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ABSTRACT 19 

The Messinian salinity crisis (MSC; Late Miocene) is one of the most fascinating 20 

paleoceanographic events in the recent geological history of the Mediterranean Sea - it 21 

went through partly or nearly complete desiccation. However, the relative role that 22 

tectonic processes and sea level changes had, as triggers for restriction and isolation of 23 

the Mediterranean Sea from the open ocean, is still under debate. In this study we 24 

present a detailed pollen, dinoflagellate cyst (dinocyst) and magnetic susceptibility 25 
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analysis of a sequence of late Neogene (between ca. 7.3 to 4.1 Ma) marine sediments 26 

from the Montemayor-1 core (lower Guadalquivir Basin, southwestern Spain), which 27 

provides a continuous record of paleoenvironmental variations in the Atlantic side of the 28 

Betic corridors during the Late Miocene. Our results show that significant paired 29 

vegetation and sea level changes occurred during the Messinian likely triggered by 30 

orbital-scale climate change. Important cooling events and corresponding glacio-eustatic 31 

sea-level drops are observed in this study at ca. 5.95 and 5.80 Ma coinciding with the 32 

timing and duration of oxygen isotopic events TG32 and TG22-20 recorded in marine 33 

sediments worldwide. It is generally accepted that the onset of the MSC begun at ca. 34 

5.96  0.02 Ma. Therefore, this study suggests that the restriction of the Mediterranean 35 

could have been triggered, at least in part, by a strong glacio-eustatic sea level drop 36 

linked to a climate cooling occurring at the time of the MSC initiation. 37 

 38 

 39 

40 
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 41 

INTRODUCTION 42 

In the last decades a great effort has been made to understand the role of tectonic and 43 

climatic processes as drivers of the Messinian Salinity Crisis (MSC). First, glacio-44 

eustatic changes were assumed as a trigger for the restriction of the Mediterranean 45 

(Kastens, 1992; Hodell et al., 1994; Clauzon et al., 1996; Zhang and Scott, 1996; 46 

Rouchy and Caruso, 2006). Glacial oxygen isotopic stages TG22-20, observed in many 47 

marine records (Hodell et al., 1994; Shackleton et al., 1995), were often suggested to 48 

have produced a significant (ca. 50 m) glacio-eustatic drop restricting the Mediterranean 49 

from the Atlantic Ocean.  50 

However, other studies have pointed to tectonics as the main cause that triggered the 51 

restriction of the Mediterranean (Weijermars, 1988; Braga and Martín, 1992; Martín and 52 

Braga, 1994, 1996; Krijgsman et al., 1999a; Hodell et al., 2001; Vidal et al., 2002; 53 

Hilgen et al., 2007; Govers, 2009). This interpretation stems from the observation that 54 

the beginning of the MSC at 5.96  0.02 Ma (Krijgsman et al., 1999a), dated by 55 

precessional cycle counting, preceded the above mentioned glacio-eustatic sea-level 56 

drop (sequence boundary Me-2; Hardenbol et al, 1998) that occurred at ca. 5.75 Ma 57 

during isotope stages TG22-20. As other significant cold isotopic events are recorded 58 

previous to 5.75 Ma (i.e., ca. 5.95 and 6.25 Ma; Shackleton and Hall, 1997; Shackleton 59 

et al., 1999; Vidal et al., 2002), the question of whether their associated glacio-eustatic 60 

sea-level drops might have triggered restriction of the Mediterranean remains open. 61 

Previous pollen studies in Messinian marine sediments from the Mediterranean area 62 

(see synthesis in Fauquette et al., 2006) show changes mostly characterized by 63 

variations in Pinus content. These changes were interpreted as being controlled by 64 

eustatic fluctuations, not pointing to climate, as Pinus concentration usually increases 65 
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with the distance to coast (Fauquette et al., 2006). Climate estimates derived from these 66 

pollen data do not show any obvious climatic changes during or after the restriction of 67 

the Mediterranean Sea, thereby suggesting that climate was not the direct cause of the 68 

MSC (Fauquette et al., 2006). However, reports of a major cooling episode and increase 69 

in global ice volume in the late Miocene are widespread, marked with numerous glacial-70 

to-interglacial oscillations (see Hodell et al., 2001; Vidal et al., 2002). 71 

In this study we present new pollen, dinocyst and magnetic susceptibility data from 72 

the Montemayor-1 borehole, which provides a continuous record of paleoenvironmental 73 

variations in the Atlantic side of the Gibraltar Arch during the Late Miocene. These data 74 

demonstrate cyclic and paired changes in vegetation and sea level that appear to be 75 

linked to climate (i.e., ―glacial-interglacial‖) variability. They therefore enable 76 

reassessment of the role of sea-level variations as triggers for the restriction and 77 

isolation of the Mediterranean-Atlantic connection.  78 

 79 

STUDY AREA 80 

The Guadalquivir Basin in southern Spain is an ENE-WSW elongated foreland basin 81 

that developed during the Neogene between the external units of the Betic Cordillera to 82 

the south and the Sierra Morena (Iberian Massif) to the north (Sanz de Galdeano and 83 

Vera, 1992; Braga et al., 2002) (Fig. 1). The Guadalquivir Basin started to develop 84 

during the Middle Miocene in response to flexural subsidence of the Iberian Massif, 85 

which was in turn caused mainly by the Early-Middle Miocene stacking of allocthonous 86 

units of the external Betics during the NW-directed convergence between the Eurasian 87 

and African plates (Sierro et al., 1996; Fernández et al., 1998; González-Delgado et al., 88 

2004; Aguirre et al., 2007; Martín et al., 2009; Braga et al., 2010). Such stacking of 89 

allochthonous units led to closure of the so-called North Betic Strait during the 90 
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lowermost Early Tortonian (Aguirre et al., 2007; Martín et al., 2009; Braga et al., 2010), 91 

after which the basin developed as a marine embayment opened to the Atlantic Ocean 92 

(Martín et al., 2009). The marine sedimentary infilling of the Guadalquivir Basin 93 

consists of early Tortonian-late Pliocene deposits (Aguirre, 1992, 1995; Aguirre et al., 94 

1995; Sierro et al., 1996; Riaza and Martínez del Olmo, 1996). The progressive infilling 95 

produced a WSW-directed migration of the depocenter, approximately along its 96 

longitudinal axis. The early Tortonian to early Pliocene marine sedimentary sequence in 97 

the western part of the basin (so-called lower Guadalquivir Basin) consists of four 98 

lithostratigraphic units formally described as formations (Civis et al., 1987; Sierro et al., 99 

1996; González-Delgado et al., 2004). The lowermost unit is the Niebla Formation 100 

(Civis et al., 1987; Baceta and Pendón, 1999), which is made up by about 30 m of late 101 

Tortonian (Civis et al., 1987) carbonate-siliciclastic mixed coastal deposits that 102 

unconformably onlap the Paleozoic-Mesozoic basement of the Iberian Massif (Baceta 103 

and Pendón, 1999). The second unit, latest Tortonian-Messinian according to planktonic 104 

foraminifera and calcareous nannoplankton (Sierro, 1985, 1987; Flores, 1987; Sierro et 105 

al., 1993), is the Arcillas de Gibraleón Formation (Civis et al., 1987), which begins with 106 

2-4 m of glauconitic silts (Baceta and Pendón, 1999) and consists mostly of greenish-107 

bluish clays accumulated in a deep marine through formed at the foothill of the Betic 108 

Cordillera. The third unit is the Arenas de Huelva Formation, which begins with a 3 m-109 

thick glauconite-rich layer and includes early Pliocene silts and highly fossiliferous 110 

sands accumulated in a shallow marine environment (Civis et al., 1987). This formation 111 

is unconformably overlain by sands of the Arenas de Bonares Formation (Mayoral and 112 

Pendón, 1987), which has an early Pliocene age (Salvany et al., 2011). This marine 113 

sedimentary succession, which is overlain by a late Pliocene to Holocene sequence of 114 

mainly continental deposits (Salvany et al., 2011), has been divided into five 115 
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depositional sequences (A-E) that have been correlated with third-order cycles of the 116 

Haq et al. (1987) global sea-level curve (Sierro et al., 1996). 117 

 118 

MATERIALS AND METHODS 119 

The 260-m-long Montemayor-1 (MTMY-1) core was drilled in the vicinity of 120 

Moguer in the northwestern margin of the lower Guadalquivir Basin (37º 16’ N 6º 49’ 121 

W; 52 m elevation; Fig. 1). Larrasoaña et al. (2008) described the core, currently curated 122 

at the Universidad de Salamanca (Spain). 123 

The MTMY-1 core chronology was developed from a combination of 124 

biostratigraphic data coming from planktonic foraminiferal events and 125 

magnetostratigraphy (Table 1; Fig. 2; see Larrasoaña et al., 2008 for a detailed 126 

explanation). Our chronology for most of the core consists of linear interpolation 127 

between adjacent ages, using the astronomically tuned Neogene time scale 128 

(ATNTS2004) of Lourens et al. (2004). 129 

Samples (2 cm
3
) for pollen and dinoflagellate cyst (dinocyst) analyses were 130 

taken every 2.5 m throughout the core (Fig. 3), with a total of 88 samples analyzed. The 131 

palynomorph extraction method followed a modified Fægri and Iversen (1989) 132 

methodology. Counting was performed at 400 and 1000x magnifications to a minimum 133 

pollen sum of 300 terrestrial pollen grains. Fossil pollen was compared with their 134 

present-day relatives using published keys. The raw counts were transformed to pollen 135 

percentages based on the terrestrial sum, not including Pinus, as it is usually 136 

overrepresented in marine environments. This is because of the advantage of bisaccate 137 

pollen for long-distance transport (Heusser, 1988; Jiménez-Moreno et al., 2005). The 138 

pollen zonation was accomplished using CONISS (Grimm, 1987). Dinocycts co-occur 139 

with the pollen in the studied slides. They were counted and classified and their 140 
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percentage was calculated with respect to the total terrestrial pollen sum. The 141 

dinocyst/pollen ratio d/p ratio = (d-p)/(d+p) was also calculated (Fig. 4). 142 

A cyclostratigraphic analysis was performed on the 5-6.5 Ma interval of the 143 

MTMY-1 percentage of Quercus pollen. We used the program REDFIT (Schulz and 144 

Mudelsee, 2002) with the objective of characterizing the different periodicities present 145 

in the unevenly spaced time series and estimating their red-noise spectra. The spectral 146 

analysis assisted in identifying recurrent features or periodicities through spectral peaks 147 

registered at differing frequencies throughout the studied core. A sinusoidal curve 148 

fitting, using PAST (Hammer et al., 2001) was also run on the Quercus percentages.  149 

Low-field magnetic susceptibility was measured on 120 standard paleomagnetic 150 

specimens using an AGICO KLY-2 susceptibility meter at the Paleomagnetic 151 

Laboratory of the IES ―Jaume Almera‖ (CSIC-UB) in Barcelona (Spain) (Fig. 2). 152 

Paleomagnetic sampling at a mean resolution of 2 meters was done perpendicular to the 153 

core sections using a standard petrol-powered drill machine. The low field magnetic 154 

susceptibility is given normalized by the volume of the specimens () (no significant 155 

change is observed by normalizing by mass), and is taken as a first order proxy for the 156 

concentration of magnetic minerals (i.e., Evans and Heller, 2003).  is referred hereafter 157 

as MS. The intensity of the Natural Remanent Magnetization (NRM), measured using a 158 

2G cryogenic magnetometer at the IES ―Jaume Almera‖ (CSIC-UB), has also been used 159 

as an additional first order indicator for the concentration of magnetic minerals. A 160 

correlation analysis has been run between the MS and the d/p ratio in order to evaluate 161 

the relationship between both proxies (Fig. 5).  162 

 163 

RESULTS 164 

Lithology and chronology 165 
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The four marine sedimentary formations described in the study area (see section 166 

2) have been identified in the MTMY-1 core above 1.5 m of reddish clays belonging to 167 

the Paleozoic-Mesozoic bedrock (Fig. 2). The Niebla Formation is represented by a well 168 

cemented, 0.5 m-thick sandy calcarenite layer that unconformably overlies the 169 

basement. The sequence continues with 198 m of silts and clays that belong to the 170 

Arcillas de Gibraleón Formation. The lowermost 3 m of this formation are very rich in 171 

glauconite, and can be correlated with the unconformity identified between the Niebla 172 

and Gibraleón formations in outcrop (Baceta and Pendón, 1999). The Gibraleón 173 

Formation is overlain by 42 m of sands and silts from the Arenas de Huelva Formation, 174 

whose lowermost 3 m constitute a distinctive, glauconite-rich interval. The MTMY-1 175 

core tops with the Arenas de Bonares Formation, 14.5 m of brownish sands containing 176 

marine fossils, and 3.5 m of recent soil (Fig. 2). 177 

Planktonic foraminiferal events 3, 4 and 6 of Sierro et al. (1993) and 11 polarity 178 

intervals (labelled N1 to N5 and R1 to R6 for normal and reversed intervals from bottom 179 

to top, respectively) have been identified in the MTMY-1 core (Fig. 2; Table 1; 180 

Larrasoaña et al., 2008). The pattern of magnetic reversals and the position of the 181 

planktonic foraminiferal events enable a fairly good correlation to the ATNTS, which 182 

provides robust age estimates for the late Miocene part of the core (Fig. 2). Thus, our 183 

correlation suggests a latest Tortonian age (C3Br.2r, ca. 7.4-7.3 Ma) for the Niebla 184 

Formation and a latest Tortonian to latest Messinian age (topmost of C3Br.2r to 185 

C3r/C3n boundary; ca. 7.3 to 5.25 Ma) for the Gibraleón Formation. A less clear 186 

correlation is obtained for the uppermost part of the core (Pérez-Asensio et al., 2012). 187 

The appearance of G. puncticulata is found near the N5/R6 boundary in the MTMY-1 188 

core. In view of the straightforward correlation of R5 with chron C3r, and keeping in 189 

mind the age of the appearance of G. puncticulata (4.52 Ma near the top of C3n.2n 190 
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(Lourens et al., 2004), the most conservative interpretation is to infer a discontinuity 191 

spanning most of the lower part of chron C3n (subchrons 2n to 4n) and probably also the 192 

topmost part of chron C3r (Pérez-Asensio et al., 2012). In view of the occurrence of the 193 

glauconite-rich interval at the base of the Huelva Fm, the most likely interpretation is 194 

that the discontinuity involves very low accumulation rates in the lowermost part of the 195 

Pliocene (Larrasoaña et al., 2008). Therefore, according to these authors, it is reasonable 196 

to assume that the Messinian record is almost complete. Age estimates for all the studied 197 

samples from the MTMY-1 core were assigned by assuming linear accumulation rates 198 

between the age tie-points represented by the (sub)chron boundaries. 199 

 200 

Pollen and dinocysts 201 

Ninety different pollen species have been identified in the MTMY-1 core. The 202 

record shows a very rich and diverse flora, although most of the identified taxa occur in 203 

percentages lower than 1% (not plotted in Figure 3). These rare species include 204 

thermophilous plants such as Avicennia (only two occurrences at ca. 6.4 and 5.5 Ma), 205 

Taxodiaceae, Engelhardia, Platycarya, Myrica, Rutaceae, Chloranthaceae, Acacia, 206 

Sapotaceae or Celastraceae. Temperate tree species are also diversified but most of them 207 

occur in very low percentages (i.e., Fagus, Carya, Juglans, Liquidambar and Alnus), 208 

except for Quercus (see below). 209 

The pollen record from the MTMY-1 core shows high percentages of Pinus 210 

varying around 50%, and is characterized by high-percentages of herbs (mostly 211 

Lactucaceae, Asteraceae, Amaranthaceae) and grasses (Poaceae). Non-coniferous trees 212 

are less abundant and are mostly dominated by evergreen and deciduous Quercus. 213 

We used variations in pollen species (excluding Pinus, see reasons above) to 214 

objectively zone the pollen data using the program CONISS (Grimm, 1987), producing 215 
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eight pollen zones for the MTMY-1 record (Fig. 3). These data provide a general 216 

framework for discussion of vegetation change during the late Miocene around the SW 217 

Guadalquivir Basin.  218 

Pollen zones 2, 4 and 6 are characterized by relatively high percentages in 219 

Quercus and dinocysts. On the other hand, during the deposition of zones 1, 3, 5 and 7, 220 

herbs and grasses dominate the pollen assemblages and relatively lower percentages in 221 

Quercus and dinocysts are recorded. Pollen zone 7 is mostly depicted by high 222 

percentages in Lactucaceae, Poaceae and Cupressaceae, relatively low percentages in 223 

Quercus and the low percentages of dinocysts. A significant decrease in Pinus and 224 

dinocysts is observed during pollen zone 8.  225 

The d/p ratios generally covary with pollen changes, pollen zones 2, 4 and 6 226 

being characterized by relatively high values. There is a significant decrease in the d/p 227 

ratios during pollen zones 7 and 8.  228 

 229 

Periodicity of pollen changes 230 

The MTMY-1 pollen record shows well-defined cycles superimposed on long-231 

term late Miocene and Pliocene regional trends. The cyclostratigraphic analysis on the 232 

raw pollen data (Quercus total) documents statistically significant (above the 80 and 233 

90% confidence level) periodicities between 400-200, 105, 74 and 43 ka (Fig. 6). The 234 

sinusoidal curve fitting on the Quercus pollen data shows that a 400 ka sinusoid 235 

optimally fits the data (Fig. 6).  236 

 237 

Magnetic susceptibility 238 

Magnetic susceptibility (MS) values show important variations throughout the core 239 

(Fig. 2). In the lowermost 50 m of the record (ca. 7.35 – 5.95 Ma), MS oscillates 240 
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between 1000 and 2000 x 10
-6

 SI but in some samples clustering at around 235 and 255 241 

m, where values of around 600 x 10
-6

 SI are found. This interval is characterized by 242 

highest NRM intensities. The rapid drop (down to 600-800 x 10
-6 

SI) of MS observed at 243 

around 207 m (ca. 5.95 Ma) is mirrored by a sharp decrease in the NRM intensity. The 244 

rest of the Gibraleón Formation (5.95 – 5.23 Ma) is characterized by rather constant MS 245 

values of around 750 x 10
-6

 SI and by a recovery of NRM intensities. Sediments from 246 

the Huelva Formation are characterized by lowest NRM intensities and by much lower 247 

MS values that progressively decrease from around 400 to 100 x 10
-6

 SI. It is worth 248 

noticing that there is a good correlation between the d/p ratios and MS (Fig. 5).  249 

 250 

DISCUSSION 251 

Pollen analysis in marine sediments is a good proxy for vegetation change inland 252 

and, thus, climate change (Heusser, 1983, 1988; Zheng et al., 2007). Thus detailed 253 

palynological studies on continuous marine sequences have shown the highly sensitive 254 

response of pollen records, tracking changes on the vegetation related to rapid 255 

millennial-scale climate variability (Fletcher et al., 2007; 2010; Fletcher and Sánchez 256 

Goñi, 2008; Sánchez Goñi et al., 2008). The pollen analysis from the MTMY-1 core 257 

agrees with previous Messinian pollen records from southern Spain and northern 258 

Morocco (Suc and Bessais, 1990; Suc et al., 1995; Fauquette et al., 2006; Jiménez-259 

Moreno et al., 2010). Besides the overrepresentation of Pinus, herbs (including rare 260 

subdesertic species such as Lygeum, Neurada and Nitraria) dominated the vegetation 261 

during the Messinian in this area (Fig. 3). Trees were less abundant and were mostly 262 

represented by Quercus species. These pollen data indicate overall arid climate and open 263 

vegetation environments. Occurrences of thermophilous species such as Avicennia, 264 

Engelhardia or Taxodiaceae, also point to a subtropical climate. Fauquette et al. (2006) 265 
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estimated mean annual temperatures around 20-22ºC and mean annual precipitations 266 

between 450-500 mm for the Messinian in this area.  267 

Increases and decreases in tree species (i.e., Quercus) during the Messinian have 268 

been interpreted as indicating forest development during relatively humid periods and 269 

contractions during more arid periods, respectively (Jiménez-Moreno et al., 2010). 270 

Similar responses of the vegetation, with Quercus peaking during warm-humid events 271 

(i.e., interglacials or interstadials) are observed in late Pleistocene and Holocene 272 

sediments from this area (Fletcher et al., 2007; 2010; Fletcher and Sánchez Goñi, 2008; 273 

Sánchez Goñi et al., 2008). Also, thermophilous (subtropical) species are very sensitive 274 

to temperature change and have been used in many studies for Miocene climate 275 

reconstructions (i.e., Jiménez-Moreno et al., 2005; 2008). Therefore, in this study we use 276 

Quercus and thermophilous taxa abundances as proxies for temperature and 277 

precipitation (Fig. 4).  278 

The dinocyst/pollen ratio (d/p ratio) has been proved to be a good proxy for 279 

eustatic oscillations (Warny et al., 2003; Jiménez-Moreno et al., 2006; Iaccarino et al., 280 

2008). This is because pollen, coming from the continent, decreases with the distance to 281 

shore. In the case of the MTMY-1 core, the reliability of the d/p ratio as a proxy for sea-282 

level changes is supported by the striking similarity observed between this ratio and sea-283 

level estimates based on benthic foraminiferal assemblages (Pérez-Asensio et al., 2012). 284 

It is typically considered that variations in the MS of sediments and rocks with 285 

MS values larger than 500 x 10
-6

 SI and lower than 300 x 10
-6

 SI are modulated by the 286 

concentration of ferromagnetic and paramagnetic minerals, respectively (Rochette, 287 

1987), with intermediate values indicating a mixture of ferromagnetic and paramagnetic 288 

minerals. The MS of clayey sediments from the Gibraleón Formation ranges between 289 

1000-2000 x 10
-6

 SI and 600-800 x 10
-6

 SI below and above metre 208, respectively, 290 
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whereas that of fossil-rich clayey sands from the Huelva Formation ranges between 150-291 

400 x 10
-6

 SI. These values therefore point to a progressive decrease in the concentration 292 

of magnetite, which is the main magnetic carrier in the studied sedimentary sequence 293 

(Larrasoaña et al., 2008). This is further supported by the overall covariance observed 294 

between MS and the NRM intensity (Fig. 2). 295 

The good linear correlation (R
2
 = 0.795) between MS and the d/p ratio (Fig. 5) 296 

indicates that higher and lower concentrations of magnetite are linked to higher and 297 

lower sea levels, respectively. The most likely explanation for this circumstance is that 298 

detrital magnetite is diluted by quartz- and clay-rich terrigenous material, whose impact 299 

at the studied site increases with lower sea-level and, hence, a closer proximity to the 300 

continent. Southwest progradation of terrigenous systems along the axial part of the 301 

Guadalquivir Basin, filling up the basin (Sierro et al., 1996), would account for the 302 

important increase in the sedimentation rate in a context of sea level lowering along the 303 

MTMY-1 core (Pérez-Asensio et al., 2012). An alternative explanation could be that 304 

increased sedimentation rates and the concomitant increase in terrigenous supply, which 305 

prevents downwards migration of oxygen from the sediment-water interface (e.g. 306 

Roberts and Turner, 1993), might have driven enhanced reductive dissolution of 307 

magnetite. Nonetheless, benthic foraminiferal assemblages suggest moderate- to well-308 

oxygenated bottom and interstitial waters (Pérez-Asensio et al., 2012). Therefore this 309 

hypothesis is less likely to produce the above-mentioned variations.  310 

 311 

Latest Tortonian-earliest Messinian (ca. 7.3 – 7.0 Ma) 312 

 The MTMY-1 record begins with cold and arid climate conditions (pollen zone 313 

1), deduced by very low percentages of Quercus and thermophilous taxa and the 314 

abundance of herbs (Figs. 3 and 4). This also corresponds in this record with a relatively 315 
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low sea level, depicted by the d/p ratio, and low MS at ca. 7.3 Ma. A cold period agrees 316 

with eccentricity minima recorded at that time (Laskar et al., 2004; Fig. 4). Furthermore, 317 

the sediments recorded in the MTMY-1 core contain 44% of sand and inner-middle 318 

shelf benthic foraminifera indicating a shallow-water environment (Pérez-Asensio et al., 319 

2012). 320 

The isotopic record from the Salé Briqueterie Site (NW Morocco) also shows 321 

cooling at the Tortonian-Messinian boundary, with increases in 
18

O of benthic 322 

foraminifera related to increase in global ice volume (Hodell et al., 1994). Following 323 

these authors, the associated sea-level drop produced the restriction of the Rifian 324 

Corridor, lead to water circulation changes, and contributed to the establishment of a 325 

negative water budget in the Mediterranean. The same trend has been observed in the 326 


18

O isotopic record of the Sorbas Basin, a marginal basin in the western Mediterranean 327 

(Sánchez-Almazo et al., 2001; Martín et al., 2010). A sea-level drop at that time agrees 328 

with Agustí et al. (2006), who observed a significant turnover in murid rodents in 329 

southern Spain, probably due to this climate change. 330 

D/p ratios and MSvalues mark a transgressive-regressive cycle between 7.3 – 331 

7.0 Ma that culminates in a sea-level drop, at ca. 7.0 Ma. The transgression around the 332 

Tortonian-Messinian boundary is also recorded by a sharp decrease in the sand content, 333 

and changes in the benthic foraminiferal assemblages in the MTMY-1 core (Pérez-334 

Asensio et al., 2012). This is most likely related to a global glacio-eustatic sea-level drop 335 

at ca. 7 Ma (Tor3/Me1 sequence boundary; Handerbol et al., 1998; Fig. 4). Pollen does 336 

not show this climatic oscillation and cold and arid climate conditions seem to persist 337 

during the above-mentioned period. Multiple evidences indicate cold (i.e., glacial) 338 

conditions at about 7 Ma in the northern and southern hemisphere (Larsen et al., 1994; 339 

Shackleton and Hall, 1997; Zachos et al., 2001; Lear et al., 2003). 340 
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 341 

Early Messinian (ca. 7.0 – 5.95 Ma) 342 

 A relatively rapid warming and a concomitant transgression are evidenced 343 

between 7.0 – 6.8 Ma in the pollen data, d/p ratios and MS values from MTMY-1 core. 344 

This coincides with a global sea-level rise (Handerbol et al., 1998; Fig. 4) and relatively 345 

low global ice volume (Shackleton and Hall, 1997; Vidal et al., 2001).  346 

 Relatively warm and humid conditions and high sea level are recorded between 347 

ca. 6.8 – 6.5 Ma (Fig. 4). This agrees with a maximum flooding surface that is observed 348 

in the carbonate platforms from the western and Central Mediterranean at ca. 6.7 Ma 349 

(Martín and Braga, 1994, 1996; Sánchez-Almazo et al., 2001, 2007; Martín et al., 2010; 350 

Cornée et al., 2004). A sea-level drop is then observed, starting at ca. 6.6 Ma in both d/p 351 

ratios and MS values, so that minimum values are recorded between ca. 6.4 – 6.3 Ma. 352 

Temperatures also decreased, reaching a minimum at ca. 6.3 Ma (Fig. 4). This agrees 353 

with regional eustatic data from Sierro et al. (1996) for the Guadalquivir Basin, and is 354 

consistent with the 4
th
 order sea level drop identified at that time by Esteban et al. (1996) 355 

in the western Mediterranean (Fig. 4). Isotopic records also indicate an increase in 356 

global ice volume and a sea level drop at that time, which could have caused restriction 357 

and maybe even the closure of the Rifian Corridors (Hodell et al., 2001; Vidal et al., 358 

2002), and thus the intensification of micromammal terrestrial exchanges between 359 

Africa and Iberia (Agustí et al., 2006). Contemporaneous restriction is also observed in 360 

sedimentary sequences from Sicily, the Apennines and Gavdos Basin (Caruso, 1999; 361 

Bellanca et al., 2001; Blanc-Valleron et al., 2002). 362 

 A climate-warming and more humid trend is then observed starting at ca. 6.3 Ma 363 

and reaching a maximum at ca. 6 Ma, as shown by the increase in thermophilous taxa 364 

and highest percentage of Quercus in the MTMY-1 core. This warming is accompanied 365 
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by a two-step sea-level rise, as indicated by the d/p ratios and MS. The d/p ratios suggest 366 

that the highest sea level observed in the MTMY-1 record is also reached at ca. 6 Ma 367 

(Fig. 4). This coincides with the timing of a global 3
rd

 order sea level high (Handerbol et 368 

al., 1998; Fig. 4).    369 

 370 

Late Messinian  and the Messinian Salinity Crisis (ca. 5.95 – 5.33 Ma) 371 

A very strong cooling and arid event, evidenced by a significant decrease in 372 

thermophilous taxa (from 6 to 0%) and Quercus (from about 25 to 0%) and an 373 

associated glacio-eustatic sea level drop, deduced from the d/p ratios and MS, is 374 

observed centered at ca. 5.95 Ma in the MTMY-1 core (Fig. 4). The intensity of the 375 

change, shown in all the studied proxies, is one of the greatest in the studied sequence, 376 

and the change from warm-wet to cold-dry seems to happen in less than 50 ka (Fig. 4).  377 

This glaciation observed in the MTMY-1 core coincides with the timing of a 378 

strong cold event recorded in high-resolution 
18

O isotope records from DSDP 552A 379 

and ODP 926 and 1085 sites, which is named TG32 in literature (Keigwin, 1987; 380 

Shackleton and Hall, 1997; Vidal et al., 2002; Fig. 4). Regionally, this also coincides 381 

with the record of cold micromammal fauna in southern Spain (García-Alix et al., 2008). 382 

Related to this glaciation is a glacio-eustatic sea level drop that is observed in the 383 

MTMY-1 d/p and MS records and seems to have also triggered a 4
th

 order low sea level 384 

detected in the western Mediterranean area (Esteban et al., 1996; Martín and Braga, 385 

1996; Cornée et al., 2004), the final closure of the Rifian Corridors (Krijgsman et al., 386 

1999b) and the beginning of a long period of new African-Iberian exchanges in mammal 387 

fauna (Agustí et al., 2006; Fig. 4). This also roughly coincides with the onset of 388 

evaporite deposition in Sicily, at ca. 6 Ma (Blanc-Valleron et al., 2002).  389 

Glacio-eustatism has been recently rejected as the main cause of the MSC, as the 390 
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two strongest cold stages (TG22 and TG20; ca. 5.8 Ma; Shackleton and Hall, 1997) 391 

post-date the onset of the evaporite deposition by at ca. 200 ka (Krijgsman et al., 1999a; 392 

Hodell et al., 2001; Vidal et al., 2002). However, this study, together with several above-393 

mentioned evidences, show that previous cold periods centered at ca. 6.3 and 5.95 Ma 394 

were also very strong, producing sea-level drops estimated from a few tens of meters up 395 

to 80 – 100 m (Aharon et al., 1993; Zhang and Scott, 1996; Hodell et al., 2001; Blanc-396 

Valleron et al., 2002; Rouchy and Caruso, 2006). In the MTMY-1 core, Pérez-Asensio 397 

et al. (2012) related a sea level drop of about 227 m with the onset of the MSC. Rohling 398 

et al. (2008) show that even smaller glacioeustatic fluctuations could have controlled the 399 

Atlantic-Mediterranean water exchange and the deposition of evaporites with shallow 400 

Atlantic-Mediterranean gateways as a result of the ongoing tectonic uplift. For example, 401 

small sea-level fluctuations of the order of 5 to 10 m with a gateway of about 50 m may 402 

have controlled the evaporite-marl cycles in the Mediterranean (Rohling et al., 2008). It 403 

is worth noticing that the cooling, and associated sea level drop, at ca. 5.95 Ma is 404 

particularly well expressed in the palynological record of the MTMY-1 core and is 405 

comparable in magnitude than the later ca. 5.8 Ma TG22-20 cold event. In short, we 406 

suggest that the onset of the MSC could have been triggered by a significant glacio-407 

eustatic sea level drop at ca. 5.95 Ma, under a scenario of favourable tectonic boundary 408 

conditions. 409 

Warmer temperatures are observed later on in the MTMY-1 core, with a fast 410 

recovery of thermophilous taxa and Quercus, peaking around 5.85 Ma. This warming is 411 

paralleled by a transgression, observed in the d/p ratios (Fig. 4), and is also observed in 412 

the marine isotopic records (Shackleton and Hall, 1997; Vidal et al, 2002). This 413 

transgression agrees with evidences of a 4
th

 order highstand observed in the western 414 

Mediterranean (Esteban et al., 1996).  415 
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A strong temperature, humidity and sea level drop are recorded later on, at ca. 416 

5.8 Ma in the MTMY-1 record (Fig. 4). This is most likely related with global increases 417 

in ice volume, the TG22-20 cold events (Hodell et al., 1994, 2001; Shackleton and Hall, 418 

1997; Shackleton et al., 1999a; Vidal et al., 2002), and a significant global sea level drop 419 

(Me-2; Handerbol et al., 1998), also recorded in the western Mediterranean (Esteban et 420 

al., 1996). Rouchy and Caruso (2006) relate this sea level drop, which caused the major 421 

restriction of the Atlantic-Mediterranean water exchanges, with the precipitation of K–422 

Mg salt in Sicily.  423 

Environmental variations (mostly d/p ratios and MS) seem to be muted since 5.8 424 

Ma in our record (Fig. 4) and relatively low sea level is recorded. This is due to the 425 

significant regression occurred at the time of events TG22-20 (Pérez-Asensio et al., 426 

2012), inducing significant paleogeographical changes in the Guadalquivir Basin (Sierro 427 

et al., 1996). However, some interesting cyclical variability can still be observed (see 428 

chapter below), which is coeval with pollen variations. Temperature and precipitation 429 

then show significant variability but are characterized by a decreasing trend until 5.6-5.5 430 

Ma in the MTMY-1 record, when two minima are reached. These two cold/arid events 431 

could be tentatively related to cold events TG14 and TG12 recorded in the isotopic 432 

records (Hodell et al., 1994; Shackleton et al., 1995; Shackleton and Hall, 1997; Vidal et 433 

al., 2002). These cold events might have contributed to the final isolation and 434 

desiccation of the Mediterranean (Hodell et al., 2001; Hilgen et al., 2007). There are 435 

many regional evidences of a significant sea level drop at that time, producing erosion in 436 

the deep Mediterranean Basin (Clauzon et al., 1996), a hiatus between the Lower and 437 

Upper Evaporites (Krijgsman et al., 1999a; Fig. 4; Hilgen et al., 2007) and angular 438 

unconformities at marginal settings (Braga and Martín, 1992; Butler et al., 1995; Martín 439 

and Braga, 1994; Riding et al., 1998; Braga et al., 2006; Roveri and Manzi, 2006). 440 
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Krijgsman and Meijer (2008) suggest that the massive halite deposits from the deep 441 

Mediterranean could be linked to these cold events.  442 

Relatively warmer and more humid climate is recorded after 5.5 Ma in the 443 

MTMY-1 record, reaching a maximum in Quercus at ca. 5.3 Ma. This warming trend is 444 

also recorded in many isotopic records (Hodell et al., 1994; Shackleton et al., 1995; 445 

Shackleton and Hall, 1997; Vidal et al., 2002). It is interesting to note that the end of the 446 

evaporite deposition in the Mediterranean coincides with this warming and 447 

transgression. This is consistent with the post-evaporitic sedimentary record in the 448 

Sorbas and Almería-Níjar basins, (SE Spain), where a sea-level rise ended the gypsum 449 

deposition in this marginal basins and sediments with marine organisms (Porites coral 450 

reefs, plancktic and benthic foraminifers, echinoderms, fishes, and so for) started to be 451 

deposited well before the Messinian/Pliocene boundary (Riding et al., 1991; Braga and 452 

Martín, 1992; Martín et al., 1993; Martín and Braga, 1994; Riding et al., 1998; Saint-453 

Martin et al., 2000; Goubert et al., 2001; Aguirre, and Sánchez-Almazo, 2004; Braga et 454 

al., 2006). This also agrees with several other authors, who link the end of the MSC with 455 

this rise in sea level (Clauzon et al., 1996; Suc et al., 1997; McKenzie, 1999; McKenzie 456 

et al., 1999). However, many other authors reject this hypothesis arguing diachronism 457 

between this warm event and the astronomically dated end of the MSC (Hilgen et al., 458 

2007; Vidal et al., 2002). 459 

 460 

Cyclical changes in climate, vegetation and eustatism 461 

Some authors have suggested that the onset of the MSC is out of phase with 462 

Milankovitch sea-level variations (Hodell et al., 2001; van der Laan et al., 2005; Govers, 463 

2009). This is one of the main reasons why eustatic changes have been excluded as 464 

trigger for the onset of the MSC (Krijgsman et al., 1999a). However, the onset of the 465 
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MSC not only falls around a 400-ka eccentricity minimum centered ca. 6.0 Ma, but 466 

coincides strikingly with a prominent 100-ka eccentricity minima (Fig. 4). Evidences for 467 

sea level changes related to eccentricity cycles are abundant (Vail et al., 1991; Kroon et 468 

al., 2000; Gale et al., 2002) – it is, in fact, one of the most significant spectral peaks for 469 

the late Miocene both in deep-water marine sequences (i.e., site 926; Shackleton and 470 

Crowhurst, 1997 or site 1085; Vidal et al., 2002) and in reefal shelf carbonates (Braga 471 

and Martín, 1996). This reinforces the idea that long-term orbital cycle forcing, and not 472 

only obliquity, could have also played a critical role in the exact timing for the onset of 473 

the MSC (Krijgsman et al., 1999a). 474 

Spectral analyses of the pollen record from the MTMY-1 core show cyclical 475 

changes in the vegetation (i.e., cold-dry/warm-wet) through spectral peaks at ca. 400-476 

200, 105 and 43 ka related to eccentricity (long- and short-term) and obliquity cycles 477 

(Fig. 6). The spectral analysis and sinusoidal curve fitting show that the significant 478 

changes in vegetation are mostly forced by the long-term (400-ka) eccentricity cycle and 479 

cold events at ca. 6.3, 5.95 and 5.6 Ma, observed in the MTMY-1 record and elsewhere 480 

(see above), are mostly due to this forcing (Figs. 4 and 6). Sea level drops recorded in 481 

the MTMY-1 record, including the one at ca. 5.95 Ma, are contemporaneous with these 482 

coolings and therefore are interpreted here to have a glacio-eustatic origin. Therefore, 483 

this study shows that the onset of the MSC could be due to a significant cooling, 484 

increasing aridity, and a glacio-eustatic sea-level drop generating restriction, related to 485 

eccentricity minima (Fig. 4).  486 

 487 

CONCLUSIONS 488 

 Pollen, dinocyst and magnetic susceptibility analyses have been carried out on a 489 

core taken from the lower Guadalquivir Basin (southwestern Spain) in an effort to 490 
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understand vegetation, eustatic and climatic changes during the late Miocene in the 491 

Atlantic side of the Gibraltar Arch.  492 

The pollen record indicates overall warm (i.e, subtropical) and arid climate for 493 

the late Miocene in this area, agreeing with previous studies. However, important 494 

changes in the abundance of Quercus and thermophilous taxa indicate cyclical warm-495 

wet/cold-dry climate changes during the late Miocene in this area and strong cold and 496 

arid events are observed at ca. 7.3-7.0, 6.3, 5.95 and 5.6-5.5 Ma. Statistical analyses 497 

show that vegetation and climate were mostly forced by long-term eccentricity and the 498 

observed cold and arid events seem to coincide with 400-ka eccentricity minima. 499 

Significant sea level drops, indicated by d/p ratios and MS, appear to also occur during 500 

those cold periods and thus are interpreted here as glacio-eustatic sea level changes. 501 

Several previous studies show that sea level drops produced increasing restriction 502 

between the Atlantic and Mediterranean. One of the strongest coolings and sea level 503 

drops as inferred from the palynomorphs in the studied core occurred at ca. 5.95 Ma and 504 

could have triggered, at least in part, the onset of the MSC.  505 
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Figure Captions 862 

 863 

Figure 1. (Top) Geological framework of southern Spain. In white is the Atlantic 864 

Neogene Guadalquivir Basin. (Bottom) The star marks the location of the MTMY-1 865 
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core near Moguer, southern Spain.  866 

 867 

Figure 2. Age-depth model for the MTMY-1 record (modified after Larrasoaña et al., 868 

2008). On the left is the synthetic lithology of the core and the paleomagnetic properties 869 

of the sediments Magnetic Susceptibility (MS), Normal Remanescent Magnetisation 870 

(NRM) and inclination. Arrows mark the location of biostratigraphic events recognized 871 

by planktonic foraminifera (Sierro et al., 1996). Dashed lines indicate the interpreted 872 

correlation to the ATNTS04 (Lourens et al., 2004). Main events related with the MSC 873 

are also indicated.  874 

 875 

Figure 3. Detailed pollen diagram and dinocyst abundance of the MTMY-1 core. Only 876 

species with percentages higher than 1% are shown. In green and yellow are the non-877 

coniferous trees and herbs respectively. On the right, a cluster analysis (Grimm, 1987) 878 

of the pollen results and pollen zones are shown.  879 

 880 

Figure 4. Comparison of palaeoenvironmental records for the late Miocene and 881 

Pliocene (7.5 – 5.0 Ma). (A) Global sea level cycles of Handerbol et al. (1998) (light 882 

blue) and 4th order eustatic cycles distinguished in the western Mediterranean (Esteban 883 

et al., 1996; darker blue). The main cycle boundaries are shown for both curves. (B) 884 

Magnetic susceptibility (MS) for the MTMY-1 core. (C) Total Quercus and 885 

thermophilous taxa (Arecaceae, Acacia, Avicennia, Chloranthaceae, Eucommia, 886 

Menispermaceae, Alchornea-type, Rutaceae, Parthenocissus, Prosopis, Engelhardia, 887 

Platycarya, Symplocos, Myrica, Taxodiaceae, Sapotaceae, Celastraceae, Microtropis 888 

fallax, Rubiaceae and Mussaenda) percentages for the MTMY-1 core. Major isotopic 889 

events (Hodell et al., 1994; Vidal et al., 2002) and trends are indicated. (D) MTMY-1 890 
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d/p ratios. (E) 
18

O in benthic foraminifera record from ODP Site 926 (Shackleton and 891 

Hall, 1997). (F) Filtered 400- and 100-ka components of orbital eccentricity (Laskar et 892 

al., 2004). (G) Main Mediterranean events (Krijgsman et al., 1999a). (H) Timing for 893 

Africa-Iberian mammal exchanges (Agustí et al., 2006).  894 

 895 

Figure 5. Correlation between the d/p ratios and MS for the 4.5 – 7.3 Ma interval of the 896 

MTMY-1 record. In order to make this correlation, new sampling every 0.03 Ma was 897 

carried out on both records using Analyseries (Paillard et al., 1996). The R
2
 value is 898 

shown.   899 

 900 

Figure 6. Spectral analyses of the total Quercus pollen time series from the MTMY-1 901 

core. (A) Spectral analysis of the 5.0 – 6.5 Ma interval. (B) A 400-ka sinusoidal curve 902 

fitting on the total Quercus pollen data. (C) Spectral analysis of the higher-resolution 5-903 

6 Ma interval showing statistically significant spectral peaks. 904 

 905 

Table 1.  Age data for MTMY-1 core, southern Spain.   906 

 907 

  908 
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Table 1. Age model for the MTMY core. 
 
Datum Depth Age Ma (ATNTS 2004) MAR (cm/kyr) 

C3n.2n top 42.35 4.493 2.0 

C3n.4n base 57.45 5.235 20.2 

C3An.1n top 218.30 6.033 6.3 

C3An.1n base 232.15 6.252 3.2 

C3An.2n top 238.10 6.436 0.8 

C3An.2n base 240.40 6.733 1.7 

C3Bn top 247.30 7.140 3.7 

C3Bn top 250.00 7.212 13.8 

C3Br.1n top 255.40 7.251 3.1 

C3Br.1n base 256.45 7.285 
  

Table 1


