western-Eastern Mediterranean
connections through the Gibraltar and Sicily straits,
respectively. In this study, we scale down as we apply
models based on conservation of mass of water and salt
and a simplified representation of strait dynamics, on
a single sub-basin within the Western Mediterranean,
the CMD (Figure 1). A similar approach has been
applied recently in the Sorbas Basin using such models
by Modestou et al. (2017). In the CMD, the presence of
a good, high- and low-resolution seismic reflection data
coverage allows the determination of the thicknesses
and respective volumes of the evaporites (Figure 2a). In
addition, the availability of a restored pre-MSC paleo-
bathymetry published recently by Heida et al. (2021),
allows the establishment of the hypsometry of the basin
during the MSC.
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FIGURE 2 Thickness maps of the MSC units of the CMD. (a) Thickness map in TWTT of the whole MSC units, including all BUs and
Halite in TWTT. (b) Thickness map in metres of BU1 + BU2 interpreted as stage 1 MSC Lower Evaporites (LE), with gypsum content ranging
between of about 80% (see text and Table 1 for explanation). (¢) Thickness map in metres of the halite unit. (d) Thickness map in metres of

BU3 interpreted as MSC stage 3 Upper Evaporites (UE). The white thin lines mark the locations of seismic profiles used to map the deposits.

The main objectives of this study are to: (1) establish the
hydrological conditions (salinity and fluxes) and mecha-
nisms under which the evaporites (gypsum and halite) in the
CMD formed during MSC stages 1 and 2, and (2) examine the
amplitude of a potential water level drawdown in the CMD
needed to explain the required hydrological conditions.

To reach these objectives, we use the calculated vol-
umes of the MSC evaporites and the restored pre-MSC
bathymetry to (1) make water budget calculations of the
CMD and compare those with the observed evaporitic vol-
umes, (2) test the factors (fresh water budget and fluxes)
controlling the salinity of the CMD as an isolated basin,
(3) calculate the fastest evolution possible of the CMD and
Valencia Basin in terms of salinity and time to deposit the
observed evaporites, and (4) discuss our results and ob-
servations in the frame of the whole Mediterranean Salt
Giant complex and compare them to the consensus model.

2 | GEOLOGICAL BACKGROUND

The present-day BP is characterized by a series of sub-
basins lying at a wide range of depths (Figure 1; e.g.,

—650m Elche Basin and —1700 m Formentera Basin).
They show different levels of inter-basinal connection
and all contain MSC sediments up to ca. 500m thick
(Figures 1 and 2; Driussi, Briais, & Maillard, 2015;
Ochoa et al., 2015; Raad et al., 2021). The MSC sedi-
ments of the BP have been mainly studied through
seismic reflection data due to the absence of explora-
tory scientific boreholes. They consist of Bedded Units
covering most of the BP area (BU sensu Lofi, 2018; Lofi
et al., 2011; divided subsequently into BU1, BU2 and
BU3 by Raad et al., 2021; Table 1) as well as salt patches
present in some sub-basins depocentres (Figure 1)
(Acosta et al., 2004; Driussi, Maillard, et al., 2015;
Heida et al., 2021; Maillard et al., 2014; Mauffret, 1977;
Raad et al., 2021). The sub-basins are believed to have
inherited their structure from the pre-Messinian tec-
tonic evolution of the promontory, and thus to have
been preexisting topographic lows during the MSC al-
lowing the accumulation of evaporites (Driussi, Briais,
& Maillard, 2015; Sabat et al., 2011).

In this work, we focus mainly on the CMD, an
intermediate-depth (sensu Roveri, Flecker, et al., 2014)
sub-basin containing a well-preserved MSC sequence.
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TABLE 1 Characteristics and parameters of the MSC units present in the CMD

Velocity for

Thickness
(metres)

Evaporitic

Total
clastic ratio volume (m®) volume (m?)

Evaporites/

TWTT to depth
conversion

MSC stage and

duration

Bounding surfaces

Interpreted lithology

MSC unit

Base: Conformable Top: TES

40-180m

2.99E+11

3.73E+11

80%

Stage 1(5.97-5.60Ma) 4500m/s (Ochoa

Selenitic gypsum

BU1 = LE (PLG)

etal., 2015)

intercalated with marls

Base: Conformable Top:

40-180m

2.99E+11

3.73E+11

80%

Pelagic gypsum intercalated Stage 1(5.97-5.60Ma) 4500m/s

LE

BU2

Conformable
Base: Conformable Top: IES

with marls

Halite

9.63E+10 280m

9.63E+10

100%

Stage 2 (5.60-5.55Ma) 4780m/s (Samperi

Salt unit

et al., 2020)

BU3 =UE+LM? Alternations of gypsum and Stage 3 (5.55-5.33Ma) 3500m/s

Base: IES Top: Conformable

8.14E+10 150m

1.63E+11

50%

clastics

Abbreviations: BU, bedded unit; IES, intermediate erosion surface; LE, lower evaporites; LM, Lago Mare; PLG, primary lower gypsum; TES, top erosion surface; UE, upper evaporites.

2.1 | The Central Mallorca Depression:
Present-day versus paleo-topography

Today, the maximum water depth of the CMD reaches
—1050m (Figure 1; Acosta et al., 2004). The CMD is sur-
rounded by the gently dipping slopes of Mallorca and
Ibiza to the NNE and WSW, respectively. It is connected
northward to Valencia Basin through the ca. 730m deep,
ca. 20km wide Mallorca Channel (Pinot et al., 2002), and
southward to the Algerian Basin through the ca. 1000m
deep, ca. 30km wide channel that we call the Formentera
Channel (Figure 1). The CMD underwent limited post-
MSC tectonics with some local deformation caused by
extension and strike-slip motions (Acosta et al., 2004; Sabat
et al., 2011), which guaranteed a good preservation of the
MSC deposits. Other sources of vertical motions, such as
isostatic subsidence, compaction and thermal subsidence,
did not strongly affect the CMD due to the nature of the
lithosphere below the BP and the limited extent and thick-
ness of the sediments (Heida et al., 2021 and references
therein). Heida et al. (2021) applied a pseudo-3D backstrip-
ping restoration of the Messinian paleo-topography of a
large area in the Western Mediterranean, including the BP.
They obtained pre-MSC paleo-depths of the BP sub-basins
ranging from ca. 550m (e.g., Cogedor Basin) to ca. 1800 m
(e.g., Formentera Basin). The CMD was at ca. 1500m in its
deepest part (Figures 1, 3 and Table 3; Heida et al., 2021),
whereas the Mallorca and Formentera channels were at
750m and 850m (+50m; Heida et al., 2021) respectively
(Sill 02 and Sill 01, respectively, in Figures 1 and 3).

2.2 | Present-day hydrography and water
masses in the Central Mallorca Depression

Generally, four water masses can be distinguished in the
Western Mediterranean: the Modified Atlantic Surface
Water; the Levantine Intermediate Water; the Western
Mediterranean Deep Water; and the Bottom Water (La
Violette, 1994, Liidmann et al., 2012; Pinot et al., 2002).
The Mallorca and Ibiza channels play a main role in
the regional water exchange and circulation of those
water masses. In particular, the Northern Current car-
rying northern waters from the Gulf of Lions southward
along the continental slope of the Valencia Basin is in
part blocked by the Balearic Islands and consequently
bifurcates north of Ibiza. One branch, called the Balearic
Current, passes through the Ibiza and Mallorca chan-
nels into the Algerian Basin (Figure 1). Several studies
surveyed and quantified the present-day oceanographic
parameters of these currents (water exchanges, fluxes,
salinities) across the Mallorca Channel (Barcelo-Llull
et al., 2019; Pinot et al., 2002; Vargas-Yafiez et al., 2020).
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FIGURE 3 3D paleo-bathymetry of the CMD at the beginning of the MSC. The CMD is connected to the deep basin through two
silled channels/connections. Sill 01 is deeper and is the one that is used in the modelling as a connection between the CMD and the open

Mediterranean. A-A’ is a 2D profile highlighting the geometry of the CMD and the sills. The violet and yellow polygons represent the
present-day extension of the gypsum and halite, respectively. They are 2D polygons projected above the 3D paleo-bathymetry.

The fresh water from river runoff reaching the CMD is
very limited (<<10 m?>/s; Table 3) with minor river catch-
ments draining from the Tramuntana and Central ranges
onshore Mallorca, and the central part of Ibiza Island
(Figure 1; Garcia et al., 2017 and references therein). Most
of the catchments are draining mainly Mesozoic carbon-
ates (Figure 1).

2.3 | Messinian Salinity Crisis in the
Central Mallorca Depression

So far, only two studies were dedicated to the MSC de-
posits in the CMD. Maillard et al. (2014) were the first to
study and map the BUs and to image the salt offshore at an
intermediate depth. The authors present all possible sce-
narios for the deposition of the MSC sediments based on
the observed features and markers (see their Figure 12).
In the most recent study dedicated to the MSC deposits

in the BP, Raad et al. (2021) made a step forward by di-
viding the BUs into three sub-units (Table 1) based on
their seismic-stratigraphic position and seismic facies.
Including the salt unit, they performed a unit-by-unit
comparison to the MSC evaporites outcropping in the
Sicilian Caltanissetta Basin. Following their division and
comparison, Raad et al. (2021) interpreted the MSC units
of the CMD and proposed a depositional model as follows
(see their Figure 10 and discussion for a detailed descrip-
tion and interpretation of each unit):

« BU1:equivalent to the PLG and deposited during stage
1 of the MSC (Table 1). It is the only drilled MSC unit
of the BP and is made of a succession of precession-
driven cycles of selenitic gypsum and marls (Ochoa
et al., 2015). This unit is topped by a clear erosional
surface everywhere on the BP (Maillard et al., 2014;
Ochoa et al.,, 2015; Raad et al., 2021). In the CMD,
BU1 reaches a maximum thickness of ca. 180m in

85UB017 SUOLILLIOD BAIERID 8ot |dde aup Aq peusenoh ae s3joe WO ‘8sn JO S9INn 10y Afeiq1 8UIIUO A8]IM UO (SUORIPUOD-PLE-SWISHALID™AS | 1M AReiq 1 BU1|UO//SANY) SUORIPUOD PUe SWis | 84} 835 *[7202/0T/60] UO A%1q178Ul|uO AB|1IM ‘80ueld 8URIY00D AQ 20T 810/TTTT OT/I0p/W00 A8 1M ARIq1eu U0/ SdNY WOy pepeojumoq ‘T ‘€202 ‘LTTZSIET



RAAD ET AL.

Basin £ EAGE —W LEYL

the proximal domain (Figure 2b) when it is preserved.
It thins towards the distal domain (ca. 40 m), and/or
where it is eroded by paleo-incisions (Figure 2b; Raad
etal., 2021).

« BU2: possible time equivalent of BU1 (i.e., MSC stage 1),
it would represent its distal facies equivalent. According
to Raad et al. (2021), this unit likely consists mainly of
cumulate gypsum, alternated with non-evaporitic sed-
iments. The cumulate gypsum is commonly known to
form in a supersaturated water column in which gyp-
sum crystals nucleate at the top or within water col-
umn and then precipitate and settle on the seafloor as
laminar gypsum (Babel & Schreiber, 2014; Hardie &
Lowenstein, 2004; Natalicchio et al., 2021). No erosional
features mark the top or the base of this unit. Both BU1
and BU2 were deposited during a high stand and then
followed by an important base level drawdown, during
which only BU1 was exposed.

« Salt unit: it consists mainly of halite and might include
more soluble salts (K- and Mg- salts), similar to the
salts observed in Caltanissetta Basin (Lugli et al., 1999;
Manzi et al., 2012). The salt unit in the CMD is trun-
cated at its upper limit by an erosional surface, probably
due to exposure and/or dissolution in relatively shallow
water when the maximum base level drawdown was
reached. It reaches a maximum thickness of ca. 280 m
in the deepest depocentre (Figure 2c).

« BU3: this unit is interpreted as the equivalent of the
Upper Evaporites of the Caltanissetta Basin, and consist-
ing of alternating terrigenous and gypsum beds deposited
during stage 3 of the MSC (Table 1). It lies unconformably
above the BU1 and the salt. It lies conformably below
the lowermost Pliocene pelagic sediments. BU3 reaches
thicknesses up to ca. 170 m (Figure 2d). It shows no phys-
ical relationship or continuation with the deep basin's
MSC evaporites. For this reason Raad et al. (2021) and
Heida et al. (2021) concluded that the CMD was discon-
nected from all the surrounding basins during the final
stage of the MSC, before getting reconnected during the
Zanclean reflooding with the rest of the Mediterranean
at the end of the crisis (Garcia-Castellanos et al., 2009).
In this scenario, the sulphate ions needed for gypsum
precipitation are exclusively derived from dissolution of
stage 1 PLG (Andreetto et al., 2021; Ryan, 2009).

3 | DATA AND METHODS

3.1 | Seismic dataset and volume
calculations

We use widespread high- and low-resolution seismic
reflection profiles to calculate the volumes of the MSC

units in the CMD (Figure 2a). This dataset has been in-
terpreted, described and used in several previous stud-
ies (e.g., Bellucci et al., 2021; Maillard et al., 2014; Raad
etal., 2021). Following the interpretation of the MSC units
on the seismic profiles, a thickness map for each unit was
created (Figure 2) using the internal velocities presented
in Table 1 for the time to depth conversion.

For the volume calculations, we consider 80% of the
total volume of BU1 (=PLG) and BU2 as gypsum, since
elsewhere around the Mediterranean the PLG cycles con-
tain only thin non-evaporitic intercalations and much
thicker gypsum beds (Table 1; e.g., Lugli et al., 2010;
Ochoa et al., 2015 for the BP offshore area; Garcia-Veigas
et al., 2018; Mas & Fornos, 2020). For the BU3 (=UE)
we consider only 50% of its volume as gypsum since the
gypsum:non-evaporitic deposit ratio of the UE is lower
than the PLG (Table 1; e.g., Manzi et al., 2009 for Sicily;
Manzi et al., 2016 for Cyprus; Lugli et al., 2015 for the
Upper Unit in offshore DSDP and ODP sites). No such
assumptions are made for the halite volume as we con-
sider the entire salt unit as made of halite with negligible
amount of clastics (Lugli et al., 1999; Manzi et al., 2012;
Samperi et al., 2020).

3.2 | Theoretical model
Investigating the possible scenarios that could have led to
the Messinian deposits of the CMD requires that we con-
sider the salinity of the basin itself as well as the salinity
of the surrounding waters. In this study, we define salinity
(S) as dissolved mass of salts (m) per volume of water (V),
(S = m/V [kg/m’]).

We treat salinity as a sum of concentrations and differ-
entiate between the salts of interest, i.e., gypsum and halite:

Zm alts
S— TS“ = Z[salt]: c[CaSO,] +c[NaCl] 1)

+ c[other salts]

Since the exact composition of seawater during the MSC
is not known, we use a composition that has been used in
previous studies (e.g., Gladstone et al., 2007; Krijgsman &
Meijer, 2008; Simon et al., 2017; Topper & Meijer, 2013) and
assume a proportional increase of the partial concentra-
tions with increasing salinity, until saturation is reached.
Saturation is defined as the salinity at which the water
body cannot hold any extra ions of the salt in question.
Adding the concentration of the three ion groups (Table 2)
to Equation (1), we define our reference salinity to be
Sreference = 35.05 kg/m3=1.27 kg/m3+27.21 kg/m3+

6.57 kg/m3 (Leeder, 2009). Assuming seawater is sat-
urated in gypsum at 145kg/m’ (De Lange et al., 1990;
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McCaffrey et al., 1987) and in halite at 350kg/m’
(Babel & Schreiber, 2014; McCaffrey et al., 1987),
we can then calculate the saturation concentration
for gypsum, c[CaSO,] =525 kg/m? and halite
c[NaCl]® = 272.1 kg/m?3 (Krijgsman & Meijer, 2008;
Topper & Meijer, 2013). A direct application of these val-
ues is to quantify the volume of water, at saturation con-
centration, that would be needed to form an observed
volume of deposit. Since a lower concentration would re-
quire a bigger volume of water to precipitate the deposit,
this water volume at saturation will be called V ;,;:

. Mgy Vdeposit*pdeposit
c[salt]® c[salt]®

()

Vmin

In which mg,), is the salt mass that forms the deposit that can
be derived from the volume of the deposit, Vjepsit in [m’]
and its density, pgeposic [ K8/ m®] (Table 2).

The water volume of the CMD is defined by the physi-
cal limits of the basin as retrieved from the pre-Messinian
paleo-bathymetry of the CMD (Figure 3) (Heida et al.,
2021). From the same reconstruction, we draw cross sec-
tions through the southern and the northern connec-
tion between the CMD and the adjacent Mediterranean
Sea. With a width of 70-80km at sea level and a depth
of up to 850m, these connections are larger than the
Strait of Gibraltar (12km wide, 300m deep; Lacombe &
Richez, 1982). They are best described as wide openings
with a sill that is elevated well above the seafloor north
and south of the CMD but still located at significant
water depth (Figure 3). The openings would form a nar-
row strait and/or shallow sill only when the water level

is significantly lower than today. From modern measure-
ments (Barceld-Llull et al., 2019; Pinot et al., 2002), it is
known that there are both fluxes into and out of the basin
through each of the two connections (see Section 2.2).

It is possible to apply basic principles that allow us
to learn about the CMD and its fluxes as a system while
making as little assumptions as possible. One of these
principles is the conservation of water volume for a
system that is in balance. This means that the volume
of water in the basin does not change when the sum of
fluxes into the basin is of the same size as the sum of
outward fluxes. In contrast, when there is a net outflux,
the volume of water inside the basin will decrease over
time, with a rate defined by the absolute difference be-
tween the in- and outflux. This is for example the case
for a disconnected basin with a negative freshwater bud-
get. This loss of fresh water is described by a volume flux
[m*/s] (positive when the basin loses water) and named
freshwater budget (fwb).

fwb=(E-P)xA-R (3)

In which E is the rate of evaporation [m/s], P the rate of pre-
cipitation [m/s], A the surface area of the basin [m*] and R
the inflow of river water [m®/s]. In this scenario, the basin
experiences a drawdown due to the loss of water volume
to the atmosphere (Figure 4a) until the surface area A is so
small that the net evaporative loss is of the same size as the
river inflow R. When the water volume decreases, the salin-
ity increases until an equilibrium is reached, since neither
net evaporation nor river inflow transport ions. In this case,
the evolution of salinity S with time ¢ is given by,

TABLE 2 Parameters used in our modelling for Halite and Gypsum with the corresponding references

Gypsum
Density (kg/m®) 2300
Fraction of Iongroup (—) 1.27/35
Saturation concentration (kg/m®) 5.25
Area covered by deposit (m?) 5.33E49
Volume in CMD (m?) 3.80E+11

Erosion rate (mm/a) From 0.20% up to 3.16°

Precipitation rate (mm/a) 12-100°

Halite References
Leeder (1999)

27.21/35 Leeder (1999), Topper and
Meijer (2013)

271.1 Leeder (1999), Topper and
Meijer (2013)

6.65E+8 This work

9.63E+10 This work

0.5-0.75° (for 50mm/a precipitation)
20¢ (for 100 mm/a rainfall)

100%4-150¢

Note: Erosion rates are not used in the modelling but are used for considerations in the discussion.

#Sanna et al. (2015)
bCalaforra et al. (1993)
‘Frumkin (1994)
4Mottershead et al. (2005)

#Orti Cabo et al. (1984)
bSchreiber and Hsii (1980)
“Lensky et al. (2005)
dSirota et al. (2018)
*Manzi et al. (2012)
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SO = Vo — fwb st )
Where m,;, is the mass of salt [kg] contained in the basin at
the start of drawdown (i.e., upon disconnection) and V,, the
initial volume of the basin [m?].

During at least part of its MSC evolution, the CMD
is likely to also have been subject to saline water fluxes
through its connections. This means that the concentra-
tion of ions would have changed while the water volume
stayed the same. For a basin with a negative fresh-
water budget that is fully balanced by a saline inflow
(Figure 4b), the concentration of dissolved ions, and
hence the salinity, increases over time. If either gypsum
or halite reaches its saturation concentration in the pro-
cess, the mass that exceeds this threshold concentration
is taken to be precipitated as a uniform layer without get-
ting re-dissolved. In the following we use I" = @ [kg/s]
to describe the rate at which mass is precipitated. It is im-
portant to note that salinity can increase past the point
at which precipitation begins since the ion group of the
other salts can continue to concentrate (Equation 1). In
that scenario the evolution of salinity S with time t is
dependent on the magnitude of the influx Q;, and its
salinity S;,

%S T
Sty =5, + 2n*Sm =L, (5)
VO

For a basin like the CMD, it is likely that the exchange
through the two sections is more complex than only inflow
to balance the freshwater budget. By assuming that the
salinity of the inflow through the northern connection is the
same or close to the salinity of the inflow through the south-
ern connection, we can simplify the system by combining
these two fluxes to one inwards flux. The same applies to

9
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the fluxes leaving the basin through the two connections
(Figure 4c). In this scenario, the salinity of the basin, S,
is dependent on the properties of these combined in- and
outflows respectively.

S(t)=SO+Qin*sin_?/out*sout_r*t (6)
0

A special case to consider is the situation where neither sa-

linity nor water volume of the basin change in a system of
dv(t)

this kind. These two conditions can be described as 3 = 0
and % = 0 and lead to two expressions

Qin = Quut + fwb (7a)

Qin *Sin = Qo *Sout + 1 (7b)

For the special case without precipitation (I" = 0), these two
can be combined in a way that allows us to calculate the
fluxes that would be needed to attain a certain salinity ratio
(Knudsen, 1900),

fwb fwb
Qout = @_1aninn= 1_5i (8)
Sln Sout

If the basin has already reached saturation, I will become
non-zero and must be considered. There are scenarios for
which we can calculate values for I as a function of other
parameters of the system. The simplest case is a scenario in
which both the in- and the outflow are saturated in a salt,
either gypsum or halite. While the salinity can increase, the
concentration of the salt in question cannot, leading to the
precipitation of the excessive mass. Applying Equations
(7a) and (7b) to only the concentration of a single salt for a

Blocked outflow

No connection

Mediterranean CMD Mediterranean

(@

(only inflow)

Two-way exchange

CMD Mediterranean CMD

(b) (c)

FIGURE 4 Different ways to approach the connection between the CMD and the open Mediterranean. (a) No connection between the

CMD and the Mediterranean and thus both influx and outflux are cut. (b) The basin is connected to the open Mediterranean in a way that

inflow compensates the loss of freshwater due to evaporation. (c) There is a two-way exchange over the sill. The inflow now compensates the
freshwater budget as well as the saline outflow. Those three ‘approaches’ should not be conflated with the ‘scenarios’ that we present and

discuss in the text, as they are strictly theoretical.
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system in balance gives an expression for the precipitation
rate in that special case. We thus have,

]Sat ]Sat

clsalt];, = c[salt]**" and c[salt],,, = c[salt

with which Equation (7b) yields,
Fgae = (Qin - Qout) # c[salt]™
Combined with Equation (7a) we find,
[y, = fwb * c[salt]s" )

For a more realistic scenario, where the inflow is below sat-
uration while the basin has reached that threshold, the
number of unknowns increases, and the precipitation be-
comes dependent on the magnitude of the outflux and the
concentration of the influx The conditions for the concen-
trations can now be written as

]Sat ]Sat

Ccip < c[salt]’ and c[salt],,; = c[salt

Inserting those conditions into Equation (7b) and substitut-
ing Q;, again with Equation (7a) gives

Fgaie = QoutCin + fwb Cin — Qout * C[Salt]sat

Which can be rewritten in a way to express it in dependence
of the ratio between the concentrations of the in- and
outflow

sat
Fsalt = C[Salt]in * <Q0ut k <1 — w) +fVVb> (10)

c[salt];,

With Equation (10) it is now possible to explore the rate of
precipitation for a set of scenarios that are not only defined
by their fwb but also by Q,,; and ¢;,. To compare the results
of Equations (9) and (10) with literature values they need
to be expressed as rate of sedimentation (i.e., thickness of
deposit per unit of time rather than mass). For this we need
the density of the deposit, pgeposic (Table 2), and the area,
Ageposit» covered by the deposit of interest. It is then also
possible to calculate the duration of the period of deposi-
tion for each I, from an observed volume of the deposit,

Vdeposit * Pdeposit
Threc = - . (11)

salt

Applying Equation (11) to the total volume of the deposit
gives the total timespan during which this salt would
need to precipitate at a given rate to form the observed de-
posit. To get the average duration of precipitation per pre-
cessional cycle (23kyr), the volume needs to be divided
by the number of total cycles during which it formed.

It is worth noting that the depositional process used in
our modelling is purely evaporative and does not take into
consideration more complex bio-geochemical processes
that might have played a role in the PLG formation, at
least locally where low salinity values were obtained from
water inclusions in PLG gypsum crystals (e.g., Piedmont
Basin, Italy; Natalicchio et al., 2014; Calabria, Italy;
Costanzo et al., 2019), although the reliability of the sa-
linities obtained from fluid inclusions measurements was
recently questioned (Bigi et al., 2022). With the modelling
approach presented here, we also do not take the influ-
ence of erosion into account.

4 | RESULTS

In this section, we apply the theory as described in
Section 3.2 to the data that were presented in Section 3.1
to identify the key processes that are needed to explain the
MSC deposits in the CMD. We find that a saline flow into
as well as out of the CMD is needed to form the gypsum
deposit, while the halite deposit could have formed from a
disconnected CMD filled with saturated brine undergoing
a water level drop.

4.1 | Water and evaporites volume
considerations

As a first step, we calculate the volumes of water required
to precipitate the observed volume of evaporites, V; for gyp-
sum and V}; for halite, and compare these with the (recon-
structed) volume of the CMD. This will allow us to judge
whether the evaporites could have formed by concentra-
tion of the water contained within the CMD or whether an
additional influx of water and salt must be invoked.

For a range of water volumes (m®) representing the
CMD at a given water level, we calculate the concentra-
tion (kg/m’) the water would attain if the mass of the
observed evaporite (in kg) was dissolved in it. If the cal-
culated concentration is lower than the concentration at
which the water is saturated in the salts (CaSO,, gypsum;
Nacl, halite), then the water volume is big enough to hold
the volume of the evaporite in a dissolved state. The mini-
mal volume of water needed is determined as the volume
at which the calculated concentration equals halite or
gypsum saturation and was defined by Equation (1) and
can be calculated with data as listed in Table 2.

The results, depicted in Figure 5, show that
for the halite deposit this minimal water volume
= 6336100 m2200 kg/m? 200 3 which is about

min = 272.1 kg/m3 )
equal to the capacity of the CMD below the level of the sill
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lying at —850m (sill 01 in Figure 3). If instead we take the
observed mass of halite and assume this to be dissolved in
the volume of water comprised by the CMD below each
horizontal level (i.e., water level below 0; Figure 5), we
find the basin water to attain saturation values once the
level is lowered to the depth of the sills (orange line in
Figure 5). This is of course consistent with the V,,;;, calcu-
lation and confirms its result.

Volumes and concentration

" ——- restored sill depth

Vmin: Volume needed to contain
Vnac as dissolved ion

—600 -
—800 -

—1000 -

water level below 0 [m]

—1200 -

—1400 -

' ' '
50 100 150 200 250

Cnact [kg m™3]
0 1000 2000 3000 4000 5000 6000 7000 8000
Vi [km?]

FIGURE 5 With water level on the vertical axis, the solid
blue line gives the water volume of the pre-Messinian CMD
below each level (see blue horizontal axis). The dashed green line
depicts the level of the sills, with an uncertainty of +50m (green
area). The water volume of the CMD below sill depth (i.e., at the
crossing between the solid blue and dashed green lines) is about
equal to the volume of halite-saturated water required to form the
observed halite deposit (V,,;,) which is indicated with the vertical
blue dashed line. Also shown as a function of water level is the
concentration that the basin waters would attain if the observed
mass of halite was dissolved in it (solid orange line and orange
horizontal axis). Since the volume of water decreases with a lower
water level, the resulting concentration increases until it reaches
c[NaCl]*™ = 271 kg /m? at a depth of —879m, which corresponds to
a water volume of V,,;;, = 780 km? (see text for details).

TABLE 3 Morphometric parameters

Research =

In a similar type of calculation, we take the volume of
water comprised by the basin at sill depth (Table 3) and
assume saturation concentration of gypsum and halite,
respectively. This way we compute the maximum vol-
ume of gypsum or halite that can be precipitated from a
disconnected basin. These calculations show that only
a fraction of the observed gypsum volume (0.9%) of the
BU1/2 (Table 1) could precipitate from the water volume
available below sill depth, while more than 100% of the
observed halite volume could be stored in the basin vol-
ume below the sill.

The results indicate that the gypsum deposit is too mas-
sive to originate from a disconnected basin, even if it was
saturated in gypsum, while the halite deposit could have
precipitated from a disconnected basin saturated in halite
(Table 4). The calculation does not inform us about the
timespan over which the halite deposit was formed. This
can be determined by the time it would take until a dis-
connected CMD would reach a new equilibrium between
river inflow and net evaporation, which is addressed in
the next section (Section 4.2).

4.2 | Desiccation of an isolated basin

The only realistic process that could isolate the CMD is
a water level drop in the Mediterranean Sea that lowers
the level of the surrounding waters below the level of the
sills. Bringing the level below that sill would cancel the
exchange of saline water through the connections and
the later evolution of the CMD would be independent of
the rest of the sea. In this section, we investigate such a
scenario (Figure 4a).

For such an isolated basin, the new balance is de-
scribed by the fwb, as defined in Equation (3) and thus
dependent on the river influx R and loss of water to the
atmosphere (E —P)*A. As long as more water is lost
than added, the CMD experiences a drawdown that is not

. CMD Valencia Basin References
of the study area used as input for our
modelling Present-day area (m?) 11.83E+9 57.60E+9 This work
Maximum paleo-depth (m) 1500 1800 Heida et al. (2021)
Sills paleo-depth (m) Sillo2 =700  No sill (open This work
Sillo1 = 850 basin)
River inflow (m>/s) <10* 500° 3Garcia et al. (2017)
Present-day  Paleo PUrgeles et al. (2011)
Evaporation rate (m/a)° 0.25-1.5% 0.25-1.5% “Estrany et al. (2011)
(for the model)! 1.04° 5Simon and Meijer (2017)
Strait parameter g (m>/s/ 10° - Barcel6-Llull et al. (2019)
sqrt(kg/m?)) Present-day

!Evaporation rates are present-day values (Estrany et al., 2011; Simon & Meijer, 2017) assumed to be
similar to those during the MSC.
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TABLE 4 The maximal volumes of gypsum and halite that can
be precipitated from the CMD as a disconnected basin

I

Percentage of observed volume
that can be precipitated from a
CMD filled to the sill (—850m)

Unit with water at saturation
BU1/2 0.9% (1.1%)
BU3 2.2% (2.8%)
BU1/2+BU3 0.6% (0.7%)
Halite 141% (170%)

Note: The calculations use the available water volume below sill depth

at —850m and —800m according to pre-MSC hypsometry and saturation
concentration for Gypsum (145kg/m?) and Halite (350 kg/m?). For each
deposit or combinations of deposits, the volume of water in the basin is
adjusted to account for the predating deposits that occupies accommodation
space.

dependent on the drawdown of the Mediterranean Sea.
This process changes the surface area that is available for
net evaporation and continues until a new stable state is
reached where the flux to the atmosphere is of the same
size as the river inflow, which may, to first approximation,
be considered constant. These two fluxes thus determine
the water level in the new steady state that is defined by
fwb = 0 (Equation 3), as well as the time needed to reach
it. The results are depicted in Figure 6, which shows that
the timespan on which the process takes place is less than
1 kyr. The fastest change occurs in an extreme scenario
without any river input at all (solid lines). In that case, the
steady state of a completely desiccated basin is reached
after less than 900yr. A river input of R = 1 m?/s is close to
the present-day situation (Garcia et al., 2017) and would
lead to a stable state after less than 1000yr (dashed lines).
In contrast to the first scenario, the basin would not com-
pletely desiccate, and the remaining water would have a
depth of 8 m. A ten times higher river input of R = 10m*/s
leads to a larger remaining volume and a remaining water
depth of 140m. In theory there is also a corresponding
river influx R for each net evaporation (E — P)x A, and
vice versa, that would prevent a drawdown for the dis-
connected basin, i.e., fwb = 0 for a basin with its surface
at sill depth. To achieve this, a net evaporation of 0.75m/
yr would have to be balanced by an unrealistically high
influx of 340m3/s, while inversely, the more realistic in-
flux of 1 m>/s (Table 3; Garcia et al., 2017) would require
a net evaporation as low as 0.002 m/yr. Both combinations
are unrealistic, which implies that a disconnected CMD
would experience a drawdown, until the surface area is
small enough for the river inflow to balance the net evapo-
ration. The loss of freshwater during that time would lead
to an increase in salinity because the dissolved ions stay
in the system.

Drawdown in disconnected basin

--08
m— R= 0m3s7?t
== R= 1m3s! __ ;g4
" R=10m3st

E-P= 75cm yr—! -

4000 -

|
-
[=}

3000 -

2000 -

.
er level below 0 [km]

surface area [kmZ2]

- 1.3+

1000 -

\ \ \ Ptk sttt . --15
0 200 400 600 800 1000 1200

Time [yr]

FIGURE 6 Desiccation of the CMD. This figure shows the
change over time in water level (green) and surface area (blue) for
three different strengths of river inflow, R [m?/s] for a disconnected
basin at a given net evaporation, E — P [cm/yr]. As soon as the
CMD is disconnected from the surrounding waters, the negative
freshwater budget causes the water level to fall further below the
sill depth (850m). The basin only desiccates completely if there is
no inflow from rivers (solid lines), for non-zero values of R (dashed,
dotted) the system will reach a balance where it loses as much
through evaporation as it gains by river input.

In the previous section (Section 4.1), simply looking at
volumes, it was argued that the halite deposit could have
formed from a situation where the CMD was already at, or
close to, halite saturation at the moment of disconnection.
In that case, the water within the CMD would become
oversaturated during a drawdown leading to the precipita-
tion of the surplus ions (Equation 4). However, it follows
from the reasoning in the current section that the resulting
halite deposit will be smaller in mass and volume than the
observed one, since the inflow from rivers prevents a com-
plete desiccation. For a scenario with a high river inflow
of R = 10m*/s only 2.3% percent of the initial water vol-
ume remains in the basin and since a disconnected CMD
at halite saturation could precipitate 144% of the observed
halite volume, this effect is small enough to be ignored.

The question yet to be answered is if and how the CMD
could reach halite saturation before it was disconnected.

4.3 | Full basin, inflow only

To understand if it is possible that the CMD reached halite
saturation before the end of Stage 1 (i.e., the end of gypsum
deposition), we consider the fastest change in concentra-
tion possible for a basin with constant volume (Equation 5).
The same is applied to the Valencia Basin, which allows us
to compare the behaviour of the two basins.
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For this scenario, we will not assume a drawdown
but keep the water level steady at 0 m. To preserve vol-
ume, all water lost to the atmosphere is replaced by sa-
line water that is flowing into the basins from the open
Mediterranean (Figure 4b). This process adds ions to the
water volume of the basins which can only be removed
by precipitation, since there is no saline outflux. Unless
fwb=(E -P)*xA—R<0, the salinity will increase
(Figure 7). The rate of this increase is dependent on the
fwb, the water volume of the basin as well as the salinity S,
of the inflow. Since S is the same for the CMD and the VB,
the difference in the rate of change between the CMD and
VB is dependent on the ratio between their volume and
the corresponding fwb. The latter is also dependent on the
surface area of the basin in question (Table 3). We find that
for the VB, the net evaporation needed to balance a realis-
tic river inflow is 0.27 m/yr, which is 100 times higher than
for the CMD. The much larger volume of the VB explains
why this basin experiences a different rate of salinity in-
crease for the same net evaporation rate E — P even when,
for the CMD, a very high river input (10 m?®/s instead of
ca. 1 m®/s taken from Garcia et al., 2017; Table 3)is chosen
(Figure 7). The slow salinification of the VB in compari-
son with the CMD even for higher values of E — P might
be an indicator that the salinity of the VB was lower than
the one of the CMD.

Focusing on the CMD, it follows from Figure 7 (see also
Table 5) that the time needed to form the observed halite
deposit, T[NaCl],,, is short enough for this to have hap-
pened during Stage 2 (ca. 50kyr). The same applies to the
time needed to reach halite saturation, T[NaCl]g,,. With

Research =

T[NacCl]g,, = 21 kyr for the slowest scenario tested, this
time span is shorter than the duration of Stage 1, meaning
that the basin would have reached halite saturation even
before the beginning of Stage 2. However, T[NaCl],, is
much shorter than the time needed to precipitate the gyp-
sum of BU1/2, i.e., duration T [CaSO4]vol. This means that
in this scenario the basin would reach halite saturation
before the observed volume of the gypsum deposit could
be precipitated, which indicates that the inflow-only sce-
nario is incompatible with the observed presence of gyp-
sum and halite.

To find out whether there is a set-up where halite
saturation is reached only after the full volume of the
BU1/2 has been deposited, T[NaCl]g,, as described in
Equation (5) must be equal to T[CaSO,] , which can be
derived from Equation (10). This leaves us with an expres-
sion which is not dependent of the fwb and shows that for
an inflow salinity of S, = 35.05 kg / m? the volume of the
CMD would have to be 8.3 times larger than its volume
at normal sea level. This again indicates that the gypsum

TABLE 5 Comparison of the time the CMD would need

to deposit the gypsum deposit (T[CaSO,| ;) or halite deposit
(T[NaCl],,, ) compared with the time it would reach halite
saturation (T[NaCl]sat) for the same conditions and the scenario as
described in Figure 7 and shown in Figure 4b

Sin E-P T[CaSO,],, TINaCll,, T[NaCl],,
(kg/m®)  (m/yr) (kyr) (kyr) (kyr)

37 25 182 21 0.62

145 75 15 1 0.16

Fastest change in salinity possible

350 -

300 -

N
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o
'
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Salinity [kg/m?3]

100 -

50 -

halite sat

— E-P=0.25myr?
m—— E-P=0.75myr !

with Ryg =500 m3s1!
and Reyp= 10m3s~t

15 20 25

Time [kyr]

FIGURE 7 Fastest change in salinity possible for CMD and Valencia Basin (VB). All fresh water that is removed from the system due to
fwb >0 is replaced by saline water representing an inflow. No saline outflow is applied. The increase in salinity is shown for the CMD (green
lines) and VB (blue lines) for two different inflow salinities (Sin = 37 kg/m?>; Sin = 145kg/m?®) as well as for two different net evaporation
rates (E — P = 0.25m/yr, thin lines; EP = 0.75m/yr, thick lines). The grey swaths filling the space between the thick and the thin green line
resemble the family of functions with the same S;, but varying fwb.
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and halite cannot have formed by the same mechanism
(i.e., blocked outflow). It is likely that the formation of the
gypsum deposit requires a more complex mechanism than
the one considered here. A saline outflow would not only
keep the salinity from quickly rising to halite saturation
values but would also be more realistic for a basin with
two wide connections to surrounding waters.

4.4 | Two-way exchange
The presence of an outflow from the CMD to the surround-
ing western Mediterranean would have allowed the CMD
to maintain a salinity in the range of gypsum saturation
for a longer period of time than in a blocked outflow sce-
nario. To explore this new scenario, we now quantify the
size of the volume flux of water out of the basin for the
case that the basin stabilizes just below gypsum saturation,
while maintaining constant volume. Let us consider the
two extremes of the mathematical solution, a non-existent
and an infinite outflow. The first, a non-existent outflow,
would lead to the situation described in Figure 7, with
ever-increasing salinity. In the second extreme, the salinity
of the basin would be the same as that of the inflow. In be-
tween these two extremes there exists an outflow strength
for every inflow salinity such that the basin maintains
gypsum saturation. If the outflow is larger than the cal-
culated value, gypsum saturation will not be reached. We
thus compute the maximal outflux that would still allow
for gypsum saturation. The absolute value of this maximal
outflux as given by Equation (8) and is dependent on the
salinity of the inflow as well as the fwb of the basin. The
latter is defined by a given E — P, the surface area as well as
a river inflow which is set to R =2 m3 /s.

The results of this calculation are shown in Figure 8 as
a function of the inflow salinity and the level of the water
surface. The three swaths represent families of curves that
describe a range of E — P and are defined by a given out-
flow strength. Swaths corresponding to a relatively large
outflow sit at higher inflow salinity, since with relatively
large exchange the basin salinity is close to that of the ad-
jacent water. If the basin is to attain gypsum saturation,
the salinity of the inflow must already be close to that.

For a given value of the outflow, i.e., within a given
swath in Figure 8, the curves shift towards higher inflow
salinity for lower E — P, with the lowest E — P defining the
right-hand border of the swath. When E — P is small, fwb
is small, the inflow thus exceeds the outflow by a smaller
amount (Equation 7a) and its salinity must be higher to
still achieve saturation. The slope of the curves towards
the right in Figure 8, i.e., the shift to higher inflow salinity
for lower water level, is explained by the same mechanism.
The change in fwb is in that case caused by the decrease

Maximal outflux that allows for gypsum saturation
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FIGURE 8 Model estimation of the precipitation of gypsum

in the CMD as a function of water level and salinity in the
Mediterranean, and the magnitude of the water flow into the CMD.
With two-way flow across the sills that connect it to the western
Mediterranean, the CMD will reach a constant salinity. This graph
illustrates the conditions under which the CMD stabilizes exactly
at gypsum saturation (calculated with Equation 8). Each coloured
swath corresponds to a certain magnitude of the outflow and
comprises the curves obtained for a range of values of E — P, as
indicated. The swaths are plotted as a function of inflow salinity

on the horizontal axis. The vertical axis gives the level of the water
surface: since the area subject to evaporation becomes less upon
drawdown, the water level together with E — P determines fwb.
The path for Q,,, = 0.1 Sv is too thin to be properly displayed in this
figure and would be located in a narrow band close to an inflow
salinity of 145kg/m”.

in surface area for lower water levels. Thus, a given E — P
then corresponds to a smaller fwb and less net input of salt
to the basin. Comparison of the fwb for a water level at sea
level with a water level at the depth of the sills (— 850 m)
shows a decrease of about 50% (e.g., E — P =0.25m/yr,
R=10m3 /s, decrease = 53%). The influence of draw-
down is thus smaller than one order of magnitude.

For low inflow salinities, the fluxes needed for the
basin to reach gypsum saturation (S;, < 80 kg/m?) are
several orders of magnitude smaller than the ones that are
measured today (ca. 0.1 Sv; Barceld-Llull et al., 2019). This
means that in a situation where the inflow salinity is less
than 140 kg /m?> the fluxes to and from the basin would
need to decrease several orders of magnitude for the basin
to stay at gypsum saturation, independently of drawdown
and net evaporation. Without any external factors that
decrease the magnitude of the fluxes, like a strong slow-
down of the circulation, the only way for the CMD to
reach gypsum saturation is when the salinity of the sur-
face to intermediate layer of the Western Mediterranean
Sea is already very close to saturation. The same applies to
reaching halite saturation in the basin.
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4.5 | Precipitation of gypsum duration of precipitation

140 -4.4
In the previous section (Section 4.4), we focused on the - 4.0
situation right before precipitation and the fluxes which 120 36
would be needed to maintain this. We now calculate pre- ”'g as
cipitation rates resulting from specific combinations of 2 100 T
outflow, fwb and salinity of the inflow (Equation 9). To 2 E-P=1myr! 2.a:é
reduce the number of unknowns, we now look at a full § 80 no drawdown 24
basin and consider a single value for E — P. This is allowed 3 20
since it is already known from previous calculations that E o 16
a drawdown only has a minimal effect on the system (see
Section 4.2). Net evaporation also has an influence, but 40 1'2

' 0.8

just like drawdown, this influence is minor and does not
change the overall behaviour of the system.

Based on Equations 9 and 10, we can calculate first
the precipitation rate (I') and then the duration of precip-
itation that follows from this precipitation rate as being
required to explain the observed volume of gypsum. The
lower the precipitation rate, the longer it would take to
precipitate the observed volume and for the mathemati-
cally correct but unrealistic solution this time span would
tend to infinity. To avoid this type of solution the results
are filtered to be within geologically realistic limits. From
previous studies it is known that a realistic margin for the
precipitation rate of gypsum ranges from 1 m/kyr (Orti
Cabo et al., 1984) to 100m/kyr (Schreiber & Hsii, 1980),
while the duration of precipitation per precessional
cycle cannot be longer than the length of the cycle itself
(assumed to be 23 kyr).

The results are shown in Figure 9 (compare with
Section 4.4; Figure 8). The grey line indicates the mini-
mum inflow salinity that would lead to gypsum saturation
for a given outflux strength. The higher the magnitude of
the outflow, the higher the salinity of the inflow needs to
be for the basin to reach gypsum saturation. Precipitation
starts when this salinity (145kg/m?) is exceeded and the
duration of precipitation itself ranges between 0.8 and 5
kyr per cycle and thus lasts between 5% and 20% of a pre-
cessional cycle. For lower magnitudes of outflow, for ex-
ample, it becomes clear that the higher the inflow salinity
is, the shorter the duration of precipitation per cycle. This
can be explained by the increasing amount of excess ions
that are transported into the basin for higher salinities.
The same observation is valid for halite (Figure 10) and
will be discussed in Section 5.2.

Another interesting aspect is that, the stronger the out-
flow through the connections is, the smaller the range of
possible salinities that would lead to a realistic precipita-
tion rate becomes. This means that knowing the actual
strength of the fluxes would not only provide us with a
range of inflow salinities and thus salinity of the upper
layer of the Mediterranean Sea at that time, but also that
the higher those fluxes are, the smaller the range of possible

10° 10! 102 10° 104 10° 108
magnitude of outflow [m3 s~1]

FIGURE 9 Duration of the period required to precipitate the
observed volume of gypsum in the CMD, for different values of
the outflow and the salinity of the inflow, when no drawdown

is applied and E — P = 1 m/yr. The grey dotted line indicates the
minimum inflow salinity that is needed for the CMD to reach
gypsum saturation for a given outflow magnitude. For each pair of
outflow strength (x-axis, logarithmic) and inflow salinity (y-axis,
linear) the timespan per cycle that is needed to precipitate the
observed gypsum volume of the BU1/2 is calculated. The results
are clipped by limiting the rate of precipitation rate to be between
1m/kyr <T' <100 m/kyr.

salinities is. While for an outflux of Q,,, =10m?3/s an
inflow salinity of [40kg/m3, 145kg/m3| could lead
to the observed BU1/2, this range would be limited to
[144 kg /m?, 145 kg / m3] for Q. = 10° m3 /s. The latter is
close to the strength that is measured today (Barceld-Llull
et al., 2019).

5 | DISCUSSION

In this section, we discuss the significance of our re-
sults on the MSC events in the CMD and in the Western
Mediterranean. Section 5.1 focuses on the first stage of
the MSC, known also as the PLG stage (5.97-5.60 Ma).
The main outcome from Section 5.1 is that during stage
1 of the MSC, the salinity of the upper water layer of the
Western Mediterranean reached gypsum saturation for
relatively ‘brief’ periods of precessional cycles, and pro-
vided the CMD with the necessary Ca** and SOZ™ ions to
deposit the observed gypsum volume through a two-way
exchange of fluxes.

Section 5.2 focuses on stage 2 of the MSC (5.60-
5.55Ma). The main crucial conclusion in this sub-section
is that the only way possible to deposit the observed ha-
lite volume in the CMD during this stage is a scenario in
which it is disconnected from the open Mediterranean.
This requires a high amplitude base-level drawdown of at
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FIGURE 10 (a)Duration of precipitation for the halite deposit in analogy to Figure 9. The boundaries for the precipitation rate are
oriented at those of the Dead Sea (Table 2), with +2 order of magnitudes to cover broader boundaries. (b) Velocity of water fluxes through

the connection in dependence of drawdown and magnitude of outflow.

least ca. 850m, in which halite saturation is reached both
in the CMD and in the Western Mediterranean only when
the water level was significantly lowered (Figure 11).

5.1 | The pre-halite lower gypsum in the
CMD: Stage 1 of the MSC

The pre-Halite MSC units of the CMD (BU1 and BU2)
are interpreted as Lower Gypsum belonging to stage 1 of
the MSC (Table 1; see Section 2.3 and Raad et al., 2021).
The estimated volume of the evaporitic gypsum content
of both units is ca. 3 x10™" m>. Due to estimation uncer-
tainties, related mainly to the limited seismic coverage in
some parts of the CMD (Figure 2) and assumptions on the
internal lithology of BU1 and BUZ2, there is a chance that
this volume has been slightly underestimated, but this
would not change the following line of reasoning which is
based on qualitative results. Even an underestimation of
30% of the gypsum volume would only have a noticeable
influence on the duration of precipitation, changing the
interval from 5%- 20% to 6.5%-20%.

Our results show that the volume of pre-halite gyp-
sum observed in the CMD (Table 1) is too high to precip-
itate from a disconnected basin scenario. A CMD filled
with water at gypsum saturation concentration (145kg/
m®) up to the sill depth would produce a volume of gyp-
sum that is far too small with respect to the observed
volume (0.9%; Table 4). This implies that if the CMD was
ever disconnected from the surrounding waters, gypsum
should have started deposition before the disconnection
happened, i.e., when the CMD was still supplied with an
input of Ca%t and SOi‘ ions. In this case, two possible

Halite precipitation in the Western Med.
using a reconstructed hypsometry

CMD gets disconnected

-1600 m

—2000 -

Depth inm

—3000 - average salinity = 349 kg m=3,

precipitation starts at Om °
average salinity = 232 kgm=3 =
precipitation starts at -700m
average salinity = 210 kg m=3 °
precipitation starts at -850m

average salinity = 190 kg m~3
precipitation starts at -1000m

—4000 -

.®
T IiE S5 LRl
., W

—5000 1 ' ' ' ' V '
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Halite Volume precipitated in % of observed (120 10> km )

FIGURE 11 Halite volume that would form from a drawdown
in the Western Mediterranean. The orange lines show the
precipitated volume of halite in function of the amplitude of

the drawdown. The shape of the curves is determined by the
hypsometry of the basin and the average salinities of the water
column before drawdown. Once the drawdown is progressed, the
water volume of the basin is decreased enough so that it reaches
halite saturation and precipitation begins. The green bar indicates
the depth at which the CMD would have become disconnected, and
the thin green line marks the depth at which the full deposit would
have formed from a full water column at halite saturation.

scenarios can be considered: (1) A basin with only an
influx from the surrounding Mediterranean waters into
the CMD without an outflux; (2) A CMD with 2-way
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FIGURE 12 Schematic representation of the depositional conditions in the Western Mediterranean during stages 1 and 2 of the MSC

according to our modelling results. The non-silled Valencia Basin does not feature the presence of Halite on seismic dataset in its present-

day setting (Maillard et al., 2006). Erosion rates measured in exposed halite can be as high as 20 mm/yr (Frumkin, 1994; Mottershead

et al., 2005), suggesting that halite was subsequently removed towards the deeper Provencal Basin following the acme of the drawdown

(Heida et al., 2021).

fluxes from and into the surrounding Mediterranean
waters. For the first case (1), our results presented in
Figure 7 show that even in the slowest possible sce-
nario (E —P = 0.25 m/yr), the salinity of the CMD
would increase very rapidly jumping to gypsum satu-
ration in about 7 kyr and continuing to halite satura-
tion concentration in 21kyr, thus not allowing enough
time for the observed gypsum volume to precipitate
(T[CaSO,], = 182kyr; Table 5). In the second case (2),
a saline outflux would slow down the rapid salinity in-
crease in the CMD giving longer timespans for the gyp-
sum to precipitate. Figure 8 shows that in this scenario,
for the CMD to stabilize at gypsum saturation, the saline
influx should be very close to if not exactly at gypsum
saturation concentration (between 140 and 145 kg/m3;
Figure 8) for an outflux which is equal to or one order of
magnitude less than the one measured today across the

silled channels (0.1 and 0.01 Sv, respectively; Figure 8).
This is mainly due to the small volume of the CMD
compared with its large connection to the surrounding
waters (Figure 3) through the wide and deep channels,
which maintains the salinity of the CMD equal to the
salinity of the upper layer of the Mediterranean waters.
Unless a drastic decrease in the fluxes caused by a more
sluggish circulation (e.g., slowdown of the currents due
to a base-level drop) of the Mediterranean currents took
place, the CMD will have had almost the same salinity
as the upper Mediterranean water layer, as is true for the
present-day situation (Barceld-Llull et al., 2019). To our
knowledge, until present, no studies showed or quanti-
fied such a decrease in the Mediterranean currents and
its consequences during the MSC. Our calculations also
show that gypsum precipitation could not have persisted
for the whole duration of a precessional cycle. Instead,
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the duration of gypsum deposition is restricted to 5%
to 20% (i.e., 0.8-4.4 kyr/23kyr) of a precessional cycle
(Figure 9).

Our inferences have several important implications
for what might have happened in the Mediterranean
during stage 1 of the MSC. One important implication is
that the saturation concentration of gypsum must have
been reached in the upper layers of the open Western
Mediterranean (Figure 12), at least during the dry periods
of precessional cycles (i.e., insolation minima). Several
studies showed that, due to the negative fresh water bud-
get that characterizes the Mediterranean Basin, a reduc-
tion of the strait efficiency in the proximity of Gibraltar
would lead to a drastic increase of the salinity of the
Mediterranean waters (Blanc, 2006; Meijer, 2021; Meijer
& Krijgsman, 2005; Topper & Meijer, 2013). The drop
in diversity until the complete disappearance of plank-
tic foraminifera in the Mediterranean during summer
insolation minima, is, for example, one indication that
surface waters reached salinities above the maximum
tolerance of these organisms (Blanc-Valleron et al., 2002;
Bulian et al., 2021; Sierro et al., 1999, 2003). One might
argue that the salinity tolerance of planktic foraminifera
generally does not exceed 50 kg /m?3 (Bijma et al., 1990),
meaning that salinities in the Mediterranean water col-
umn did not necessarily reach gypsum saturation. This
might be true for most of the duration of each preces-
sional cycle of stage 1, but salinity probably peaked
reaching gypsum saturation during relatively short
timespans (Figure 9). Indeed, Topper and Meijer (2015)
showed that the salinity of the open Mediterranean wa-
ters could rise to gypsum saturation, following a restric-
tion with the Atlantic Ocean, in timespans that are as
fast as 3 kyr.

Our result, thus, contradicts what has been proposed
by Lugli et al. (2010) who suggested that gypsum satura-
tion concentration was reached only in silled marginal ba-
sins whose salinity increase and the subsequent gypsum
deposition was due to circulation restrictions imposed by
the presence of the sill itself. This observation has been
indeed also supported by Meijer (2021) who showed that
in the case of a Mediterranean-marginal basin connec-
tion through sills, a strait efficiency as small as 10° m?/s
should occur in order for the marginal basins to reach
gypsum saturation with a Mediterranean at normal sa-
linity. This extremely low strait efficiency value is ‘unre-
alistic’ as it is in the order of magnitude of a large river
flowing to the Mediterranean at present. Also De Lange
and Krijgsman (2010) suggested that gypsum saturation
and precipitation took place at all shallow-water depths
when the upper Mediterranean waters were at gypsum
saturation. In our opinion, the example of the CMD is an
evidence that there is no need for a ‘shallow’ structural sill

for gypsum to deposit. Most of the basins from which the
shallow sill control idea comes from are basins now lying
onshore and that underwent complex post-MSC tectonic
evolution since the formation of the evaporites. Restoring
their structural setting, including sill depths, at the MSC
time is not straightforward and needs sophisticated tec-
tonic reconstructions. Moreover, the few places in the
offshore Western Mediterranean area where PLG was
recovered in boreholes, are open shelves not or partially
surrounded by sills (e.g., Alicante shelf and Valencia
Basin; del Olmo, 2011; Ochoa et al., 2015; Soria et al., 2008;
and offshore Western Algeria in the Arzew borehole;
Burollet et al., 1978).

It follows that PLG could have been deposited almost
everywhere in the Mediterranean Basin during stage 1,
including open shelves (De Lange & Krijgsman, 2010;
Krijgsman & Meijer, 2008), with probably selenitic
gypsum dominating in the shallow oxygenated water
layer and cumulatic gypsum below a certain water
depth limited by the depth of anoxia level (Figure 12)
(De Lange & Krijgsman, 2010; Dela Pierre et al., 2011;
Natalicchio et al., 2021). In the CMD, this facies change
could be marked by the passage from the MSC seismic
unit BU1 to BU2 (Raad et al., 2021; see Section 2.3). In
the deep basin, the so-called Lower Unit (LU) (Bache
et al., 2009; Lofi et al.,, 2011; Montadert et al., 1978)
could thus be the sediment resulting from this phase
constituting of gypsum cumulates, clastic gypsum and
dolostones (Figure 12). Local conditions such as high
river inflow might have prevented gypsum formation by
locally reducing the salinity (e.g., Ebro delta in the VB;
Figure 7). Other local geo-chemical and geo-biological
factors might have also prevented the formation of gyp-
sum locally in deep basin context (e.g., reduced supply
of gypsum from the water column and higher rates of
bacterial sulphate reduction, deriving from permanent
seafloor anoxia and larger availability of organic matter;
Guibourdenche et al., 2022; Natalicchio et al., 2021). In
shallow water where freshwater dilution did not play
a role, the absence of PLG must mean that it has been
removed after deposition. This removal of PLG could
be due to two different causes. (1) It might have been
redeposited into deeper settings due to gravitational
instability (De Lange & Krijgsman, 2010). Such a pro-
cess combined with local tectonic activity might be at
the origin of the Resedimented Lower Gypsum (RLG)
observed in some basins (Manzi, Roveri, et al., 2021;
Roveri et al., 2006), but could have happened in any mo-
ment after the gypsum's deposition and not necessarily
during stage 2 of the MSC (Figure 12), as also supported
by observations from the MSC PLG in Cyprus by Artiaga
et al. (2021); (2) It could have been the result of subaer-
ial erosion during the main MSC water level drawdown
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which amplitude has been recently revised to 1.5 km
in the Western Mediterranean (Heida et al.,, 2021).
Indeed, present-day denudation rates measured in gyp-
sum (by denudation), including MSC gypsum from the
Sorbas Basin (Calaforra et al., 1993; Sanna et al., 2015;
Table 2), vary from low (0.20 mm/yr) to high (3.16 mm/
yr). Such rates make it realistic to assume that even
hundreds of metres of Gypsum could have been eroded
during stages 2 and 3 of the MSC (total duration of ca.
270kyr), during which the water level was lowered, and
the shelves underwent intense erosion as attested by
the Messinian Erosion Surface (Lofi et al., 2005, 2011;
Urgeles et al., 2011). It remains unclear, however, why
PLG is preserved only locally. Subaerial erosion and/or
slope instability may have been more efficient on some
margins compared with others.

Interpretation of stratigraphic and/or borehole data
from onshore (Caltanissetta Basin, Manzi, Roveri, et al.,
2021; Piedmont Basin, Dela Pierre et al., 2011) and off-
shore (Levant Basin, Manzi et al., 2018) ‘intermediate to
deep basins’ contradicts the presence of gypsum in the
distal domain of such basins, where the distal equivalent
of stage 1 ‘marginal’ PLG is represented by organic shales
(Foraminifer Barren Interval, FBI; Manzi et al., 2018).
This interpretation has been recently modified, at least
for the Piedmont Basin, where Natalicchio et al. (2021) in-
ferred the presence of Gypsiferous Mudstones in the dis-
tal domain of the basin. Regarding the deep Levant Basin,
Meilijson et al. (2018) have already opposed such inter-
pretation by putting the halite as stage 1 distal equivalent
of the PLG. In addition, very recent XRD data from the
deep Levant Basin's halite show important inclusions of
calcium sulphates within the halite (Aloisi et al., in prep—
personal communication).

The duration of gypsum sedimentation within a preces-
sional cycle is also relevant. Lugli et al. (2010) suggested
that time spans for gypsum formation within a preces-
sional cycle could have been restricted to the peak of the
aridity phase of the cycle (i.e., few thousands of years),
which is in accordance with our calculations. Indeed, the
relatively high deposition rates of gypsum (Table 2) com-
pared with the low sedimentation rates of the terrigenous
intercalations between consecutive gypsum beds (Lugli
et al., 2010) makes it realistic that the sedimentation of
the latter occupies most of the precessional cycles.

5.2 | Halite in the CMD: Stage
2 of the MSC

The salt unit of the CMD is interpreted as halite belong-
ing to stage 2 of the MSC (Table 1; see Section 2.3 and
Raad et al., 2021) and it has an estimated volume of ca.

Research

9.63 x10™'% m>. The seismic data coverage imaging the
halite in the CMD is sufficient to assume that the vol-
ume estimation is reliable, and any error in the volume
estimation would not exceed +5% of our observed volume
(Figure 2).

Contrary to the gypsum volume, our calculations show
that the observed halite volume in the CMD can be de-
posited in a disconnected basin scenario. A CMD filled
up to sill depth with water at halite saturation concentra-
tion (350kg/m?) would produce a volume of halite that is
even bigger than observed (140%; Table 4). Three possi-
ble scenarios can reproduce our observations: (1) A CMD
that undergoes evaporation and progressive drawdown
with the consequent increase in salinity, reaching halite
saturation concentration when the sea surface reaches
the level of the sill (ca. 850m; sill 01 in Figure 3) and
the basin disconnects from the Mediterranean; (2) A full
CMD at normal sea level having a stratified water column
with depth-increasing salinities, where halite saturation
is reached only at depths comparable with the depth of
the deeper sill (sill 01 in Figure 3); (3) The volume of the
halite deposit is not correlated to the volume of water at
halite saturation and only appears to be by chance.

In the first scenario (1), our results show that block-
ing the outflow of ions from the CMD towards the
Mediterranean (Figure 7) is enough to reach the halite
saturation rapidly in the basin. Knowing that by the end
of stage 1 the inflow salinity from the Mediterranean
waters must have been very close to or even at gypsum sat-
uration (see previous Section 5.1), the time to reach halite
saturation can be as short as 1 kyr (Figure 7 and Table 5).
This process of salinity increase must have been accompa-
nied by a drawdown that reached at least the depth of the
deep sill (ca. 850m; sill 01 in Figure 3) and disconnected
the CMD from the Mediterranean. Once the halite satu-
ration is reached and the CMD is disconnected from the
Mediterranean, the CMD starts precipitating the halite.
The drawdown in the CMD now proceeds independently
from the drawdown of the rest of the surrounding
Mediterranean. Figure 6 shows that a quasi-desiccation
in the CMD, and the subsequent halite deposition, would
take place rapidly (ca. 1.2 kyr in the slowest case scenario)
and that even the highest possible fresh water input by
river would have a negligible effect on the amount of ha-
lite deposited.

In the second scenario (2), the basin is filled with
water at halite saturation up to the sill depth and overlaid
with a ca. 800m thick column of relatively fresher water
(<350kg/m*), sealing the brine off against atmospheric
influence (i.e., evaporation). The brine, hence, is not af-
fected by a sink of freshwater and needs a source of ions to
surpass halite saturation and precipitate halite (see mech-
anism in Simon & Meijer, 2017). Such a source of ions
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would need an area at the surface where water is so dense,
that it is transported to the depth. This means that the
stratification that characterizes this scenario would have
to be broken at least locally and at least intermittently.
Given the limited horizontal dimensions of the basin
and the resulting salinity gradient in this case (due to its
connection to the open Mediterranean), such a scenario
is unlikely to take place in the CMD. This also applies
to the double diffusion as a process (Arnon et al., 2016;
Ouillon et al., 2019), for which the vertical salinity differ-
ence needs to be so small that the effect of temperature on
density and saturation point cannot be ignored anymore
(see mechanism in Arnon et al., 2016). In this case, in
fact, the CMD would have to be inversely stratified with
slightly higher salinity in the (warm) surface layer at least
part of the year. Furthermore, the volume of the depos-
ited halite would not depend on the water volume of the
deep layer, but on the transports of ions into said volume.
The more ions are imported to the volume, the more halite
will be deposited. Such mechanisms observed in present-
day evaporative basins (e.g., Dead Sea; Lensky et al., 2005;
Sirota et al., 2018) are associated to high deposition rate
of halite that can reach 0.15m/yr (Table 2). Consequently,
in such a scenario, the time needed to deposit the whole
observed halite volume in the CMD is less than 2 kyr in
the slowest case scenario, which is only 4% of the duration
of stage 2 (ca. 50kyr). Therefore, even if this mechanism is
stopped (by drawdown and disconnection), an excess vol-
ume of halite would be produced, which is not observed in
the present-day halite volume.

Scenario 3 (3) is similar, with the only difference being
that the whole basin is assumed to be at halite saturation
and long enough to precipitate the observed halite deposit.
Inthisscenario, theinflowsalinity haseither tobe veryclose
to halite saturation or the fluxes from the Mediterranean
to be small enough to increase the salinity locally in the
CMD. Figure 10a shows that the magnitude of the fluxes
from the CMD to the Mediterranean (Equation 7a) has to
be 10°m?® s™" or smaller to reach halite saturation in the
CMD when the Mediterranean inflow is still at gypsum
saturation. With the cross sections of the connections
between the CMD and the rest of the Mediterranean
through the channels, this would require extremely slow
horizontal velocities in the order of v~ 107 m?/v and
smaller (Figure 10b), which is the same order of magni-
tude as vertical velocities of the present-day global ocean
(Liang et al., 2017). Horizontal velocities, however, tend to
be much larger (e.g., River flows: v, ~ 10° m /s, Schulze
et al., 2005; horizontal ocean currents: Vo, en ~ 108 m/s,
Lumpkin & Johnson, 2013; wind induced surface currents
of the Dead Sea: Vpeudsea ® 1072 — 1071 m/s, Padon &
Ashkenazy, 2018). There is no reason to assume that the
horizontal currents in the Western Mediterranean became

slower than the sinking speed that is observed in the
present-day global circulation. It is thus reasonable to as-
sume that the inflow salinity in this scenario was at halite
saturation. Again, given the short period of time needed
to precipitate the halite deposit (Figure 10a), this high
salinity inflow only needs to be reached for 150-1500yrs
to deposit the observed volume. The longer the connec-
tion lasts, the larger the deposited halite volume, which is
something that we do not observe in the present-day halite
volumes, hinting again that the CMD has to disconnect
from the Mediterranean.

Our results supporting a quasi-desiccation of the CMD
seem consistent with previously reported observations.
Starting locally from the CMD itself, Raad et al. (2021)
evidenced the presence of an erosional event truncating
within the top of the halite unit in the depocentre of the
CMD. The authors interpreted this erosion as due to sub-
aerial exposure and/or dissolution of halite in relatively
shallow water. Since our calculations show that no com-
plete desiccation is possible due to river input (Figure 6),
the subaqueous but shallow origin should be preferred.
However, we cannot exclude that the salt was subaerially
exposed on the flanks of the depocentre while a residual
water body was present in its deeper part.

A similar observation from another intermediate-
depth basin, the Caltanissetta Basin of Sicily, also sup-
ports an important sea level drawdown during the halite
stage, where an erosional surface with desiccation cracks
is cutting the top of a K- and Mg- salt rich level (Decima &
Wezel, 1973; Garcia-Veigas et al., 1995; Lugli et al., 1999;
Rouchy & Caruso, 2006). Some authors associated this ero-
sional surface to the local desiccation of the Caltanissetta
Basin (Manzi et al., 2012; Roveri et al., 2008) during stage
2. This is consistent with our interpretation and we pro-
pose that the Sicilian salt may have deposited during stage
2 in the Caltanissetta basin in a similar way to the one
described above for the CMD (scenario 1), as both basins
are classified as intermediate-depth and their MSC record
share many similarities (Raad et al., 2021).

As long as the CMD is connected to the main
Mediterranean basin, its water level will follow that of
the Mediterranean. Studies showed evidences of a draw-
down of even higher amplitudes than the depth of 850 m
of our sill, varying from ca. 1500 m (Heida et al., 2021;
Urgeles et al., 2011) up to quasi-desiccation of the deep
basins (Pellen et al., 2019; Ryan, 1978). This means
that the drawdown might have continued further in
the Mediterranean, whereas the CMD had its own base
level evolution as explained in Section 4.2 and shown
in Figure 6. With the aim of evaluating the present-day
observed halite volume in the frame of the consensus
model (CIESM, 2008; Roveri, Flecker, et al., 2014), we
performed a simple calculation, similar to the one done
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for the CMD but on the scale of the whole Mediterranean,
using the parameters presented in Table 6 and the mech-
anism in Figure 4b. We keep a restricted Mediterranean-
Atlantic connection, allowing for an Atlantic inflow
with a salinity of 35kg/m’ replacing the net freshwa-
ter loss (i.e., no drawdown; Meijer, 2012) for the whole
MSC stage 2 duration (ca. 50kyr as assumed in Roveri,
Flecker, et al., 2014) where the Mediterranean waters
are at halite saturation. Results of our calculations show
that we would precipitate x1.5 times the observed deep
basin evaporite volume (977 x 10*'* m?, Table 6) calcu-
lated by Hagq et al. (2020). This is not a contradiction to
the results of Krijgsman and Meijer (2008), who used
the same approach but estimated the volume of halite by
combining the areal extent of halite as indicated by the
distribution map of Rouchy and Caruso (2006), a thick-
ness of 1000m in the western basin and 3500 m in the
eastern basin (after Lofi et al., 2005). Their calculated
volume was close to the estimated one. Note that the
volume given by Haq et al. (2020) includes the pre- and
post-halite MSC units and it is thus an overestimation of
the deep basin halite volume. Thus, we would expect to
accumulate a volume of halite that could be at least two-
times bigger than the observed one. However, the volume
estimation by Haq et al. (2020) is more reliable and thus
our calculation could be considered an improvement
to Krijgsman and Meijer (2008). As for the CMD, our
calculation suggests that the open Mediterranean could
not have remained connected to the Atlantic during the
whole duration of stage 2. Consequently, a drawdown
must have occurred upon the Mediterranean's discon-
nection from the Atlantic because of the negative water
budget that characterizes the Mediterranean (e.g.,
Krijgsman & Meijer, 2008; Meijer, 2006) and desicca-
tion and refilling of the Mediterranean could have taken
place very rapidly (within one precessional cycle; Meijer
& Krijgsman, 2005). Of course, this calculation is very
simplistic since it overlooks some factors such as the sill
effect between the Eastern and Western Mediterranean
(Blanc, 2000, 2006; Topper & Meijer, 2013), and the fact
that the salt in the deep basin might have started deposi-
tion already during stage 1, at least in the eastern basin

TABLE 6 Table showing the area and
volume of the halite in the Mediterranean

area
Area covered by

Halite (m?)
FWB (m’/a)
Volume of MSC

evaporites (m?)*
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(Meilijson et al., 2019, 2022). Although, in their model-
ling of the MSC halite stage, Topper and Meijer (2013)
tested the efficiency of the Siculo-Tunisian sill between
the eastern and western Mediterranean basins and ar-
rived to the same conclusion that a high amplitude draw-
down (ca. 1500 m) must have happened at the end of
halite deposition in the deep basin (see their Figure 10).

Another step to place the results obtained in the
CMD in the wider context of the wider MSC events in
the Western Mediterranean Basin is comparing the ob-
tained halite volumes formed during water level drop in
the CMD with those in the deep basin of the Western
Mediterranean. The deep basin halite volume in the
Western Mediterranean has been estimated at around
120x 103km® (Heida et al., 2021), which is consider-
ably smaller than previous estimates (Haq et al., 2020).
Using the reconstructed hypsometry of the western
basin at the beginning of halite deposition derived from
the paleo-bathymetry published in Heida et al. (2021),
we can calculate the volume of halite that would result
for different average starting salinities for the Western
Mediterranean (Figure 11) for a disconnected basin that
experiences drawdown (as in Figure 4a). For a low start-
ing salinity model (190-210kg/m’) and halite saturation
reached after a drawdown of ca. 850m, a large drop in
water level (>3000m) is required to obtain >85% of the
halite volume. A fully desiccated basin, which is physi-
cally impossible since the system would reach an equi-
librium before (comparable to Figure 6), would also not
lead to the total volume. This volume is only reached
for a water column that starts precipitating after a draw-
down of ca. 700m or sooner which implies an average
salinity of 232kg/m’ or higher (Figure 11). For a salin-
ity of 350kg/m”, i.e., halite saturation, the drawdown
needed to form the western Mediterranean MU halite is
even reduced to 1600 m. This type of calculation simpli-
fies a complex basin to one uniform water column and
thus ignores effects like horizontal salinity differences,
dynamic changes during the drawdown, like a contin-
uous (even though reduced) supply of ions from the
Atlantic to the deep Western Mediterranean Basin. This
however, as well as our calculations on the CMD itself,

Western Eastern
mediterranean mediterranean References
5.38E + 11 2.80E + 11 Lofi (2018)

—2.5* (10E + 15)E-3
977E + 12

Simon et al. (2017)
Hagq et al. (2020)

Abbreviation: FWB, fresh water budget (calculated for both Western and Eastern Mediterranean).

“The volume of evaporites from Hagq et al. (2020) includes pre-halite, halite and post-halite MSC units.
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strongly indicate that halite did not start depositing be-
fore the beginning of the drawdown.

6 | CONCLUSIONS

We carried out numerical modelling of the Messinian
Salinity Crisis (MSC) evaporites accumulation in the
Central Mallorca Depression (CMD) using physics-based
models built on conservation of mass of water and salt
and a simplified model for the flow in sea straits. The in-
terpretation of a widespread seismic dataset covering the
CMD allowed the estimation of the volumes of the MSC
evaporites that are used to constrain both our isostatic and
evaporite precipitation models. According to the results
and observations, we conclude the following:

» During stage 1 of the MSC (5.97-5.60Ma), the upper
water layer of the Mediterranean had to be at gypsum
saturation salinity to supply the CMD with Ca?* and
sof; ions needed to deposit the observed volume of
PLG. Gypsum deposition likely occurred only during
part of precessional cycles (maximum duration of ca.
4.5 kyrs).

« The need of shallow topographic sills in the deposition
of PLG appears not to be a pre-requirement, and PLG
deposition was not necessarily limited to 200m water
depth but was rather constrained by the depth at which
anoxia starts.

« Our results suggest that during stage 1, gypsum possi-
bly deposited almost everywhere in the Mediterranean,
including on open shelves. PLG may have successively
been removed at any time by subaerial erosion or slopes
instabilities, and re-sedimented in deeper contexts.

« The deep basin's Lower Unit traditionally associated to

the MSC could thus at least partly be made of cumulatic

and resedimented gypsum.

Following the gypsum deposition, a phase of rapid

base level drawdown commenced (beginning of stage

2; 5.60-5.55Ma) accompanied with increasing salin-

ities. The outflow of ions from the CMD towards the

Mediterranean is blocked allowing halite saturation to

be reached rapidly in the basin. After a period as short

as ca. 1.5 kyr, the drawdown reached the depth of the
basin sill lying at ca. 850 mbsl, leading to the complete
disconnection of the CMD, and to halite precipitation.

+ The base level in the CMD successively evolved separately
from rest of the western Mediterranean Sea, still ongoing
a drawdown. A quasi-desiccation in the CMD has likely
been reached, and halite locally subaerially exposed while
a residual water body was present in the deepest part.

« In the deep western Mediterranean basins, halite sat-
uration was likely reached earlier than in the CMD in

a basin strongly stratified before the beginning of the
drawdown. Salt deposition, however, probably started
after the beginning of the base-level drawdown, imply-
ing that salt deposition started in a relatively deep water
context and ended when the acme of the drawdown was
reached. Halite emplacement in the deep basin could
have been completed before the end of stage 2.

On a larger basin scale, during stage 1 of the MSC, a
normal, even though restricted, connection between the
Atlantic and Mediterranean must have persisted, with no
significant base level drop. This connection must have
been further restricted until total interruption during
stage 2, leading to the important base-level drop and
the deposition of halite. Such drawdown must have led
to the disconnection between the Western and Eastern
Mediterranean basins during this stage, but halite deposi-
tion is not necessarily synchronous in both basins due to
the further restriction imposed to the eastern basin by the
Siculo-Tunisian sill as attested by several studies.

Even though many observations from the Balearic
Promontory and the Western Mediterranean are coherent
with the 3-step MSC consensus model, our results also
highlight that some aspects of such model (e.g., limiting
the PLG deposition to shallow >200m silled basins; and
the synchronous onset of the RLG and halite) may need to
be reconsidered in future studies.
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