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ABSTRACT 23 

The Messinian Salinity Crisis (MSC) is a controversial geological event that influenced the 24 

Mediterranean Basin in the late Miocene leaving behind a widespread Salt Giant. Today, more 25 

than 90% of the Messinian evaporitic deposits are located offshore, buried below the Plio-26 

Quaternary sediments and have thus been studied mainly by marine seismic reflection imaging. 27 

Onshore-offshore records’ comparisons and correlations should be considered a key approach 28 

to progress in our understanding of the MSC. 29 
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This approach has however not been widely explored so far. Indeed, because of the erosion on 30 

the Messinian continental shelves and slopes during the MSC, only few places in the 31 

Mediterranean domain offers the opportunity to compare onshore and offshore records that 32 

have been preserved from erosion. In this paper, we compare for the first time the MSC records 33 

from two basins that were lying at intermediate water depths during the MSC and in which salt 34 

layers emplaced in topographic lows: the Central Mallorca Depression (CMD) in the Balearic 35 

Promontory, and the Caltanissetta Basin (CB) in Sicily. The reduced tectonic movements in the 36 

CMD since the late Miocene (Messinian) till recent days, favored the conservation of most of 37 

the MSC records in a configuration relatively close to their original configuration, thus allowing 38 

a comparison with the reference records outcropping in Sicily. We perform seismic 39 

interpretation of a wide seismic reflection dataset in the study area with the aim of refining the 40 

mapping of the Messinian units covering the Balearic Promontory (BP) and restituting their 41 

depositional history based on a detailed comparison with the Messinian evaporitic units of the 42 

Sicilian Caltanissetta Basin. We discuss how this history matches with the existing 3-stages 43 

chrono-stratigraphic model. We show that the Messinian units of Central Mallorca Depression 44 

could be an undeformed analog of those outcropping on-land in the Sicilian Caltanissetta Basin, 45 

thus questioning the contemporaneous onset of the salt deposition on the Mediterranean 46 

scale. We show a change in seismic facies at a certain range of depth between stage 1 MSC 47 

units, and wonder if this could reflect the threshold/maximum depth of deposition of bottom 48 

growth PLG selenites passing more distally to pelagic snowfall cumulate gypsum. Moreover, we 49 

confirm that PLG could be deposited in water depths exceeding 200m. 50 

 51 
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 60 

1 Introduction: Messinian Salinity Crisis and Intermediate Basins 61 

The Messinian Salinity Crisis (MSC) is a prominent and still misunderstood event that influenced 62 

the Mediterranean Basin in the late Miocene, leaving behind a Salt Giant with a volume of 63 

about 1.2x106 km3 (Ryan, 1976; Haq et al., 2020) deposited in a relatively short time interval of 64 

~ 0.64Ma (Krijgsman et al., 1999a,b; CIESM, 2008; Manzi et al, 2013). The first studies dedicated 65 

to the MSC took place onshore (Selli, 1960) while offshore works (Ryan et al., 1971) followed 66 

the first scientific drillings of the deep-sea drilling project DSDP (Hsu et al., 1973b). Since then 67 

and until today, numerous studies have been conducted in order to better understand the 68 

series of events that modified the basin during the Messinian and, despite these efforts, most 69 

of the controversies still persist (see review in Roveri et al., 2014a). A consensus model for the 70 

MSC was proposed after the CIESM publication in 2008, inspired from the 2 stage model of 71 

Clauzon et al. (1996), where the MSC has been divided in 3 stages: 72 

- stage 1 (from 5.97 to 5.60Ma, i.e. ~370ky): this stage marks the MSC onset, where the 73 

lowermost primary evaporites were deposited in shallow water basins. 74 

-stage 2 (from 5.60 to 5.55Ma, i.e. ~50ky): at this stage, salt bodies (mainly halite) were 75 

deposited in deep basins accompanying the maximum sea-level drawdown (of debated 76 

amplitude). Shallower basins evaporites underwent erosion and reworked evaporites were 77 

deposited. 78 

-stage 3 (from 5.55 to 5.33Ma, i.e. ~220ky): this stage was later on divided into 2 sub-stages, 79 

stage 3.1 (from 5.65 to 5.42), in which upper evaporites were emplaced and stage 3.2 (from 80 

5.42 to 5.33), that is known also as Lago Mare stage, where sediments with brackish water 81 

fauna content were deposited. 82 

This model has been widely built based on onshore studies performed on several key peri-83 

Mediterranean outcrops among which the ones from Sicily. This model has recently been 84 

challenged at least for the Eastern Mediterranean Basins by studies from recent oil industry 85 

offshore drillings (e.g. Meilijson et al., 2019). 86 
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Today, more than 90% of the MSC evaporites are lying offshore (Fig. 1A; Ryan et al., 2009; Lofi 87 

et al., 2011a, b; Lofi, 2018). Offshore drillings remain very limited (DSDP and ODP drillings and 88 

oil industry wells) and the offshore MSC records thus still largely un-sampled. The most efficient 89 

approach in the offshore domain remains the seismic reflection method. 90 

There is an agreement about the important role of the pre-MSC topography on the distribution 91 

of the MSC sediments, although paleo-geographic reconstructions are still not well constrained 92 

(Mascle and Mascle, 2019). In their review, Roveri et al., (2014a) proposed a schematic 93 

classification of the Messinian sub-basins in the Mediterranean, where they differentiate 94 

shallow (0–200 m water depth), intermediate (i.e. relatively deep-water, 200–1000m) and deep 95 

basins (water depth > 1000m). In this view, these sub-basins are thought to be physically 96 

disconnected from each other by topographic sills, and hold specific MSC records. 97 

The shallow marginal basins have been largely studied onland as they are outcropping in areas 98 

tectonically active during and/or after the MSC (e.g. Southeastern Spain, Apennines, Piedmont). 99 

The Messinian sedimentary record in these basins is nevertheless always incomplete because it 100 

has been exposed to erosion during the MSC sea level fall and/or due to tectonics. The main 101 

feature in the onshore outcrops is the presence of thick gypsum beds that mark the onset of 102 

the MSC (e.g. Yesares member in Sorbas Basin (Krijgsman et al., 2001); Vena del Gesso 103 

formation in the Northern Apennines (Vai and Lucchi, 1997); Cattolica Gypsum group in the 104 

central Sicilian Basin (Decima and Wezel, 1971)). They are called Primary Lower Gypsum (PLG), 105 

corresponding to MSC stage 1 and are usually interpreted as precession driven beds (Lugli et al. 106 

2010). A few studies have also recognized the presence of PLG in the offshore domain (e.g. 107 

Northern Adriatic Sea (Ghielmi et al., 2013); Balearic Promontory (Ochoa et al., 2015)).  108 

The deep MSC basins are only observed offshore and they contain salt sequences > 1 km thick 109 

(see review in Lofi et al., 2011a, 2011b; Lofi, 2018). In the Western Mediterranean, the Algero-110 

Provencal Basin is known to contain the full MSC sedimentary sequence or the so-called trilogy 111 

(Montadert et al., 1970).  112 

Following the nomenclature of Lofi et al. (2011), the 3 main seismic units forming this deep 113 

basin succession are: 1- the lower unit (LU), never sampled; 2- the mobile unit (MU), thought to 114 

be mainly made of Halite based on its transparent seismic facies and plastic deformation; 3- the 115 
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upper unit (UU) which uppermost part is made of clastic sediments, dolomitic marls, clastic 116 

gypsum and anhydrite (Hsu et al., 1973a). The deep basin trilogy of the western Mediterranean 117 

Basin has never been drilled except for its topmost part, and thus lacks chronostratigraphic and 118 

lithostratigraphic control. The MSC record in the eastern Mediterranean (Levant Basin) differs 119 

from the trilogy described in the western basin (Lofi et la., 2011a, b; Lofi, 2018) as it consists of 120 

up to 2km thick halitic MU with distinct internal reflection packages (Bertoni and Catwright, 121 

2006; Feng et al., 2016; Meilijson et al., 2019), overlain by a thin UU (Gvritzman et al., 2017; 122 

Madof et al., 2019) made of clastic rich anhydrite that has been recently drilled (Gvritzman et 123 

al., 2017). 124 

The intermediate basins are lying between the shallow and deep basins (e.g. Cyprus and 125 

Caltanissetta Basins). The MSC record in these basins differs from the one described in shallow 126 

(containing mainly PLG) and deep (thick salt layer) basins, and can contain various deposits: 1- 127 

euxinic shales/dolostones of stage 1 that are considered the later distal equivalent of the PLG 128 

(e.g. Piedmont Basin (Dela Pierre et al., 2011)), 2- Resedimented Lower Gypsum RLG of stage 2 129 

(e.g. Sicily (Roveri et al., 2006)) and 3- Upper Evaporites UE of stage 3 (e.g. Cyprus (Manzi et al., 130 

2016)).  131 

When lying offshore today, intermediate basins can also contain various seismic units that are 132 

Messinian in age, including 1- bedded units (BU) (e.g. Balearic promontory (Driussi et al., 2015; 133 

Maillard et al., 2014); Adriatic Basin (Ghielmi et al., 2013); Eastern Corsica Basin (Thinon et al., 134 

2016)), 2- a relatively thin salt layer (e.g. Balearic Promontory (Maillard et al., 2014)), and 3- an 135 

UU (e.g. Valencia Basin (Maillard et al., 2006)) lying above a Complex Unit (CU) (Valencia Basin 136 

(Cameselle and Urgeles, 2017)). 137 

In this work, we consider as intermediate any basin that during the MSC was lying deeper than 138 

marginal basins (~200m water depth) and shallower than the deep basins, containing either 139 

none of the deep basin MSC trilogy members or only some of them (Fig. 1B). 140 
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 141 

Figure 1. A: Extension map of the MSC seismic units around the Mediterranean illustrating our study area 142 

(modified from Lofi, 2018). Relief map is taken from Geomapapp (www.geomapapp.org). B: schematic present-day 143 

cross section of the Western Mediterranean basin. It shows a conceptual present-day distribution of the MSC 144 

offshore markers along a transect from shallow into deep basin passing through the intermediate basin (salt 145 

tectonics and post MSC movements are not included) (modified from Lofi, 2018). 146 

 147 

 148 

Some or part of the intermediate basins are outcropping nowadays (e.g. Sicily and Mesaoria 149 

Basins) and are thus considered as key areas to provide a stratigraphic link between marginal 150 

and deep basins. Offshore intermediate basins have not been intensively studied so far, 151 

although they may permit a comparison with some key onshore outcrops. Another importance 152 

of the offshore intermediate basins is that they may contain sedimentary records that are 153 

missing in the onshore outcrops that have undergone post-MSC erosion. 154 

In this paper, we compare two basins that are thought to be lying at intermediate depths 155 

during the MSC and in which salt layers are encountered: the Central Mallorca Depression 156 
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(CMD) on the Balearic Promontory (Maillard et al., 2014), and the Caltanissetta Basin (CB) in 157 

Sicily (Roveri et al., 2014b). The first one is lying offshore between Ibiza and Mallorca islands, in 158 

a passive tectonic setting, and is studied via seismic profiles. The second one is lying onshore in 159 

an active tectonic context, and its outcrops have been studied widely as references for 160 

understanding the MSC. First, we present a detailed study of the seismic records of the CMD. 161 

We then discuss similarities, in terms of geometry, facies, distribution and thickness between 162 

the Messinian deposits in both basins and we tempt to demonstrate that the CMD may be 163 

considered as an undeformed analog of the Sicilian CB. Finally, we propose a depositional 164 

scenario for the CMD and discuss the implications of the observations on the MSC event. 165 

 166 

 167 

2 Geological background of the study areas 168 

2.1 The Balearic Promontory: Tectonics, Architecture and Messinian Salinity Crisis 169 

Surrounded by 2 deeper basins, the Balearic Promontory (BP) is a continental high that includes 170 

the Balearic Islands. It is made of 2 main morphologic blocks (Acosta et al., 2002): the Mallorca-171 

Menorca block and the Ibiza-Formentera block (Fig. 2). The two blocks are separated by an 172 

elliptical depression, approximately 1050m water deep, called the Central Mallorca Depression 173 

(CMD). To the south, the BP is delimited by 2 steep escarpments marking the border with the 174 

Algero-Provencal deep Basin (>2400m depth): the Mazarron and Emile Baudot Escarpments, 175 

separated by the Ibiza Channel that, with the Mallorca Channel, connects the BP to the Valencia 176 

Basin (>1200m depth) (Fig. 2). 177 

 178 
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 179 
Figure 2. Bathymetric map showing the seismic dataset used for this study. CMD= Central Mallorca Depression. 180 

Bathymetry is downloaded from the European Marine Observation and Data network (EMODnet) database 181 

available online (www.emodnet-bathymetry.eu). White thick arrows indicate marine channels. Boreholes shown in 182 

the map represent a set of both industrial (IGME) and exploratory drillings (ODP and DSDP). Onshore digital 183 

elevation model has been produced using Copernicus data and information funded by the European Union- EU-184 

DEM layers (www.eea.europa.eu). 185 

 186 

 187 

The BP is known to be the north-eastern prolongation of the compressional Betic Cordillera 188 

thrust system (Roca, 2001). It is thought that the compression started in the late Oligocene to 189 

the south and then prolongated further to the north during the Burdigalian (Gelabert et al., 190 

1992; Sabat et al., 2011), while the surrounding Valencia and Algerian Basins underwent rifting 191 

in the back-arc context of the retreating Apennines-Maghrebian subduction. From late 192 

Serravallian and up to recent times, the BP underwent mild post-orogenic extension, resulting 193 

in a NE-SW normal fault system expressed plainly by the Palma Graben in Mallorca (Roca and 194 

Guimera, 1992; Sabat et al., 2011). 195 

This tectonic evolution of the BP thus resulted in a very complex structure including highs and 196 

lows resulting from compression and extension. The present-day BP contains a series of 197 
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perched sub-basins lying at different depths, stepped from the present-day coastline near 198 

Alicante (Spain) down to the deep basin (Fig. 3A, B). Most of these sub-basins were probably 199 

already existing during the Messinian and inherited their structure from the tectonic evolution 200 

of the promontory. Today they are forming a series of topographic lows (Fig. 3B), more or less 201 

connected, lying at various water depths (Driussi et al., 2015). During the MSC, these lows have 202 

been filled with deposits up to 500m thick (Maillard et al., 2014; Driussi et al., 2015; Ochoa et 203 

al., 2015). 204 

 205 

2.1.1 MSC in the surrounding deep basins 206 

 207 

South of the BP, the MSC record in the Algerian Basin is represented by the deep basin trilogy 208 

ie. LU, MU and UU (Lofi et al., 2011a, b; Lofi, 2018). The UU and MU pinch out on the Mazarron 209 

and Emile Baudot escarpments (Camerlenghi et al., 2009) and they show no connection with 210 

the MSC units of the BP (Figs. 3A and 4A). North-East of the BP, in the Provencal Basin, the MSC 211 

trilogy is also present (Montadert et al., 1970; Lofi et al., 2005). Towards the Valencia Basin, the 212 

LU and MU thin out progressively and pinch out in the area where a volcanic ridge separates 213 

the Provencal from the Valencia Basin (Fig. 3A; Maillard and Mauffret, 2006; Maillard et al., 214 

2006; Pellen et al., 2019). The UU extends into the Valencia Basin, thinning out from the NE to 215 

the SW where it pinches out and passes into a Margin Erosional Surface (MES) on the 216 

Catalan/Ebro Margins and volcanic structures (Maillard et al., 2006; Urgeles et al., 2011), 217 

whereas towards the east it drapes the lower margin of the BP (Driussi et al., 2015) and it 218 

passes into a MES. In the western extremity of this basin, Cameselle et al. (2017) evidenced the 219 

existence of a widespread CU unconformably overlain by, here very thin, UU (Fig. 3A). They 220 

interpreted the CU as mass transport deposits resulting from large-scale destabilization of the 221 

continental slope during the initial rapid sea-level drawdown and exposure of the shelf and 222 

upper slope. Other CU exist locally at the downslope mouth of Messinian valleys (Maillard et al., 223 

2006) 224 

Recently, Pellen et al. (2019) interpreted an additional MSC unit (unit SU12) lying below the 225 

MES on the Ebro Margin, and below the LU in the Valencia and Provencal Basins, which is 226 
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thought to have been deposited during the MSC base-level fall. Maillard et al. (2006) proposed 227 

that following this important base level drop, the Valencia Basin was subaerially exposed and a 228 

widespread erosion surface was created (Bottom Erosional Surface, BES). The UU successively 229 

was emplaced under shallow water during a relative rise in base level as attested by their 230 

aggrading and onlapping geometry (Lofi et al., 2011a, b). An erosional surface at the top of the 231 

UU (Top Erosional Surface, TES) could be a result of dilution during the Lago-Mare phase, 232 

possibly associated to a base level drop preceding the Zanclean reflooding (Escutia and 233 

Maldonando , 1992; Maillard et al., 2006). For Camesselle and Urgeles (2017) this erosion is 234 

minor and can be found only locally due to the dilution during the Lago Mare event. 235 

 236 

 237 

2.1.2 MSC in the Balearic Promontory: 238 

Several studies showed the presence of a thin MSC unit offshore the BP, disconnected from the 239 

other MSC units in the surrounding basins (Maillard et al., 2014; Driussi et al., 2015; Ochoa et 240 

al., 2015). Based on seismic profile interpretation, Driussi et al. (2015) identified a “MSC unit” 241 

(Table 1) extending all over the BP (their figure 4) from the present-day coastline down to the 242 

deepest part in the Formentera Basin (~1750m). This seismic unit is characterized by 2 to7 sub-243 

parallel continuous reflections of medium amplitude. It locally includes an internal facies made 244 

up of very thin reflections (Ft) with lower amplitude, found usually at the top of the MSC unit. 245 

The “MSC unit” is locally lying on an erosional unconformity (BES) and is eroded at the top (TES) 246 

towards the borders of the CMD. 247 

Several works then proposed that this “MSC unit” is made of several sub-units and that not all 248 

of them have the same MSC age, depending on their location on the promontory (Maillard et 249 

al., 2014; Ochoa et al., 2015; Roveri et al., 2019). 250 

Ochoa et al. (2015), based on borehole cuttings and logs tied to high-resolution seismic 251 

reflection profiles, demonstrated that the “MSC unit”, which they called Bedded Unit (BU, 252 

sensu Lofi et al., 2011a, b) (Table 1), in Elche and Bajo Segura sub-basins corresponds to the PLG 253 

(Fig. 3B; see also their figures 2 and 8). This PLG is equivalent to the first stage evaporites found 254 

onland, for example in the Sorbas and Bajo Segura Basins (Soria et al., 2008) or in the Palma 255 
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Basin boreholes (Fig. 4A; Baron and Gonzalez, 1985; Rosell et al., 1998; Maillard et al., 2014; 256 

Garcia-Veigas et al., 2018).  In this area, the seismic facies of the PLG consists of sub-parallel 257 

continuous 2 to 7 reflectors forming a Bedded Unit (BU), with very strong acoustic impedance 258 

at the base and at the top (see their figure 8). It is clearly cut by the TES, whereas no erosion is 259 

identified at the bottom. Based on their results, these authors suggested that PLG gypsum 260 

precipitation and/or preservation could occur in non-silled basins at water depth exceeding 261 

200m. Both Ochoa et al. (2015) and Driussi et al. (2015) questioned the connectivity between 262 

the different shallow sub-basins (e.g. Bajo Segura and Elche Basins) and the ones currently lying 263 

deeper, because of the presence of local structural highs separating them, and because the 264 

density of seismic profiles is not high enough to show the connectivity. More recently, Roveri et 265 

al. (2019) hypothesized that only the shallower domains of the Elche and Bajo Segura sub-266 

basins contained PLG, with the deeper parts of these basins located beyond some volcanic sills 267 

containing Resedimented Lower Gypsum (RLG) (their figure 14 a, b). However, no data support 268 

their new interpretation and mapping. At the present time, it is thus not clear whether the BUs 269 

filling the sub-basins lying deeper correspond to PLG, RLG or another MSC deposit. 270 

In a study dedicated to the CMD, Maillard et al. (2014) distinguished two different sub-units 271 

within the MSC unit of Driussi et al. (2015) (see their figure 7): 1- a Slope Unit (SU) located 272 

clearly on the Mallorca and Ibiza slopes and 2- a Bedded Unit (BU) lying deeper and containing a 273 

thin salt unit (Table 1). The authors discussed the possible chrono-stratigraphic models for 274 

those 2 MSC units in the CMD (see their figure 12). They question whether the SU, being older 275 

than the BU, could be synchronous or could post-date the emplacement of the PLG of the 276 

Palma Basin. Based on low-resolution high-penetrative seismic profiles, Maillard et al. (2014) 277 

also argued that the salt layer in the CMD might be thicker than what is observed on the high-278 

resolution seismic lines. Another salt unit is recognized in the southernmost part of Formentera 279 

sub-basin (Fig. 3A, B and Fig. 5D; Driussi et al., 2015). It is lying on a present-day depth of 280 

~450m below seafloor, whereas the salt in the CMD lies on 520m below seafloor. 281 

 282 
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 283 

Figure 3. A: Map showing the present-day extent of the MSC units in the Balearic Promontory (BP) and the 284 

surrounding deep basins. Light grey lines are isochrones (every 200ms TWTT) of the offshore depth of the base 285 

Plio-Quaternary unit. Black dotted line shows the position of the section shown in 3B. Thin white lines in the 286 

background are the positions of the seismic profiles used for the interpretation. MA=Mount Auzias; MO=Mount 287 

Oliva; SMVF=South Mallorca Volcanic Field; CMD=Central Mallorca Depression. Note that on the BP salt units are 288 

present in different perched basins (CMD, Cogedor Basin and Formentera Basin) lying at different depths. Notice 289 

also that bedded unit (BU1) extension in Elche and Bajo Segura basins is more important than what has been 290 

mapped by Driussi et al. (2015). B: Schematic profile across the perched basins of the BP showing the present day 291 

setting of the different bedded and salt units overlain by the PQ unit; the colors of the MSC units are the same 292 

used in 3A’s legend. The pre-MSC basement was drawn from the compilation and mapping of the Base Messinian 293 

horizon from the seismic dataset. Black dotted line shows the position of the section shown in 3D. PQ= Pliocene-294 

Quaternary unit. C: Simplified map of the extent of the MSC evaporitic sediments in the different Sicilian basins 295 

(modified from Caruso et al., 2015). D: Schematic geological cross section across the Sicilian MSC basins showing 296 

the settings of the evaporitic units filling the sub basins topped by the base Pliocene Trubi sediments (modified 297 

from Roveri et al., 2006). Notice how in both the BP and Sicilian basins, the different sedimentary units belonging 298 

to the MSC are contained in a series of sub-basins lying at different depths with only the deepest basins containing 299 

salt. 300 

 301 

 302 

 303 

 304 

Onland Mallorca, the MSC record is expressed by the Santanyi limestones, that represent the 305 

Terminal Carbonate Complex (TCC), made of carbonatic microbialites, oolites and marls (Mas 306 

and Fornos, 2012). These authors suggest that the TCC is the lateral time equivalent of the PLG 307 

drilled in the bay of Palma. None of the boreholes drilled onland Mallorca records the TCC and 308 
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PLG together (Baron and Gonzalez, 1985), which supports this interpretation. Overlying the 309 

TCC, and below the lower Pliocene sediments, a lacustrine-continental sedimentary unit known 310 

as the Ses Olles Formation that contains brackish to fresh water faunal assemblages, thus 311 

interpreted as representing the Lago Mare episode (Mas and Fornos, 2013). According to these 312 

authors the Lago Mare unit is cut by an erosional surface created during the major base-level 313 

drawdown, suggesting that the Lago Mare phase is related here to stage 1 of the MSC. This is 314 

not in agreement with the current crono-stratigraphic model (CIESM, 2008; Roveri et al., 315 

2014a). 316 

 317 

 318 

 319 

 320 

Onland Ibiza, Late Miocene units outcrop only locally and show common characteristics with 321 

units known in Mallorca, such as the reef complex or a unit interpreted as the TCC (Durand-322 

Delga et al., 1993; Pomar et al., 1996; Lezin et al., 2017). Important continentalization episode 323 

has been recently identified on top of these units with erosion and karstification, paleosols and 324 

gravity-driven instabilities that are thought to record the major sea-level fall (Odonne et al., 325 

2019; Maillard et al., 2020). 326 

 327 

 328 

 329 

 330 

2.2 The Sicilian Central Caltanissetta Basin: Geological contest and MSC 331 

Unlike the BP, the Sicilian Basins have been very active tectonically since the MSC. 332 

Belonging to the Central Mediterranean domain, Sicily’s structural and geological evolutions 333 

derive from the convergence between the African continental margin and the Eurasian plate 334 

(Catalano et al., 2013; Henriquet et al., 2020).  335 

During the lower Miocene, the SE-wards shift of the Calabrian accretionary wedge above the 336 



14 
 

slab, including AlKaPeCa blocks (i.e. Alboran, Kabylies, Peloritani, Calabria; Bouillin, 1986), lead 337 

to the growth of the Sicilian collisional complex (Catalano et al., 1996). The latter corresponds 338 

to a well-exposed fold-and-thrust belt (FTB) (Albanese and Sulli, 2012), the Maghreb-Apennine 339 

thrust belt, crossing from east to west the Sicily Island with the Gela Nappe along the thrust 340 

front (Lickorish et al., 1999). 341 

The Caltanissetta Basin, located in the arcuate part of the Gela Nappe (Fig. 3C), represents the 342 

main foredeep of the frontal thrust belt system (Butler et al., 1997). It consists of a single thrust 343 

sheet and comprises a series of continuously tightening folds (Lickorish et al., 1999). Its late 344 

Neogene evolution is related to the opening of the Tyrrhenian Sea (Kastens et al., 1988). The CB 345 

is organized in an alternation of depocenters and highs that are mostly related to active 346 

thrusting synclines (Grasso and Butler, 1991; Butler et al., 1995; Catalano et al., 2013). 347 

During the MSC, evaporites including halite were deposited in the CB and are mostly 348 

outcropping today, which made it a reference basin for the study of the MSC event. A complete 349 

sequence has been also found in a great number of cores in the CB, where the sequences are 350 

schematically formed of Tripoli Formation (30-90m), Calcare di base alternated to primary 351 

selenitic gyspum (> 300 m), halite and kainite (~ 500m) and Upper Gypsum (100-200m) (Rouchy 352 

and Caruso, 2006; Caruso et al., 2015). This tripartite character of the MSC sequence recalls the 353 

deep basin trilogy, thus the MSC succession of the central Sicilian CB was initially assimilated to 354 

an uplifted part of the deep basin succession, although not necessarily as the deepest areas 355 

(Decima and Wezel, 1971; Garcia-Veigas et al., 1995; Hsü et al., 1978; Rouchy, 1982a; Rouchy 356 

and Saint Martin, 1992; Schreiber, 1978; Clauzon et al., 1996; Rouchy and Caruso, 2006). 357 

However, different opinions exist about the marginal vs. deep basinal character of Sicily during 358 

the Messinian (Clauzon et al., 1996, 2005; Krijgsman et al., 1999a,b; Butler et al., 1995) which 359 

resulted in a number of chrono-stratigraphic models and related MSC scenarios (Fig. 4 E-G; e.g. 360 

Decima and Wezel 1971; Garcia Veigas et al., 1995; Butler et al., 1995; Rouchy and Caruso 361 

2006; Roveri et al., 2008). Recently, some authors classified the CB as an intermediate basin 362 

with a complex stratigraphy as a result of its growth on an orogenic wedge (Roveri et al., 2008; 363 

Roveri et al., 2014b). 364 

 365 
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According to the mentioned works, the MSC deposits in CB (Fig. 4D) can be summarized as 366 

follows: 367 

- Lower Evaporites (LE) or Lower Gypsum (LG) (Decima and Wezel, 1973): this unit is 368 

made of massive bedded gypsum intercalated with clay beds with a thickness up to 369 

140m (Lugli et al., 2010). Roveri et al. (2006) divided this unit into primary PLG and 370 

resedimented RLG. The PLG consists of thick selenitic gypsum beds that vary from large 371 

massive selenites to gypsarenites, separated by thinner organic-rich shale horizons. The 372 

change in facies inside each cycle is thought to reflect the passage from arid to humid 373 

phase at the insolation minima and the insolation maxima respectively at a precessional 374 

scale (Lugli et al., 2010). The PLG in the Sicilian MSC basins (Fig. 6A-C) records the same 375 

cyclicity (up to 13 cycles; Fig. 6C) as other PLG found in other marginal basins such as 376 

Sorbas Basin and the northern Apennines. According to Lugli et al. (2010) the cyclicity 377 

encountered in the PLG reflects the paleo-depositional environment, suggesting a 378 

general shallowing-upward trend with a change in the general hydrology of the basin. 379 

Moreover, these authors state that in the Sicilian Basins, PLG is found exclusively in 380 

silled shallow basins (<200m depth) at the borders of the main foredeep depression and 381 

has been deposited during stage 1 of the MSC (CIESM, 2008), whereas the lateral 382 

equivalent of the PLG in the deeper parts of the basins is represented by levels of marls, 383 

diatomites and thin laminated dolostone (calcare di base 2, see next paragraph) ~20m 384 

thick (Manzi et al., 2011). The base of the PLG unit is conformable with pre-MSC 385 

deposits, whereas its top is cut by an erosional surface (Fig. 6A-C). 386 

The RLG, bounded by the regional MES at the bottom (Roveri et al., 2008), is found in 387 

the main foredeep. It consists of resedimented gypsum that varies from huge and 388 

undeformed PLG blocks to gypsarenites and gypsum laminates that has been re-389 

deposited during stage 2 of the MSC. There is a controversy of whether the origin of the 390 

RLG is related to the combination of salt deformation followed by collapse dissolution 391 

(Rouchy and Caruso, 2006) or due to sub-aqueous gravity flows in the foredeep due to 392 

erosion or thrusting of large PLG masses (Roveri et al., 2008). 393 

 394 
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- Calcare di Base (CdB): this unit is made of complex carbonate formation with different 395 

facies (Decima et al., 1988; Rouchy and Caruso, 2006; Ziegenbald et al., 2010) that are 396 

found most commonly on structural highs separating perched basins. The most 397 

widespread facies are m-thick micritic limestones (calcite and/or aragonite) of 398 

evaporative and/or bacterial origin, often found as brecciated deposits and interbedded 399 

with shales and clastic gypsum (Caruso et al., 2015; Perri et al., 2017). The CdB shows 400 

common unfossiliferous and evaporitic character marked by halite and gypsum 401 

pseudomorphs (Ogniben, 1957; Pedley and Maniscalco, 1999), which suggest a shallow 402 

depositional environment close to the coastline (Suc et al., 1995a; Butler et al., 1999). 403 

However, the origin and the position of the carbonates belonging to the CdB is still very 404 

highly debated. Caruso et al. (2015) consider the CdB as the lateral equivalent to the 405 

PLG, slightly diachronous, thus formed during stage 1 of the MSC. These authors argue 406 

that the transition from the pre-MSC sediments (Tripoli Formation) to the CdB is 407 

continuous without any evident unconformity and they relate the brecciation process 408 

observed to local collapses with limited transport.  409 

On the other hand, Manzi et al. (2011) divided the CdB into 3 different types, with only 410 

type 2 (primary dolomitic limestones) belonging to the first stage of the MSC. Whereas 411 

CdB types 1 and 3 belong to the second stage of the MSC, with type 1 formed as the 412 

diagenetic product of bacterial sulfate reduction (BSR) of original clastic gypsum in 413 

presence of hydrocarbons, and type 3 made of brecciated limestones that formed due 414 

to regional mass transports. 415 

 416 

- Salt: this unit is made mainly of halite and even large amounts of K-Mg salts and it is 417 

found mainly in the central CB (Fig. 4D), where its thickness reaches 400-600m at the 418 

Realmonte mine (Decima and Wezel, 1971, 1973; Lugli et al., 1999). There, it shows a 419 

clear shallowing upward trend until reaching an exposure surface (Figs. 4E-G and 7B)  420 

expressed by ~1.5m desiccation cracks (Lugli et al., 1999), which suggest that the salt 421 

deposition started in a deep stratified water body that experienced a drawdown until 422 

the subaerial exposure and truncation (Schreiber et al., 1976; Lugli et al., 1999). It is also 423 
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characterized by a very high frequency halite-clay cyclicity (cm to dm thick) that has 424 

been correlated to Quasi-Biennial Oscillation, the El Nino Southern Oscillation, the 425 

sunspot number solar cycle and lunisolar tidal cycle (Manzi et al., 2012). The precession 426 

cycles of the deep basin salt of the eastern Mediterranean suggested by Manzi et al. 427 

(2018) and more recently by Meilijson et al. (2019) have not been observed in the salts 428 

of the CB. 429 

 430 

- Upper gypsum (UG) or Upper evaporites (UE): like the salt, this unit is present mainly in 431 

the CB (Fig. 4D) where it can reach thicknesses up to 300m. The most complete section 432 

outcrops at Eraclea Minoa along the south-western coast of Sicily (Fig. 8C). It is made of 433 

a rhythmic alternation of clays and marls interbedded with sandy and fine grained 434 

carbonates and seven gypsum bodies made by multiple strata of finely-laminated 435 

gypsum (balatino) and gypsarenites/selenites (Caruso and Rouchy, 2006; Grossi et al., 436 

2015). 437 

The chrono-stratigraphic tuning of the UE differs between the different authors. Rouchy 438 

and Caruso (2006) recognized 6 precession-driven sedimentary cycles, with a possible 439 

7th basal cycle, represented by a deformed gypsum deposit overlaid by the Arenazzolo 440 

sandstones (see next paragraph, Arenazzolo member). The Arenazzolo/Trubi contact 441 

marks the Messinian/Zanclean boundary (GSSP at Scala dei Turchi - Eraclea Minoa) and 442 

the return to normal marine conditions (Van Couvering et al., 2000; Pierre et al., 2006). 443 

Whereas Manzi et al. (2009) interpreted nine to ten sedimentary cycles, including the 444 

Arenazzolo member. According to these authors, each one of the cycles reflects 445 

oscillations in the basin’s base level and its water concentration associated to transitions 446 

from wet to dry environments, marked by an erosional surface at the end of each cycle. 447 

However, there is a disagreement about whether these oscillations started with brackish 448 

conditions (e.g. Decima and Wezel, 1971) or with marine conditions (e.g. Rouchy, 1976) 449 

and then evolved to hyperhaline conditions. For Rosell et al. (1998) the primary selenitic 450 

crystals on the top of each cycles reflect marine conditions, whereas Butler et al. (1995) 451 

considered them as salt-lake deposits. Londeix et al. (2007) suggested that the pollen 452 
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content of the clay layer, preceding the last gypsum bed of the different cycles at 453 

Eraclea Minoa, indicates variable conditions that vary from distal to coastal. The base of 454 

the UE is marked by an unconformity (Decima and Wezel, 1973; Butler et al., 1995; 455 

Garcia-Veigas et al., 1995). The UE lie on the salt in the distal part of the basin, whereas 456 

towards the proximal parts it shows onlap terminations on the underlying unit (ie. LE 457 

and/or CdB), where the terrigenous content decreases and becomes enriched in coarser 458 

material, due to changes in the fluvial discharge and drainage (Roveri et al., 2008). 459 

 460 

- Arenazzolo member: this unit overlays the UE and is topped by the Pliocene marking the 461 

Messinian/Zanclean contact. It comprises a stratified arkosic sand with alternating thin 462 

layers of different grain-size which yielded a well-diversified fauna corresponding to 463 

brackish-water ostracods species (Lago Mare), mostly of Paratethyan origin (Bonaduce 464 

and Sgarrella, 1999; Rouchy and Caruso, 2006). Some authors distinguished the Lago 465 

Mare unit from the Arenazzolo member with the later lying unconformably on the 466 

earlier (Cita and Colombo, 1979; Bache et al., 2012). According to these authors there is 467 

a transition in the depositional environment from brackish shallow-water conditions 468 

during the Lago Mare to a high-energy littoral environment. Above the Arenazzolo lies 469 

unconformably the Trubi Formation that reflects open deep-water condition as shown 470 

by foraminiferal fauna (Cita and Colombo, 1979; Pierre et al., 2006) and dinoflagellate 471 

cyst flora (Londeix et al., 1999; Londeix et al., 2007). Bache et al. (2012) suggested a 2 472 

step reflooding after the MSC acme in order to explain these transitions.  473 

 474 

In this paper, for our comparison with the CMD record, we will be focusing mainly on the 475 

Caltanissetta Basin where most of the stratigraphic models of the MSC are based on (Fig. 4). In 476 

particular we will consider the geometries, facies, distribution and thickness of the MSC units. 477 

 478 
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 479 

Figure 4. A: Detailed map of the MSC units and features in the Central Mallorca Depression (CMD). Note how the 480 

salt in the depocenter of the depression is distributed in 2 patches separated by a local topographic high. Isobaths 481 

(every 50m) represent the present-day bathymetry. Onland geology mapping of south Mallorca and North Ibiza is 482 

modified from geological map of Spain 1:50000 (IGME). Volcanoes and outcropping basement are from the 483 

geological map of Spain 1:1000000. BU1-PLG unit in the Palma Basin is mapped after Maillard et al. (2014). B-C: 484 

Parts of seismic profiles illustrating the geometrical relationship between the MSC units in the CMD: they show 485 

how the salt is lying between two MSC bedded units (BU2 and BU3) and contains internal reflections truncated at 486 

the top by an erosional surface. D: Map showing the distribution of the evaporitic units in CB (modified from 487 

Caruso et al., 2015). E-G: Sedimentary models showing the settings and geometrical relationships of the MSC 488 

evaporites in the CB published by different authors since the beginning of the studies of the MSC in that area 489 

(modified from Decima and Wezel, 1973; Rouchy and Caruso, 2006, Roveri et al., 2008). Note how in both study 490 

areas the settings and the geometrical relationships between the sedimentary units are similar, where we have a 491 

salt unit eroded at the top and sandwiched between two other units belonging to the MSC. 492 

 493 

 494 

 495 
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3 Data and Methods: 496 

In this study we use a series of 2-D seismic reflection profiles covering the whole BP area with 497 

the highest density of data in the CMD compared to the other sub-basins (Fig. 2). Part of this 498 

dataset consists of low-resolution seismic lines including old oil industry data that has been 499 

recently re-processed, provided by Spectrum Company, with a standard processing flow until 500 

pre-stack time migration. Other old non-reprocessed seismic data was also provided by the 501 

Instituto Geologico y Minero de Espana (IGME). The high-resolution seismic lines are mainly 502 

covering the CMD and have been acquired during the SIMBAD survey (Maillard and Gaullier, 503 

2013). High- and low-resolution lines were crossed for a better recognition, interpretation and 504 

mapping of the MSC units and surfaces. 505 

The interpretation of the profiles was performed using the software Petrel® by Schlumberger®. 506 

Analysis of the seismic profiles following a seismic stratigraphic procedure in terms of reflection 507 

terminations, erosional truncations, onlaps, downalps and configurations, allowed the 508 

identification of seismic units and their boundaries (Mitchum and Vail, 1977). The seismic 509 

horizons were then exported in digital format and imported to the geographic information 510 

system QGIS for the mapping of the MSC markers. 511 

For the MSC seismic units and surfaces we adopt the nomenclature proposed by Lofi et al. 512 

(2011a, b). 513 

The mean acoustic velocities used for the time-depth conversion and thickness estimates are: 514 

1500 m/s for the seawater;  2300 m/s for the Pliocene-Quaternary sequence derived from 515 

detailed curves based on wells (Maillard et al., 2014; Driussi et al., 2015 and references 516 

therein); 4500 m/s for the MSC pre-halitic unit (bedded units BU1 and BU2), based on the sonic 517 

log data tied to seismic profiles from Ochoa et al. (2015);  4780 m/s for the salt unit, based on 518 

laboratory measurements done on samples of halite from the MSC salts from Sicily published 519 

by Samperi et al. (2020); 3500 m/s for the MSC post-halitic bedded unit (BU3) assuming that it 520 

contains more terrigenous sediments than the pre-halitic bedded units (see results and 521 

discussion for more details). 522 

 523 
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 524 

4 Results: MSC markers of the CMD/BP 525 

Seismic units and their bounding surfaces are well expressed and preserved in the CMD (Figs. 526 

5B and 5C). Four MSC seismic units and several conformable or unconformable bounding 527 

surfaces were identified from high-resolution seismic profile’s interpretation, based on their 528 

seismic facies and on their geometrical and seismo-stratigraphic positions and relationships. 529 

They are described hereafter. 530 

 531 

 532 
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 533 
Figure 5. Seismic profiles covering different parts in the BP area. A: interpreted seismic profile Simbad 16 imaging 534 

the MSC seismic units in the southern part of the CMD, at the base of the Ibiza slope, where BU3 onlaps BU1. B-C: 535 

Interpreted seismic profiles Simbad 15 and Simbad 13 crossing the depocenter of the CMD showing all the MSC 536 

units and erosional surfaces. Note the bilateral truncation of the internal reflections intercalated in the salt unit 537 

due to an erosional event. D: Interpreted seismic profile in the southern depression of the Formentera Basin 538 

showing the presence of salt lying between 2 bedded units. E: Part of interpreted seismic profile Simbad 09 539 

showing the thinning of BU1 passing into a Marginal Erosional Surface (MES) on the present-day southern shelf of 540 

Mallorca. 541 

 542 

 543 

 544 
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- Bedded unit 1 (BU1): this unit is widespread, mainly on the present-day shelves and slopes of 545 

the BP, ranging from a minimum present-day depth of ~170m below sea level beneath the 546 

shelves to a maximum of ~1200m beneath Mallorca slope (Figs. 3A and 5C, SP 2077). Its 547 

extension has been underestimated in previous studies (Driussi et al., 2015; Ochoa et al., 2015), 548 

as our new seismic dataset shows its wider presence on the Alicante shelf and on the shelf 549 

between Menorca and Mallorca islands. On oil industry profiles, BU1 is contained in 1 or 2 550 

reflections, whereas on high resolution seismic profiles, it is made of up to 8, medium to high-551 

amplitude, relatively low frequency, reflections (Fig. 6 D-F). In the proximal domain, BU1 is 552 

overlain by the lower Pliocene unit and underlain by pre-MSC units (Fig. 5A, SP 791 to 1266; Fig. 553 

5C, SP 1 to 662), respectively made of very low and low amplitude reflections. In more distal 554 

domains, BU1 is overlain by another MSC unit (BU3, described later in this section) and still 555 

underlain by pre-MSC sedimentary unit (Fig. 5A, SP 146 to 791; Fig. 5B, SP 150 to 833; Fig. 5C, 556 

SP 1016 to 2077). 557 

The upper boundary of BU1 is marked by a regional erosional surface (TES or IES) (Fig. 5A, SP 558 

791 to 1266; Fig. 5C, SP 309 to 2077; Fig. 6 D-F) evidenced by truncated reflections (Fig. 6F). 559 

This erosion locally draw ~10 to 30ms TWTT deep V to U-shaped incisions (Fig. 5C, SP ~1500). 560 

The lower boundary of BU1 is generally concordant with the underlying pre-MSC units (BS), 561 

except locally, where the unit is internally deformed with an apparently unconformable base, 562 

probably due to seismic artefacts (Fig. 6E). Both the upper and the lower boundaries show an 563 

abrupt amplitude change, evidencing high impedance contrasts between the BU1 and the 564 

overlying Pliocene and underlying pre-MSC units (Figs. 5 A-C and 6 D-E). 565 

BU1 is characterized by several internal seismic facies alternating high amplitude continuous 566 

parallel reflections (bedded facies) (Fig. 6 D and F; Fig. 6E, SP 1376 to 1565) and medium 567 

amplitude deformed reflections (chaotic facies), observed especially on the slopes (Fig. 6E; SP 568 

1565 to 1908). Reflection free facies is also locally found. 569 

The thickness of BU1 is relatively constant along the BP (Fig. 6 D-F), with an average thickness 570 

of ~ 110m. It is thinner (~60m; Fig. 5E) near the coastline of Mallorca, between Palma and 571 

Campos Basins, as a result of the partial erosion of the unit. Where not/slightly eroded or 572 

deformed, BU1 reaches a thickness of up to ~130m on the slopes (Fig 6E, SP 1467).  BU1 is 573 
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however, most of the times, absent on the shelves where only the MES is observed (Fig. 3A and 574 

4A; Fig 5E, SP 1230). BU1 apparently thins out downslope (Fig. 5A, SP 592 to 1150), but its 575 

lateral continuity is unclear (Fig. 7E). On the seismic profile Simbad 14 (Fig. 5A) however, it 576 

seems continuous downslope. 577 

- Bedded unit 2 (BU2): on oil industry seismic profiles it appears as a single reflection. On high-578 

resolution profiles, it consists of up to 5 medium- to high-amplitude, relatively low frequency 579 

reflections. BU2 is overlain by the salt unit (see description of this unit later in this section) in 580 

the depocenters (Fig. 5B, SP 1836 to 4497; Fig 5C, SP 2784 to 4198; Fig. 5D, SP 1943 to 3331), 581 

whereas on the slopes, where there’s no salt, it is lying below another MSC unit, labelled BU3 582 

(Fig. 5B, SP 833 to 1823; Fig. 5C, SP 4198 to 5259). BU2 is everywhere lying above pre-MSC 583 

sediments (Fig. 5 B-D). 584 

In relatively proximal zones, the upper boundary of BU2 appears to be an erosional surface with 585 

some incisions (~5-10ms TWTT; Fig. 9, SP 991), whereas in the deeper depocenters it is 586 

conformable with the overlying salt unit (Fig. 5B, SP 1836 to 2842). The lower boundary of BU2 587 

is concordant with the pre-MSC units, but the low acoustic impedance contrast between those 588 

units makes it difficult to firmly identify the base of BU2. 589 

The internal reflection pattern of BU2 is characterized by parallel reflections laterally 590 

continuous in the distal domain but their lateral continuity weakens moving towards the 591 

proximal domain (Fig. 5C, SP 2430 to 5259). 592 

The maximum observed thickness of BU2 is 50ms TWTT (~ 110m to 65m depending on its 593 

internal lithology; see discussion for details). This thickness may be underestimated as the base 594 

of BU2 is uncertain, especially in the deepest part of the CMD. The lateral extent of BU2 toward 595 

shallower depths is also not clear and its relationship with the BU1 not properly imaged (Fig. 596 

7E). It is not excluded that BU2 could be the distal continuation (and thus the time equivalent) 597 

of BU1, accumulated in a more proximal domain (Figs. 5C and 9A), but additional profiles would 598 

be needed to confirm this geometry. 599 

Figure 5C (SPs 2077 to 2430; SP 5259) features an approximately 1.5km wide mounded 600 

structure overlain by the lower Pliocene and apparently lying directly above BU1 (Fig. 7E). It is 601 

observed on the borders of the depocenter, close to the pinch-out out of BU3. The seismic 602 
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signal around this feature does not allow us to figure out if any of the BUs has onlap 603 

termination on the structure. Onlap terminations and draping of the base reflections of the PQ 604 

unit on this mounded feature can be observed. 605 

 606 

- Salt unit: this unit displays a classical dominantly reflection free (transparent) facies (e.g. Lofi et 607 

al., 2011a, b). Internal low-amplitude low-frequency continuous reflections are commonly 608 

observed in this unit (Fig. 5B, SP 2570 to 3177; Fig. 5C, SP 3137 to 3844; Fig. 9A, SP 1274 to 609 

2122). The salt unit lies everywhere below BU3 and above BU2 (Figs. 4 B and C; Fig. 5 B-E). 610 

The upper boundary of the salt is an unconformable surface marked by a truncation of the 611 

topmost internal reflections (Fig. 4 B and C; Fig. 9A). The base of the salt is clearly concordant 612 

with BU2. 613 

Its maximum thickness is ~240m, reached in the deepest part of the CMD. 614 

The base of the salt (top BU2) remains locally uncertain because of the poor imaging below the 615 

salt on high-resolution seismic data, but crossing with confidential re-processed oil industry 616 

profiles confirmed its location  at 1.8 - 1.9 sec TWTT in the CMD (Fig. 5 B and C) and not deeper 617 

as questioned by Maillard et al. (2014). Toward the borders, the salt thins out as a wedge. Due 618 

to the ductile deformation of the salt, its pinch-out termination is often associated with listric 619 

faults and brittle deformation of the overlying BU3 and PQ units (Fig. 5B, SPs 1836, 3177 and 620 

~4250). These listric faults, together with the deformation of the units overlying the salt, 621 

suggest that originally the salt extension was locally wider, and that it later glided towards the 622 

depocenter, leading to formation of salt welds (Fig. 5C). Moreover, the current thinning of the 623 

salt (wedge geometry) towards the borders of the salt basin is not an expression of progressive 624 

onlap of younger layers. It results from an erosion evidenced by the truncation of the intra-salt 625 

reflections, more and more into deeper (older) levels towards the margin. 626 

Seismic profile Simbad 13 shows that the top of the salt exhibits locally a concave U-shaped 627 

depression lying above down-warped internal seismic reflections (Fig. 5C, SP 3491). The relief 628 

extends for about 1.5 km horizontally along the seismic profile. Down-warped reflections are 629 

also observed in the BU3 and PQ deposits overlying the depression but the deformation is 630 

progressively attenuated upwards (Fig. 7D). 631 
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- Bedded unit 3 (BU3): on oil industry profiles it is made of 2 reflections, whereas on high 632 

resolution profiles it consists of up to 9 low- to medium-amplitude, high frequency reflections 633 

(Fig. 8F). BU3 is everywhere conformably overlain by the lower Pliocene. In proximal domains, it 634 

unconformably overlies either the MES (Fig. 5D, SP 1943) or BU1 or BU2 (Fig. 5A, B). Internal 635 

reflections of BU3 show onlap terminations on the erosion surface (IES) bounding above 636 

BU1/BU2 (Fig. 8D, E). More distally, in the depocenters, BU3 conformably overlies the salt unit 637 

(Figs. 5 A-D and 8 D, E). On the border of the salt basin, BU3 is often affected by brittle 638 

deformation related to the ductile deformation of the underlying salt (Fig. 5C, SPs 2784 and 639 

4198).  640 

The spatial extent of BU3 is limited to some of the BP sub-basins (Fig. 3A). BU3 shows no lateral 641 

continuity or geometrical connection with the UU accumulated in the deeper basins 642 

surrounding the BP (Fig. 3A). 643 

The internal facies of BU3 consists dominantly of parallel and clearly continuous reflections in 644 

the distal part of the CMD and Formentera Basin (Figs. 5 A-D and 8F). It becomes hummocky 645 

and relatively chaotic towards the proximal areas (Fig. 8E). In shallower sub-basins, such as El 646 

Cid and Cogedor Basins, BU3 overlies BU1 and appears as a very thin unit, with less beddings 647 

and irregular top (Fig 6D, SP 3848). 648 

The thickness of BU3 is variable. In the CMD it reaches a maximum thickness of ~120m in the 649 

structural lows and/or in flat regions at the foot of slopes (Fig. 8F). In the southwestern basins 650 

of the BP, e.g. El Cid Basin, BU3 appears very thin on high-resolution seismic lines and thus 651 

cannot be distinguished from BU1 on the low-resolution seismic lines. Consequently, its 652 

presence might be underestimated in the south-western part of the BP, where we have scarce 653 

high-resolution seismic coverage (Fig. 3). 654 

 655 

The PQ unit overlies BU3 in the distal domain (Fig. 5B-D). In proximal domains it overlies BU1 656 

where present (Fig. 5E, SP 719 to 1146) or the MES where BU1 is absent (Fig. 5D, SP 297; Fig.5E, 657 

SP 1230). The basal part of the PQ unit is characterized everywhere on the BP by a very low 658 

amplitude reflectivity (Figs. 5 and Fig. 6 D-F), except locally (e.g. Fig. 5B, SP 3845). The pattern 659 

of the basal reflections of the PQ unit in the CMD shows a clear sheet-like shape, draping the 660 
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topography of the underlying Messinian units (Ludmann et al., 2012). On the Mallorca slope it is 661 

deformed by the post-MSC gliding affecting BU1 (Fig. 6E; Maillard et al., 2014). 662 

 663 

 664 

5 Interpretation/Discussion 665 

5.1 Sicily vs Balearic Promontory: depositional units, surfaces and geometries 666 

Several sedimentary models were proposed to account for the MSC deposits observed in the 667 

Sicilian Basins (Fig. 4 E-G), starting from the oldest models by Decima and Wezel (1971) and 668 

Garcia-Veigas et al. (1995), to more recent models by Rouchy and Caruso (2006) and Roveri et 669 

al. (2008). In all these models the depocenter of Caltanissetta Basin contains a halite unit 670 

sandwiched between two MSC units, the LE and the UE. Our seismic observations evidence that 671 

the MSC units in the BP, especially in the CMD, show a similar configuration: in the depocenter 672 

there is a salt unit (Fig. 4A) sandwiched between two other MSC units, BU2 below and BU3 673 

above (Fig. 4 B, C). 674 

The distribution of the MSC deposits in Sicily has been described schematically by Roveri et al. 675 

(2006) (Fig. 3D). In their model, only the marginal sub-basins such as Calatafimi Basin contain in 676 

situ PLG deposited in shallow context, whereas deeper basins such as Belice Basin contain only 677 

RLG (see section 3). The even deeper sub-basins of Caltanissetta are the only basins where salt 678 

and the upper evaporites are found (Figs. 3D and 4D). A very similar distribution is remarked in 679 

the BP, where the shallow perched sub-basins usually contain exclusively BU1, locally topped by 680 

a very thin BU3 with an irregular but non-erosional top (Fig. 6D). The deeper sub-basins 681 

(Formentera Basin; Fig. 5D and CMD; Fig. 5B, C) contain BU2 and a thick BU3, together with the 682 

salt unit in between (Fig. 3A). 683 

Herein we discuss a possible analogy between Messinian Sicilian basins and BP sub-basins, 684 

assuming that the MSC seismic units of the BP, described in the previous section, could be the 685 

equivalent of the Sicilian MSC units described in section 2.2.  686 

Observations of Messinian sub-basins from both BP and Sicily show a high analogy between the 687 
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evaporitic units in terms of geometry, facies and distribution. In our comparison we will focus 688 

mainly on the CMD and CB. 689 

 690 

5.1.1 Geometry Similarities: 691 

a- In the north-eastern part of the CB, seismic profiles imaging MSC sediments in a 692 

relatively undeformed or slightly deformed perched sub-basin (Fig. 9B, C), show that this 693 

depression has a concave-like geometry. The MSC unit is thicker in the depression’s 694 

depocenter and includes salt, whereas towards the borders of the depressions, the salt 695 

pinches-out and there is a notable thinning of the MSC units. This geometry is very 696 

similar to the one observed in the CBD (Figs. 5C and 9A). 697 

 698 

b- The top of the PLG in Sicily is cut by a regional erosional surface in the shallower parts of 699 

the basins (Fig. 6A, C) and is locally overlain by the lower Pliocene Trubi Fm. Similarly, in 700 

the proximal part and the slopes of the BP, the top of BU1 is cut by a regional erosional 701 

surface (TES in Fig. 6E) and is overlain by the lowest Pliocene unit. 702 

 703 

c- Towards the depocenter, in the CB, the UE overly the LE and the contact between those 704 

2 units is often marked by an erosional surface (Fig. 8A, B; and Roveri et al., 2019). In the 705 

distal areas of the BP, BU3 overlies BU1 and the contact between the two units is also 706 

erosional (IES in Fig. 8D, E). 707 

 708 

 709 

d- The MSC salt in the CB is lying between 2 units (i.e. LE and UE; Figs. 4 E-G and 7A) and is 710 

found in the depocenters. Towards the margins, the salt unit pinches out where LE and 711 

UE become in contact along an erosional surface. 712 

Exactly the same configuration is observed in the CMD, where the MU is underlain by 713 

BU2 and overlain by BU3 in the depocenter (Fig. 5B, C). Toward the margin of the 714 
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depression, the salt pinches out where BU2 and BU3 are in contact along an IES (Figs. 715 

4B, C). 716 

 717 

e- In the depocenters of CB, the UE lie on the salt, where the transition is defined by a 718 

meter-thick laminar cumulate gypsum horizon (Fig. 4F). In a more proximal location, on 719 

the borders of the basin, clear onlap terminations of the UE against the LE (PLG and/or 720 

CdB) is observed (Fig. 8A, B; Decima and Wezel 1971; Rouchy and Caruso 2006; Roveri et 721 

al., 2008). 722 

A similar geometrical relationship exists in the CMD, where the post-salt BU3 lies above 723 

the salt unit (Fig. 4B, C) in the depocenter and onlaps BU1/BU2 (Fig. 5B, SPs 309 to 2077, 724 

and 4198 to 4905) in the proximal domains of the basin (Fig. 5A, SP 791; Fig. 5C, SPs 725 

~800 and ~5100; Fig. 8D, E).  726 

 727 

5.1.2 Facies Similarities: 728 

a- PLG vs BU1 729 

The PLG in the CB has been described and correlated across the Mediterranean by Lugli 730 

et al. (2010). It consists of processional driven cycles of primary gypsum separated by 731 

shale horizons. Ochoa et al. (2015) demonstrated that the BU1 of the Elche sub-basin 732 

also corresponds to the PLG. It is made of cyclical gypsum/marl alternations (up to 14 733 

cycles; Fig. 6F) and displays a bedded seismic facies (see section 4, BU1), as expected 734 

from such internal lithologies. This bedded seismic facies is typical of the BU1 and is 735 

observed at the scale of the promontory, suggesting that BU1 is the equivalent of the 736 

PLG everywhere on the BP, and not only in the Elche Basin. The erosional surface at the 737 

top of BU1 (Fig. 6 D-F) supports for its interpretation. 738 

 739 
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 740 

Figure 6. Figure illustrating the comparison between the Lower Evaporites (LE) and Bedded Unit 1 (BU1) in CB and 741 

BP, respectively, both belonging to stage 1 of the MSC. A: Lower evaporites section in Sutera (CB – Sicily) showing a 742 

Primary Lower Gypsum (PLG) eroded at the top by an erosional surface (TES?) (modified from Manzi et al., 2011). 743 

B: Section of Santa Caterina Villarmosa showing the LE unit, cut by an erosional surface. C: Monte Banco section 744 

made of up to 10 PLG cycles eroded at the top (modified from Bonanni D.M. 2018). See Fig. 4D for the legend of 745 

the outcrops’ location map. D: Interpreted part of seismic profile Simbad 22 showing the bedded facies of BU1 on 746 

the southern slope of Ibiza, where it is truncated at the top by the TES. Here another MSC bedded unit (BU3) 747 

appears to lie locally above BU1. The irregular top of BU3 is probably due to syn-depositional faulting. E: Part of 748 

interpreted seismic profile Simbad 12 showing different facies of BU1: its facies appears perfectly bedded when 749 

undeformed, whereas its facies becomes more chaotic when deformed by gliding. Note that the gliding affecting 750 

the unit is post MSC, which means it could not be compared to the RLG. F: Part of seismic profile Simbad 24 751 

located on the Alicante Shelf of south-east Spain, showing BU1 abruptly truncated at the top and thinning due to 752 

erosion towards the NE. Note that the seismic facies and the thickness of BU1 is similar in all sub basins in the BP, 753 

suggesting that it is everywhere made of stage 1 PLG cycles truncated at the top. See Fig. 3A for the legend of the 754 

seismic profiles’ location map. 755 

 756 

 757 

b- BU2 vs RLG 758 

The RLG in Sicily consist of resedimented gypsarenites, gypsum laminates, and PLG 759 
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gypsum blocks. As already discussed in section 2.2, the origin of the large dislocated 760 

blocks of RLG in the CB is controversial. However, both interpretations of RLG blocks 761 

imply an active syn-tectonic activity in the basin for the block-sliding. This is not the case 762 

in the BP, where the syn and post-tectonic movements are relatively negligible. In the 763 

MSC records of the BP, we thus do not expect the presence of large olistostromes, 764 

which could have been at the origin of internal chaotic seismic facies as stated by Roveri 765 

et al. (2019). Thus, due to the geometrical position of BU2 below the salt, and the 766 

relatively continuous reflections it contains, it could be the equivalent of the RLG of CB 767 

made of gypsarenites and gypsum cumulates (sensu Rouchy and Caruso, 2006) 768 

resedimented from BU1 as well as primary. However, in the CMD, the relationship 769 

between BU1 and BU2 remains unclear. Both are clearly pre-dating the salt 770 

emplacement, and BU2 seems at least partly lateral time equivalent of BU1, but with a 771 

change in internal facies, that could be due to a change in the internal content in 772 

gypsum (Fig. 5 B, C). At this stage, a firm link between BU2 and RLG is difficult to 773 

establish. 774 

 775 

c- MU vs Halite 776 

The salt sequence in the CB consists mainly of Halite and K-Mg salts that show a clear 777 

shallowing upward trend until reaching an exposure erosional surface expressed by 778 

desiccation cracks (Fig. 7B; see section 3 and Lugli et al., 1999). In the CMD the salt 779 

sequence is characterized by a globally transparent seismic facies with internal 780 

reflections in its upper part (Fig. 4B, C; Fig. 7D). Those intra-salt reflections suggest that 781 

it is not made of pure/unique salt. The uppermost reflection is truncated abruptly at the 782 

top, which could be due to subaerial exposure or dissolution in shallow water. The 783 

erosional surface observed in the Realmonte mine of the CB (Fig. 7B) is found inside the 784 

salt unit and not at the top of it as in the salt observed in the CMD. The presence of a 785 

major erosion on the top of the salts in CB could not be excluded, as also described in 786 

the model of Decima and Wezel, 1973 (Fig. 4E). In fact, there could be several minor 787 
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erosional/exposure surfaces inside the salt unit of the CMD as well, with only the major 788 

one visible at a seismic scale. 789 

 790 

 791 

Figure 7. Figure showing the geometrical settings and facies of the salt unit in CB and BP. A: Geological cross 792 

section between the towns of Caltanissetta and Enna in CB (position in Fig. 4D; modified from Carta Geologica 793 

Italiana, Caltanissetta, foglio 631). The section shows how the salt formation (here deformed by regional tectonics) 794 

belonging to the MSC is lying in between the lower and upper evaporites in the center of the section and it 795 

pinches-out in NW and SE directions, where the LE and UE become in contact. Note the onlap of the UE on the LE 796 

in the southeastern border of the basin. B: The MSC salt at the Realmonte Mine, CB, Sicily, showing an exposure 797 

surface at the top of the K-Mg salts with the desiccation cracks and the passage to halitic salts. C: Part of the 798 

seismic line Simbad 15 showing the truncation of the internal reflections at the top of the salt and illustrating an 799 

erosional surface which we interpret as an exposure surface or a dissolution surface in shallow water. Note how 800 

the salt unit in the BP, equivalent to CB’s salt, is sandwiched between two other MSC units in the central basin: 801 

where the salt pinches-out, the underlying BU2 and overlying BU3 units become in contact. D: Zoom from seismic 802 

profile Simbad 13, showing a concave feature on the top of the salt, and associated down-wrapped reflections 803 

below and above, possibly related to salt dissolution at depth and associated cover collapse. E: Zoom showing the 804 

facies of the interpreted carbonate mounds (see text for details). It also shows the uncertainty about passage from 805 

BU1 to BU2. 806 
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 807 

 808 

 809 

 810 

d- UE vs BU3 811 

The thickness of the UE unit reaches its maximum in the depocenter of CB. Its 812 

sedimentary facies is characterized by thick mudstone, sandstone and marl 813 

intercalations (Fig. 8C; see section 2.2). Towards the margins of the basin this unit thins 814 

out until onlapping the LE, and the terrigenous layers tend to decrease and be rich in 815 

coarser material (Fig. 8A). 816 

This is an adequation with the characteristics of BU3. This unit reaches its maximum 817 

thickness in the distal part of the perched basins, especially in Formentera Basin and the 818 

CMD (Fig. 8F) and thins out towards the proximal part of the basins (Fig. 8D, E), where it 819 

onlaps the underlying unit. Moreover, the seismic facies of BU3 changes laterally from 820 

the distal to the proximal domains, passing from a well bedded horizontal unit (Fig. 4B 821 

and Fig. 8F) into a more discontinuous, less bedded one (Fig. 8E). This facies change 822 

could be due to the finer granulometry of the clastic intercalations between gypsum 823 

beds in the depocenter (shales to sandstone?) and coarser grain in more proximal 824 

context (conglomerates?). 825 

 826 
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 827 
Figure 8. Figure showing the similarities between UE and BU3 in CB and CMD, respectively. A: Pietraperzia section 828 

(central CB – Sicily); Deformed upper gypsum cycles with terrigenous content in the uppermost cycle, showing 829 

onlap termination on the CdB along an erosional surface IES. B: Passo Fonnuto section (CB – Sicily; modified from 830 

Roveri et al., 2019); UE onlapping LE along an erosional surface. Note that the lower Pliocene formation (Trubi) is 831 

conformable with the UE (TS?). C: The upper evaporites cycles of the Eraclea Minoa section (CB – southern Sicily); 832 

the cycles are made of selenitic and clastic gypsum intercalated with levels of marls, limestones and clays. This 833 

facies is considered to be the most complete and has been deposited in the depocenter of the CB. For the legend 834 

of the outcrops’ location map see Fig. 4D. D: Zoom from seismic profile Simbad 14 showing the onlap of BU3 on 835 

BU1 along an erosional surface (IES) on the southern border of the CMD. Note the poor beddings of the horizons of 836 

the PQ unit and the continuous (conformable) transition from the MSC to PQ. E: Part of seismic line Simbad 08 837 

showing the onlap geometry of BU3 on BU1 on the northern border of the CMD along an erosional surface (IES). 838 

Note how the IES is characterized by Messinian paleo-incisions whereas the top of BU3 is conformable with the PQ 839 

unit. BU3’s facies is poorly bedded here probably due to coarse terrigenous content, explaining its thickening. F: 840 

Figure showing the perfectly bedded facies of BU3 in the deep depocenter of CMD where it reaches its maximum 841 

thickness. It’s worth noticing how both BU3 and UE change their facies from the depocenter into the borders of 842 

the basins and how both units onlap an older MSC unit along an erosional surface. 843 

 844 

 845 
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 846 
Figure 9. Interpreted profiles from both BP and CB showing the similarity in the shape and geometry of the sub-847 

basins, especially here where a post-MSC flexure affected locally the CMD. A: Seismic profile Simbad 08 crossing 848 

the CMD from the southern to the northern part through the depocenter (position and legend in Fig. 5). Note that 849 

the salt is exclusively found in the deepest part of the CMD, whereas to the borders it pinches-out. B: Onland 850 

seismic profile near Capodarso (CB – Sicily, modified from Catalano et al., 2013). C: Onland seismic profile in the 851 

central part of CB (modified from Catalano et al., 2013). See Fig. 4D for the legend of the location map. Note how 852 

in both the CMD and CB, the MSC sediments are contained in a concave-shaped depression with only the deepest 853 

part containing salt. 854 

 855 

 856 

5.2 CMD stratigraphy and relative chronology 857 

In the offshore domain of the BP, ODP and DSDP scientific drillings do not exist. Oil industry 858 

drillings exist only on the Alicante shelf, on the southwestern part of the BP. They only offer 859 

borehole logs and cuttings providing discontinuous lithological record of the MSC depositional 860 

unit (Ochoa et al., 2015; Ochoa et al., 2018). Thus, the seismic method and onshore-offshore 861 

correlation approach are the only possible way to understand the history of deposition of the 862 



36 
 

MSC deposits at a regional scale. Hereafter we discuss the significance and the chronology of 863 

the MSC units in the BP focusing on the CMD area based on the new interpretation of the 864 

seismic dataset. Most importantly, these units show similarity with the Sicilian CB (section 5.1). 865 

BU1: based on the following observations, we interpret BU1 as corresponding to the Primary 866 

Lower Gypsum (PLG) deposited during the first stage of the MSC:  867 

1- the proximal part of BU1 lies on a depth similar to the one of the PLG drilled onland in the 868 

Palma Basin (~120-200 m below sea level; Rosell et al., 1998; Garcia-Veigas et al., 2018). They 869 

also show similar thicknesses (80-90m; Rosell et al., 1998);  870 

2- the seismic facies of BU1 is everywhere similar (see section 4.1 and Fig. 6 D-F) to the BU 871 

drilled on the Alicante shelf and interpreted as PLG (Ochoa et al., 2015), which suggests that the 872 

petro-physical characteristics of the unit are similar;  873 

3- along the BP, BU1 is truncated almost everywhere by a regional erosional surface at the top, 874 

sometimes expressed by a valley-shaped incisions (Fig. 5C), suggesting a subaerial exposure of 875 

the unit during the MSC base level fall. This erosion could thus be the analog of the one at the 876 

top of the PLG in other peri-Mediterranean MSC basins (e.g. Sorbas and Appenines; Roveri et 877 

al., 2019; Roveri et al., 2001). The erosional top of the BU1 becomes less important moving 878 

distally, which could reflect a shorter exposure time for subaerial erosion in distal areas and 879 

progressive transition to subaqueous erosion towards more distal areas;  880 

4- BU1 shows a high positive contrast in seismic impedance with the overlying PQ unit, 881 

suggesting BU1 is made of harder rocks than the marls above, in agreement with the presence 882 

of gypsum layers. BU1 locally shows internal reflection free facies (e.g. Fig. 5E, SP 719 to 804) 883 

possibly reflecting the presence of thick gypsum cycles such as cycles 3 to 5 that are, summed 884 

together, up to 60m thick and that have been correlated on the Mediterranean scale (Lugli et 885 

al., 2010). This has been also hypothesized by Roveri et al., (2019) based on synthetic seismic 886 

models (see their figure 10).  887 

5- BU1 is locally deformed, showing internal chaotic facies (Fig. 5C, SP 309), probably due to the 888 

gliding of the entire unit (Fig. 6E, SP 1565 to 1908), at the gypsum/pre-MSC interface. Since the 889 

deformation also affects the lowermost overlying Pliocene strata (Fig. 6E), the gliding occurred 890 

after the MSC. It could have been triggered by several factors, among which the increase in 891 
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slope angle with time, as a result of margin subsidence, favoured by the rheological contrast 892 

between the gypsum layers and underlying clastic sediments (probably marls). Gliding along 893 

gypsum interfaces has also been described by Bourrillot et al. (2010) in the PLG of the Sorbas 894 

Basin. Locally, the internal chaotic facies could also be due to the presence of gypsum 895 

supercones similar to the one described in the PLG of Sorbas Basin (branching selenite facies, 896 

sensu Lugli et al., 2010). 897 

Roveri et al. (2019) stated that BU1 in the CMD (SU) may correspond to chaotic deposits 898 

emplaced by gravity flows containing small to giant PLG gypsum blocks. We believe that their 899 

hypothesis is not correct, since RLG is known to be deposited in the second stage of the MSC, 900 

whereas the gliding affecting BU1 appears clearly to be post MSC (Fig. 6E). Moreover, the RLG is 901 

thought to be transported from margins and re-deposited basinwards (Roveri et al., 2008) 902 

which is not the case for BU1 which shows an in-situ (< 1km) gliding without transport and re-903 

sedimentation. Moreover, except very little in the Palma Bay, no gypsum exists all around the 904 

CMD’s margins, so there is no possible source that such RLG might derive from. 905 

 906 

BU2: the relatively high amplitude of some internal reflections of BU2 (Fig. 5C, SP 4198 to 5259) 907 

suggests that this unit contains gypsum. Since the geometrical and temporal relationship 908 

between BU1 and BU2 is not clear, we consider hereafter two possible alternative 909 

interpretations for BU2: 910 

- BU1 passes laterally to BU2 in the distal domain with a change in facies, and thus BU2 is 911 

the lateral and time equivalent of BU1, deposited in MSC stage 1. This is supported by 912 

several observations: 1- Locally, where BU1 is absent, we find BU2 currently lying at a 913 

depth that coincide with the depth of BU1; 2- No onlaps are observed between BU2 and 914 

BU1 and BU2 is never observed overlying BU1. In such case, several interpretations for 915 

BU2 are possible. It could be made of marls and thin carbonatic layers deposited in deep 916 

water conditions (equivalent in time to PLG being deposited in the shallower domain) in 917 

the distal parts of the basin, similar to the one locally described in the CB by Manzi et al., 918 

(2011). It could be also made of shales similar to the one described in other Messinian 919 

evaporitic basins such as the Piedmont Basin by Dela Pierre et al., (2011). However, such 920 
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shales and/or marls have usually a very low sedimentation rate, especially in areas not 921 

very active tectonically. Considering the thickness of BU2 (maximum 65m for such 922 

lithologies), it is unlikely that they could have been deposited during stage 1 of MSC 923 

(duration of 0.37Ma). More in accordance with the observed seismic facies, BU2 could 924 

also be made of pelagic primary gypsum cumulates depositing on the deep sea-bottom 925 

as a snow fall (Warren, 2016) or on the shallower slopes and then resedimented in 926 

deeper areas (De Lange and Krijgsman, 2010). An alternation between gypsum 927 

cumulates and shales/marls is however not excluded. The downslope thinning of BU1 is 928 

compatible with what has been observed for the PLG in the Piedmont Basin by Dela 929 

Pierre et al. (2011). 930 

 931 

- BU1 does not pass laterally to BU2, and BU2 is postdating BU1. This implies that BU2 is 932 

post-dating stage 1 of the crisis, emplaced probably in stage 2. The lateral discontinuity 933 

of the reflections of BU2 is the only observation that makes us doubt its continuity with 934 

BU1 (Fig. 5B, SP 833 and 5C, SPs 2430 and 5259). In this case, BU2 could be the product 935 

of erosion and re-sedimentation of BU1, possibly mixed with primary gypsum, as for the 936 

RLG in the CB (Roveri et al., 2008). In such a case, the absence of chaotic facies and 937 

diffractions in BU2 would imply that this type of RLG is likely made of gyps-turbidites 938 

rather than dislocated PLG blocks. 939 

We, moreover, interpret the mounded features described in section (4.1.1, BU2; Fig. 5C) as 940 

microbial carbonate mounds. These carbonates could have been formed at the paleo-shoreline 941 

during the maximum retreat of the sea-level in the acme of the MSC (during deposition of 942 

BU3?), and they could be the equivalent of CdB or CdB1 described by Caruso et al. (2015) and 943 

Manzi et al. (2011), respectively. Similar isolated carbonate buildups with identical seismic 944 

facies has also been identified and described elsewhere in non-MSC contest (e.g. offshore 945 

Ireland by Hovland (2008), their figure 5.3; offshore Philippines by Burgess et al. (2013), their 946 

figures 6B and 8C; and offshore Indonesia by Ruf et al. (2012), their figure 7). 947 

 948 
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Salt: the salt unit fills the deepest parts of the CMD where it reaches its maximum thickness 949 

(~240m). Salt tectonics is clearly observed (Figs. 4 B, C; Fig. 9A). The MU post-dates BU1 and 950 

BU2 since it is lying above the latter and pinches out laterally on it, which proves that it was 951 

deposited in a later stage of the MSC. 952 

We propose that the salt unit is likely mainly made of halite like the other MSC salt bodies in 953 

the Mediterranean (e.g. CB, Lugli et al., 1999; Levant Basin, Feng et al., 2016). The continuous 954 

reflections in this unit might reflect a change in lithology from halite to Mg- and K-salts, as 955 

observed in the Sicilian salt (Decima and Wezel, 1971) of the CB. This would indicate increased 956 

brine concentration toward the top of the unit and could be related to a shallowing upward 957 

depositional environment (Lugli et al., 1999).  958 

Clastic intercalations have also been encountered in the MSC halite (MU) of the Levant Basin in 959 

the eastern Mediterranean. The intercalations consist of layers of claystones (Gvirtzman et al., 960 

2013; Feng et al., 2016) and/or argillaceous diatomites (Meilijson et al., 2019). Such 961 

intercalations give birth to high-amplitude high-frequency reflections on the seismic profiles 962 

(Feng et al., 2016, their figure 2), due to the important change in the petrophysical 963 

characteristics between halite and clay/diatomites. In the CMD, the internal reflections in the 964 

salt unit are characterized by low-amplitude and low-frequency. This suggest only a slight 965 

change in the petrophysical characteristics of the material at the origin of the reflection and we 966 

thus believe that the reflections within the salt of the CMD are due to change of evaporite type 967 

rather than to the presence of clastics. 968 

The top of the salt in the CMD is marked by the truncation of intra-salt reflections (Fig. 7 B, C). 969 

This erosional unconformity could be originated either by salt dissolution in under-saturated 970 

shallow diluted water (Kirkham et al., 2020) or by subaerial exposure (Ryan, 1978), both 971 

processes requiring a significant base level drop. Toward the borders of the salt basin, the fact 972 

that the truncation cuts into progressively older stratigraphic levels in the landward direction 973 

suggests that the salt was initially extending further landward and has subsequently been 974 

removed from shallower depths, supporting the hypothesis of an important drop in the base 975 

level associated with this erosional event. A similar geometry has been evidenced on in the 976 

deep Levant basin where intra-salt truncations are interpreted as of subaerial origin (Ryan, 977 
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1978), in agreement with the presence further north of fluvial deposits deposited at the top of 978 

the salt (Madof et al., 2019). In the CMD, we interpret the down-warped seismic reflections in 979 

the salt and overlying units as possibly imaging a solution-subsidence structure (Fig. 7D) related 980 

to the dissolution of the subjacent salt. Overburden collapse structures related to dissolution of 981 

subjacent evaporites have also been evidenced in the Levant Basin by Bertoni and Cartwright 982 

(2005) and Hubscher et al. (2009). We tentatively suggest that in the CMD, such a dissolution 983 

may have been initiated during the lowstand phase contemporaneous with the erosion of the 984 

top of the salt. 985 

 986 

 987 

 988 

BU3: We interpret this unit as the possible equivalent of the stage 3 MSC deposits of the CB 989 

(upper evaporites and the Lago Mare sub-stages). In the CMD, the important acoustic 990 

impedance contrast between BU3 and the overlying lower PQ unit (probably marls and 991 

calcisiltites similar to the lower Pliocene unit of Palma Basin; Capo and Garcia 2019) reflects an 992 

important change in lithology. The internal stacking bedded facies of BU3 in the depocenter of 993 

the CMD (Fig. 8F) is coherent with an internal lithology consisting of alternations of gypsum and 994 

fine clastic sediments similar to the one described at Eraclea Minoa in CB. The low frequency 995 

characterizing the facies of BU3 (Fig. 8F) with respect to the high frequency ones encountered 996 

in BU1 could reflect the thicker layers of clastics included in it, similar to the clays and marls of 997 

the UE (Fig. 8C). If present, the Lago Mare phase representing the end of the MSC could be 998 

contained in the uppermost reflection of BU3 or included in the lowermost PQ horizon due to 999 

its reduced thickness. 1000 

The aggrading pattern of BU3 suggests that, following the erosion of the top salt layer under 1001 

lowered base-level, BU3 deposited in a topographic low forming a perched lake system. The 1002 

onlap of the internal reflection of BU3 on the margin may reflect a rise in base-level, as the 1003 

sediments infill the lake and the mean shoreline of the perched basin shoals through 1004 

aggradation. This is in accordance with what proposed for the UE of the CB by Butler et al. 1005 
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(1995). 1006 

Similarly to the centi-metric to deci-metric scale erosions described in the UE in CB due to the 1007 

precession driven sea-level oscillations (Rouchy and Caruso, 2006), internal erosions within BU3 1008 

might exist, but they are not visible at the seismic scale. The top of BU3 marking the Miocene-1009 

Pliocene (M/P) boundary is conformable in the CMD with no evidence of erosion on the seismic 1010 

scale (Fig. 4B, C) suggesting that the perched lake always remained under water. The M/P 1011 

boundary in CB is however interpreted as unconformable (see section 2.2, Arenazzolo member; 1012 

Cita and Colombo, 1979). In other shallower sub-basins in the BP, a very thin BU3 appears 1013 

locally. The irregular top could be due to mild syn-tectonic faulting affecting the unit (Fig. 6D). 1014 

5.3 Proposed depositional scenario in the CMD and associated regional consequences 1015 

Maillard et al. (2014) proposed several possible correlations between the different MSC 1016 

markers of the BP, extending from onshore to offshore. Roveri et al. (2019) subsequently 1017 

adapted one of the proposed scenarios (see their figure 14) to fit their 3-stages model. 1018 

However, two crucial features were not considered in both previous works: the BU2 lying below 1019 

the salt and the clear erosional surface truncating the top of salt.  1020 

The approach that we use in this work and the similarities that we discussed between the CMD 1021 

and CB, help us not only to constrain our understanding of the MSC in the BP, but also it could 1022 

be a reciprocal way to answer some uncertainties about the MSC in CB. 1023 

Thus, hereafter we propose a new scenario (Fig. 10) for the MSC in the CMD following our 1024 

observations, interpretation, and comparisons and adapting the CIESM (2008) time 1025 

chronological model for the MSC: 1026 

- MSC stage 1 (5.97-5.60 Ma): during this stage, the Terminal Carbonate Complex (TCC), known 1027 

also as Santanyi Limenstones formation, has been deposited on Mallorca carbonate shelves 1028 

contemporaneously with the Primary lower gypsum (PLG) in the Palma de Mallorca Basin (Mas 1029 

and Fornos, 2012). Concurrently in the CMD, BU1 and BU2, which we interpret respectively as 1030 

PLG and primary gypsum cumulates/marls, were deposited in continuity with the PLG of the 1031 

southern Spanish basins, as equivalent to the lower evaporites unit of the Sicilian MSC basins. 1032 

- MSC stage 2 (5.60-5.55 Ma): in this stage, a major base-level drop took place. The TCC and PLG 1033 
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already deposited in the proximal parts were undergoing an important subaerial erosion. In the 1034 

depocenter of the CMD, salt bodies deposited in the 2 disconnected depressions, probably 1035 

from high-concentrated salt brines. At the acme of this stage, the base-level dropped until the 1036 

exposure and erosion of the top of the salt layers, marked by the truncation of the salt’s 1037 

internal reflections. This erosion could also be due to dissolution of salt in shallow waters. The 1038 

salt’s internal reflections likely reflect the change in the salt facies from halitic to kainite salts. 1039 

At the border of the depression, microbial carbonate mounds deposited near to the paleo-1040 

shoreline. This carbonate formation might have continued also in the next stage. Moreover, the 1041 

bidirectional truncation of the intra-salt reflections suggests that salt may have been eroded on 1042 

the higher flanks of the basin during the acme of the crisis, and then re-deposited in the 1043 

deepest part of the depocenter. This observation is evidenced by the presence of a pure salt 1044 

transparent facies above the intra-salt reflections in the depocenter. This process might have 1045 

acted also in the salts of CB, where above the desiccation cracks at the top of the K and Mg-1046 

salts lies a pure halitic unit that could have deposited due to the washing of salts deposited 1047 

initially at the flanks of the depression and re-deposition in the deepest area, as also indicated 1048 

by the Strontium isotopes values in this unit (Garcia-Veigas et al., 2018). 1049 

- MSC stage 3 (5.65 to 5.33): during this stage, BU3 was deposited in the CMD. The bedded 1050 

pattern of BU3 and its seismo-stratigraphic position suggest that it is likely affected by cyclicity 1051 

similar to the one observed in the UE of the CB. The Lago Mare deposits were deposited in the 1052 

CMD, as well as in the Palma Basin at the very end of this stage. This could have happened 1053 

perched brackish lakes lying at different levels and that has received high volumes of fresh 1054 

water from increased water runoff, similar to what observed in the Arenazzolo member in CB 1055 

by Cita and Colombo (1979). 1056 

Onland Mallorca, as well as at Eraclea Minoa in CB, the M/P boundary is marked by an 1057 

unconformity reflecting the return of normal marine conditions following the Zanclean re-1058 

flooding. This unconformity is not observed on the seismic scale in the CMD. The lowermost 1059 

horizons of the PQ unit in the CMD drapes the slopes up to the shelves, which indicate 1060 

deposition in normal marine conditions (Fig. 5C; Ludmann et al., 2012). 1061 

 1062 
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 1063 

Figure 10. Proposed scenario of the MSC event in the CMD inspired from our new dataset interpretation and 1064 

comparison with CB, adapting the consensus age model of the CIESM (2008). Stage 1: deposition of BU1 and BU2 1065 

contemporaneously with TCC and PLG in the Palma Basin. Stage 2: Major sea-level drawdown during which the 1066 

units deposited in stage one, were exposed to intense subaerial erosion and the deposited in the depocenter from 1067 

two high-concentrated salt brines. At the paleo-shoreline, mounded carbonates equivalent to the CdB1 in CB 1068 

probably formed in this stage. Stage 3.1: Deposition of BU3 in the CMD, the equivalent of the Upper Gypsum of the 1069 

CB. Stage 3.2: Deposition of Lago Mare sediments from brackish-water lakes formed at different heights, probably 1070 

due to increased rivers run-off. 1071 

 1072 
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6 Conclusions 1073 

 1074 

The interpretation of a wide seismic reflection dataset covering the Balearic Promontory area 1075 

allowed us to refine the mapping of the MSC unit’s distribution and establish better the 1076 

connection between the MSC sub-basins of the promontory. We were able to distinguish 4 1077 

different seismic units based on their seismic facies and on their geometrical and stratigraphic 1078 

relationships. Those seismic units are, from the oldest to the most recent one: BU1/BU2, Salt 1079 

Unit and BU3. They are very well defined in the Central Mallorca Depression, where we have 1080 

the best coverage among the basins in terms of density of high-resolution seismic data. The 1081 

settings and geometrical relationships of the MSC units in the CMD show a strong analogy with 1082 

the MSC sediments of the Caltanissetta Basin in Sicily, in terms of stratigraphic geometries, 1083 

distribution and facies. In both the BP and Sicily, the Messinian deposits are situated in a series 1084 

of sub-basins that were lying during the late Messinian at different water depths. The deepest 1085 

basins accumulated a relatively thin (~300-500m) salt unit, sandwiched between two other MSC 1086 

units. The comparison of the MSC units in the BP with the ones outcropping in Sicily allowed to 1087 

constrain and propose a new 3-stages scenario for the MSC in the CMD.  1088 

- The BU1 deposited first and is interpreted as equivalent to the bottom growth selenitic 1089 

PLG found in CB and correlated on the Mediterranean scale (Lugli et al., 2010). BU1 is 1090 

widespread and its present-day depth below sea level ranges from ~170m beneath the 1091 

shelves to ~1200m beneath the Mallorca slope. The erosion surface at the top of BU1, 1092 

restricted to the borders of the basins, is interpreted as of subaerial origin, when the 1093 

base level of the Mediterranean was lowered. 1094 

- The unit BU2, lying below the salt unit, is here considered as the temporal lateral 1095 

equivalent of BU1 made of primary gypsum cumulates (snowfall) possibly mixed with 1096 

clastic sediments. 1097 

- Following the deposition of BU1/BU2, the salt unit filling the depocenters of the CMD 1098 

accumulated in topographic lows forming perched sub-basins. It likely started depositing 1099 

in relatively deep water and ended in shallow water. This unit is interpreted as halite 1100 

rich where displaying transparent seismic facies, while the internal reflections may 1101 
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reflect K and Mg- salts. Their truncation strongly suggests a phase of subaerial exposure 1102 

or dissolution under shallow water-column, contemporaneous with the Mediterranean 1103 

base level lowering during the second phase of the crisis. The geometry of the intra-salt 1104 

reflection truncations suggests that the salt layer in its entirety may have deposited 1105 

higher up on the margin slopes before removal by erosion/dissolution. 1106 

- Above the salt, the youngest MSC unit, BU3, is considered as the equivalent of the 1107 

Sicilian Upper Evaporites, including the Lago Mare event. This last deposited in perched 1108 

lakes fed with fresh waters and topographically disconnected from the surrounding 1109 

deeper basins in which the base level was lower.  1110 

 1111 

This work suggests that the CMD can be considered as an undeformed analog of the Sicilian CB. 1112 

During the MSC drawdown phase, temporary perched lakes developed in sub-basins forming 1113 

topographic depressions lying at intermediate water depths. During the acme of the crisis, the 1114 

sea-level drawdown was thus important enough to disconnect the BP sub-basins from the 1115 

Valencia Basin and the rest of the Mediterranean. 1116 

The Sicilian MSC records (salt and the evaporites lying below and above it), classically provide 1117 

key chronostratigraphic constrains for the MSC scenarios. They are often considered as 1118 

representative of the deep basin records in particular to date the onset of the salt deposition at 1119 

the Mediterranean scale. In our study, the clear absence of geometrical connection between 1120 

the thin salt bodies found in the BP sub-basins and the thick salt layer from the deep Liguro-1121 

Provencal and Algerian Basins, however, indicate thatsalt deposition in perched basins is thus 1122 

not necessarily contemporaneous with the deep basin salt, as also suggested recently by 1123 

Meilijson et al. (2019) based on Eastern Mediterranean deep basin drillings. For the same 1124 

reason, we also question the age and the origin of the thick, so-called, Lower Unit (LU), 1125 

considered sometimes to be the equivalent of the outcropping Lower Evaporites. The CB salt 1126 

and more generally its MSC records, should thus be used with care when trying to extrapolate 1127 

the chrono-stratigraphy to the deep basin records. 1128 

The change in facies between BU1 and BU2 described in this work and interpreted respectively 1129 

as the passage at a certain depth range from primary bottom growth selenitic PLG to primary 1130 
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pelagic snowfall gypsum cumulates, is of an important significance as it might represent the 1131 

maximum depth of formation of bottom growth selenitic gypsum in a non silled basin. In the 1132 

BP, this depth is clearly exceeding the 200m threshold proposed by Lugli et al. (2010) and is in 1133 

agreement with the work of Ochoa et al. (2015), thus suggesting that PLG is not strictly related 1134 

to shallow perched basins. 1135 
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 1156 

 
Term Acronym Reference 

 
Messinian Salinity Crisis MSC 

 

 
Balearic Promontory BP 

 

 
Central Mallorca Depression CMD 

 

 
Caltanissetta Basin CB 

 

 
Bedded Unit BU 

 

 
Lower Unit LU 

 

Offshore MSC units Mobile Unit MU Lofi et al. (2011a, 

b) 

 
Upper Unit UU 

 

 
Complex Unit CU 

 

 
Lower Evaporites LE Decima and 

Wezel (1973) 

 
Upper Evaporites UE 

 

Onshore  MSC units Primary Lower Gypsum PLG Roveri et al. 

(2006) 

 
Resedimented Lower Gypsum RLG 

 

 
Calcare di Base CdB Ogniben (1957) 

 
Terminal Carbonate Complex TCC Esteban (1979) 

 
Margin Erosional Surface MES 
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Onshore/Offshore MSC 

surfaces 

Bottom Erosional Surface / 

Bottom Surface 

BES / BS Lofi et al. (2011a, 

b) 

 
Intermediate Erosional Surface / 

Intermediate Surface 

IES / IS 
 

 
Top Erosional Surface / Top 

Surface 

TES / TS 
 

Table of acronyms. Acronyms used in this paper for the study area and the MSC units, with the references to the 1157 

origin of each term, where applicable. 1158 

 1159 

 1160 

 1161 

 1162 

 1163 

 1164 

Lofi et al. 

(2011a, b) 

Maillard et al. 

(2014) 

Driussi et al. 

(2015) 

Ochoa et al. 

(2015) 

Roveri et al. 

(2019) 

This 

study 

BU BU Ft BU BU - RLG BU3 

 
Salt Salt Salt Salt Salt 

SU MSC unit BU - PLG BU - PLG BU2 

BU1 

Table 1. Synthesis of the Messinian units in the Balearic Promontory from all the offshore studies dedicated to the 1165 

MSC. 1166 

 1167 

 1168 

 1169 

 1170 



49 
 

 1171 

 1172 

 1173 

 1174 
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