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16 ABSTRACT

17 The onshore-offshore correlation of sedimentary successions is a common problem in basin 

18 analysis, but it becomes critical for the full understanding of the Messinian salinity crisis (MSC), a 

19 complex array of palaeoenvironmental events which affected the Mediterranean basin at the end 

20 of the Miocene. The outcrop records show that the Messinian stratigraphic architectures may be 

21 highly complex as the deposits of the different MSC evolutionary stages can be lithologically 

22 similar and separated by erosional surfaces and/or morphostructural highs. The correct 

23 definition of the nature and stratigraphic position of Messinian deposits in offshore areas 

24 through seismic data may be almost impossible, especially where core data are sparse. To bridge 
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2

25 the gap between onshore and offshore records, we have built synthetic seismic sections from 

26 well-constrained outcrop successions. Our results provide useful insights and warnings for the 

27 interpretation of offshore data, pointing out that MSC units having different age, nature and 

28 depositional settings, may show similar seismic facies and geometries. Conversely, the same 

29 deposit may result in different seismic facies, either with parallel and high-amplitude reflectors 

30 reflections or even transparent or chaotic due to interference patterns of seismic reflections 

31 related to dominant frequency. It follows that a correct interpretation of the nature and age of 

32 deep-seated Messinian deposits can only be obtained through the integration of seismic and core 

33 data, and taking into accountconsidering the onshore record. The application of our approach to 

34 the Balearic Promontory results in an alternative scenario interpretation with respect to 

35 previous models. We show that this offshore area has perfect good analogues in the onshore of 

36 the Betic Cordillera and includes both shallow and intermediate depth sub-basins that 

37 underwent a strong post-Messinian subsidence. 

38

39

40 1. INTRODUCTION

41

42 At the end of the Miocene the Mediterranean basin and its surrounding areas underwent severe 

43 environmental modifications due to the narrowing and/or closure of Mediterranean-Atlantic 

44 gateways in the Gibraltar strait area (Krijgsman et al., 2018). The Mediterranean hydrological 

45 balance changed accordingly and the result was the periodic accumulation of huge volumes of 

46 evaporites (sulfates, halite and K-Mg salts) in both shallow and deep sub-basins. Meanwhile, the 

47 Mediterranean shelves and slopes underwent widespread erosion. This is commonly related to 

48 fluvial rejuvenation caused by an evaporative base-level drop of 1500 m (Hsü et al., 1973). This 
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3

49 event, known as the Messinian salinity crisis (MSC; see Table 1 for a list and explanation of the 

50 acronyms used in this paper), started at 5.97 Ma (Manzi et al., 2013) and ended abruptly at 5.33 

51 Ma (i.e., at the base of the Pliocene) with the full re-establishment of the Atlantic connections. 

52 The MSC had important consequences for the marine and continental biota of the peri-

53 Mediterranean area. For all these reasons, the full comprehension of MSC events has always 

54 drawn the attention of a large scientific community. However, after almost 50 years of extensive 

55 studies, the changes underwent by marine and terrestrial environments, as well as what really 

56 happened and their causes,  of these events are still not fully understood. This is due to the 

57 difficulty of correlating onshore and offshore successions, a necessary stop for reconstructing a 

58 comprehensive stratigraphic framework. Nevertheless, considerable advancements have been 

59 recently achieved by onshore studies, which has resulted in the proposition of a three stages MSC 

60 evolutionary scenario (CIESM, 2008; Roveri et al., 2014a; see Chapter 2). 

61 On the other hand, the offshore record is mainly known through geophysical data; DSDP and ODP 

62 cores have recovered on average only a few tens of meters the veryat the top of the deep offshore 

63 salt giant (see Roveri et al., 2014b and Lugli et al., 2015). Recently, well logs and cuttings made 

64 available by oil companies allowed to dating ofe the onset of MSC and of evaporite deposition 

65 (Manzi et al., 2018; Melijson et al., 2018), and the top of the main evaporitic body in the Eastern 

66 Mediterranean (Gvirtzman et al., 2017). Despite these important results, on-average low seismic 

67 resolution and scarce cores data still hamper the full understanding of Messinian events, thus 

68 fueling lively controversies and several contrasting scenarios (Roveri et al., 2014a).

69 A great effort is needed to improve correlations along a depositional profile (i.e. referred to the 

70 paleodepths at the MSC onset) from marginal, including shallow (< 200 m) and intermediate 

71 (200-1000 m), to deep settings (> 1000 m) (Fig. 1see Roveri et al., 2014a, their figure 4). Shallow- 

72 and intermediate-water deposits (Roveri et al., 2001; 2008c; Manzi et al., 2005; 2007; see Roveri 
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73 et al., 2014a, their figure 14Fig. 2), which are usually incomplete due to the strong Messinian 

74 erosion (Ryan and Cita, 1978; Lofi et al., 2005), can be found in both present-day onshore and 

75 offshore settings. Conversely, Messinian deep-water successions, which are more continuous and 

76 expanded, are preserved only offshore, below the Mediterranean abyssal plains (Fig. 2). 

77 Stratigraphic accuracy and resolution are greatly very different when looking at outcropping or 

78 buried successions. Integration of field, seismic and borehole data has been successfully carried 

79 out onshore (Sicily, Apennines, Spain, Cyprus), resulting in high-resolution chronostratigraphic 

80 reconstructions (Roveri et al., 2001; 2003; 2005, 2006a,b; 2008a; 2009; Omodeo-Salé et al., 2012; 

81 Manzi et al., 2007; 2011; 2016a; Dela Pierre et al., 2011; Soria et al., 2008; Corbi et al., 2016). 

82 These studies documented the rapid lateral and vertical facies changes and the subaerial and 

83 subaqueous erosional surfaces of the Messinian successions. The high seismic velocities of 

84 evaporites and the frequently observed physical disconnection of the Messinian deposits make 

85 subsurface reconstructions very difficult, especially in the case of low seismic resolution and lack 

86 of core data. 

87

88 How can these problems be solved? 

89 The novel approach adopted in this paper consists ininvolves the reconstruction of synthetic 

90 seismic sections that provide allows the seismic expressions of outcropping units to be compared 

91 with the offshore records (Fig. 21).

92 We apply this technique to the Betic Cordillera (BC) and Sicily basins focusing on the deposits 

93 that may produce seismic units of ambiguous interpretation. We then compare our results with a 

94 detailed analysis of the MSC record of the Balearic Promontory (BP, southeastern Spain). This 

95 offshore area offers the opportunity to correlate shallow, intermediate and deep Messinian 

96 settings, thus representing a key area for the reconstruction of MSC events. 
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97

98 2.   MSC STRATIGRAPHY: AN OVERVIEW 

99

100 Onshore, the MSC developed during three distinct evolutionary stages showing peculiar 

101 palaeoenvironmental conditions and evaporitic deposits (Fig. 42). Integrated stratigraphy and 

102 87Sr/86Sr data constrain these deposits into a high-resolution chronostratigraphic framework 

103 which is summarized here (Hilgen et al., 2007; CIESM, 2008; Roveri et al., 2014a). 

104

105 2.1. MSC onset and stage 1 (5.97-5.60 Ma)

106 The MSC onset occurred at 5.971 Ma within the 4th precessional cycle above the C3An.1n-C3r 

107 magnetic reversal (Manzi et al., 2013) and was synchronous throughout the entire 

108 Mediterranean basin (Krijgsman et al., 1999; Manzi et al., 2013; 2018; Roveri et al., 2014a). It 

109 corresponds to either the base of the lowermost primary in situ evaporites (gypsum or 

110 anhydrite) or the conformable surface (here defined Onset Surface - OS; Figs 42, 5a3a-d) marking 

111 the rapid disappearance of normal marine foraminifera assemblages (Manzi et al., 2007, 2018; 

112 CIESM, 2008, Gennari et al., 2013; 2018; Roveri et al., 2014a). The MSC onset not always 

113 coincides with the base of primary in situ evaporites (Primary Lower Gypsum-PLG; Figs 2,. 5a3a-

114 b), which may be locally much younger or even missing (Manzi et al., 2007; 2016; 2018; Roveri et 

115 al., 2016; Dela Pierre et al., 2011; Fig. 5a3a,c,d). Thus, the base of the PLG (here defined Evaporite 

116 Onset Surface - EOS) is diachronous and not necessarily coincident with OS. 

117 According to Lugli et al. (2010), the PLG unit, with thickness ranging between 140 and 250 m, 

118 formed only in shallow and silled marginal basins and includes up to 16 gypsum-mudstone 

119 precession-controlled cycles (Fig. 5a3a; Vai, 1997; Krijgsman et al., 1999). The 5 lowermost 

120 cycles consist of massive and banded selenite beds (Vai and Ricci Lucchi, 1977) with sharp 
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6

121 bottom and top surfaces (Fig. 5a3a); cycles 1 and 2 are the thinnest (a few meters), conversely, 

122 cycles 3-5 are the thickest (up to 40 m; Fig. 5a3a). The uppermost cycles (6-16) show i) 

123 intermediate thickness, ii) peculiar gypsum facies (branching selenite, supercones; Dronkert, 

124 1976; Lugli et al., 2010), iii) irregular top surfaces and iv) abrupt internal lateral transitions to 

125 fine-grained sediments (marls) which locally may provide discontinuous internal geometry (Fig. 

126 5e3e,f).

127 Toward their landward and basinward terminations, the gypsum beds become thinner and 

128 discontinuous, changing into lenticular geometries (Fig. 5g3g) and pinching-out abruptly. In 

129 shallower settings PLG evaporites are laterally replaced by limestones (Manzi et al., 2013; Fig. 

130 5c3c) and/or coastal hybrid carbonate-siliciclastic deposits (Terminal Carbonate Complex – TCC; 

131 Cornée et al., 2004; Conesa et al., 1999; Roveri et al., 2009; Bourillot et al., 2010). In deeper 

132 settings they are replaced by foraminifera-barren, organic-rich shales interbedded with thin 

133 dolomitic limestone (FBI – foraminifer-barren interval; Manzi et al., 2018) attaining a maximum 

134 thickness of 50-60 m (Manzi et al., 2007; 2018; Dela Pierre et al., 2011). As a consequence, the OS 

135 surface may correspond to the base of either the PLG (thus coinciding with the EOS) or their 

136 shallow- and/or deep-water evaporite-free equivalents (Fig. 5a3a,d). 

137 An erosional surface, showing with evidence of subaerial exposure in more marginal areas, 

138 commonly truncates the PLG unit. This unconformity is the most important and evident 

139 Messinian key surface and is known in the literature as the MES, (Messinian (or Marginal; Lofi et 

140 al., 2011) Erosional Surface – MES; (Table 1; Figs 2,. 5h3h,i) commonly truncates the PLG unit.

141  

142 2.2 MSC Stage 2 (5.60-5.54 Ma)

143 The MSC stage 2 is characterized by a more heterogeneous stratigraphic architecture than stage 

144 1. Evaporite-bearing deposits (Resedimented Lower Gypsum unit – RLG; Fig. 42) including halite, 
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7

145 gypsum primary cumulates and/or clastic gypsum deriving from the dismantlement of the PLG 

146 unit, accumulated in physically disconnected and deeper depocenters (Clauzon et al., 1996; Manzi 

147 et al., 2005; CIESM, 2008).

148 As previously stated, tThe beginning of stage 2 is marked by the MES, an erosional surface 

149 developed widespread at a regional-scalthroughout e the Mediterranean margins erosional 

150 subaerial settings (MES-su; in both subaerial (Fig. 3h-i) and . This surface passes downslope into 

151 a subacqueous unconformityconditions (; Fig. 4a,d,e,f), and by its , more distally,The subaerial 

152 unconformity (MES)MES, which truncates and exposes to subaerial erosion the PLG unit, 

153 truncating the PLG unit passes downslope into a subaqueous unconformity flooring the RLG (Fig. 

154 6a4a) and, more distally, to itsa correlative conformity (MES-CC; Fig. 6b4b) in the deep basins.

155 The RLG unit shows erosional internal surfaces, associated with coarse-grained gravity flow 

156 deposits and/or halite (Fig. 6a4a,b,e,f), which merge upslope into the MES. The RLG top can be 

157 conformable in the depocenters and/or erosional or irregular on the basin flanks (Fig. 7a5a,b). 

158 The unit may include chaotic deposits representing subaqueous mass failures and olistostromes 

159 accumulated at the base of the slopes or within canyons (Lugli et al., 2013). They consist of 

160 disarticulated and folded shales, gypsarenites and PLG olistoliths (Fig. 6d4d; Manzi et al., 2005; 

161 Roveri et al., 2006a,b; 2008b,c). The PLG deposits, due to the high mechanical contrast with 

162 underlying shales, were in fact prone to large-scale failures. PLG olistoliths can be few hundred 

163 meters wide and up to 100 m thick and commonly rest horizontally on the basin floor, conditions 

164 which simulate in-place successions and may prevent their recognition as eradicated blocks. 

165 These chaotic deposits have irregular basal and top surfaces (Fig. 6f4f; 7a5a) and can be 

166 onlapped by stratified clastic gypsum (e.g. gypsum turbidites; Fig. 6e4e; 75) or even by stage 3 

167 deposits (Fig. 7a5a; Roveri et al., 2003; 2006b; Manzi et al., 2011). 
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168 In Sicily, as well as in Calabria (Crotone Basin; Roveri et al., 2008c), the RLG unit includes thin 

169 (tens of meters) to thick (up to 400 m) lenticular halite bodies (Fig. 6a4a) accumulated in 

170 intermediate water depth sub-basins. The RLG deposits are usually detached from the PLG 

171 through intervening structural highs that may be very narrow (a few km across; see examples in 

172 Roveri et al., 2003; 2006a,b; Figs. 4 4 and 1310). In these cases, the stratigraphic relationships 

173 between the two evaporite-bearing units are defined by tracing the MES from the top of the PLG 

174 deposits to the base of the RLG unit. 

175

176 2.3 MSC Stage 3 (5.54-5.33 Ma)

177 In basinal settings, the RLG unit is conformably overlain by the uppermost Messinian deposits, 

178 which record a generalized hydrological change toward more diluted waters (“Lago-Mare” phase; 

179 Orszag-Sperber, 2006; Rouchy and Caruso, 2006; Roveri et al., 2014a; Stoica et al., 2016; Fig. 2). 

180 At the basin margins, these deposits can seal the MES unconformity, onlapping the eroded PLG 

181 (Fig. 2; Roveri et al., 2008a; Manzi et al., 2009). 

182 Stage 3 deposits are thicker and more complete in the intermediate-depth depocenters than 

183 those of the previous stages; they usually show a tabular geometry and a precession-driven cyclic 

184 stacking-pattern (Vai, 1997; Roveri et al., 2008a; Krijgsman et al., 1999). The cycles consist of 

185 alternation of primary evaporites (Upper Gypsum - UG) and mudstones in marginal basins of 

186 Sicily and Eastern Mediterranean (Cyprus, Crete), with a maximum thickness of 200 m (Eraclea 

187 Minoa; Manzi et al., 2009). The UG evaporites are differing from the PLG in terms of i) facies 

188 (absence of branching selenite), ii) bed thickness (<10 m), iii) number of cycles (7) and iv) 

189 87Sr/86Sr signature (<0.709088; Roveri et al., 2014b). The top of the gypsum beds can be 

190 irregular, due to the local development of domal structures (Fig. 8a6a,b). In the western 

191 Mediterranean and Northern Apennines, stage 3 cycles are evaporite-free and formed by 
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192 alternation of fine and coarse-grained fluvio-deltaic systems in the shallow depocenters (Fig. 

193 8c6c) and turbidite systems in deeper settings. The thickness of these deposits is highly variable 

194 ranging from less than 50 m in deep areas, away from the clastic input, to up to 1000 m (Po basin, 

195 Northern Apennine foredeep, Laga Basin; Roveri et al., 2006a,b). The upper boundary witness the 

196 return to normal marine conditions at the base of the Pliocene and consists of a flat surface 

197 associated with a sharp lithological boundary (Fig. 8d6d,e), or a quite subtle transition within a 

198 mudstone succession (Fig. 8f6f) and marked by an organic-rich horizon (Gennari et al., 2008; Fig. 

199 8g6g). 

200

201 2.4 The MSC offshore record

202 The seismic markers defined offshore (Lofi et al., 2011a,b; Maillard et al., 2014; Fig. 1; Fig. 2) lack 

203 reliable time and sedimentological constraints and can be only tentatively compared with the 

204 onshore ones (Fig. 31). The classic deep basin MSC trilogy, given by the alternation of high-

205 amplitude, laterally continuous and parallel reflectors (the “bedded” unit of Lofi et al., 2011a,b; 

206 Maillard et al., 2014) and transparent units (i.e. LU – Lower Unit - bedded, MU – Mobile Unit - 

207 transparent, UU – Upper Unit - bedded; see Fig. 21), has long been correlated (Hsü et al., 1973) 

208 with the onshore Sicilian threefold succession: Lower Gypsum/Halite/Upper Gypsum. 

209 Conversely, recent works (Roveri et al., 2008b; 2014c) suggested that 1) the Lower Gypsum has 

210 no evaporitic equivalent in deep basins and 2) the Upper Gypsum would correspond only to the 

211 topmost part of the UU unit. Moreover, in areas where the MU unit is absent or too thin to be 

212 detected, the record consists of a “bedded” unit (BU), whose nature and stratigraphic position is 

213 uncertain. As a consequence, the largest volume of evaporites in deep offshore areas would 

214 belong to stage 2, as recently argued for the Eastern Mediterranean (Manzi et al., 2018).
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10

215 The stage 3 deposits are the only ones relatively well-known also in offshore settings, where 

216 DSDP-ODP cores recovered the top of the MSC units. These deposits mainly consist of shales and 

217 usually show a thickness not exceeding a few tens of meters; it follows that they can be hardly 

218 distinguished in low-resolution seismic profiles (e.g., Gvirtzman et al., 2017; Roveri et al., 2014b) 

219 where they are included, together with stage 2 deposits, within the UU unit. Locally, as in the 

220 Tyrrhenian basin, the stage 3 deposits are thicker and may include m-thick cumulate or clastic 

221 gypsum beds (Roveri et al., 2014c; Lugli et al., 2015). In this case a correspondence between UU 

222 and onshore shallow UG deposits can be established (Fig. 9see Roveri et al., 2014b, their figure 

223 8).

224

225 3. TRANSLATING THE ONSHORE RECORD INTO SEISMIC UNITS: A SEISMIC FORWARD 

226 MODELLING EXPERIMENT

227 In this section we describe the geophysical characteristics of units and surfaces of the three MSC 

228 stages. To this purpose, we selected onshore basins (Sorbas and Nijar in the Betic Cordillera, 

229 Southern Spain, and Belice in Sicily) with chronostratigraphic constraints and stratigraphic 

230 architectures more relevant for a comparison with the offshore record. First, we provide an 

231 overview of these three basins including new field data. Then, on the basis of published 

232 geological cross-sections, we reconstruct a set of synthetic seismic sections. 

233

234 3.1 Dataset

235 3.1.1 Sorbas-Vera basin (SVB). The Sorbas basin formed during the Miocene in the external zone 

236 of the Betic Cordillera (BC; Fig. 10a7a; Krijgsman et al., 2001; Braga et al., 2006; Roveri et al., 

237 2009). It was bounded to the north and to the south by basement ridges (Sierra de Los Filabres 

238 and Sierra Cabrera, respectively) on top of which carbonate platforms developed before and 
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239 during the crisis (Martin and Braga, 1994; Riding et al., 1998; Conesa et al., 1999; Braga et al., 

240 2006; Roveri et al., 2009; Bourillot et al., 2010). The Sorbas basin was connected to the open 

241 Mediterranean Sea through the Sierra Cabrera sill (Fig. 10a7a). To the east, a sill and a narrow 

242 corridor connected it to the deeper Vera basin (Braga et al., 2001), thus forming a single, larger 

243 basin (Sorbas-Vera Basin) that can be subdivided into four sectors with different Messinian 

244 stratigraphy (Fig. 10b7b,dc). 

245 The PLG evaporites of stage 1 accumulated only in the shallowest sector 1 of the Sorbas-Vera 

246 Basin B-1 sector, bounded to the north and to the south by pre-crisis reefs (Braga et al., 2006) 

247 passing downslope into hemipelagic marls (Abad marls; Sierro et al., 2001). As a consequence, 

248 the PLG evaporites formed in a silled basin beyond the reef edge at an estimated maximum depth 

249 of ~240 m by Riding et al. (1998).

250 Fast deposition of gypsum led to the partial infill of the basin, which had a palaeodepth of 60-70 

251 m at the end of stage 1, based on the thickness of the overlying prograding coastal to deltaic 

252 deposits. These deposits belong to the Sorbas Memberb (Roep et al., 1998; Fig. 10c7dc) that 

253 records MSC stage 2 and the lower stage 3 (Roveri et al., 2009). 

254 The upper stage 3 is recorded by the continental deposits of the overlying Zorreras member.

255 Only minor, low-relief erosional surfaces are locally observed, especially in the Zorreras Mb. 

256 Mixed siliciclastic-carbonate platforms with abundant microbialites (Terminal Carbonate 

257 Complex) represent the lateral equivalents of the Sorbas Mb. along basin margins. The transition 

258 to the Pliocene is marked by an abrupt facies change from the reddish silts of the Zorreras Mb. 

259 (Fig. 8e6e,f) to nearshore deposits (grey marls and calcarenites with marine shell layers; Roveri 

260 et al., 2018).
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261 In the SVB-2 sector 2 (Fig. 10b7b,dc) the MSC deposits are absent and the upper Tortonian-

262 lower Messinian Azagador and Abad members (i.e., pre-MSC) consist of deeper water deposits 

263 with respect to sector 1 (Braga et al., 2001). 

264 The SVB-3 sSector 3 (Fig. 10b7b-d,c) is characterized by gypsum-bearing chaotic bodies (the 

265 Garrucha and Coscojar olistrostromes; Fortuin et al., 1995; Barragan, 1986; Braga et al., 2006; Di 

266 Blasi, 2018; Fig. 113g-i8), emplaced above a deeply scoured surface cutting lower Messinian and 

267 older units as well as the local basement (Fig. 11a8a7c). These chaotic deposits form high-relief 

268 topographic features with an irregular top surface draped by Pliocene hemipelagic marls 

269 (Fortuin et al., 1995). Our observations reveal that the gypsum deposits consist of selenite 

270 olistoliths and gypsarenite-gypsrudite beds (Fig. 11b8b,d-g3g-i). New 87Sr/86Sr analyses (Fig. 

271 11cS14) confirm that these evaporites derived from a PLG source (Lugli et al., 2010; Reghizzi et 

272 al., 2017) and were emplaced subaqueously as olistostromes and/or debrites (Fortuin et al., 

273 1995).

274 In SVB-sector 4 (Fig. 10b7b) pre-MSC turbidites (e.g., the “Santiago Beds”) are directly overlain 

275 through the MES by a thin (< 20 m; Fortuin et al., 1995) turbiditic unit belonging to stage 3 (Volk, 

276 1967; Barragan, 1986; Montenat, 1990; Stoica et al., 2016), in turn capped by lower Pliocene 

277 marls with thin, lenticular sandstone bodies (Fig. 8h6h).

278 In our reconstruction of the Sorbas-Vera Basin, the SVB-sector 2 is a steep slope area, likely 

279 representing the upper reach of a pre-MSC canyon or submarine valley, rejuvenated and 

280 connected to an ancestor of the present-day Almanzora-Alias-Garrucha canyon (Gomez de la 

281 Peña et al, 2016); the SVBsector -3 includes the canyon mouth and the transition to a 

282 depositional zone developed in an intraslope basin (e.g. SVBsector -4; compare with the Cabo de 

283 Gata and Almanzora-Alias-Garrucha canyons; Gomez de la Peña et al, 2016). 

284

Page 12 of 80

FOR REVIEW PURPOSES ONLY

Basin Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



13

285 3.1.2 Nijar basin (NB). The Nijar Basin is separated from the Sorbas-Vera Basin by the Sierra 

286 Cabrera and Sierra Alhamilla ridges and is bounded to the south by Sierra del Cabo de Gata. In 

287 this basin, as in the Sorbas-Vera Basin, the MSC stage 1 is represented by the PLG (Yesares 

288 Memberb) but, differently, the PLG is cut by deep incisions filled by a chaotic body made up of 

289 disarticulated PLG blocks and stratified gypsarenites (Fortuin & Krijgsman, 2003; Omodeo-Salé 

290 et al., 2012), representing the local expression of stage 2 RLG deposits. The vertical and lateral 

291 transition between the PLG and the RLG units across the MES erosional surface occurs over a 

292 very short distance (hundreds of meters to a few kilometers; see Fig. 1310). Stage 3 is 

293 represented by the coastal, deltaic to continental deposits with the typical Lago-Mare fossil 

294 assemblage of the Feos Formation (Bassetti et al., 2006). This unit shows a well-developed 

295 cyclical stacking-pattern given by the alternation of m-thick tabular conglomeratic and white 

296 marls bodies showing a good lateral continuity (Omodeo-Salé et al., 2012). Similarly to the 

297 Sorbas-Vera Basin, the transition to the Pliocene is marked by an abrupt facies change from the 

298 fluvio-deltaic Feos Formationm. (Fig. 8c6c,d) to the marine deposits (nearshore calcarenites). 

299

300 3.1.3 Belice Basin (BB). This basin of western Sicily offers one of the best examples of the 

301 complex architecture of the RLG deposits and of their relationships with stage 1 PLG evaporites 

302 (Roveri et al., 2006b). Here the RLG unit consists of tabular, horizontally stratified turbiditic 

303 gypsarenite bodies embedding chaotic masses of mudstones and folded gypsarenites beds with 

304 giant PLG olistoliths (Fig. 7c5c-f; Roveri et al., 2006a,b). The RLG deposits onlap against the 

305 eroded southern flank of a thrust-related antlicline forming the northern margin of the basin and 

306 are overlain by Pliocene marine deposits through an irregular surface with no evidence of 

307 subaerial exposure (Trubi Formationm.; Fig- 7b5b). The anticline preserves in its northern flank 

308 in situ PLG deposits cut by an erosional surface sealed by Pliocene marine deposits. 
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309

310 3.2 Seismic forward modelling – Abridged Methods

311 The selected geological cross-sections (Fig.s S1, S2, S38) show an alternation of high and low 

312 seismic velocity layers (marls, evaporites and shales, limestones, sandstones and conglomerates), 

313 erosional surfaces, steep clinoforms, faulted and/or folded blocks. For the different lithologies we 

314 have used average density and P-wave velocity values from the literature (reported in Figs S1, S2, 

315 S3Table 2). A number of forward modelling methods are available; we simulated stacked seismic 

316 sections adopting the image ray-approximation (Fagin, 1991), that uses zero-offset travel-time 

317 modelling based on normal incidence tay-tracing. After having built geological models including 

318 depth smoothed horizons in depth, P-wave velocities and densities, we have constructed 

319 synthetic seismograms to identify seismic reflections within a true zero-offset section with 

320 constant trace-spacing. Finally, the zero-offset section is time  depth migrated in order to locate 

321 correctly move reflectors in their true subsurface positions and to collapse diffractions at depth 

322 (see full methodology in Supplementary Information).  A variable color density display has been 

323 created by assigning different densities of shading to different amplitude values (positive, black; 

324 negative, red). Higher amplitudes are shaded darker, while lower amplitudes are less dark. We 

325 have created synthetic sections with different Common DepthMid PointsCDPs (CDMPs’)’ spacing 

326 (3.125, 6.25, 12.5 and 25 m) and dominant frequencies (fM = 40, 60, 120, 180, 250 and 500 Hz) in 

327 order to test horizontal and vertical resolution. The synthetic seismic sections of figures 129, 13 

328 10 and 14 11 have CDMPs’ spacing of 3.125 m and are shown with 60 and 180 Hz dominant 

329 frequencies. For some key tracts portions of the sections, all the frequencies tested are shown. 

330

331 3.3 Seismic forward modelling – Results 
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332 3.3.1. MSC onset and stage 1. The PLG deposits shown in the synthetic seismic sections (Figs 8a-

333 c, 129, 1310, 1411; Table 12) form seismic units with P-wave interval velocity ranging between 

334 4.0 and 4.5 km/sec, according to the relative thickness of gypsum-anhydrite and shale beds. 

335 Their base is defined by the high acoustic impedance contrast with the underlying deposits. The 

336 much higher accumulation rate of gypsum with respect to its lateral shallow-water equivalents 

337 may results in an apparent onlap, that simulates an unconformable base, as shown in the SVB 

338 (Fig. 12b9b,c,f-i). 

339 The Sorbas-Vera Basin sections (Fig. 8a, 129) shows that the PLG unit is entirely characterized by 

340 a seismic facies with high-amplitude parallel reflectors (“bedded”) only at dominant frequencies > 

341 180 Hz, that allow a vertical resolutions < 6 meters. At lower frequencies (below 120 Hz; vertical 

342 resolution ~8m), the entire unit (Fig. 12b9b,d-e) or its upper part (Fig. 12f9f), including gypsum 

343 cycles less than 6 m thick on average, may appear as irregularly-bedded (simulating internal 

344 erosional surfaces) or even chaotic. This is due to interference patterns related to the thickness of 

345 individual cycles and is particularly evident for the uppermost (e.g. 10 to 15) thinner and more 

346 discontinuous cycles (Fig. 5e3e-g) and at frequencies as low as 40 or 60 Hz (vertical resolution ~ 

347 25 m and 16 m, respectively). The full resolution of each individual cycles is obtained at 500 Hz, 

348 allowing a vertical resolution of ~2 m (Fig. 12i9i).

349 Furthermore, the peculiar stacking pattern of the gypsum cycles, with thinner layers at the lower 

350 and upper parts, may simulate internal discordances (Fig. 12f9f-i). Thickest (up to 40 meters) 

351 cycles (3-5) may appear as seismically transparent intervals and thus misinterpreted for halite-

352 bearing or chaotic units (Fig. 12f9f-i). 

353 Commonly, the PLG top surface is erosional (MES) and/or locally associated with angular 

354 discordances (Nijar B and Belice basinsB, Figs 8b,c, 1310, 1411; Northern Apennines, Roveri et 

355 al., 2003; 2006a); it follows that the PLG thickness can be significantly reduced in respect to the 
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356 complete successions. In the Sorbas-Vera Basin basin depocenter the upward transition to stage 

357 2 is continuous and the marly and sandy Sorbas member conformably overlays the PLG 

358 evaporites; as a consequence, the top surface appears as a high amplitude, continuous reflector. 

359 A typical blocky pattern makes the PLG easily recognizable in well logs (Lugli et al., 2010; Fig. 

360 5a3a); the presence of two thinner overlain by three-four thicker cycles indicates that the PLG 

361 unit is complete at its base. 

362

363 3.3.2 MSC stage 2. The seismic expression of stage 2 units is shown in the NijarB Basin and Belice 

364 BasinB sections (Figs 8b,c, 1310,1411); the stratified RLG deposits made of gypsum turbidites 

365 and/or carbonate breccia, form a “bedded” seismic facies (parallel, high-amplitude reflectors), 

366 hardly distinguishable from the PLG one. P-wave interval velocity of the RLG units can be highly 

367 variable, ranging between 2.7 and 4.5 km/sec., according to their prevailing lithology. The PLG 

368 and RLG deposits commonly occur in distinct depocenters, but in some cases (e.g. the NB; Fig. 

369 1310) these units can be vertically and laterally closely associated and separated by the MES (e.g. 

370 Nijar Basin, Fig. 1310). However, in contrast with the PLG, the RLG base is commonly erosional. 

371 This is well represented in the BB section (Fig. 1411); here the RLG unit onlaps on the MES 

372 against the basin margin represented by a thrust-related anticline, whereas in situ PLG evaporites 

373 are truncated by the MES. RLG deposits may pass upslope to chaotic and/or irregularly bedded to 

374 transparent seismic facies with internal erosional surfaces. The Garrucha and Coscojar 

375 olistostromes of the Sorbas-Vera Basin (sector 3; see chapter 3.1.1.) may represent as well a good 

376 outcrop analog for some of the offshore chaotic units. Their expected seismic expression would 

377 be similar to the RLG of the Belice basin (Fig. 1411), with a chaotic and/or semi-transparent 

378 seismic facies showing an erosional base and an irregular top. As in the BeliceB bbasin (see Fig. 
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379 7b5b), the latter is not a subaerial unconformity, but an irregular, non-depositional and/or 

380 weakly erosional subaqueous surface draped by hemipelagic deposits.

381 The RLG interbedded clastic gypsum and mudstones are characterized in well logs by a typical 

382 spiky pattern (Fig. 7g5g), which is clearly distinguishable from the blocky pattern of the PLG 

383 evaporites. However, the large PLG olistoliths sitting within the RLG chaotic units could be 

384 interpreted as erosional remnants of in situ primary evaporites accumulated in a deep basin if 

385 crossed by a single borehole (e.g. BB, Figs 7g5g, 1411). 

386

387 3.3.3.  MSC stage 3. The seismic facies of stage 3 deposits (Table 34) are characterized by low to 

388 high-amplitude parallel reflectors due to the lithological contrast between gypsum or 

389 conglomerate/sandstone and marl/shale beds. They form tabular, “bedded” seismic units (BU) 

390 that may appear very similar to stage 1 PLG and stage 2 RLG units and that usually onlap the 

391 basin margins and the MES (see Sorbas and Nijar examples; Figs 129, 1310). The primary 

392 gypsum facies of shallow (Upper Gypsum – UG; Sicily, Cyprus) or intermediate depth (Tyrrhenian 

393 basin) may show gypsum/shale thickness ratios significantly lower than the PLG unit. As a 

394 consequence, the P-wave interval velocity of the BU-UG units may range between values as low 

395 as 2.2 up to > 4.0 km/sec (Fig. 9; Kastens et al., 1990). The absence of gypsum may hamper the 

396 distinction of stage 3 seismic units from the overlying Pliocene ones (Figs 129, 1310). Pliocene 

397 deposits usually consist of hemipelagic marls (e.g. Trubi Formationm.) and their base would 

398 display a strong lithological contrast only in places where the M/P boundary eventually 

399 corresponds to the topmost evaporite bed, a case that is not usually observed (see Fig. 8b6b). 

400 Deeper settings are locally characterized by the deposition of marls and turbiditic sandstones. 

401 Based on the results obtained for similar deposits (see stage 3 of Nijar Basin), their expected 

402 seismic expression is a “bedded” unit with low amplitude reflectors including slightly erosional 
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403 surfaces forming flat cut-and-fill, channel-like features, as observed in the Cuevas del Almanzora 

404 section (Sorbas-Vera Basin; Fortuin et al., 1995; Figs 10c 67c,h and 10h7h). The thickness of 

405 stage 3 deposits is highly variable; in intermediate depth/deep basins it can attain only a few tens 

406 of meters or even less (see the Vera and Belice basins). For this reason, these deposits can be 

407 commonly below the usual seismic resolution (~20-30 m) and hence not detectable in seismic 

408 profiles. 

409

410 3.4 Seismic forward modelling - Implications implications for onshore-offshore 

411 correlations

412

413 In seismic profiles, the units of the three MSC stages (Table 132) result in regularly “bedded” 

414 (BU), chaotic and/or transparent (CU, MU) seismic units. These are differentiated on the basis of 

415 reflectionor amplitude, lateral continuity and thickness (Table 243) and on the erosional vs. non-

416 erosional nature of their bounding surfaces (Fig. 23, Table 354). 

417 However, synthetic seismic based on onshore data suggest that: 1) units with distinct 

418 palaeoenvironmental and chronostratigraphic meaning have very similar or even the same 

419 seismic facies with none or very subtle differences; in fact, bedded seismic units with high-

420 amplitude reflectors (BU) may correspond indistinctly to stage 1 PLG evaporites (BU-PLG), stage 

421 2 RLG (BU-RLG) or stage 3 (BU-UG) deposits (Table 23); 2) the same unit may show different 

422 seismic facies according to the dominant frequency and consequent vertical resolution. 

423 Nevertheless, our novel approach  helps suggesting provides some clues for establishing the 

424 possible nature of BU and CU units and tentatively assigning them to the corresponding MSC 

425 stages, on the basis of their bounding surfaces and of well logs patterns.
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426 The three key surfaces showing with a strong chronostratigraphic meaning that may help in 

427 onshore-offshore and/or shallow-deep correlations are:

428 i) the base of the PLG evaporites of stage 1 (OS/EOS);

429 ii) the MES truncating the PLG unit and defining the transition between stage 1 and 2;

430 iii) the M/P boundary (Fig. 42). 

431 The PLG base (EOS) in offshore shallow-water would correspond to the Bottom Surface (BS); due 

432 to the apparent onlap of gypsum beds, this surface it could be wrongly interpreted as the Bottom 

433 Erosion Surface (BES; Fig. 12c9c, compare with Fig. 5c3c). 

434 The PLG base (EOS) may develop diachronously; thus, the seismic expression of the OS is a high-

435 amplitude reflector only in those shallow water settings (< 200 m) where it coincides with the 

436 EOS (Fig. 5b3b). Onshore the OS passes downbasin into a surface lacking any strong lithological 

437 contrast within shale deposits; thus, a weak reflector is expected. In intermediate to deep water 

438 basins evaporite-free, stage 1 deposits (i.e., FBI organic-rich shales) are sharply overlain by the 

439 RLG unit; in this case the OS surface should be found below the BES/BS (Fig. 5d3d). The seismic 

440 expression of  the FBI is expected to be a thin, tabular, almost transparent unit with very weak, 

441 parallel reflectors due to its homogeneous lithology. However, due to its reduced thickness ((< 50 

442 meters; Manzi et al., 2007; 2018), the this unit could be seismically undetectable. In this case, for 

443 practical purposes, the BES/BS would be coincident with the OS, but this is a simplification that 

444 should be avoided as it may produce the erroneous correlation of seismically-similar deposits 

445 belonging to different MSC stages. 

446 The erosional surface capping the BU-PLG (Fig. 5h3h,i) may correspond to the Top Erosion 

447 Surface (TES) or, in case they are overlain by stage 3 units (BU, UU), to the Intermediate Erosion 

448 Surface (IES). In any case, these surfaces can be traced downbasin into the BES and, more distally 

449 into the BS (Fig. 64), at the base of the BU-RLG/UG (i.e., LU-MU-UU) unit whose top, on the 
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450 contrary, is usually conformable. Thus, the MES-TES-BES is a polygenic erosional surface with 

451 both subaerial and subaqueous tracts separating units with strongly similar seismic facies 

452 belonging to different MSC stages. Usually these units are detached and separated by intervening 

453 morphostructural elements; alternatively, they can be very tightly associated (Nijar Basin; 

454 Fortuin and Krijgsman, 2003; Omodeo-Salé et al., 2012; Fig. 1310), making their definition 

455 extremely difficult without tightly spaced cores.

456 Distinction between Stage 2 and 3 units cannot be based on lithology and seismic facies 

457 characteristics only. A straightforward correlation to stage 3 can be assigned only if samples are 

458 available from cores or cuttings and only when the primary gypsum (UG) or the typical Lagomare 

459 fossil assemblages (mollusk, ostracods, dinocysts) are recognized; an additional hint is provided 

460 by the gypsum or fossil 87Sr/86Sr values below 0.709088 (Roveri et al., 2014b).

461 87Sr/86Sr in halite shows values higher than those of stage 3 (Roveri et al., 2014b; Gvirtzman et 

462 al., 2017; Manzi et al., 2018); considering that halite occurs in a unit floored by the unconformity 

463 capping stage 1, the MU of intermediate depth basins may be a good potential marker for stage 2. 

464 However, the bedded units (BU, UU) above the MU not necessarily correspond to stage 3, because 

465 in onshore examples (Sicily and Calabria; Fig. 6a4a) halite bodies are commonly found encased 

466 within stage 2 clastic evaporites, both stratifed or chaotic. Significantly, stage 2 may include both 

467 the “bedded” units underlying (LU) and overlying (BU, UU) the MU. The latter situation has been 

468 well documented in the deep offshore basins, where the UU cored by DSDP-ODP drillings has 

469 been shown to include halite and anhydrite beds with stage 2 Sr isotope values (Roveri et al., 

470 2014b); in most cases, only the topmost part of UU belongs to stage 3 (Roveri et al., 2014b). 

471 A similar problem can be envisaged for the surface(s) marking the end of the salinity crisis; 

472 onshore the M/P boundary is locally characterized by strong lithological contrasts corresponding 

473 to flooding and/or ravinement surfaces (the latter having a slight erosional character; Fig. 8c6c-
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474 f); in deeper settings and offshore, the top of the MSC units is labeled as Top Surface (TS) or TES. 

475 However, it has been shown (Roveri et al., 2014b) that these surfaces may actually correspond to 

476 the top of uppermost evaporitic deposit, which is not necessarily coincident with the M/P 

477 boundary (see Fig. 8b6b) and may belong to stage 2 or to stage 3. In deep basinal settings a thin 

478 evaporite-free unit, commonly below seismic resolution and belonging to stage 3, can occur 

479 between the uppermost evaporite and the M/P boundary (Roveri et al., 2014b; Gvirtzman et al., 

480 2017). As a consequence, the correspondence of the TS/TES with the end of the crisis could be 

481 only apparent and related to the seismic resolution.

482 Defining the nature of offshore MSC surfaces and units is not an easy task as no univocal 

483 correspondence with onshore units exists, with obvious implications for a correct reconstruction 

484 of the Messinian stratigraphy and events. Our analyses show that seismic facies alone are not 

485 decisive for defining the nature and stratigraphic position of a specific MSC unit or surface and 

486 even sparse cores could be not sufficient to solve the problem in areas with strongly articulated 

487 successions. As a consequence, a word of caution is needed when deriving general implications 

488 from offshore MSC record. 

489

490 4. REVISITING THE MSC RECORD OF THE BALEARIC PROMONTORY

491

492 4.1 - The MSC record of the Balearic Promontory: state of the art

493 The results and the insights of our approach, let us to propose a revisitation of the Messinian 

494 stratigraphic architecture of the offshore Balearic Promontory (BP), a narrow morphostructural 

495 high bounded to the north and to the south by the deep Valencia and Algero-Balearic basins (Fig. 

496 15a12a), representing the northeastward extension of the Betic Cordillera (BC(; Fig. 15a12a; 

497 Etheve et al., 2016). As the Betic Cordillera, the Balearic Promontory area underwent 
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498 compression during the Langhian-Serravallian (Sanz de Galdeano, 1990) and extension since the 

499 Late Miocene (Fig. 15b12b). This caused the observed complex morphology with depressions at 

500 different water depths (Fig. 15b12b) that acted as perched sub-basins, as shown by the onlap 

501 against the intervening structural highs (Martinez del Olmo, 2011a-b; Maillard et al., 2014; 

502 Driussi et al., 2015). The deepest bathymetric low is the Central Mallorca Depression (CMD; Fig. 

503 15b12b).

504 The MSC seismic units of the Balearic Promontory are physically disconnected and are mainly 

505 characterized by parallel, high-amplitude reflectors (see Driussi et al., 2015, their figures Figs 

506 7,8,11). Due to the poor development or absence of the Mobile Unit (MU), the successions are not 

507 tripartite and these “bedded” units that could correspond either to the Lower Unit (LU) or Upper 

508 Unit (UU) have been labeled as a chronostratigraphically unconstrained Bedded Unit (BU) 

509 (Maillard et al., 2014; Driussi et al., 2015). A halite-bearing unit possibly occurs in the CMD 

510 Central Mallorca Depression below a BU (Maillard et al., 2014; Driussi et al., 2015); both units 

511 onlap against an erosional surface, more clearly at the eastern margin. Here, a Slope Unit (SU) 

512 consisting of both chaotic and bedded seismic facies bounded by erosional surfaces has been 

513 identified (Maillard et al., 2014, their figures 5 and 6c). Further upslope, a “bedded” unit with 

514 erosional top has been observed on the Mallorca shelf. This unit, cored in the Palma de Mallorca 

515 borehole (Rosell et al., 1998; Fig. 15c12c), consists of in situ, selenite gypsum beds showing the 

516 typical PLG well log blocky pattern (Fig. 5a3a; Roveri et al., 2008b; Lugli et al., 2010; Roveri et al., 

517 2014a). Due to the similar number of cycles (13) and stacking pattern, a correlation with the PLG 

518 outcropping in the Sorbas basin and drilled in the Bajo Segura basin (La Mata, San Miguel-2, 

519 Benejuzar-1, Rojales-1, La Marina-1 boreholes) has been suggested (Rosell et al., 1998; Soria et 

520 al., 2008; Martinez del Olmo, 2011a,b; Corbì et al., 2016; Figs S1d, 14d121d, 15b12b). Martinez 

521 del Olmo (2011b) proposed the same correlation for the evaporites drilled offshore (Muchamiel, 
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522 Calpe-1, Golfo de Valencia-1 and Castellon-L1 boreholes), indicating that the distribution of 

523 gypsum is limited to the more marginal areas (see Fig. 15d12d). The 497-Muchamiel and 334-

524 Calpe 1 boreholes are located on the shelf (location in Fig. 14b121b) and confirm the presence of 

525 the PLG unit in the Elche sub-basin (Fig. 15b12b; Martinez del Olmo, 2011b; Ochoa et al., 2015), 

526 at present-day depths ranging between 600 and 900 m below the mean sea-level. The PLG have 

527 also been found basinward of an inferred Messinian shelf-edge (Maillard et al., 2014; Fig. 15c12c; 

528 their figures 3 and 11; Driussi et al., 2015). In the Mallorca island (Fig. 15c12c) these evaporites 

529 pass landward to shallow water microbial carbonates (TCC, Terminal Carbonate Complex) 

530 resting on top of pre-evaporitic reefs (Arenas and Pomar, 2010; Mas and Fornos, 2012; Mas, 

531 2015). The TCC deposits are capped by a well-developed reddish paleosol (Mas, 2015), 

532 suggesting a prolonged subaerial exposure, and unconformably overlain by a thin marly unit with 

533 uppermost Messinian Lago-Mare faunal assemblages. The Lago-Mare unit, in turn, is sharply 

534 overlain by Pliocene calcarenites, possibly recording the Zanclean marine flooding (Mas and 

535 Fornos, 2012; Mas, 2015). The PLG evaporites also occur in the offshore portion of the Bajo 

536 Segura basin, where they apparently onlap the slope of a lower Messinian reef drilled by the 

537 Torrevieja Marino 1 well (Martinez del Olmo, 2011a) whose top is at 650 m below sea-levl (bsl, 

538 Fig. 15d12d-f). 

539 The MSC evaporites also occur in the deepest sectors of the BP area including the Cogedor, 

540 Formentera and Central Mallorca Depression sub-basins (Fig. 15b; Maillard et al., 2014; Driussi et 

541 al., 2015; Ochoa et al., 2015). These sub-basins, separated by acoustic basement highs, contain a 

542 “bedded” seismic unit, similar to the BU-PLG of the Elche sub-basin, but clearly distinct from it 

543 (see figure 2 of Ochoa et al., 2015) and labeled as chronostratigraphically unconstrained BU 

544 (Driussi et al., 2015). Despite these uncertainties, Ochoa et al. (2015) argued that this unit could 

545 be coeval and perfectly equivalent of the BU-PLG, thus suggesting that PLG evaporites were 
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546 deposited also in deeper and not silled areas, differently to what envisaged by the PLG model of 

547 Lugli et al. (2010).

548

549 4.2 – The MSC record of the Balearic Promontory: an alternative view

550 The distribution pattern of the Messinian deposits and the small size of the BP sub-basins, 

551 separated by tectonic and volcanic highs (Maillard et al., 2014; Driussi et al., 2015), closely 

552 resembles the onshore basins of many peri-Mediterranean areas (Fig. 107). All these basins 

553 document extremely rapid facies and stratigraphic changes controlled by topography (Roveri et 

554 al., 2003; Omodeo-Salé et al, 2012) and thus can be a good analog of the BP.

555 The evaporites identified in the Elche and San Pedro sub-basins and in the area of Palma de 

556 Mallorca (Fig. 15b12b) formed beyond a Messinian shelf edge. The seismic and borehole data of 

557 the Bajo Segura-San Pedro basin (Martinez del Olmo, 2011a) clearly document the offshore 

558 continuation of the evaporites of San Miguel de Salinas and their onlap against the Torrevieja 

559 Marine C-1 Messinian reef (Figs 15e12e-f). 87Sr/86Sr (Fig. S14) (Fig. 16a) measured in gypsum 

560 samples from San Miguel de Salinas and Benejuzar outcrop sections (Fig. 16bS14b,c) show values 

561 typical of the first stage PLG evaporites (Fig. 16dS14d-e; Roveri et al., 2014b). Cuttings from the 

562 Torrevieja M. C-1 well consist of Porites, stromatolitic and oolitic limestones, suggesting that the 

563 reef can be correlated with the outcropping Santa Pola, Cariatiz, and Palma reefs. The reef top lies 

564 today at ~620 mbsl, while gypsum is found at a depth of ~800 m (Martinez del Olmo, 2011a); the 

565 difference in elevation (~200 m; Fig. 15f) is comparable to that estimated in the Sorbas basin 

566 (~240 m; Riding et al., 1998; Fig. 12).

567 As a consequence, the situation in the Balearic Promontory is similar to what is observed in the 

568 Betic Cordillera basins, where the PLG evaporites formed basinward with respect to the 
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569 outermost pre-MSC reef front (see synthetic seismic profile of the Sorbas basin in Fig. 129), but 

570 still at relatively shallow depths and in silled sub-basins.

571 The seismic profile SIMBAD BA-26 (S26 in Fig. 1713a,b; Driussi et al., 2015) shows that 

572 toward the southeast the BU-PLG unit disappears over an eroded basement ridge (the Elche high) 

573 crossing the Elche sub-basin; this ridge seems to represent the north-east extension of a narrow, 

574 evaporite-free belt corresponding to the Tabarca-Alicante basement high (Fig. 17a13a). The same 

575 seismic profile shows a deeper sub-basin beyond the Elche high, characterized by a bedded 

576 seismic unit (BU) showing: i) a basal unconformity (Fig. 17b13b-c), ii) clear onlap terminations 

577 against the basement and/or pre-Messinian units, and iii) a lateral facies change from bedded to 

578 chaotic deposits (CU; Fig. 17c13c). Onlap terminations do not characterize only the Messinian 

579 units but also the pre-MSC and the Pliocene units, thus suggesting that these basement ridges 

580 were active before, during and after the crisis, creating a strongly articulated topography. 

581 In our view, also based on a comparisons of seismic units and reflectors geometries betweenof 

582 profile S26 (Fig. 13a,b) andwith the synthetic sections of Nijar and Belice basins (Figs 10, 11), the 

583 Elche sub-basin can be subdivided into two sectors (Fig. 17a13a): 1) a southeastern, deeper 

584 sector with the generic BU unit also observed in the Cogedor, Formentera and Central Mallorca 

585 Depression sub-basins (Maillard et al., 2014), 2) a northwestern, shallower one showing the BU-

586 PLG unit. AlthoughIn fact, both the, Nijar and Belice basins have a different Messinian 

587 stratigraphy, theshow narrow erosional areas (corresponding to structural highs) separating 

588 shallower and deeper sub-basins generatewith Messinian seismicunits having apparently the 

589 same seismic featurescharacteristics but very different environmental and stratigraphic meaning 

590 (i.e., respectively, the BU-PLG and  a generic BU), similar to thosea situation that may well apply 

591 to  what observed in of the Elche basin (i.e., BU-PLG and generic BU).
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592 Seismic profiles MED 5B (crossing S26 at its SE end) and MAP 146 (figure 3 of Ochoa et al., 

593 2015; see location in Fig. 17a13a) run across the southeastern sector of the Elche sub-basin but 

594 not in the northwestern one (Fig. 17a13a). The areas separating the shallower and deeper sub-

595 basins include chaotic units bounded by

596  erosional surfaces. As a consequence, in contrast to Ochoa et al. (2015), we argue that no 

597 lateral transition from the BU-PLG unit of the Elche sub-basin to the BU unit of the Formentera 

598 sub-basin can be documented. In facts, the two sub-basins were separated by a pre-existing 

599 intrabasinal high and the two units show well distinct features. The BU-PLG of the inner, 

600 shallower and the BU of the outer, deeper sub-basins appear to be neither physically nor 

601 genetically connected and are instead separated in time and space by an unconformity truncating 

602 the first and underlying the second one. The deeper BU is here interpreted as BU-RLG, possibly 

603 recording stages 2 and 3 (Fig. 1713b). 

604 As for the end of the MSC, seismic and borehole data do not have the resolution needed to fully 

605 constrain it. In the Muchamiel and Calpe boreholes the PLG are unconformably overlain by early 

606 Zanclean micritic limestone, but the occurrence of thin uppermost Messinian deposits between 

607 the erosional surface and the Pliocene limestones is not ruled out (Ochoa et al., 2015). This is the 

608 case of the Mallorca island where a very thin (5 m) Lago-Mare unit is present below the Pliocene 

609 deposits; this transition is considered unconformable by some authors (Mas and Fornos, 2012; 

610 Mas, 2015) and associated with the main Mediterranean drawdown. Such a thin unit cannot be 

611 distinguished on seismic profiles and could be even below the sampling resolution of well 

612 cuttings. 

613

614 4.3 - A three stages record of the MSC in the Balearic Promontory
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615 The Bedded Unit-Primary Lower Gypsum (BU-PLG) of the shallower areas and the BU and SU 

616 of the deeper settings of the Balearic Promontory can be framed within the MSC three-stage 

617 scenario (CIESM, 2008; Roveri et al., 2014a; Fig. 18). These seismic units may record respectively 

618 the first and second stage, respectively, forming distinct units separated in time by an erosional 

619 surface and arranged in different, commonly disconnected, depocenters. The upper part of the 

620 BU unit, particularly where it is topped by the TS, may record the third stage. As previously 

621 mentioned, in the onshore basins stage 3 deposits are mainly composed of well-layered clastic 

622 sediments (but locally including the UG in Sicily, Cyprus and Crete; see synthetic seismic of Figs 

623 12 10 and 1311).

624 In our view, during the Messinian the Balearic Promontory was a marginal basin with both 

625 shallow and intermediate depth perched and semi-closed sub-basins with different stratigraphy 

626 (Fig. 1813C14), similar to the situation shown in our synthetic seismic sections of the Nijar and 

627 Belice basins (Figs. 10, 11). PLG evaporites accumulated only in the shallower sectors of the 

628 Elche, San Pedro and Mallorca sub-basins. These sub-basins were semi-closed, bounded by 

629 carbonate platforms and separated by volcanic/structural sills from deeper areas and exposed to 

630 subaerial erosion after the stage 1. After or during the phase of erosion, that affected the basin 

631 margins of the entire Mediterranean, a halite-bearing bedded unit floored by the MES developed 

632 in deeper sub-basins (Central Mallorca Depression, Formentera, Cogedor, Elche deeper sector). It 

633 follows that the MES actually separates units deposited in different times and in different 

634 depocenters at variable original water depths. These depocenters were separated by 

635 morphostructural highs (basement, volcanic/structural) characterized by erosion/non-

636 deposition of MSC units or by the emplacement of chaotic deposits (SU) showing complex lateral 

637 facies changes and stratigraphic relationships with the BU units (see the Nijar and Belice 

638 examples; Figs 13 10 and 1411). In our view, they mainly formed during stage 2 (see Fig. 
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639 18c13C14c). Thus, the MES developed on top of the BU-PLG unit passes downslope into a BES 

640 underlying the SU and BU (Fig. 1813C14). The latter may locally include halite bodies 

641 accumulated in closed depressions, independently of their absolute water depth, as observed in 

642 other Mediterranean areas (Sicily, Tuscany, Calabria, Cyprus; Roveri et al., 2014a).

643

644 5. IMPLICATIONS FOR THE WIDER MEDITERRANEAN-SCALE IMPLICATIONS 

645 The implications recently derived from the BP Messinian record (Maillard et al., 2014; Ochoa et 

646 al., 2015) may be very important at a Mediterranean-scale and for this reason need to be 

647 carefully evaluated and discussed on the light of our results. 

648

649 5.1. MSC onset vs. evaporite onset

650 Ochoa et al. (2015) stated that the onset of evaporite deposition occurred synchronously 

651 throughout the shallow to deep Mediterranean settings and in coincidence with the onset of the 

652 MSC. Conversely, we showed that the Balearic Promontory underwent strong subsidence in post-

653 MSC times and that during the Messinian it was a shallow-water basin, perfectly correspondent 

654 to the depositional settings where all the known examples of PLG evaporites formed. Moreover, 

655 onshore-based studies demonstrate that the concept of MSC onset should be kept well separated 

656 from the simplistic identification of the “first gypsum bed” (Fig. 5a3a). Borehole data alone, 

657 without continuous cores or closely spaced cuttings, do not have the necessary resolution to 

658 prove or disprove this interpretation. In facts, considering the reduced sedimentation rate of the 

659 pre-MSC and FBI (commonly < 100 mm/kyr; see Fig. S2 of Manzi et al., 2018), the adequate 

660 sampling resolution to obtain a reliable stratigraphic framework would range from 2-3 m to 1 m 

661 or less.

662
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663

664 5.2 PLG basins: silled vs. open, shallow vs. deep

665 Ochoa et al. (2015) suggest that the PLG evaporites were not limited to shallow-water silled 

666 basins, but also precipitated beyond the Messinian shelf break along the continental margin 

667 slopes in open and deep settings.

668 In our alternative reconstruction of the Messinian stratigraphy of the Balearic Promontory, the 

669 PLG units were deposited only in the inner sector, where they onlap against pre-evaporitic reefs 

670 and are truncated by an erosional surface; this sector is bounded basinward by several aligned 

671 morphostructural highs that were already present during the Messinian and likely acted as sills. 

672 In this sector the PLG evaporites currently lie at a depth of 800-900 m bsl, and the top of pre-MSC 

673 reef (that can be considered a good shoreline marker) at 630 m bsl. The difference in elevation 

674 suggest that the PLG evaporites started to accumulate in silled sub-basins at around 200 m 

675 water-depth, perfectly similar to the Sorbas-Vera Basin example (see chapter 3.1.1). Far from 

676 being at intermediate water depth (200-1000 m) during the MSC, this shallow-water area 

677 underwent considerable subsidence in post-Messinian times. The deeper sector beyond the 

678 structural highs is characterized by deposits more similar to those of stages 2 and 3. It results 

679 that the PLG distribution in the Balearic Promontory is perfectly comparable to that observed 

680 onshore, thus supporting the Lugli et al.’s (2010) model. 

681

682 5.3 Halite deposition: shallow or deep, synchronous or diachronous?

683 The occurrence of the halite bodies in relatively small onshore basins of Sicily, Tuscany, Calabria 

684 and Cyprus, demonstrate that these deposits did not necessarily form in the deepest 

685 Mediterranean basins, usually floored by oceanic or thinned continental crust, but also at 

686 shallower depths.
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687 In order to explain the occurrence of the thin MU in the CMD, fully detached from the main deep 

688 basin salt unit and formed at intermediate depths, Maillard et al. (2014) argued that either the 

689 Mediterranean sea-level drop was not so large or the salt was deposited diachronously at 

690 different depths during the evaporative drawdown.

691 We suggest a third hypothesis: the accumulation of halite was not dependent on water depth 

692 but only on the existence of brine traps in confined sub-basins. Closed or semi-closed depressions 

693 occurring at any depths may have trapped brines formed in shallow-water settings and transferred 

694 at depths by cascading currents (Roveri et al., 2014c). 

695

696 6. CONCLUSIONS

697 Our findings suggest that:

698 1. synthetic seismic profiles of onshore sections can be a very helpful tool allowing to compare 

699 onshore and offshore MSC records to be compared;

700 2. lacking core data, the nature and the stratigraphic position of the offshore BU and transparent 

701 units cannot be univocally defined on the base of seismic data only;

702 3. rapid lateral thickness variation and the strong acoustic impedance contrasts with 

703 interbedded, underlying or lateral equivalent deposits may result into misleading geometries 

704 of evaporite-bearing units, simulating false angular discordances and/or onlap terminations;

705 4. out of the three main MSC surfaces defined onshore and marking the onset (OS), the end 

706 (M/P) and the peak of the crisis (MES) at stage 1-2 transition, only the latter can be 

707 unambiguously recognized offshore; it corresponds in shallow areas to the TES/IES and can 

708 be traced downbasin into the BES/BS surface;

709 5. in intermediate depth and deep settings, the OS and the M/P commonly occur within 

710 evaporite-free units characterized by weak seismic images and may be not recognized;
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711 6. the commonly assumed correspondences OS = BES/BS and M/P = TES/TS in the 

712 interpretation of the deep succession are not necessarily correct;

713 7. the Balearic Promontory underwent strong post-MSC subsidence, but both shallow and 

714 intermediate depth sub-basins settings were present during the salinity crisis; 

715 8. a three-stage MSC scenario also applies for the Balearic Promontory; primary in situ 

716 evaporites of stage 1 occur only in the shallower silled sub-basins of the Balearic Promontory, 

717 in agreement with the model of Lugli et al. (2010); generic BU units of deeper sub-basins 

718 show an erosional base that can be traced into the erosional top surface of BU-PLG, suggesting 

719 their formation during stage 2;

720 9. Slope (SU)U and Complex (CU) units may correspond, at least partially, to chaotic deposits 

721 emplaced by gravity flows; the Garrucha-Coscojar olistostrome of the Sorbas-Vera basin and 

722 those of the Sicilian basins, all containing small to giant PLG gypsum blocks, may be a good 

723 outcrop analogue; SU may also consist of carbonate, hybrid or siliciclastic ramp deposits, that 

724 are locally developed and preserved along Messinian basin margins;

725 10. the occurrence of halite bodies in perched basins at different water depths can be explained 

726 by the trapping of brines cascading from shallow-water settings into semi-closed basins, thus 

727 not implying the desiccation and/or high-amplitude oscillations of the Mediterranean sea-

728 level.

729 Summarizing, our results show that a word of caution is needed in reconstructing Messinian 

730 stratigraphy only from seismic data, as the Messinian events resulted in a complex framework 

731 with tight relationships between units having similar geometries, bounding surfaces and 

732 lithological characteristics and hence similar seismic response, but that may belong to different 

733 stages and have completely different meanings. 

734
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741 FIGURE CAPTIONS

742

743 Fig. 1 – Distribution of Mediterranean sub-basins during the late Messinian (modified after 

744 Roveri et al., 2014a). Marginal/peripheral sub-basins include both shallow-water (0–200 m) and 

745 intermediate depth settings (200–1000 m), while deep sub-basins (>1000 m) are present only in 

746 the central domain.

747

748 Fig. 2 – Present-day distribution of the Messinian basins; compare with figure 1. Note that 

749 marginal/peripheral basins with shallow and intermediate depth sub-basins occur both in 

750 onshore and offshore areas, according to post-Messinian tectonic evolution. For deep central 

751 basins both Western and Eastern Mediterranean markers are shown (from Lofi et al., 2011a,b).

752

753 Fig. 3 1 – Tentative onshore-offshore correlation of the Messinian units and surfaces (modified 

754 from Roveri et al., 2014b).

755

756 Fig. 4 2 – Conceptual stratigraphic model of the Messinian deposits of shallow and intermediate 

757 depth sub-basins. PLG = Primary Lower Gypsum; FBI = foraminifer-barren unit; RLG = 

758 Resedimented Lower Gypsum; UG = Upper Gypsum; MES = Messinian erosional surface; MES-cc = 

Page 32 of 80

FOR REVIEW PURPOSES ONLY

Basin Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



33

759 correlative conformity; M/P = Messinian-Pliocene boundary; OS = onset surface of the Messinian 

760 salinity crisis; EOS = evaporite onset surface; TCC = Terminal Carbonate Complex.

761

762 Fig. 5 3 – Stage 1 deposits and surfaces: outcrop examples. Black labels refer to the possible 

763 corresponding offshore markers (see chapter 3.4); A) the Primary Lower Gypsum (PLG) cycle 

764 model and the stacking pattern of PLG unit in outcrop and borehole sections; note the thinner 

765 basal cycles (1-2), the thicker cluster of cycles 3-4-5, the facies change at cycle 6 and the typical 

766 blocky pattern in well logs; Elsa 1 well shows a top-missing PLG record (due to erosion); in the 

767 Pollenzo section (see D) onset of evaporite deposition is delayed; in this case the onset of 

768 evaporites (EOS) is not coincident with the onset of the salinity crisis (OS). Bottom surfaces - B) 

769 Monticino section (Northern Apennines, Italy): base of PLG unit (BS) with the two lowermost 

770 thinner cycles; MSC onset and evaporite onset are coincident; C) Perales section (Sorbas basin, 

771 Southern Spain): laterally discontinuous gypsum lenses within PLG cycle 1, resulting in the local 

772 coincidence of OS and EOS surfaces (BS/BES); D) the Pollenzo section shown in A): white lines 

773 corresponds to the base of precessional cycles within the FBI unit and corresponding to PLG 

774 cycles 1 to 4; PLG onset (BS) occurred only at cycle 5. Internal surfaces - E) San Miguel de Salinas 

775 section (Bajo Segura basin, Spain) and F) Rio Aguas section (Sorbas Basin, Southern Spain): 

776 irregular top surface and abrupt lateral closures of gypsum beds due to the depositional 

777 geometry of growing selenite gypsum simulating erosional features (IES or TES); note the 

778 contrast between the flat basal and the irregular top surfaces of individual gypsum beds; G) 

779 Barranco de Infierno (Sorbas Basin, Southern Spain): upper part of the Yesares Mb. showing the 

780 lenticular geometry of uppermost gypsum beds passing laterally to limestone and marls (IES or 

781 TES). Top surfaces - H) Monticino section (Northern Apennines, Italy) and I) Krystal Beach 
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782 section (Zakynthos, Greece): the subaerial erosional surface (MES) developed on top of the tilted 

783 PLG unit sealed by uppermost stage 3 (Lago-Mare) and Zanclean open marine deposits.

784

785 Fig. 6 4 – Stage 2 deposits and surfaces: outcrop examples. Black labels refer to the possible 

786 corresponding offshore markers (see chapter 3.4); A) T. Lepre section (Crotone basin, Calabria, 

787 Italy); here the MES partially erodes the MSC stage 1 FBI unit; the RLG unit consists of clastic 

788 gypsum enclosing small halite bodies; B) Fanantello section (Northern Apennines, Italy) showing 

789 the FBI sharply overlain by RLG deposits consisting of a basal stratified gypsarenite unit, in turn 

790 overlain by chaotic deposits with gypsum olistoliths; C) simplified geological map and cross-

791 section of Sicily (from Roveri et al., 2008); D) Sutera (Caltanissetta basin, Sicily); the village lies at 

792 the base of a huge PLG block floating on a chaotic mudstone matrix including olistoliths of 

793 gypsarenites and diatomites, resting upon pre-MSC deposits; E) Ciminna basin (Sicily); 

794 horizontally stratified RLG gypsarenites and gypsrudites onlapping tilted PLG blocks and overlain 

795 by a second unit made of PLG slide blocks (from Roveri et al., 2008); F) Balza Bovolito (Petralia 

796 basin, Sicily); RLG stratified gypsarenites passing upward to stratified calcirudites and 

797 calcarenites; these deposits onlap and/or pass laterally to chaotic deposits and massive 

798 limestone breccia (modified from Manzi et al., 2011); G) Garrucha olistostrome (Sorbas-Vera 

799 basin, Spain; location in Fig. 7b,c)); gypsarenite and gypsrudite beds with gypsum olistoliths in 

800 the Garrucha olistostrome; H) PLG block, not in situ, included in the Garrucha-Coscojar 

801 olistostrome; I) large recrystallized PLG block in the Coscojar olistostrome (Sorbas-Vera basin, 

802 Spain; location in Fig. 7b)..

803

804 Fig. 7 5 – Stage 2 deposits and surfaces: outcrop examples. Black labels refer to the possible 

805 corresponding offshore markers (see chapter 3.4); A) Passo Fonnuto (Caltanissetta basin, Sicily); 
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806 onlap of uppermost UG and Pliocene deposits against PLG slide blocks floating on top of a chaotic 

807 unit; ~1 km to the right a halite body is present under the river alluvional cover; B) Belice basin 

808 (Sicily); PLG blocks in a chaotic matrix directly overlain by lower Pliocene Trubi; C) nearby 

809 Racalmuto (Caltanissetta basin, Sicily); the RLG unit consists here of a basal chaotic body with 

810 large PLG blocks embedded in a mudstone matrix; stratified gypsarenites and gypsrudites onlap 

811 the PLG blocks; D) Santa Ninfa (Belice basin, Sicily); panoramic view showing the relationships 

812 between the stratified gypsum turbidites and the overlying chaotic deposits including large size 

813 PLG blocks and the pre-evaporitic unit; note the onlap of turbidites against a small lower 

814 Messinian Porites reef; E) Rocca delle Penne (Belice basin, Sicily); a giant PLG olistolith floating 

815 within a chaotic mass consisting of disarticulated and chaotic shales, gypsarenites, gypsrudites 

816 and marls; note the size of the olistolith which in this case includes the three basal cycles 

817 simulating a in situ PLG unit; the bottom and top surfaces of this body, if imaged in seismic 

818 profiles and/or crossed by boreholes, could be interpreted as BS/BES and TES, respectively ; F) 

819 Belice basin (Sicily), close to E), a chaotic unit with PLG blocks sandwiched by gypsum turbidites 

820 forming a tabular, stratified unit (compare with synthetic section of Fig. 14); G) the typical spiky 

821 well log facies of RLG deposits; the figure also shows the possible close association with a PLG 

822 block.

823

824 Fig. 8 6 – Stage 3 deposits and surfaces: outcrop examples.  Black labels refer to the possible 

825 corresponding offshore markers (see chapter 3.4); A) Eraclea Minoa section (Sicily); irregular top 

826 of the 6th gypsum bed in the Upper Gypsum unit due to the domal growth geometry of gypsum 

827 crystals (IES/TES); B) location as A); the M/P boundary (corresponding to the Zanclean GSSP) 

828 occurs slightly above the irregular top of the topmost, 7th, UG bed; TS/TES is not coincident with 

829 the end of MSC; notice the presence of terrigenous fluvio-deltaic deposits in light green and 
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830 orange in both the pictures; C) Nijar basin (Southern Spain); the cyclic stacking pattern of fluvio-

831 deltaic and lacustrine deposits of MSC stage 3 Feos Fm.; strong reflectors are expected at the 

832 sharp transition from conglomerates to basinal marls;  D) same location of C); transition to 

833 marine Pliocene deposits in the Los Castellones section; the Pliocene transgression in the 

834 Zorreras E) and la Cumbre F) sections (Sorbas basin); G) the organic-rich black layer marking the 

835 Miocene-Pliocene boundary in the Northern Apennines (Italy); H) Zanclean marls with thin-

836 bedded turbidites in the Cuevas del Almanzora section (Vera basin); note the lenticular geometry 

837 of sandstone beds and the cut and fill structures, resulting in minor erosional surfaces.

838

839 Fig. 9 – Offshore example of stage 2 and 3 deposits from the Tyrrhenian basin and their tentative 

840 correlation with onshore RLG and UG deposits of the Caltanissetta basin (Sicily; modified from 

841 Roveri et al., 2014b and Manzi et al., 2009). In this case, the observed BU unit consists of thin 

842 both primary (cumulate) and clastic (gypsarenites and gypsrudites) gypsum beds interbedded 

843 with thick marls; as a consequence, the P-wave interval velocity of this evaporite-bearing unit is 

844 relatively low (~2.3 km/sec.). The UG deposits can be easily distinguished from the RLG and pre-

845 MSC deposits due to a distinctive isotopic signature.

846

847 Fig. 10 7 – Schematic geological map of Southern Spain (A) with location of the Sorbas-Vera (B) 

848 and Nijar sub-basins (Fig. 1310). (C) cross section showing that the Garrucha body was emplaced 

849 in an erosional depression cut in the underlying pre-MSC tilted succession (modified after 

850 Fortuin et al., 1995; Di Blasi, 2018); (D) Cross-section along the Sorbas-Vera basin. Notice the sill 

851 and the narrow, steep slope separating the shallow Sorbas sub-basin (Sector 1) and the deeper 

852 Vera sub-basin (Sector 4). The Sorbas-Vera corridor is here interpreted as a possible Messinian 

853 canyon showing an upper erosional tract (Sector 2) and a lower one with chaotic deposits (Sector 
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854 3; Garrucha olistostrome in the area shown in Fig. 11a8a,b); turbiditic lobes are developed in the 

855 slope base area and in the Vera sub-basin (Sector 4) .

856

857 Fig. 8 – Stratigraphic logs and seismic wavelets used for the reconstruction of the synthetic 

858 seismic sections of the Sorbas (a), Nijar (b) and Belice (c) basins; the logs are shown in real depth 

859 and after transformation in time domain through the seismic parameters listed in Table 2. For 

860 each log in time domain, the resulting wavelets at 60 and 180 Hz are shown.

861 Fig. 11 8 – Strontium isotope data (87Sr/86Sr) from selenite gypsum of tThe Garrucha-Coscojar 

862 area of the Sorbas-Vera basin; A) Simplified geological map (see location in Fig. 107) showing the 

863 location of the gypsum-bearing Coscojar and Garrucha olistostromes and of of analyzed samples 

864 for Sr isotope analysis (see Fig. S4); the B) cross section showings that the Garrucha body was 

865 emplaced in an erosional depression cut in the underlying pre-MSC tilted succession (modified 

866 after Fortuin et al., 1995; Di Blasi, 2018); BC) PLG block, not in situ, included in the Garrucha-

867 Coscojar olistostrome; C) table with the 87Sr/86Sr values; the values fall in the range of the first 

868 stage of the salinity crisis; D) gypsum selenite clasts within a laminated gypsarenite; E) detail of a 

869 gypsum clast containing microbial filaments from the outcrop shown in B);  F) gypsarenite and 

870 gypsrudite beds with gypsum olistoliths in the Garrucha olistostrome; G) large recrystallized PLG 

871 block in the Coscojar olistostrome. 

872

873 Fig. 12 9 – Sorbas basin synthetic seismic section (see also Fig. 8aS1); A) geological cross-section 

874 in depth domain (see location and legend in Fig. 10b7b; modified from Roveri et al., 2009) with 

875 the location of the hypothetical boreholes used for the reconstruction of synthetic seismic 

876 section; B-C) the synthetic seismic section in time domain with different dominant frequency: 60 

877 Hz (B) and 180 Hz (C) resulting in different seismic resolution; black labels show the possible 
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878 offshore units (white) and surfaces (yellow). In (D-I) a close-up of the PLG unit is shown with 

879 different seismic resolution; it is worth noting how the seismic aspect is function of the adopted 

880 frequency. At low frequencies of 40 and 60 Hz (D-E) the PLG appears as a chaotic/transparent 

881 unit. Starting from 120 Hz (F) PLG appears as a bedded unit (BU) only in its basal part; for a full 

882 resolution, higher frequencies between 180 (G) and 250 Hz (H) are needed; at 500 Hz (I) even 

883 the thinner beds are visible. In (F-I) a transparent unit in the lower part of the BU-PLG unit 

884 corresponds to the thickest PLG cycle 3; its lateral pinchout results in an apparent discordance; in 

885 this case both the PLG base and the top of cycle 3 could be erroneously interpreted as 

886 unconformities (BES and IES, respectively). 

887

888 Fig. 13 10 – Nijar basin synthetic seismic section (see also Fig. 8bS2); schematic geological map 

889 (A) and cross-section in depth domain (B) of the Nijar basin (modified from Omodeo Salé et al., 

890 2012; see location in Fig. 10b7b) with the location of the hypotethical boreholes used for the 

891 reconstruction of synthetic seismic section. C-D) the synthetic seismic section in time domain 

892 with different dominant frequency: 60 Hz (C) and 180 Hz (D) resulting in different seismic 

893 resolution; black labels show the possible offshore units (white) and surfaces (yellow). Note the 

894 complex stratigraphic architecture of the Messinian succession resulting in very close 

895 relationships between bedded and chaotic units belonging to the three MSC stages; note in the 

896 enlarged area shown at different dominant frequencies (from 40 Hz to 500 Hz) that, without 

897 direct observations or borehole data, the BS (placed at the base of in situ PLG deposits) would be 

898 cut by an internal erosional surface (IES) passing downslope to the BES; IES and BES would 

899 actually represent the downbasin equivalent of the MES, separating MSC stage 1 and 2. At least 

900 three BU units can be defined: 1) BU-PLG capped by the MES/IES; 2) BU-RLG within the erosional 

901 depression (possibly a canyon or gully head); 3) BU corresponding to stage 3 (=UU, but 
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902 evaporite-free); at low frequency (40 to 60 Hz) the upper unit shows a seismic facies transparent 

903 or with discontinuous reflectors, simulating a chaotic deposit.

904

905 Fig. 14 11 – Belice synthetic seismic section (see also Fig. 8cS3); A) cross-section in depth domain 

906 of the Belice basin (modified from Roveri et al., 2006; see location in Fig. 6c4c; ); note PLG 

907 deposits on top of a thrust-related anticline cut by the MES and resedimented evaporites in the 

908 adjoining, deeper sub-basin, forming a complex RLG unit; note also the pre-MSC reef in the 

909 deeper basin which underwent strong tectonic subsidence during the Messinian; B–C) the 

910 synthetic seismic section in time domain with different dominant frequency: 60 Hz (B) and 180 

911 Hz (C) resulting in different seismic resolution; black labels show the possible offshore units 

912 (white) and surfaces (yellow). Note the onlap of BU against the basal surface and an internal 

913 surface, the latter marking the top of a chaotic body; BU units in the deeper basin correspond to 

914 gypsum turbidites of MSC stage 2; the irregular top of the upper chaotic body could be exchanged 

915 for an erosional surface and, due to the very thin Lagomare deposits above it, it could apparently 

916 be coincident with the M/P boundary and labeled as TES. Note also the large PLG olistoliths 

917 within the chaotic units (compare with photo in Figs 64-57).

918

919 Fig. 15 12 – Messinian units in the Balearic Promontory area; A) schematic tectonic map of the 

920 Western Mediterranean showing the location of the Balearic Promontory; B) present-day 

921 distribution of the Messinian units in the Balearic Promontory and adjacent areas (from Ochoa et 

922 al., 2015); 334 = Calpe 1 well; 497 = Muchamiel well; MCD = Mallorca Central Depression; BP = 

923 Balearic Promontory; CMD = Central Mallorca Depression; PLG = Primary Lower Gypsum unit; 

924 note the distribution of inferred PLG deposits in the Elche sub-basin and compare with Fig. 16a; 

925 C) location of the PLG evaporites of the Palma sub-basin (from figure 11 of Maillard et al., 2014); 
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926 the units were deposited in a narrow basin delimited by structural highs and bordered by 

927 Messinian reefs; the comparison with B) documents the similarities with the Sorbas Basin in 

928 terms of size and overall stratigraphic architecture; D) the distribution of PLG evaporites in the 

929 Balearic Promontory and Valencia Basin according to Martinez Del Olmo (2011); E) the 

930 Torrevieja Marino Messinian reef (see location in D); contour lines refer to the elevation of reef 

931 deposits above the highest onlap of PLG evaporites; seismic lines across the reef (F) show the 

932 360° onlap of PLG evaporites against the reef front; difference in elevation between the reef top 

933 and the gypsum suggest an original paleodepth of around 200 m.

934

935 Fig. 16 – Strontium isotope data (87Sr/86Sr) from selenite gypsum of the onshore successions of 

936 Benejuzar and San Miguel de Salinas; the values fall in the range of the first stage of the salinity 

937 crisis. A – table with the 87Sr/86Sr values; B – simplified geological map of the Bajo Segura basin 

938 with the location of the main outcrop sections and boreholes crossing the PLG deposits; C - 

939 Sedimentary logs of the Benejuzar and San Miguel de Salinas sections showing the location of 

940 samples for Sr isotope analysis; D – Strontium isotope values framed in the Messinian Sr isotope 

941 stratigraphy; E –stratigraphic framework of the MSC (modified from Manzi et al., 2013 and 

942 Roveri et al., 2014a).

943

944 Fig. 17 13 – A - close-up of the map of Ochoa et al. (2015) shown in Fig. 125B modified in the 

945 Elche sub-basin area, based on our interpretation of the seismic profile SIMBAD 26 (S.26); the 

946 trace of this seismic profile is taken from Driussi et al., 2015. This sub-basin is subdivided by a 

947 NE-SW oriented structural high (the Elche high) in two sectors with the PLG evaporites to the 

948 NW and a MSC unit floored by the MES to the SE (possibly corresponding to MSC stage 2 RLG unit 

949 and overlying stage 3 deposits); the green dotted line represents the inferred PLG southern basin 
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950 margin, while the black dotted line interpreted by Ochoa et al. (2015) as the Messinian shelf 

951 break represents its northern margin;  B – interpretation of the SIMBAD 26 seismic profile shown 

952 in Driussi et al. (2015); note the Messinian unit in the southeastward end of the profile; C – line 

953 drawing of the SIMBAD 26 profile:the PLG unit (in violet) shows a lower concordant base; it is 

954 and a truncated top. It correlates with the seismic unit (in violet) cut on top by the Messinian 

955 erosional surface (MES) and occurring upslope of the area deformed and eroded possibly 

956 corresponding to a Messinianthe Elche structural/volcanic high; beyond this structure, the 

957 Messinian unit (in cyan) shows a basal unconformity (MES or MES-CC) and onlap terminations 

958 against the eroded area; note the rapid thinning of layered deposits and the probable transition 

959 to slope deposits. The two Messinian units were likely deposited in different times in areas 

960 separated by a structural/volcanic feature pre-existing and/or uplifted during and still active 

961 after the MSC; C - Schematic stratigraphic relationships between the MSC units recognized in the 

962 Balearic Promontory (modified from Maillard et al., 2014). C1 – observed units and surfaces; C2-

963 C4 - new interpretation model with the MES developing on top of the BU-PLG unit and passing 

964 downslope to the BES at the base of the Slope and BU units; C3 – detail of the possible facies 

965 relationships between the stratified deposits of the BU (likely turbiditic) and the chaotic deposits 

966 of the Slope Unit; note that the overall onlap of the BU deposits on the Slope unit is not 

967 necessarily related to a different age of the two units and that the top of the latter is an irregular 

968 surface, which does not necessarily correspond to a subaerial unconformity. CMD = Central 

969 Mallorca Depression.C. 

970

971 Fig. S1 – Table with the 87Sr/86Sr values obtained from selenite gypsum samples analysed in this 

972 work: all the values fall in the range of the first stage of the salinity crisis. (A) simplified 

973 geological map of the Garrucha-Coscojar area of the Sorbas-Vera basin (see Fig. 7b) with the 
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974 location of the samples; (B) simplified geological map of the Bajo Segura basin with the location 

975 of the main outcrop sections and boreholes crossing the PLG deposits; (C) Sedimentary logs of 

976 the Benejuzar and San Miguel de Salinas sections showing the location of samples for Sr isotope 

977 analysis; (D) Strontium isotope values framed in the Messinian Sr isotope stratigraphy; (E) 

978 stratigraphic framework of the MSC (modified from Manzi et al., 2013 and Roveri et al., 2014a).

979

980 Fig. 18 S214 – Schematic stratigraphic relationships between the MSC units recognized in the 

981 Balearic Promontory (modified from Maillard et al., 2014). A – observed units and surfaces; B - 

982 new interpretation model with the MES developing on top of the BU-PLG unit and passing 

983 downslope to the BES at the base of the Slope and BU units; C – detail of the possible facies 

984 relationships between the stratified deposits of the BU (likely turbiditic) and the chaotic deposits 

985 of the Slope Unit; note that the overall onlap of the BU deposits on the Slope unit is not 

986 necessarily related to a different age of the two units and that the top of the latter is an irregular 

987 surface, which does not necessarily correspond to a subaerial unconformity. CMD = Central 

988 Mallorca Depression.

989

990 Table 1 – List of acronyms used in this work

991 Table 1 - List of acronyms used for the surfaces and the units of the Messinian salinity crisis 

992 (MSC) that can be identified in seismic (S), geophysical log (L), continuous cores (C) and outcrop 

993 (O).

994

995 Table 2 – Seismic parameters used for the synthetic seismic sections of the Sorbas (Fig. 9), Nijar 

996 (Fig. 10) and Belice (Fig. 11) basins.

997
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998 Table 1 32 – Synthesis of the main features (facies, depositional setting, geochemistry, thickness) 

999 of the Messinian units and surfaces and their expected seismic and borehole expression; the 

1000 more common features are in bold; nd = not defined.

1001

1002 Table 2 43 – Possible relationships of seismic facies to onshore Messinian units; note that there is 

1003 no univocal relationship, in particular for the bedded facies.

1004

1005 Table 3 54 - Characteristics and possible relationships with onshore equivalents of Messinian 

1006 surfaces.
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acronym S L C O corresponding names

BES  Bottom Erosion Surface (erosional base of MSC-related offshore seismic units)

BS  Bottom Surface (base of MSC-related offshore seismic units)

BU  Bedded Unit (generic MSC-related seismic unit characterized by parallel, continuous 
reflections)

EOS    Evaporite Onset Surface (local base of PLG)

FBI   Foraminifera-barren interval (lateral, deep-water equivalent of PLG evaporites)

IES  Intermediate Erosion Surface (erosional surface within MSC-related offshore seismic units)

LU  Lower Unit (the lowest MSC-related seismic unit recognized in offshore settings)

M/P   Miocene/Pliocene boundary

MES     Messinian Erosional Surface (the main Messinian erosional surface, both subaerial and 
subaqueous, developed along the Mediterranean margins after the stage 1 of the salinity crisis)

MES-cc   Messinian Erosional Surface correlative conformity (the conformable surface of basinal 
settings that can be traced upslope into the MES)

MU  Mobile Unit (transparent seismic unit interpreted as halite, usually found above the LU or at 
the base of the offshore MSC-related succession)

OS   Onset Surface (onset of the salinity crisis; may locally coincide with EOS)

PLG    Primary Lower Gypsum (primary in situ evaporites – selenite gypsum – accumulated during 
the stage 1 of the salinity crisis in shallow-water basins)

RLG    Resedimented Lower Gypsum (complex of clastic and/or in situ primary gypsum, halite, 
limestone breccia and siliciclastic deposits accumulated during the stage 2 of the salinity crisis 
in deep-water settings)

SU  Slope Unit (MSC-related offshore seismic unit with chaotic or parallel reflections along 
slopes)

TCC   Terminal Carbonate Complex (Messinian mixed siliciclastic-carbonate platforms) 

TES  Top Erosion Surface (erosional top of MSC-related offshore seismic units)

TS  Top Surface (top of MSC-related offshore seismic units)

UG    Upper Gypsum (primary in situ evaporites – selenite gypsum – accumulated during stage 3 of 
the salinity crisis in shallow-water basins)

UU  Upper Unit (the uppermost MSC-related seismic unit in offshore settings)
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lithology p velocity
m/sec

density
g/cm3

acoustic 
impedance

section lithostratigraphic units

shales 1800 2.20 3960 Sorbas Zorreras Mb., Chozas Fm., Sorbas Mb.

sandstones 2500
1900

2.30
2.00

5750
3800

Sorbas
Belice

Sorbas Mb.
Belice Fm.

conglomerates 2500
3250
“

2.10
2.10
“

5250
6825
“

Sorbas
Nijar
Belice

Gochar Fm., TCC2
Feos Fm.
Terravecchia Fm.

clayey marls 2200
2400

2.30
2.40

5060
5760

Nijar
Belice

Feos Fm.
Terravecchia Fm., Belice Fm.

marly sst 1750
“

2.00
“

3500
“

Sorbas
Nijar

Chozas Fm.
Cuevas Fm.

calcareous sst 2700 2.30 6210 Sorbas TCC1

marls 2500
“
“

2.35
“
“

5875
“
“

Sorbas
Nijar 
Belice

Fringing Reef, TCC1, Abad Mb, Yesares Mb.
Yesares Mb.
Lagomare (Belice)

calcareous marls 3000 2.50 7500 Belice Trubi Fm.

limestones 4200
4750
“

2.40
2.55
“

5250
12112.5
“

Sorbas
Nijar
Belice

Bioherm Unit, Fringing Reef, Azagador Mb., 
Cantera Mb., Feos Fm. 
Terravecchia Fm.

anhydrites 4750
“
“

2.95
“
“

14012.5
“
“

Sorbas
Nijar
Belice

Yesares Mb.
Feos Mb.
PLG-RLG

chaotic deposits 3000 2.50 7500 Belice RLG chaotic

schists 4800
“

2.85
“

13680
“

Sorbas
Nijar

Basement

Page 56 of 80

FOR REVIEW PURPOSES ONLY

Basin Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



bounding surfaces well logs core/cuttingsMSC 
stage unit -  lithology depositional setting, 

distribution seismic facies
thickness
twtt (sec) 

m bottom top RES/GR pattern 87Sr/86Sr sedimentology fossils

PLG - primary 
gypsum 
(selenite)/mudstone 
layered evaporites

shallow silled basins
basinward of 
shoreline/shelf 
break

high-amplitude parallel 
reflectors 
(“bedded”)

apparent basal onlap 
and internal 
discordances
apparent chaotic 
reflectors (CU) in the 
upper part

0-0.15
0-300

concordant

EOS 
(diachronous)

erosional
angular 
discordance
concordant
MES

high/very low blocky
>0.709088
(gypsum, 
carbonate)

very thick 
massive or 
branching 
selenite 
deposits

bacterial mats, 
mollusk

FBI - Foraminifer-
barren interval, dark 
organic-rich 
mudstones and 
dolostones (CdB-2)

deeper water silled 
basins, open shelves 
and slopes, deep 
basin

transparent to low 
amplitude reflectors 
(“weakly bedded”) 

often below seismic 
resolution

0-0.05
0-50

concordant

OS
(synchronous)

concordant,
erosional,
angular 
discordance
MES

low/high irregular 
or cyclic

>0.709088 
(carbonate)

organic-rich 
mudstones
peloidal 
carbonates.

bacterial mats, c. 
nannoplancton, 
diatoms.
forams barren

1

carbonate ramps and 
reefs

coastal to shallow 
marine
landward of PLG

high-amplitude 
offlapping reflectors

forestepping 
angular or tangential 
basal downlap 

0-0.2
0-200

downlap

nd

erosional
angular 
discordance
MES

moderate/low blocky to 
irregular

>0.709088 
(carbonate)

grainstone, 
oolites 

Porites, 
Halimeda

RLG – primary 
(cumulate) - layered
Halite, K-salt – 
massive to thin 
layered

high to low-amplitude 
parallel reflectors 
(“bedded”)
transparent (halite)

0-1.0
0-2000

high/
low (halite) or 
high (K-salts)

blocky
cm- to dm-
thick bands,
minor 
anhydrite

RLG – primary 
(cumulate) and 
clastic 
gypsum/anhydrite

high to low-amplitude 
parallel reflectors 
(“bedded”)

0-0.25
0-500 high/very low

mm-thick 
laminites
graded beds

RLG – limestone 
breccia (CdB-3) – 
massive to layered

lenticular 0-0.05
0-50

clay chips, 
pellets

RLG - clastics 
(turbidites) - layered

high to low-amplitude 
parallel reflectors 
(“bedded”)

0-0.25
0-500

concordant

moderate/low

spiky

graded beds

2

RLG -chaotic 
deposits 
(olistostromes, 
slides) - massive

intermediate to deep 
basins
detached from PLG 
basins
chaotic deposits 
along basin margins 
and slopes

chaotic to irregular and 
discontinuous reflectors
transparent (shale)

possible giant-size PLG 
olistoliths within CU; 
appearing as 
discontinuous BU units 
bounded by BES and 
TES blocky pattern in 
well logs

0-0.5
0-1000

concordant 
MES-CC

erosional
angular 
discordance

MES

weakly 
erosional or 
irregular

irregular irregular

>0.709088
(Salt, 
gypsum, 
carbonate)

selenite blocks 
(olistoliths), 
folds

mostly barren

UG – primary 
gypsum 
(selenite)/mudstone,
clastic, fluvio-deltaic - 
layered 

shallow marginal 
basins
usually above RLG 
and/or onlapping 
eroded PLG or older 
deposits

high to low-amplitude 
parallel reflectors 
(“bedded”)

internal sharp or weakly 
erosional surfaces (in 
evaporite-free deposits)
forestepping – stage 3.1
backstepping – stage 3.2

0-0.15
0-300

erosional - 
MES
concordant on 
RLG - nd

concordant
M/P high/very low spiky

gypsum
selenite, 
cumulate

3

mudstones, turbiditic 
sandstones and/or 
cumulate/clastic 
gypsum - layered

intermediate to deep 
basins, detached 
from PLG basins

low-amplitude parallel 
reflectors (“weakly 
bedded”)
transparent

often below seismic 
resolution

0-0.5
0-1000

erosional- 
MES
concordant on 
RLG - nd

concordant
M/P low/high spiky

<0.709088

(gypsum, 
limestone, 
shells) gypsum-free

clastic or 
cumulite 
gypsum

Lagomare 
mollusks, 
ostracods, 
dinocysts 
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seismic facies offshore 
unit onshore unit MSC 

stage
BU, UU PLG layered evaporites 1
BU, LU, UU RLG layered evaporites, layered siliciclastics 2

high-amplitude 
parallel reflectors 
(“bedded”) BU, UU UG layered evaporites, layered siliciclastics 3

RLG  massive to thin layered halite 2transparent to low 
amplitude reflectors 
(“weakly bedded”)

MU PLG layered evaporites (thickest cycles)

PLG – layered evaporites (upper cycles, low resolution 
seismic) 1

RLG olistostromes, submarine slides, coarse-grained 
siliciclastics

2CU

PLG-UG layered evaporites (low resolution seismic) 3

chaotic, 
discontinuous high 
to low amplitude 
reflectors 

SU Carbonate ramp, reef slope, terrigenous slope, chaotic 
deposits

1, 2, 3
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terminations

surface type
below

above  offshore surfaces 
(Lofi et al., 2011a,b) onshore surfaces stratigraphic 

position

MES (top PLG) top stage 1TES
(top erosion surface) unnamed (top RLG 

chaotics)
top stage 2

MES (bottom RLG 
or clastics)

base stage 2truncation onlap

MES (base UG or 
clastics)

base stage 3

major 
erosional/onlap 
(locally angular 
discordance)

sharp onlap 
(apparent)

BES
(bottom erosion 

surface)
EOS/OS (base PLG) base stage 1

sharp/erosional onlap, 
converging

pinch-out of 
thicker PLG cycles 
(3-5)

stage 1 PLG 
unit

truncation onlap

IES
(intermediate erosion 

surface)

base of evaporite-
bearing gravity 
flow (channelized 
or unchannelized)- 
RLG, UG

stage 2 RLG 
unit , stage 3 
UG unit

minor 
erosional/onlap

irregular onlap TES
(top erosion surface)

RLG chaotic-
UG/Lagomare 
transition

top stage 2

EOS/OS (PLG base) base stage 1BS
(bottom surface) MES-CC (RLG base) base stage 2

unnamed, RLG-
stage 3 transition

base stage 3sharp, non-
erosional 
surfaces

concordant concordant TS
(top surface) M/P, stage 3-

Pliocene transition
top stage 3
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Fig. 1 – Tentative onshore-offshore correlation of the Messinian units and surfaces (modified from Roveri et 
al., 2014b). 
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Fig. 2 – Conceptual stratigraphic model of the Messinian deposits of shallow and intermediate depth sub-
basins. PLG = Primary Lower Gypsum; FBI = foraminifer-barren unit; RLG = Resedimented Lower Gypsum; 

UG = Upper Gypsum; MES = Messinian erosional surface; MES-cc = correlative conformity; M/P = 
Messinian-Pliocene boundary; OS = onset surface of the Messinian salinity crisis; EOS = evaporite onset 

surface; TCC = Terminal Carbonate Complex. 
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Fig. 3 – Stage 1 deposits and surfaces: outcrop examples. Black labels refer to the possible corresponding 
offshore markers (see chapter 3.4); A) the Primary Lower Gypsum (PLG) cycle model and the stacking 

pattern of PLG unit in outcrop and borehole sections; note the thinner basal cycles (1-2), the thicker cluster 
of cycles 3-4-5, the facies change at cycle 6 and the typical blocky pattern in well logs; Elsa 1 well shows a 

top-missing PLG record (due to erosion); in the Pollenzo section (see D) onset of evaporite deposition is 
delayed; in this case the onset of evaporites (EOS) is not coincident with the onset of the salinity crisis (OS). 

Bottom surfaces - B) Monticino section (Northern Apennines, Italy): base of PLG unit (BS) with the two 
lowermost thinner cycles; MSC onset and evaporite onset are coincident; C) Perales section (Sorbas basin, 

Southern Spain): laterally discontinuous gypsum lenses within PLG cycle 1, resulting in the local coincidence 
of OS and EOS surfaces (BS/BES); D) the Pollenzo section shown in A): white lines corresponds to the base 
of precessional cycles within the FBI unit and corresponding to PLG cycles 1 to 4; PLG onset (BS) occurred 
only at cycle 5. Internal surfaces - E) San Miguel de Salinas section (Bajo Segura basin, Spain) and F) Rio 
Aguas section (Sorbas Basin, Southern Spain): irregular top surface and abrupt lateral closures of gypsum 
beds due to the depositional geometry of growing selenite gypsum simulating erosional features (IES or 
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TES); note the contrast between the flat basal and the irregular top surfaces of individual gypsum beds; G) 
Barranco de Infierno (Sorbas Basin, Southern Spain): upper part of the Yesares Mb. showing the lenticular 
geometry of uppermost gypsum beds passing laterally to limestone and marls (IES or TES). Top surfaces - 

H) Monticino section (Northern Apennines, Italy) and I) Krystal Beach section (Zakynthos, Greece): the 
subaerial erosional surface (MES) developed on top of the tilted PLG unit sealed by uppermost stage 3 

(Lago-Mare) and Zanclean open marine deposits. 

181x258mm (300 x 300 DPI) 

Page 64 of 80

FOR REVIEW PURPOSES ONLY

Basin Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Fig. 4 – Stage 2 deposits and surfaces: outcrop examples. Black labels refer to the possible corresponding 
offshore markers (see chapter 3.4); A) T. Lepre section (Crotone basin, Calabria, Italy); here the MES 

partially erodes the MSC stage 1 FBI unit; the RLG unit consists of clastic gypsum enclosing small halite 
bodies; B) Fanantello section (Northern Apennines, Italy) showing the FBI sharply overlain by RLG deposits 
consisting of a basal stratified gypsarenite unit, in turn overlain by chaotic deposits with gypsum olistoliths; 
C) simplified geological map and cross-section of Sicily (from Roveri et al., 2008); D) Sutera (Caltanissetta 

basin, Sicily); the village lies at the base of a huge PLG block floating on a chaotic mudstone matrix 
including olistoliths of gypsarenites and diatomites, resting upon pre-MSC deposits; E) Ciminna basin 

(Sicily); horizontally stratified RLG gypsarenites and gypsrudites onlapping tilted PLG blocks and overlain by 
a second unit made of PLG slide blocks (from Roveri et al., 2008); F) Balza Bovolito (Petralia basin, Sicily); 
RLG stratified gypsarenites passing upward to stratified calcirudites and calcarenites; these deposits onlap 
and/or pass laterally to chaotic deposits and massive limestone breccia (modified from Manzi et al., 2011); 

G) Garrucha olistostrome (Sorbas-Vera basin, Spain; location in Fig. 7b,c)); gypsarenite and gypsrudite 
beds with gypsum olistoliths in the Garrucha olistostrome; H) PLG block, not in situ, included in the 
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Garrucha-Coscojar olistostrome; I) large recrystallized PLG block in the Coscojar olistostrome (Sorbas-Vera 
basin, Spain; location in Fig. 7b). 
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Page 66 of 80

FOR REVIEW PURPOSES ONLY

Basin Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Fig. 5 – Stage 2 deposits and surfaces: outcrop examples. Black labels refer to the possible corresponding 
offshore markers (see chapter 3.4); A) Passo Fonnuto (Caltanissetta basin, Sicily); onlap of uppermost UG 
and Pliocene deposits against PLG slide blocks floating on top of a chaotic unit; ~1 km to the right a halite 

body is present under the river alluvional cover; B) Belice basin (Sicily); PLG blocks in a chaotic matrix 
directly overlain by lower Pliocene Trubi; C) nearby Racalmuto (Caltanissetta basin, Sicily); the RLG unit 
consists here of a basal chaotic body with large PLG blocks embedded in a mudstone matrix; stratified 

gypsarenites and gypsrudites onlap the PLG blocks; D) Santa Ninfa (Belice basin, Sicily); panoramic view 
showing the relationships between the stratified gypsum turbidites and the overlying chaotic deposits 

including large size PLG blocks and the pre-evaporitic unit; note the onlap of turbidites against a small lower 
Messinian Porites reef; E) Rocca delle Penne (Belice basin, Sicily); a giant PLG olistolith floating within a 

chaotic mass consisting of disarticulated and chaotic shales, gypsarenites, gypsrudites and marls; note the 
size of the olistolith which in this case includes the three basal cycles simulating a in situ PLG unit; the 

bottom and top surfaces of this body, if imaged in seismic profiles and/or crossed by boreholes, could be 
interpreted as BS/BES and TES, respectively ; F) Belice basin (Sicily), close to E), a chaotic unit with PLG 

blocks sandwiched by gypsum turbidites forming a tabular, stratified unit (compare with synthetic section of 
Fig. 14); G) the typical spiky well log facies of RLG deposits; the figure also shows the possible close 

association with a PLG block. 
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Fig. 6 – Stage 3 deposits and surfaces: outcrop examples.  Black labels refer to the possible corresponding 
offshore markers (see chapter 3.4); A) Eraclea Minoa section (Sicily); irregular top of the 6th gypsum bed in 
the Upper Gypsum unit due to the domal growth geometry of gypsum crystals (IES/TES); B) location as A); 

the M/P boundary (corresponding to the Zanclean GSSP) occurs slightly above the irregular top of the 
topmost, 7th, UG bed; TS/TES is not coincident with the end of MSC; notice the presence of terrigenous 

fluvio-deltaic deposits in light green and orange in both the pictures; C) Nijar basin (Southern Spain); the 
cyclic stacking pattern of fluvio-deltaic and lacustrine deposits of MSC stage 3 Feos Fm.; strong reflectors 

are expected at the sharp transition from conglomerates to basinal marls;  D) same location of C); transition 
to marine Pliocene deposits in the Los Castellones section; the Pliocene transgression in the Zorreras E) and 

la Cumbre F) sections (Sorbas basin); G) the organic-rich black layer marking the Miocene-Pliocene 
boundary in the Northern Apennines (Italy); H) Zanclean marls with thin-bedded turbidites in the Cuevas del 

Almanzora section (Vera basin); note the lenticular geometry of sandstone beds and the cut and fill 
structures, resulting in minor erosional surfaces. 
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Fig. 7 – Schematic geological map of Southern Spain (A) with location of the Sorbas-Vera (B) and Nijar sub-
basins (Fig. 10). (C) cross section showing that the Garrucha body was emplaced in an erosional depression 

cut in the underlying pre-MSC tilted succession (modified after Fortuin et al., 1995; Di Blasi, 2018); (D) 
Cross-section along the Sorbas-Vera basin. Notice the sill and the narrow, steep slope separating the 

shallow Sorbas sub-basin (Sector 1) and the deeper Vera sub-basin (Sector 4). The Sorbas-Vera corridor is 
here interpreted as a possible Messinian canyon showing an upper erosional tract (Sector 2) and a lower one 
with chaotic deposits (Sector 3; Garrucha olistostrome in the area shown in Fig. 8a,b); turbiditic lobes are 

developed in the slope base area and in the Vera sub-basin (Sector 4) . 

152x171mm (300 x 300 DPI) 

Page 70 of 80

FOR REVIEW PURPOSES ONLY

Basin Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Fig. 8 – Stratigraphic logs and seismic wavelets used for the reconstruction of the synthetic seismic sections 
of the Sorbas (a), Nijar (b) and Belice (c) basins; the logs are shown in real depth and after transformation 
in time domain through the seismic parameters listed in Table 2. For each log in time domain, the resulting 

wavelets at 60 and 180 Hz are shown. 
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Fig. 9 – Sorbas basin synthetic seismic section (see also Fig. 8a); A) geological cross-section in depth 
domain (see location and legend in Fig. 7b; modified from Roveri et al., 2009) with the location of the 

hypothetical boreholes used for the reconstruction of synthetic seismic section; B-C) the synthetic seismic 
section in time domain with different dominant frequency: 60 Hz (B) and 180 Hz (C) resulting in different 
seismic resolution; black labels show the possible offshore units (white) and surfaces (yellow). In (D-I) a 

close-up of the PLG unit is shown with different seismic resolution; it is worth noting how the seismic aspect 
is function of the adopted frequency. At low frequencies of 40 and 60 Hz (D-E) the PLG appears as a 

chaotic/transparent unit. Starting from 120 Hz (F) PLG appears as a bedded unit (BU) only in its basal part; 
for a full resolution, higher frequencies between 180 (G) and 250 Hz (H) are needed; at 500 Hz (I) even the 
thinner beds are visible. In (F-I) a transparent unit in the lower part of the BU-PLG unit corresponds to the 
thickest PLG cycle 3; its lateral pinchout results in an apparent discordance; in this case both the PLG base 

and the top of cycle 3 could be erroneously interpreted as unconformities (BES and IES, respectively). 
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Fig. 10 – Nijar basin synthetic seismic section (see also Fig. 8b); schematic geological map (A) and cross-
section in depth domain (B) of the Nijar basin (modified from Omodeo Salé et al., 2012; see location in Fig. 
7b) with the location of the hypotethical boreholes used for the reconstruction of synthetic seismic section. 
C-D) the synthetic seismic section in time domain with different dominant frequency: 60 Hz (C) and 180 Hz 

(D) resulting in different seismic resolution; black labels show the possible offshore units (white) and 
surfaces (yellow). Note the complex stratigraphic architecture of the Messinian succession resulting in very 

close relationships between bedded and chaotic units belonging to the three MSC stages; note in the 
enlarged area shown at different dominant frequencies (from 40 Hz to 500 Hz) that, without direct 

observations or borehole data, the BS (placed at the base of in situ PLG deposits) would be cut by an 
internal erosional surface (IES) passing downslope to the BES; IES and BES would actually represent the 

downbasin equivalent of the MES, separating MSC stage 1 and 2. At least three BU units can be defined: 1) 
BU-PLG capped by the MES/IES; 2) BU-RLG within the erosional depression (possibly a canyon or gully 

head); 3) BU corresponding to stage 3 (=UU, but evaporite-free); at low frequency (40 to 60 Hz) the upper 
unit shows a seismic facies transparent or with discontinuous reflectors, simulating a chaotic deposit. 
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Fig. 11 – Belice synthetic seismic section (see also Fig. 8c); A) cross-section in depth domain of the Belice 
basin (modified from Roveri et al., 2006; see location in Fig. 4c; ); note PLG deposits on top of a thrust-

related anticline cut by the MES and resedimented evaporites in the adjoining, deeper sub-basin, forming a 
complex RLG unit; note also the pre-MSC reef in the deeper basin which underwent strong tectonic 

subsidence during the Messinian; B–C) the synthetic seismic section in time domain with different dominant 
frequency: 60 Hz (B) and 180 Hz (C) resulting in different seismic resolution; black labels show the possible 
offshore units (white) and surfaces (yellow). Note the onlap of BU against the basal surface and an internal 
surface, the latter marking the top of a chaotic body; BU units in the deeper basin correspond to gypsum 
turbidites of MSC stage 2; the irregular top of the upper chaotic body could be exchanged for an erosional 

surface and, due to the very thin Lagomare deposits above it, it could apparently be coincident with the M/P 
boundary and labeled as TES. Note also the large PLG olistoliths within the chaotic units (compare with 

photo in Figs 4-5). 
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Fig. 12 – Messinian units in the Balearic Promontory area; A) schematic tectonic map of the Western 
Mediterranean showing the location of the Balearic Promontory; B) present-day distribution of the Messinian 
units in the Balearic Promontory and adjacent areas (from Ochoa et al., 2015); 334 = Calpe 1 well; 497 = 
Muchamiel well; MCD = Mallorca Central Depression; BP = Balearic Promontory; CMD = Central Mallorca 
Depression; PLG = Primary Lower Gypsum unit; note the distribution of inferred PLG deposits in the Elche 

sub-basin and compare with Fig. 16a; C) location of the PLG evaporites of the Palma sub-basin (from figure 
11 of Maillard et al., 2014); the units were deposited in a narrow basin delimited by structural highs and 
bordered by Messinian reefs; the comparison with B) documents the similarities with the Sorbas Basin in 
terms of size and overall stratigraphic architecture; D) the distribution of PLG evaporites in the Balearic 

Promontory and Valencia Basin according to Martinez Del Olmo (2011); E) the Torrevieja Marino Messinian 
reef (see location in D); contour lines refer to the elevation of reef deposits above the highest onlap of PLG 
evaporites; seismic lines across the reef (F) show the 360° onlap of PLG evaporites against the reef front; 
difference in elevation between the reef top and the gypsum suggest an original paleodepth of around 200 

m. 
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Fig. 13 – A - close-up of the map of Ochoa et al. (2015) shown in Fig. 12B modified in the Elche sub-basin 
area, based on our interpretation of the seismic profile SIMBAD 26 (S.26); the trace of this seismic profile is 
taken from Driussi et al., 2015. This sub-basin is subdivided by a NE-SW oriented structural high (the Elche 

high) in two sectors with the PLG evaporites to the NW and a MSC unit floored by the MES to the SE 
(possibly corresponding to MSC stage 2 RLG unit and overlying stage 3 deposits); the green dotted line 

represents the inferred PLG southern basin margin, while the black dotted line interpreted by Ochoa et al. 
(2015) as the Messinian shelf break represents its northern margin;  B – interpretation of the SIMBAD 26 

seismic profile shown in Driussi et al. (2015); note the Messinian unit in the southeastward end of the 
profile; the PLG unit (in violet) shows a lower concordant base; it is cut on top by the Messinian erosional 
surface (MES) and occurring upslope of the area deformed and eroded possibly corresponding to the Elche 
structural/volcanic high; beyond this structure, the Messinian unit (in cyan) shows a basal unconformity 

(MES or MES-CC) and onlap terminations against the eroded area; note the rapid thinning of layered 
deposits and the probable transition to slope deposits. The two Messinian units were likely deposited in 

different times in areas separated by a structural/volcanic feature pre-existing and/or uplifted during and 
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still active after the MSC; C - Schematic stratigraphic relationships between the MSC units recognized in the 
Balearic Promontory (modified from Maillard et al., 2014). C1 – observed units and surfaces; C2-C4 - new 
interpretation model with the MES developing on top of the BU-PLG unit and passing downslope to the BES 
at the base of the Slope and BU units; C3 – detail of the possible facies relationships between the stratified 
deposits of the BU (likely turbiditic) and the chaotic deposits of the Slope Unit; note that the overall onlap of 
the BU deposits on the Slope unit is not necessarily related to a different age of the two units and that the 
top of the latter is an irregular surface, which does not necessarily correspond to a subaerial unconformity. 

CMD = Central Mallorca Depression. 
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The synthetic seismic expression of Messinian salinity crisis onshore records: 

implications for shallow- to deep-water correlation  
 

Roveri Ma,*, Gennari R.a, Ligi M. b, Lugli S.c, Manzi V.a, Reghizzi, M. a  

 

Supporting Information 

 

1. Data and methods 

 

1.1 Seismic modelling 

In order to assess complexity and possible pitfalls in interpretation of seismic reflection sections 

crossing evaporitic basins, three locations have been selected for seismic forward modelling. The 

selected geological sections (Sorbas, Nijar and Belice; Fig. 8 a,b,c of the main text, respectively) 

include alternation of high and low velocity layers (marls, evaporites and shales, limestones, 

sandstones and conglomerates), erosional surfaces, steeply dipping prograding features, faulted 

blocks, synclines and anticlines. For the different lithologies we have used average density and P-

wave velocity values from the literature (values adopted reported in Table 2 of the main text). The 

selected surfaces are stratigraphic surfaces derived from measured sections in the area, field 

observations and data from the literature. A number of forward modelling methods are available, and 

the choice of method generally depends on a trade-off between the accuracy necessary and the desired 

computing time. There are two classes of seismic modeling: ray tracing and wave equation methods. 

Implementation of both classes exists for one, two, and three dimensions; shot gathers; common 

midpoint (CMP) gathers; and stacked data simulation. Ray methods usually give very accurate 

traveltimes and accurate amplitudes for geometric arrivals if the model is sufficiently smooth (Hubral, 

1977). These methods are efficient, and computing time is low to moderate. Diffractions and multiple 

reflections are not modelled. Wave equation methods solve the propagation problem over the entire 

model, rather than performing local solutions as in ray methods (Hilterman, 1970; Kelley et al., 1976).  
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We simulated stacked seismic sections adopting the image rays approximation (Fagin, 1991), 

that uses zero-offset traveltime modelling based on normal incidence ray tracing. It is a very useful 

and trivially simple tool for understanding reflectors complexity in field data (Yilmaz, 2001). Ray 

theory uses the fact that energy in the form of seismic rays travels along minimum time paths in the 

model. As in optics, rays bend when velocities change, obeying Snell's law, and are partially reflected 

when velocity or density discontinuities are encountered. Traveltimes of reflected arrivals correspond 

to the times of the minimum time paths, while amplitudes are a combination of geometric spreading 

and reflection coefficients. The reflection coefficient, based on the Zoeppritz equations for elastic 

media, depends on the velocities and densities on both sides of the interface. The normal-incidence 

reflection coefficient can be expressed as (Dobrin, 1952):    

           (1) 

where: ρ = rock density; υ = seismic velocity; with i and i+1 representing parameters above and below 

the i-th interface, respectively. 

Once a geological model has been built including depth smooth horizons, P-wave velocities and 

densities, a synthetic seismogram can be constructed to identify seismic reflections. The steps 

necessary to create a synthetic seismogram are (Coffen, 1978): 1) calculate vertical reflection times 

using normal incidence ray tracing; 2) calculate reflection coefficients Ro using eq. 1 for each horizon; 

3) combine the last two items to create a reflection coefficient time series R0(t); 4) convolve the 

reflection coefficient series with a source wavelet w(t). The source signal we used is a 3 parameters 

Gabor wavelet defined as: 

   (2) 

where: A is a constant and i2=-1; fM is the dominant frequency of the signal; j is the initial phase; 

g is a parameter that determines the complexity of the waveform and T is the length of the 

wavelet. We adopted a zero phase wavelet (j = 0)  and g = 3 that simulates a zero-phase Richer 

wavelet. Several dominant frequencies (fM = 40, 60, 120, 180, 250 and 500 Hz) have been used 

for testing vertical resolution. Finally, we added 5% white noise n(t) to the computed seismic 
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traces to simulate uncoherent noise during real data acquisition. Thus, the final simulated seismic 

trace can be summarized by the convolutional model:  

         (3). 
 

Synthetic traces with constant spacing are collected into a true zero-offset section. Finally, the zero-

offset section is time migrated in order to locate correctly reflections at depth. Several synthetic 

sections with different CDPs’ spacing (3.125, 6.25, 12.5 and 25 m) have been created in order to test 

horizontal resolution with common seismic reflection acquisition geometries. Seismic data were 

stored on disk in SEG-Y format with a sampling rate of 0.25 ms and a record length of 1s. Post-stack 

time migration was carried out using an industrial package (Disco/Focus) by Paradigm Geophysical 

and was achieved by a finite difference approximation to the wave equation (Claerbout and Doherty, 

1972), using a velocity model obtained from velocities determining reflection coefficients. A variable 

colour density display has been created by assigning different densities of shading to different 

amplitude values (positive, black; negative, red). Higher amplitudes are shaded darker, while lower 

amplitudes are less dark. 
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1.2 Sr isotopes 

The gypsum samples collected in the Sorbas-Vera basin and in the Bajo Segura basin (Fig. S1) were 

processed for Sr isotope analysis at the Isotope Geochemistry Laboratory at the Department of 

Chemical and Geological Sciences of the University of Modena and Reggio Emilia. Small portions 

of different crystals were isolated and splitted along the major cleavage planes. The fresh surfaces 

exposed were washed with abundant MilliQ water. Then, 10 mg of gypsum powder were obtained 

from each sample using a 0.5 mm steel bit handheld driller, taking care to abrade only limited and 

transparent portions of the crystals in order to avoid the presence of detrital inclusion in the final 

target material. Samples were leached using 1M ammonium acetate to remove exchangeable Sr and 

then washed and centrifuged with MilliQ water. After drying, samples were completely dissolved 

with 3N HNO3. The solutions were loaded into 300 µL columns containing Eichrom Sr-SPEC resin 

SR-B50-A (100-150 µm) to remove matrix and isolate Sr from interfering elements Ca, Rb, REE, 

following the procedure reported in Palmiotto et al. (2013). Final solutions were adjusted to a 

concentration of 4% w/w HNO3 and analyzed within a few days. Strontium isotope ratios were 

obtained using a high resolution multi collector inductively coupled plasma mass spectrometer (HR-

MC-ICPMS Thermo ScientificTM Neptune), housed at CIGS (Centro Interdipartimentale Grandi 

Strumenti, University of Modena and Reggio Emilia). Sample solutions were introduced into the 

Neptune using a PFA 100 µL/min nebulizer and a quartz cyclonic + Scott type spray chamber. The 

sensitivity for 250 ppb Sr was >8 V on the 88Sr peak and the blank level (4% w/w HNO3) was < 0.007 

V. The strontium isotope standard NIST SRM 987, with a generally accepted 87Sr/86Sr of 0.710260 ± 

0.000020  (Ehrlich et al., 2001) has been used as an external standard (the uncertainty is expressed as 

twice the standard deviation, 2 S.D.). Samples, standards and blank solutions were analyzed using 

the same instrument configuration, bracketing sequence and mathematical/statistical corrections 

described in Reghizzi et al. (2017). The obtained values (Fig. S1) were normalized to the NIST SRM 

987 value of 0.710248 used by McArthur et al. (1994, 2001) as reference standard for the 

reconstruction of the global ocean Sr curve. Repeated measurements of the NIST SRM 987 yielded 
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a mean value of 0.710271 ± 0.000021 (2 S.D., n = 28). The internal precision on individual standard 

analyses varied between 0.000006 and 0.000009 (twice the standard error – 2 S.E.). For all the 

samples analyzed the instrument gave an average internal uncertainty value of 0.000008 (2 S.E.), 

with a minimum value of 0.000007 and a maximum of 0.000010. 

 

 

Fig. S1 – Table with the 87Sr/86Sr values obtained from selenite gypsum samples analysed in this work: all the values fall in the range 
of the first stage of the salinity crisis. (A) simplified geological map of the Garrucha-Coscojar area of the Sorbas-Vera basin (see Fig. 
7b of the main text) with the location of the samples; (B) simplified geological map of the Bajo Segura basin with the location of the 
main outcrop sections and boreholes crossing the PLG deposits; (C) Sedimentary logs of the Benejuzar and San Miguel de Salinas 
sections showing the location of samples for Sr isotope analysis; (D) Strontium isotope values framed in the Messinian Sr isotope 
stratigraphy; (E) stratigraphic framework of the MSC (modified from Manzi et al., 2013 and Roveri et al., 2014a)  
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