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g Departamento de Ciencias, Universidad Pública de Navarra, Campus de Arrosadia, 31006 Pamplona, Spain 
h Institute of Advanced Materials and Mathematics INAMAT2, Universidad Pública de Navarra, Campus de Arrosadia, 31006 Pamplona, Spain   

A R T I C L E  I N F O   

Editor: Dr. Fabienne Marret-Davies  

Keywords: 
Messinian Salinity Crisis 
Stable isotopes 
Iberian margin 
Mediterranean-Atlantic gateways 

A B S T R A C T   

Recent studies highlight the role of the Mediterranean Outflow Water (MOW), in the intensification of the 
Atlantic Meridional Overturning Circulation and as source of heat and salty water to high latitudes. During the 
Late Miocene the MOW suffered major changes and likely a total collapse during the Messinian Salinity Crisis 
(MSC). In order to study the MOW evolution in the Atlantic margin during the Tortonian-Messinian interval we 
completed a new high resolution geochemical and stable isotope record for the corresponding interval of the 
Montemayor-1 and Huelva-1 cores. Both sites are located in the Guadalquivir Basin on the former Atlantic side of 
the Mediterranean – Atlantic gateways (Iberian Atlantic margin) during the late Miocene. The tuning of this 
isotope record with astronomical solutions and other global isotope curves has allowed the establishment of an 
improved chronology and, consequently, to precisely date environmental changes happening on the Atlantic 
margin of the Iberian peninsula and their link to Mediterranean and global events. At 7.17 Ma, in concomitance 
with a shallowing of the basin, the residence time, temperature and salinity of the bottom waters increased. 
These changes were related to a reduction of the MOW reaching the Atlantic side as a consequence of the re
striction of the last strand of the Betic corridor that connected the Mediterranean and the Atlantic. This hy
pothesis is in line with the analogous changes observed in several Mediterranean Sea locations, where from 7.17 
Ma onward a reduced Mediterranean – Atlantic connection is observable. Furthermore, the new isotope chro
nology sheds light, through comparison with other records, on the age of Messinian geomagnetic reversals.   

1. Introduction 

During critical periods of the Pliocene (Kaboth-Bahr et al., 2021) and 
the Pleistocene (Sierro et al., 2020) when the MOW played a major role 
in the Atlantic Meridional Overturning Circulation and northern high 
latitude ice formation, occasionally delaying the intensification of 
Northern Hemisphere glaciations (e.g., Kaboth et al., 2017). This is 
associated with the MOW as a relevant heat and salt source into the 
North Atlantic (Voelker et al., 2006) and as a teleconnection between 
low and high latitude climate cycles (Bahr et al., 2015; Rodrigo-Gámiz 

et al., 2014). Nevertheless, the role that the MOW could play during the 
major changes associated with the Late Miocene, e.g., intense reorga
nization of atmospheric circulation (Carrapa et al., 2019) affecting 
monsoon activity and westerlies (Christensen et al., 2021; Jöhnck et al., 
2020) is less studied. 

Today, the MOW formed in the Mediterranean Sea reaches the 
Atlantic Ocean through the Gibraltar Strait. This configuration has been 
present at least since the beginning of the Pliocene (e.g., Blanc, 2002; 
Garcia-Castellanos et al., 2009; Hsü et al., 1973; Roveri et al., 2014), 
when the Camarinal sill was breached and an efficient Mediterranean – 

* Corresponding author at: Departamento de Geología, Univ. de Salamanca, Plaza de los Caídos s/n, 37008 Salamanca, Spain. 
E-mail addresses: fra.bulian@usal.es (F. Bulian), francisco.jimenez@csic.es (F.J. Jiménez-Espejo), nandersen@leibniz.uni-kiel.de (N. Andersen), jc.larra@igme.es 
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Atlantic connection was established ending the dramatic event known as 
the Messinian Salinity Crisis (MSC; Hsü et al., 1973; Krijgsman et al., 
1999b; Selli, 1973). During the 600 kyr that this event lasted 
(5.967–5.332 Ma; Manzi et al., 2013), a reduced or completely absent 
connection between the Atlantic Ocean and Mediterranean Sea led to 
the deposition of more than a kilometre thick succession of evaporites (e. 
g., CIESM, 2008 and references therein). 

The progressive closure of the Mediterranean – Atlantic gateway that 
led to the MSC started already in the Tortonian, with the restriction of 
the Betic and Rifian corridors (Fig. 1) that acted as marine gateways 
since the Miocene (e.g., Bialik et al., 2019; Popov et al., 2004). Some 
studies have shown how the southern strand (the Rifian corridor) most 
probably closed between 7.1 and 6.9 Ma, while the northern (Betic) 
corridor closed around 7.35–7.25 Ma (Capella et al., 2018; Krijgsman 
and Langereis, 2000; Tulbure et al., 2017). In the Betic corridor, uplift 
started as early as ~7.8–7.6 Ma in the east and resulted in a progressive 
westward disconnection of the smaller basins (Guadix and Granada 
basins; Betzler et al., 2006; Corbí et al., 2012; Hüsing et al., 2010; Pineda 
et al., 2023). For the closure and infill of the Guadalhorce Corridor, 
different chronologies have been proposed ranging from Messinian 
(Martín et al., 2014; Pérez-Asensio et al., 2014) to Tortonian (Sanz de 
Galdeano and Alfaro, 2004; Van der Schee et al., 2018) in age. Having 
both the Betic and Rifian corridors closed before the onset of the MSC, 
the occurrence of another gateway seems mandatory in order to provide 
the necessary ions for the Mediterranean salt giant to precipitate. Recent 
studies suggest how a proto-Gibraltar strait might have been taking over 
the Mediterranean-Atlantic connectivity since the late Tortonian-early 
Messinian (Capella et al., 2020; Krijgsman et al., 2018). 

More research is needed in order to better understand the chronol
ogies of the opening and closure of the Gibraltar arch gateways, because 
the task has proven to be challenging. Due to the strong erosion that 
affected the Mediterranean basin at the onset of the MSC with the breach 
of the Gibraltar strait (Bulian et al., 2021; Garcia-Castellanos et al., 
2019), identifying a complete Tortonian – Pliocene record to reconstruct 
the dynamics that led to the MSC has proven to be a difficult task. 
Additionally, even though there may have been marine sedimentation in 
the Betic straits during the Messinian (Capella et al., 2017; e.g., Corbí 
et al., 2012; Tulbure et al., 2017; Van der Schee et al., 2018), the 

deposits may have been eroded due to uplift (e.g., Fadil et al., 2006; 
Garcia-Castellanos and Villaseñor, 2011; Mancilla et al., 2015), making 
it very hard to find complete records of the gateway restriction (Flecker 
et al., 2015; Van der Schee et al., 2018). To solve the uncertainties 
related to the timing of the gateway closure, other studies have been 
carried out on the Atlantic margin using boreholes (i.e. Montemayor-1 
and Huelva-1) drilled in the westernmost sector of the Guadalquivir 
Basin, where a continuous Tortonian-Pliocene record can be found and 
the influence of Mediterranean water masses studied (Fig. 1). 

In particular, paleomagnetism (Larrasoaña et al., 2008; Larrasoaña 
et al., 2014), benthic foraminifer associations (Pérez-Asensio et al., 
2013; Pérez-Asensio et al., 2014), content of major elements (Van den 
Berg et al., 2018; Van den Berg et al., 2015), stable isotope (Pérez- 
Asensio et al., 2012a, 2012b) and pollen records (Jiménez-Moreno et al., 
2013) have been all acquired on the Montemayor-1 core. Using these 
data, an astronomical tuning was performed between 6.4 and 5.3 Ma. On 
the Huelva-1 core, stable isotope data are missing and only the paleo
magnetism (Larrasoaña et al., 2008; Larrasoaña et al., 2014) and 
elemental composition based on X-ray Fluorescences (XRF) have been 
investigated (Van den Berg et al., 2018). Nonetheless, the astronomi
cally tuned record of the core covers only the late Messinian (6.37–5.33 
Ma), as does the geochemical dataset. This prevents us from investi
gating whether the first signs of restriction of the Gibraltar gateway(s), 
visible in the Mediterranean Basin since 7.17 Ma (Bulian et al., 2021; 
Kouwenhoven et al., 1999; Kouwenhoven, 2000; Kouwenhoven et al., 
2003; Seidenkrantz et al., 2000), left their imprint on the Atlantic 
margin oceanography. 

In this study, we set the focus on the late Tortonian-early Messinian 
interval in both the Montemayor-1 and Huelva-1 cores by significantly 
improving the astronomical tuning of the lower parts of both records, 
between 257.3 and 236 md (meters of depth) and 169.9–148.9 md, 
respectively. For the Montemayor-1 core, a new high-resolution 
geochemical dataset, including planktic and benthic stable isotopes 
and major element content, has been produced. In addition, we have 
generated a foraminifer stable isotope record for the late Torto
nian–early Messinian in the Huelva-1 core because the lowermost part of 
Montemayor-1 was condensed. Having these two continuous datasets 
has enabled us to revise and refine the previous age models (Van den 

Fig. 1. Schematic map of the Alboran Sea area showing the location of the Montemayor-1 and Huelva-1 cores. The light-blue shading represents the area formerly 
occupied by the Betic and Rifian corridors (Capella et al., 2020). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Berg et al., 2018; Van den Berg et al., 2015) and to obtain a complete 
composite Tortonian-Messinian dataset for the Atlantic margin of the 
Gulf of Cadiz, encompassing the time interval during which the first 
Mediterranean gateway restriction took place. This composite dataset 
includes also a revision of the astronomical ages given to the magnetic 
chrons identified by Larrasoaña et al. (2008) and correlated to the 
Geomagnetic Polarity Time Scale GTS2012 (Hilgen et al., 2012) based 
on the cyclostratigraphic tuning of the Sorbas basin (Western Mediter
ranean; Krijgsman et al., 1999a; Sierro et al., 2001) with the ages pro
vided by Drury et al. (2017) and accepted in the GTS2020 (Raffi et al., 
2020), this way we have been able to investigate in detail the influence 
that MOW had on the Atlantic margin waters during the Mediterranean- 

Atlantic restriction.  

1. Geological setting and core stratigraphy 

The Guadalquivir Basin (GB) is a WSW-ENE elongated triangular 
basin located in the south of the Iberian Peninsula that formed during 
the late Serravallian-early Tortonian (Garcia-Castellanos et al., 2002; 
Sanz De Galdeano and Vera, 1992; Sierro et al., 1996). Towards the west 
it opens to the Atlantic Ocean, to the north it is limited by the Iberian 
Massif, and to the south it is bounded by the Betic Cordillera, consti
tuting its foreland (González-Delgado et al., 2004; Sierro et al., 1996). 

During the Early-Middle Miocene, the NW-directed convergence 

Fig. 2. On the left, the Tortonian – Zanclean magnetostratigraphic chrons from Lourens et al. (2004). In the Middle the magnetostratigraphic results for Montemayor- 
1 core (Larrasoaña et al., 2008; Larrasoaña et al., 2014) and the lithological column showing the different formations present in Montemayor-1 core (Niebla For
mation, Arcillas de Gibraleón Formation, Arenas de Huelva Formation and Arenas de Bonares Formation). On the right, the magnetostratigraphic results for Huelva-1 
core (Larrasoaña et al., 2008; Larrasoaña et al., 2014) and the lithological column showing the different formations present (Arcillas de Gibraleón Formation). 
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between the Eurasian and African plates caused the stacking of the Betic 
external tectonic units leading to the downward flexural subsidence of 
the Iberian basement and the subsequent infilling of the basin (Berá
stegui et al., 1998; Garcia-Castellanos et al., 2002; Ledesma, 2000; 
Sierro et al., 1996), which mainly witnessed continuous marine to 
continental sedimentation during the Tortonian – early Messinian. After 
the uplift of the Betic Cordillera, the GB became a large embayment and 
represented the Atlantic side of the Betic corridor, which, together with 
the Rifian passages in Morocco, enabled the connection between the 
Mediterranean Basin and the Atlantic Ocean (Benson et al., 1991; Martín 
et al., 2001). Here, warm and salty MOW leaving the Mediterranean 
encountered fresher and cooler Atlantic Upwelled Waters (AUW), 
forming a two-layered water column (Martín et al., 2001; Pérez-Asensio 
et al., 2012a, 2012b). The GB shows a continuous sedimentary fill 
composed of a lower marine sequence (late Tortonian – early Pliocene) 
and an upper continental sequence (Aguirre, 1992; González-Delgado 
et al., 2004; Salvany et al., 2011; Sierro et al., 1996). The lower part of 
the marine sequence shows huge sedimentary structures suggesting that 
Mediterranean waters were flowing out into the Atlantic at current ve
locities estimated at 1–1.5 m/s (Martín et al., 2001). 

The Montemayor-1 (37◦16′N, 6◦49′W) and Huelva-1 (37◦16′N, 6◦

57′W) cores were drilled in the north-western margin of the GB, a 
tectonically inactive area where the sedimentary sequence reaches its 
maximum thickness. The Montemayor-1 core (Fig. 2) is characterized at 
the base by 1.5 m of Paleozoic–Mesozoic substrate composed of reddish 
clays. The basement is overlain by the four lowermost lithostratigraphic 
units that characterize the GB sedimentary infill (González-Delgado 
et al., 2004; Sierro et al., 1996). The lowermost unit, 5 m thick, corre
sponds to the cemented carbonate-siliciclastic coastal deposits of the 
Niebla Formation (Tortonian), and are followed by 198 m of deep ma
rine greenish-blue clays of the Arcillas de Gibraleón Formation (late 
Tortonian-Messinian). At the base of the of Arcillas de Gibraleón Fm, a 3 
m-thick glauconitic layer can be identified. At 60 md (meters of depth) 
another glauconite layer separates the Arcillas de Gibraleón Fm from the 
42 m-thick marine sands and silts of the Arenas de Huelva Formation 
(early Pliocene). This formation is capped by a discontinuity at 18 md, 
which is overlain by 14.5 m of brownish transitional sands of the Arenas 
de Bonares Formation (late Pliocene-Pleistocene) and 3.5 m of recent 
soil that mark the end of the core (Larrasoaña et al., 2008; Larrasoaña 
et al., 2014). 

In the Huelva-1 core, the same basal units have been recognized 
(Fig. 2), including 4 m of the Niebla Fm and almost 176 m of the Arcillas 
de Gibraleón Fm. At 170 md and 12 md, two glauconitic layers at the 
base and top of the Arcillas de Gibraleón Fm have also been found 
(Larrasoaña et al., 2008; Van den Berg et al., 2018). 

2. Materials and methods 

2.1. Stable isotope analyses 

In order to improve the resolution of the pre-existing stable isotope 
dataset (Pérez-Asensio et al., 2012a, 2012b; interval 240–210 md) and 
to complete the record until the base of the core (257.3 md), foraminifer 
shells from 405 samples of the Montemayor-1 core were analysed for 
stable isotopes (δ13C and δ18O). Between 257 and 253.9 md numerous 
samples were barren and consequently, the continuous record starts at 
253.9 md. Additionally, 402 samples from neighbouring the Huelva-1 
core (170–120 md) were also analysed to improve the resolution of 
the lowest part of the Montemayor-1 record, which was condensed. 
When possible, a sampling step of 10 cm was applied to achieve high- 
resolution. The analyses were performed on ultrasonically cleaned 
5–10 individuals of benthic foraminifer species Cibicidoides pachyderma 
and 10–20 specimens of planktic foraminifer Globigerina bulloides, 
picked from the >150 μm size fraction for each sample. 

The analyses were performed with a Finnigan MAT 253 mass spec
trometer connected to a Kiel IV carbonate preparation device at the 

Christian-Albrechts University in Kiel (Germany). Sample reaction was 
induced by individual acid addition (99% H3PO4 at 75 ◦C) under vac
uum. The evolved carbon dioxide was analysed eight times for each 
individual sample. As documented by the performance of international 
[NBS19: +1.95 ‰ VPDB (13C), − 2.20 ‰ VPDB (18O); IAEA-603: +2.46 
‰ VPDB (13C), − 2.37 ‰ VPDB (18O)] and laboratory-internal carbonate 
standards [Hela1: +0.91 ‰ VPDB (13C), +2.48 ‰ VPDB (18O); HB1: 
-12.10 ‰ VPDB (13C), − 18.10 ‰ VPDB (18O); SHK: +1.74 ‰ VPDB 
(13C), − 4.85 ‰ VPDB (18O)], analytical precision of stable isotope 
analysis is better than ±0.08 ‰ for δ18O and better than ±0.05 ‰ for 
δ13C. The obtained values were calibrated relative to Vienna Pee Dee 
Belemnite (VPDB). 

2.2. Major and minor element analysis 

Because cyclical changes in the sediment chemical composition were 
recognized and used for astronomical tuning of the 237–60 md interval 
of the Montemayor-1 core (Van den Berg et al., 2018; Van den Berg 
et al., 2015), we performed XRF analyses on the 253.7–237 md interval 
to have a complete geochemical dataset and improve the tuning of the 
entire record. A total of 162 samples was taken every 10 cm; each one 
was grinded to fine powder in an agate mortar, subsequently obtaining 
tablets of 10 mm in diameter with a manual press with a load of 5 Tm. 
The tablets were fixed on a glass slide to facilitate their handling. On 
each tablet, which were prepared with sufficient thickness to avoid 
transparency phenomena, 25 random points were measured for 30 s 
with a Bruker M4 Tornado Spectrometer where the generator parame
ters were set at 50 kV and 150 μA. A representative spectra and semi- 
quantitative results of each sample were obtained using the ESPRIT 
software, set at international standards. This analysis was performed at 
the General Service of X-ray diffraction at University of Salamanca 
(Nucleus). 

The results obtained for the major elements were expressed in wt% 
(weight %) of the oxide, while the minor elements were expressed in 
ppm (parts per million) of the element. To make the dataset comparable 
to the published geochemical record, the wt% of each oxide was trans
formed into the wt% of the element itself. To do so, every oxide wt% was 
multiplied by its atomic weight and then divided by the atomic weight of 
the major element (Ragland, 1989). Furthermore, the values of the light 
elements that were expressed in ppm were transformed in wt%. 

2.2.1. Statistics 
To investigate the different factors influencing the geochemical 

composition and to distinguish between sedimentary processes, Prin
cipal Component Analysis (PCA) was used in conjunction with PAST 
4.05. 

Software© (Hammer et al., 2001) considering every element as a 
variable. PCA is a well-established dimension-reducing statistical tech
nique, applied for pattern recognition in multivariate datasets (Abdi and 
Williams, 2010). The calculated eigenvalues give a measure of the 
variance accounted for by the corresponding components (axes of the 
PCA). As data pre-treatment, each value was converted to z-scores to 
eliminate the bias caused by the differences in the element concentra
tions following the next formula Z(Xi) = (Xi – ǔ (X1, X2, ….Xz))/ơ (X1, 
X2, ….Xz), where X represents the selected ratio, ǔ and ơ are the mean 
and the standard deviation of the dataset, respectively. Finally, to enable 
a direct appraisal between the new data presented here and the PCA 
previously obtained by Van den Berg et al. (2015), the same elements 
were included in the analyses (Fe, Al, Ca, Ti. Zr, Si, K, Rb and Sr). 

2.3. Planktic foraminifer analyses 

To identify the main bioevents, a quantitative study of the planktic 
foraminiferal content was performed on 236 samples from the 
Montemayor-1 core covering the 257–198.5 md interval. The core was 
sampled with an increasing upward resolution, ranging from 0.2 m at 
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the base to 1 m at the top of the studied interval to account for the re
ported increase in sedimentation rate (Van den Berg et al., 2018; Van 
den Berg et al., 2015). Each sample was dried in the oven, disaggregated 
in water overnight and subsequently washed over a > 150 μm and > 63 
μm sieve. From the >150 μm fraction at least 300 planktic foraminifer 
specimens were classified into species and counted under a microscope. 
For both cores, the sum of the >63 μm and > 150 μm grain % fraction 
was calculated and considered to represent the sand content. 

2.4. Spectral analyses 

To establish the nature and significance of the periodic changes in 
the stable isotope dataset of Montemayor-1, a spectral analysis was 
performed. The analysis was carried out using Past software (Hammer 
et al., 2001) with the Redfit procedure, which allows to assess datasets 
with uneven sampling steps. The spectral peaks higher than the 95% 
confidence interval were considered significant as based on Monte Carlo 
methods. 

3. Results 

3.1. Stable isotope record 

The stable isotope data from 257 to 209 md of Montemayor is shown 
in Fig. 2. The planktic δ18O curve shows a stable trend with values 
around 0.2 and − 0.2 ‰ until 234 md of depth, when they drop to 
minimum values of ~ − 0.4 ‰. At the depth of 225 md, the planktic δ18O 
curve rises again towards higher values, stays around ~0.2 ‰ for the 
next 10 m, and decreases again till reaching a minimum of ~ − 0.6 ‰. 
The general trend of the benthic δ18O curve displays a similar pattern as 
the planktic record, with analogous minima and maxima. Nonetheless, a 
change towards higher values is visible at 245 md, where there is an 
increase from ~0.6 ‰ to ~0.8 ‰ that persists until the end of the record. 
In both the planktic and benthic δ13C curves, there is a visible decreasing 
upwards trend. In the planktic record the latter is more gradual, so that it 
shifts from ~0.5 ‰ at the bottom to ~ − 1 ‰ at the top of the section. 
The benthic record shows a more abrupt shift that can be pinpointed at 
248 md, where a drop from ~1.5 ‰ to ~0.5 ‰ is recorded. This later 

value persists until 216 md, when the curve almost reaches 0 ‰. 
The sand content (Fig. 3) in Montemayor is high, reaching up to 80% 

in the first 6 m of the core. From 254 md onward, the sand content 
decreases and stays around 10–15% throughout the rest of the analysed 
section. 

The stable isotope data of the 170–120 md interval of the Huelva-1 
core is shown in Fig. 4. The planktic δ18O curve shows a stable trend 
with values around 0.6 and − 0.4 ‰, with stronger negative oscillations 
at 154 and 149 md (where values of − 1 and − 0.8 ‰ are reached, 
respectively). The benthic δ18O curve shows an analogous trend like the 
planktic record and fluctuates on average between 1 ‰ and 0.3 ‰, with 
the highest amplitudes found between 160 and 149 md, where values 
between 1.2 and 0.1 ‰ are reached. In both the planktic and benthic 
δ13C curves there is a decreasing upward trend. In the planktic record 
such trend is more subtle, so that values of ~0.25 ‰ are registered at the 
bottom whereas values down to ~ − 0.75 ‰ are found at the top of the 
section. As it happened in the Montemayor-1 record, the benthic δ13C 
curve shows a more abrupt shift, especially after 160 md, where the 
curve shifts from ~1.5 ‰ to ~ − 0.5 ‰. 

The sand content in Huelva (Fig. 4) is generally low, with only 7 
peaks reaching values between 20 and 55%. 

3.2. Statistical analysis 

To make the data matrix visualization easier and to highlight the 
relationship between the elements, a PCA analysis was performed on the 
newly acquired geochemical data of Montemayor-1. The first two sta
tistically significant principal components account for 81% of the total 
variance, with PC1 and PC2 describing its 66.1% and 15.06%, 
respectively. 

The two most important negative loadings for PC1 are Ca and Sr 
(elements associated with carbonate content; Fig. 5 a), while the positive 
loading comprises the rest of the elements, including Al, Si, K, Ti, Fe, Rb 
and Zr (detrital input). In our site PC1 is interpreted as the dilution effect 
between terrigenous and carbonate fraction. 

For PC2 (Fig. 5 b), the negative loading is represented mostly by Zr 
(typically associated with heavy minerals and coarse fractions), and to a 
lesser extent by Si and Fe, while on the positive side Al, Sr and Rb are 

Fig. 3. Graph showing the abundance of sand fraction (%), the δ13C and the δ18O stable isotope data measured from benthic and planktic foraminifer shells record 
(C. pachyderma and G. bulloides) of Montemayor. 
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dominant (Al and Rb associated with clay content and fine-grained 
particles). 

The PC1 scores record (Fig. 6) shows positive values (less carbonates) 
from 253 md to the bottom, with an undulating pattern along the record. 
On the contrary, the PC2 record (Fig. 6) shows negative values (high Zr, 

Si and Fe) in the core bottom, associated with the sandy layers (Fig. 2), 
and quite stable values along the rest of the core, except punctual 
outliers. 

4. Age model 

4.1. Initial tie points 

To build a first age model for the lower part of Montemayor 
(257.3–236 md) and Huelva (170–119.85 md) cores, several tie points 
were used based on the astronomical ages of planktic foraminifer bio
events (Fig. 7; Table 1) from this work and already published in Van den 
Berg et al. (2018). The planktic foraminifer biostratigraphic framework 
used is based on recent astronomically calibrated charts compiled by 
Lirer et al. (2019), while the numbering of each bioevent is taken from 
Sierro et al. (1993); Table 1). 

In Montemayor-1 core, the Last Common Occurrence (LCO) of 

Fig. 4. Graph showing the abundance of sand fraction (%), the δ13C and the δ18O stable isotope data measured from benthic and planktic foraminifer shells record 
(C. pachyderma and G. bulloides) of Huelva. 

Fig. 5. Loadings of the Principal component performed on the geochemical 
record of Montemayor: a) PC1 and b) PC2. 

Fig. 6. Montemayor geochemical records in depth domain: a) PC1 scores; b) PC2 scores.  
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G. menardii 4 group has been located at 252.9 md. This event has been 
recognized in the NE Atlantic and the Mediterranean by Sierro (1985) 
and Sierro et al. (1993), and it has been astronomically calibrated at 
7.51 Ma (Hilgen et al., 2000a; Hilgen et al., 2000b; Lourens et al., 2004). 
The next bioevent found is the First Common Occurrence (FCO) of 
G. menardii 5 group (Sierro, 1985; Sierro et al., 1993), recognized at 
252.4 md and dated at 7.36 Ma (Hilgen et al., 2000a; Hilgen et al., 
2000b; Lourens et al., 2004). In the NE Atlantic, the Tortonian – Mes
sinian boundary (7.24 Ma; Hilgen et al., 2000a; Hilgen et al., 2000b; 
Lourens et al., 2004) is characterized by the replacement of the 

G. menardii 5 group by the G. miotumida group (Sierro, 1985; Sierro 
et al., 1993; Tjalsma, 1971). In Montemayor, this replacement happens 
at 250.4 md; however, at 250 md, G. menardii 5 group reappears again 
with high values and lasts for one more meter until 249 md (Fig. 7). 
Finally, at 236.5 md, the N. acostaensis coiling change from sinistral to 
dextral can be clearly identified (Fig. 7). The latter has been recognized 
from NE Atlantic cores (Sierro, 1985; Sierro et al., 1993) and Mediter
ranean outcrops (Hüsing et al., 2009; Sierro et al., 2001), where it has 
been astronomically tuned at 6.35 Ma (Hilgen and Krijgsman, 1999; 
(Lourens et al., 2004; Sierro et al., 1993; Sierro et al., 2001). All the 
pointers used for the tuning of the lower part of Montemayor core 
(257.3–236 md) are reported in Table 1. 

For Huelva, events 2, 3 and 4 from Van den Berg et al. (2018) have 
been used (Table 1). 

4.2. Astronomical tuning and composite section 

Previous studies performed on the Montemayor and Huelva cores 
(Van den Berg et al., 2018; Van den Berg et al., 2015), as well as other 
boreholes in the GB like Casanieves (Ledesma, 2000), show how the late 
Messinian-early Pliocene sedimentation is mainly controlled by a cli
matic cyclicity related to astronomical forcing, whereby Northern 
Hemisphere summer insolation maxima and minima are marked by 
cyclical changes in the terrigenous and biogenic contents in the 
sediments. 

The cyclicity in Huelva, as shown by Van den Berg et al. (2018), is 
clearly controlled by climate so that lower values of Ca-Sr/rest (see in 
Van den Berg et al., 2018; carbonates vs. terrigenous) have been tuned 
with maximum Northern Hemisphere summer insolation, and vice versa 

Fig. 7. The distribution of the main planktic foraminifer biostratigraphic markers found in Montemayor. The vertical lines and numbers denote the events of (Sierro 
et al., 1993). 

Table 1 
Planktic foraminifer bioevents used as initial tie points for the tuning of Mon
temayor and Huelva. The biostratigraphic scheme relies on Lirer et al. (2019) 
while the numbering of the bioevents is taken from Sierro et al. (1993).  

Event Astronomically 
calibrated age 
(Ma) 

Depth (md) 
Montemayor-1 
(this work) 

Depth (md) 
Huelva-1 ( 
Van den Berg 
et al., 2018) 

N◦

S/D coiling 
N. acostaensis 

6.35 Ma 236.5 m 124.6 m 4 

FCO 
G. miotumida 
group 

7.24 Ma 250.4 m 165.25 m 3 

FCO G. menardii 
5 group 
(dextral) 

7.36 Ma 252.4 m 168.35 m 2 

LCO G. menardii 
4 group 
(sinistral) 

7.51 Ma 252.9 m / 1  
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(Fig. 7, black arrows). These records show very well the eccentricity- 
driven cycles as well, where minima in eccentricity corresponded with 
maxima in carbonate deposition (Fig. 7, black vertical lines). We know 
that, apart from the cyclicity related with changes in sediment input to 
the basin, warm-water foraminifers proliferate during insolation max
ima at the same time that δ18O values are lower in response to warmer 
and fresher surface waters, which concur with lower ice volumes 
(Rohling and Cooke, 1999). In addition, assuming that glacial cycles 
with higher benthic δ18O occur at times of lower inclination of the 
Earth’s axis, as it occurred during Pliocene-Pleistocene glacial cycles 
(Lisiecki and Raymo, 2005), it is possible to link benthic δ18O maxima 
and obliquity minima. Consequently, the new δ18O data provided in this 
study can be used to verify the existing astronomical tuning (Van den 
Berg et al., 2018), especially for the 7.1 to 7.4 Ma interval, where the 
element ratios do not show a very clear cyclicity (Fig. 8). Minor ad
justments are needed in the lowermost part of the record to improve the 
astronomical tuning and to correlate the minima in obliquity and 
maxima in benthic δ18O, well visible from our data (Fig. 8, red vertical 
lines and red arrows). These modifications provide a more robust as
tronomical tuning of the lower part of the Huelva-1 core, where a clear 
cyclical pattern was identified in the δ18O of both planktic and benthic 
records. 

For Montemayor, an analogous cyclical pattern has been identified 
by Van den Berg et al. (2015) from 6.35 Ma until 5.85 Ma, where peaks 
in terrigenous material (high values of PC1) were tied to insolation 
maxima to create an age model (Fig. 9, black arrows). We applied the 
same tuning on the newly acquired benthic δ18O record and found how 
each insolation maxima peak corresponded to an isotope minimum 
(Fig. 9). For the lowermost part of Monteamyor-1, no astronomical 
tuning was available considering that neither elemental nor stable 
isotope records were available. Our new data allowed to complete both 
records until the base of the core (Fig. 10). To do so, planktic foraminifer 
bioevents (Table 1, Fig. 7) were used as first-order tie points; for a more 
detailed astronomical tuning, the same relationships between cycles 
were assumed. Unfortunately, because the sedimentation rate is very 

low and the record very condensed, it was not possible to have a reso
lution at precessional scale. In contrast, eccentricity cycles are well 
visible and enable a lower resolution tuning; to facilitate such tuning 
between eccentricity maxima (in Fig. 10 each cycle is delimitated by 
black vertical lines), peaks in terrigenous input (high PC1), and minima 
in planktic and benthic δ18O, a spectral analysis was performed on the 
planktic δ18O record, which shows the most pronounced cyclicity. It 
yielded cycles of 1.31 m, which were then tuned to the eccentricity re
cord (Laskar et al., 2004), which modulates the amplitude of precession 
(Fig. 10). 

After all these procedures, we have been able to produce a composite 
but continuous isotope record of the Iberian Atlantic Margin of the GB 
(Fig. 11) from the late Tortonian (7.4 Ma) to the base of the Pliocene 
(5.33 Ma). For the uppermost part of the record (5.76–5.33 Ma), we used 
the already published stable isotope curve of Montemayor from Pérez- 
Asensio et al. (2012a, 2012b). For the interval between 6.36 Ma and 
5.76 Ma, the stable isotope record presented in this study for the 
Montemayor-1 core was also used because the cyclicity becomes more 
visible and marked by precession. On the other hand, for the lowermost 
interval (7.4–6.36 Ma), and because of the low sedimentation rates 
observed at the Montemayor-1 core during the late Tortonian–early 
Messinian, we used the Huelva-1 stable isotope record (Fig. 11), which 
shows a clearer precession cyclicity due to its higher sedimentation 
rates. 

4.3. Astronomical ages of the magnetic polarity reversals during the 
Messinian 

The new updated age model of the two sites has enabled the con
struction of a complete, high-resolution stable isotope record of the 
Guadalquivir basin from the base of the Pliocene to the late Tortonian. 
The modified tuning of the lower interval of Huelva (7.4 Ma to 7.1 Ma), 
and the new tuning of Montemayor (7.5 Ma to 6.4 Ma) has been made 
without using the magnetic chrons identified by Larrasoaña et al. 
(2008). There are some discrepancies in the dating of the Messinian 

Fig. 8. Astronomical tuning of Huelva. Top: the Ca-Sr/rest ratio used for tuning by Van den Berg et al. (2018) where the black arrows indicate the most prominent 
insolation peaks used in the tuning. Bottom: astronomical target curves (eccentricity, obliquity and insolation) from Laskar et al. (2004) where the black arrows 
indicate the most prominent insolation cycles used for the astronomical tuning. Below, the benthic foraminifer δ18O curve (this work) used for revising the existing 
tuning (Van den Berg et al., 2018). The red vertical lines show the main planktic foraminifer bioevents (Sierro et al., 1993; Lirer et al., 2019) used as initial tie points, 
the full black lines show the eccentricity minima, while the discontinuous black ones indicate the obliquity minima phases. The red dotted vertical lines paired with 
the red horizontal arrows highlight the improvements done to the age model based on the new stable isotope dataset. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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magnetic polarity reversals, in particular the ages of the top of the 
C3An.2n and C3Bn and the top and bottom of the C3An.2n magnetic 
chrons. The ages of these magnetic reversals in the GTS2004 and 
GTS2012 scales were based on the astronomical tuning of the Abad 
section in the Sorbas Basin (Krijgsman et al., 1999a; Sierro et al., 2001). 
However, more recently, Drury et al. (2017), based on high resolution 
data from DSDP Site U1337, where the magnetic signal is quite strong, 
has proposed new ages for the magnetic reversals comprised between 
7.4 Ma and 6.3 Ma (chrons C3Br.1n, C3Bn and C3An.2n), which are 
slightly different from those reported in GTS2012 and have been 
accepted in the new GTS2020 (Raffi et al., 2020). 

Based on the new tuning of the Montemayor and Huelva records, we 
have elaborated an astronomically tuned chronology for the magneto
zones identified by Larrasoaña et al. (2008) that can be compared with 
those of the Abad and DSDP Site U1337 sections (Fig. 12, Table 2). 
Chron C3Br.1n was only identified in Huelva; sedimentation in Mon
temayor was condensed and precludes its identification. The next Chron, 
C3Bn, was identified in both records giving very consistent ages. The 
base of C3An.2n was evident in Huelva, while the top was more difficult 
to interpret. We challenge the original interpretation of Larrasoaña et al. 
(2008), and locate its top after a sequence of positive and negative 
inclination peaks, which were caused most probably by a delayed 

magnetization related with the presence of magnetofossils as already 
pointed out by Larrasoaña et al. (2014). Due to low sedimentation rates, 
this chron cannot be well defined in Montemayor. 

Our new astronomical ages are in better agreement with those pro
posed by Drury et al. (2017) for the studied time interval (7.5 Ma – 6.3 
Ma) with some small offsets. The new ages for the polarity magnetic 
reversals based on the astronomical tuning of Montemayor and Huelva 
are given in Table 2. The top and bottom of reversal C3Br.1n are 
concordant in the north Pacific, Sorbas Basin and Huelva, only the 
bottom of C3Br.1n is one precession cycle older in Sorbas Basin. Similar 
consistent ages are also given in the three records for the bottom of 
chron C3Bn, although its top, according to our data, is 20 and 40 kyr 
older than that recorded in the north Pacific and Sorbas, respectively 
(Table 2). For both the top and bottom of chron C3An.2n, we estimate an 
age 20 kyr older than Drury et al. (2017). The greatest change is regis
tered for the top of C3An.2n since its age changes from 6.43 Ma in Sorbas 
Basin to 6.37 Ma based on our new tuning of the polarity magnetic re
versals. This age is only 20 kyr younger than that registered by Drury 
et al., 2017 in the north Pacific. 

Because of the new polarity ages in the Pacific, Drury et al. (2017) 
suggested that the Oued Akrech section (Hilgen et al., 2000a) could have 
a different age by a few precessional cycles as well as the Abad 

Fig. 9. Astronomical tuning of the upper part of the Montemayor record (6.35 to 5.8 Ma). On top, the PC1 curve (high values of PC1 indicate more detrital input) is 
shown (Van den Berg et al., 2015). In the bottom, the astronomical target curves (eccentricity, obliquity and insolation) are shown (Laskar et al., 2004) together with 
their correlation with the PC1 record where the tuned insolation peaks are highlighted by the black arrows and dashed lines. Below, the benthic δ18O record of 
Montemayor (this study) is reported tuned with the pointers proposed from Van den Berg et al. (2015) where the most prominent insolation peaks are highlighted by 
the dotted vertical lines. In red, the planktic foraminifer bioevent is showed. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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composite in the Sorbas Basin that was the reference for GTS2004 and 
GTS2012 (Sierro et al., 2001). Some of the uncertainties related to the 
exact stratigraphic position of the magnetic polarity reversals in Sorbas 
can be due to the admittedly weak magnetic signal of the Abad section, 
which, for instance, did not allow the reliable recognition of Chron C3An 
(Sierro et al., 2001). Additionally, a delayed acquisition of the magnetic 
signal related with diagenetic processes cannot be excluded. 

5. Discussion 

Our new astronomically tuned late Tortonian – early Messinian sta
ble isotope composite data of the Atlantic margin allows a detailed 
comparison of this record with other global and Mediterranean astro
nomically tuned isotope datasets. We focus here on the late Tortonian 
and early Messinian period, to better examine the effects of local vs. 
global climate changes, and the influence of Mediterranean waters on 
the Atlantic margin in a context of uplift and isolation of the Mediter
ranean basin from the global ocean that preconditioned the MSC (Bulian 
et al., 2022 and references therein). Such uplift and isolation were 
contemporaneous with the Late Miocene Carbon Isotope Shift (LMCIS; 
Hodell et al., 1994; Hodell et al., 2001; Hodell and Venz-Curtis, 2006). 

5.1. Global vs. local changes in water masses 

The Iberian Atlantic margin planktic δ18O curve mimics the Atlantic 
982 benthic record, i.e. see the peak at 7.07 Ma evident in both records 
and the good correspondence of the precession-driven cycles. This 
means that both the surface and deep waters of the GB recorded a strong 

global signal imprint. 
Between 7.2 and 6.85 Ma, the global, North Atlantic, South China 

Sea, Mediterranean and Atlantic margin benthic δ18O records show a 
subtle, but progressive trend towards heavier values, which is especially 
visible in the interglacial stages (Fig. 13). This long-term deep-water 
cooling trend probably reflects cooler Atlantic and Pacific deep waters 
or larger ice sheets in Antarctica or in the northern Hemisphere related 
with the Late Miocene Global Cooling (Herbert et al., 2016). Concor
dantly, in the South China Sea mixed layer isotope record (7.2 Ma), a 
slight increase in benthic δ18O has been related with the progressive 
weakening of the summer monsoon in Southeast Asia during the LMCIS 
(Holbourn et al., 2021; Holbourn et al., 2018). 

The comparison between different isotopic records reveals a 2 ‰ 
offset between the benthic δ18O signal of the Atlantic margin, the 
Mediterranean, and the north Atlantic Site 982, most probably related to 
the temperature difference between cold Upper Northeast Atlantic Deep 
water (at the location of site 982) and the warmer MOW in the Atlantic 
margin (of Spain and Morocco). The Atlantic site registers a purely 
Atlantic deep cold-water signal, while the much shallower ones located 
in the GB contain a Mediterranean warm component as well. This 
temperature difference is visible today (Fig. 14), so that temperatures of 
around 4–5 ◦C are found at depth in Site 982 (1150 mbsl) whereas they 
reach 13 ◦C in the Gulf of Cadiz, influenced by the Mediterranean. 
Assuming a change of 0.23 ‰ per 1 ◦C, the 8–9 ◦C difference in tem
perature can explain the 2 ‰ offset between the two isotope records. 
Based on this we can assume that a Mediterranean signal was present 
along the Atlantic margins of Spain and Morocco also in the late 
Messinian. 

Fig. 10. Astronomical tuning of the lowermost interval of the Montemayor (7.6 to 6.4 Ma). Top: tuning target curves insolation and eccentricity (blue) from (Laskar 
et al., 2004). In the bottom, the PC1, planktic and benthic δ18O records in depth domain (this study). The thick black curve represents the filtering of the planktic 
δ18O record obtained with the higher power frequency. The vertical red lines show the main planktic foraminifer bioevents (Sierro et al., 1993, Lirer et al., 2019), 
while the black ones show the eccentricity minima phases. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Regarding the benthic δ13C curve, the most noticeable change in the 
Iberian Atlantic margin is the prominent and abrupt drop observed at 
7.17 Ma (Fig. 15), which is also visible, albeit with a smaller amplitude, 
in North Atlantic (Site 982) and South China Sea (Site 1146) records. 
During this time, from 7.5 and 5.5 Ma, coinciding in part with the global 
cooling (Herbert et al., 2016), the LMCIS took place at a global scale 

resulting in a decrease of approximately 1 ‰ of the global δ13C of 
oceanic dissolved inorganic carbon (δ13CDIC) (Hodell et al., 1994; Hodell 
et al., 2001; Hodell and Venz-Curtis, 2006; Holbourn et al., 2021). 
Contemporaneously, the same reduction in benthic δ13C curve seems to 
be even more abrupt in the Mediterranean (Bulian et al., 2022), where it 
has been attributed to the start of the Mediterranean Atlantic gateway 

Fig. 11. Composite isotopic curve of the Iberian Atlantic margin showing planktic (G. bulloides) and benthic (C. pachyderma) foraminifer δ18O and δ13C records. The 
record from 7.4 until 6.36 Ma derives from Huelva (this study), the interval from 6.36 Ma to 5.8 Ma is covered by the Montemayor record (this study) as well as the 
topmost interval from 5.8 Ma until the base of the Pliocene (Pérez-Asensio et al., 2012a, 2012b). Glacial stages TG12, TG14, TG20 and TG22 and stages TG11 and 
TG9 (black dashed lines), the onset of the first Mediterranean-Atlantic gateway restriction (red dashed line), the Late Miocene Carbon isotope Shift (light blue 
shading) and its last more intense stage (darker blue shading) are put in for reference. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 12. Magnetic Inclination of the characteristic remanent magnetization inclination curves measured for the Huelva-1 and Montemayor-1 sites, plotted along with 
the inferred sequence of magnetozones (Larrasoaña et al., 2008). On top, the polarity is highlighted while the vertical lines indicate the new ages (also Table 2) for 
each identified Chrone. 
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restriction and the concomitant reduction of Mediterranean deep-water 
renewal (Bulian et al., 2022; Bulian et al., 2021; Di Stefano et al., 2010; 
Kouwenhoven et al., 1999; Kouwenhoven et al., 2003; Kouwenhoven 
and Van der Zwaan, 2006; Seidenkrantz et al., 2000). Before 7.17 Ma, 
high benthic δ13C in the deep Mediterranean and the Atlantic margin of 
Spain, indicate good bottom water ventilation on both sides of the 
ancient paleostraits, similar to that recorded in the intermediate to deep 
North Atlantic. However, at 7.17 Ma, a drastic and pronounced drop in 
benthic δ13C reflects a sudden presence of poor ventilated bottom waters 
in the Mediterranean and the Atlantic margin of Spain, while the open 
Atlantic site remained well ventilated during the Messinian. 

We interpret that the sudden drop in ventilation occurring in the 
deep Mediterranean in response to uplift of the paleostraits of the 
Gibraltar Arch, and the consequent restriction of the Atlantic- 
Mediterranean water exchange, was transmitted to the Atlantic 
margin through the MOW, although the influence of these poorly 
ventilated waters never reached the open Atlantic. 

The benthic δ13C record in the Atlantic margin of Spain displays 
some cyclicity that seems to be in phase with the Mediterranean carbon 
isotope record, and the δ13C negative peaks of the two records are linked 
to both insolation and obliquity maxima. In Fig. 15, the vertical lines 

Table 2 
Ages of the Tortonian–Messinian chrons derived from the Huelva-1 and Montemayor-1 cores in this study. In addition, the table contains the astronomically calibrated 
ages of the chrons proposed by previous authors (Drury et al., 2017; Hilgen et al., 2012; Lourens et al., 2004; Sierro et al., 2001).  

CHRONE Astronomically calibrated age (Hilgen et al., 2012; Lourens et al., 2004; Sierro et al., 2001) Astronomically calibrated age 
(Drury et al., 2017) 

Astronomically calibrated age 
(This work) 

T C3An.2n 6.43 Ma 6.39 Ma 6.37 Ma 
B C3An.2n 6.73 Ma 6.73 Ma 6.75 Ma 
T C3Bn 7.14 Ma 7.10 Ma 7.12 Ma 
B C3Bn 7.21 Ma 7.21 Ma 7.22 Ma 
T C3Br.1n 7.25 Ma 7.26 Ma 7.26 Ma 
B C3Br.1n 7.28 Ma 7.30 Ma 7.30 Ma  

Fig. 13. Comparison between planktic δ18O record of the Iberian Atlantic margin in dark blue (this study) and benthic δ18O records including the Atlantic Iberian 
margin in light blue (this study), North Atlantic ODP Site 982 in black (Drury et al., 2018; Hodell et al., 2001), Alboran Basin (Iberian Mediterranean margin) Site 976 
(Bulian et al., 2022) in violet, South China Sea Site 1146 (Holbourn et al., 2021; Holbourn et al., 2018) in pink and the global composite curve (Westerhold et al., 
2020) in orange. To compare the absolute values of the curves, the isotope records that were measured on other benthic foraminifera species than the Atlantic margin 
composite were corrected according to their offset with respect to C. pachyderma reported in the literature. When the isotopic record was obtained measuring 
C. wuellerstorfi or C. mundulus (ODP sites 982) no correction has been applied because no offset has been found between these species and C. pachyderma (Hodell 
et al., 2001; Holbourn et al., 2007; Holbourn et al., 2018). The vertical lines indicate the minima of obliquity. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 14. Temperature profile showing the present-day Mediterranean Outflow 
Water (MOW) reaching the Gulf of Cadiz area (data from MedAtlas 2002-Data
base (Fichaut et al., 2003). The two stars show the possible paleodepth of the 
Montemayor-1\Huelva-1 (upper star) and Atlantic Site 982 (Hodell et al., 2001; 
Pérez-Asensio et al., 2014; lower star). 
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highlight the obliquity minima phases. On the contrary, the global 
isotope record shows an out of phase trend in respect to the GB and the 
Mediterranean. As already pointed out by Bulian et al. (2022), the 
benthic δ13C from ODP Site 1146 and Site 982 follows a global pattern of 
lower benthic δ13C during glacial periods (higher benthic δ18O) during 
obliquity minima, probably due to a greater CO2 storage in the deep 
ocean (Holbourn et al., 2018). By contrast, the Mediterranean benthic 
δ13C cyclicity is controlled by northern hemisphere summer insolation, 
with lower benthic δ13C values recorded during summer insolation 
maxima at times of sapropel formation. This means that the open ocean 
stable isotope signals are dominated by obliquity, while the Mediterra
nean Sea and the GB records are modulated by precession. This has been 
confirmed by Drury et al. (2017), who highlights how in equatorial 
Pacific site U1337, especially after 7.2 Ma, the obliquity forcing over
shadows the influence of precession. 

5.2. Mediterranean water influence on the Atlantic margin 

Considering that the MOW today reaches the Gulf of Cadiz as an 
intermediate water mass along the south-western Iberian margin (e.g., 
Hernandez-Molina et al., 2014), the same probably occurred during the 
late Miocene at the location of Huelva and Montemayor, implying that 
the Mediterranean outflow was probably flowing along this margin, 
transporting into the Atlantic the changes that have occurred in the 
Mediterranean (i.e., Bulian et al., 2022; Bulian et al., 2021). Conse
quently, a restriction of the Mediterranean-Atlantic gateways would 
mean the presence of a larger proportion of Atlantic cold intermediate 
water replacing the warmer Mediterranean outflow. This would have 
reduced the bottom water temperature and thus increased the benthic 
foraminifer δ18O values. In more recent times, Voelker et al. (2006), 
Sierro et al. (2020) and Raddatz et al. (2011), have reported how the 
benthic δ13C signal of the Gulf of Cadiz in the Pleistocene mainly reflects 
the chemical properties of the MOW and Mediterranean deep water, 

and, therefore, the higher or lower residence time of the deep water 
within the Mediterranean. This would imply how a decrease in Medi
terranean δ13C would be seen on the Atlantic side of the gateway as well. 

In the Iberian Atlantic margin, together with the benthic δ13C drop at 
7.17 Ma a change in the amplitude of the benthic carbon isotope 
cyclicity is also visible. Before the event, the benthic δ13C is highly stable 
and does not show major oscillations, but afterwards a big amplitude 
fluctuation starts. We also observe how the lower δ13C values in the 
Iberian Atlantic margin bathed by the MOW seem to reflect the Medi
terranean deoxygenation events as highlighted by Sierro et al. (2020) for 
the last 250 kyr of Gulf of Cadiz at Site U1389. With small offsets in some 
cases, probably due to inaccuracies in the tuning of PC1 with insolation, 
the events of lower benthic δ13C recorded in the Iberian Atlantic margin 
are correlated with sapropel events in the Eastern Mediterranean 
(Faneromeni section Cycles 18–29) and with analogous lows in the 
Western Mediterranean isotope records (Bulian et al., 2022). In addi
tion, the interference pattern between obliquity and precession reflected 
by the interbedding of prominent and weak sapropels seen in Faner
omeni in the first sapropels is also visible in the benthic δ13C of the 
Iberian Atlantic margin (Fig. 16). A recent study performed on Site 
U1389, located in the main descending core of the MOW in the Gulf of 
Cadiz, shows how beds with low sand percentages are linked with pe
riods of weak MOW and lighter benthic δ13C values corresponding with 
phases of sapropel deposition in the Mediterranean (Sierro et al., 2020). 
The higher and more stable benthic δ13C values recorded in the Iberian 
Margin prior to 7.17 Ma reflects the higher δ13C of Mediterranean deep 
waters because of the continuous and intense deep-water ventilation 
during the latest Tortonian and earliest Messinian, before the onset of 
the Atlantic-Mediterranean restriction. The more accentuated cyclical 
pattern observed in the Iberian Atlantic margin stable isotope record 
after 7.17 Ma could have therefore been caused by a higher contrast in 
the MOW between the wet and the dry phase, related with an increase in 
the sensitivity of the restricted Mediterranean basin to climate change 

Fig. 15. Comparison between planktic δ13C record of Iberian Atlantic margin in dark green (this study) and benthic δ13C records including the Iberian Atlantic 
margin composite in light green (this study), North Atlantic ODP Site 982 in black (Drury et al., 2018; Hodell et al., 2001), Alboran Basin (Iberian Mediterranean 
margin) Site 976 (Bulian et al., 2022) in blue, South China Sea Site 1146 (Holbourn et al., 2021; Holbourn et al., 2018) in pink and the global curve (Westerhold 
et al., 2020) in orange. To compare the absolute values of the curves, the isotope records that were measured on other benthic foraminifer species than the GB 
composite were corrected according to their offset with respect to C. pachyderma reported in the literature. When the isotopic record was obtained measuring 
C. wuellerstorfi or C. mundulus (ODP sites 982) no correction has been applied because no offset has been found between these species and C. pachyderma (Hodell 
et al., 2001; Holbourn et al., 2007; Holbourn et al., 2018). The vertical lines indicate the minima of obliquity. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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(Bulian et al., 2021). 
Between 7.2 and 7.1 Ma, three sand layers were identified in Huelva. 

These levels, characterized by sand contents as high as 50% (Fig. 16) are 
clearly linked to phases of obliquity minima and therefore colder, glacial 
climates characterized by lower sea level. These sand layers could be 
caused by turbidity deposition triggered by global eustatic sea level 
drops and/or by MOW intensification during colder conditions (de 
Castro et al., 2021). Additional sedimentological information is required 
in order to discard if these sandy layers correspond to contourites or 
turbidites. 

Consequently, it can be assumed that apart from a global signal and 
even if the connection between the GB and Mediterranean diminished, 
the MOW was still reaching the two sites in the Atlantic margin, 
contributing for the bigger part to their deep-water signature. Consid
ering that the benthic δ13C in the Atlantic margin seems to mimic the 
records of Mediterranean ventilation at least until 7.06 Ma, we can as
sume that until then the MOW reached the Atlantic margin of Spain. The 
obtained data allow to constrain the period of activity of the MOW into 
the Atlantic which has been demonstrated to play a major role in the 
North Atlantic surface temperatures (Potter and Lozier, 2004). In this 
sense, weak and even “free-MOW” conditions could be linked with the 
moment when East Greenland glaciers reached the coast at ~7.3 Ma and 
when periodic Ice Rafted Debris become common to date at site ODP 
918 (Bierman et al., 2016; John and Krissek, 2002) as previously sug
gested (Capella et al., 2019). A new continuous record from the Medi
terranean would be necessary to trace the moment when less water was 
reaching the GB through the Gateways of the Gibraltar Arch. Following 
the same reasoning we can assume that the poorly ventilated MOW was 
present in the GB for most of the early Messinian as may be inferred from 

the overall low benthic δ13C compared with the highly ventilated bot
tom waters in the deep north Atlantic. Similar observations have been 
previously made for both the Western and Eastern Mediterranean (i.e., 
Bulian et al., 2022; Kouwenhoven et al., 2003). New, deeper water 
isotope records in the Atlantic margin are necessary to confirm this 
hypothesis and exclude the possible occurrence of lower benthic δ13C 
values in Huelva and Montemayor in response to a local shallowing of 
the basin and the existence of shallower waters closer to the oxygen 
minimum zone, which are typically more depleted in 13C. 

6. Conclusion 

The newly acquired stable isotope and elemental data from the lower 
interval of Montemayor-1 (257.3–236 md = 8–6.37 Ma) and Huelva-1 
(170–120 md = 7.4–6.3 Ma) cores enabled a high-resolution astro
nomical tuning and the production of a new Iberian Atlantic margin 
composite isotopic record from the late Tortonian to early Pliocene. 
Additionally, the new chronology allowed to compare the timing of the 
magnetic reversals recorded in these sites during the Messinian with the 
ages of these magnetic reversals in other locations. Overall, a long-term 
increase in the benthic δ18O is observed, probably reflecting the global 
gradual cooling recorded during the Messinian. 

Based on the new chronology, the events of increase of bottom water 
residence time, temperature and salinity registered in the GB at 7.17 Ma 
are contemporaneous with changes reported from numerous Mediter
ranean locations (Bulian et al., 2021; Di Stefano et al., 2010; e.g., 
Kouwenhoven et al., 1999; Kouwenhoven et al., 2003; Kouwenhoven 
and Van der Zwaan, 2006; Seidenkrantz et al., 2000). The high benthic 
δ13C recorded in the Atlantic Iberian margin before 7.17 Ma and the 

Fig. 16. From top to bottom: simplified stratigraphic log of the Faneromeni section (Krijgsman et al., 1994; Santarelli et al., 1998) showing sapropels and marly 
layers; insolation curve (black) and the obliquity curve (grey) from Laskar et al. (2004); planktic δ18O records of the Iberian Atlantic margin composite section (this 
work); benthic δ13C records of the Iberian Atlantic margin composite section (this wok) and the benthic δ13C records of ODP Site 976. The vertical blue shading 
highlights the insolation cycles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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sudden and high amplitude drop observed at this time probably reflects 
the drastic changes occurring in the Mediterranean in response to its 
isolation from the Atlantic. The high benthic δ13C in the latest Tortonian 
earliest Messinian was the result of intense and continuous, Mediterra
nean deep-water ventilation that was drastically reduced at 7.17 Ma 
because of water exchange restriction with the Atlantic. This chemical 
signature was transported to the Atlantic through the MOW even though 
the Gibraltar gateways were largely reduced at that time. 

The presence of MOW in the Atlantic Iberian Margin of Spain is also 
visible in the benthic δ13C after 7.17 Ma. The observation of precession 
driven drops in benthic δ13C seems to reflect the events of poor-bottom 
water ventilation in the Mediterranean during sapropel deposition. This 
cyclical pattern of the benthic δ13C in the Atlantic margin of Spain is 
different from that recorded in the open Atlantic and Pacific, where 
benthic δ13C variability follows glacial cycles in phase with obliquity. 

The comparison of the benthic δ18O records in the Atlantic margin of 
Spain and ODP site 982 in intermediate depths of the North Atlantic 
shows a continuous δ18O difference of near 2 units along the Messinian. 
This difference, which was probably the result of the presence of warmer 
waters near the Gibraltar Arch paleostraits, seems to suggest the 
continuous flow of Mediterranean warm water to the Atlantic 
throughout the Messinian. 
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Popov, S.V., Rögl, F., Rozanov, A.Y., Steininger, F.F., Shcherba, I.G., Kovac, M., 2004. 
Lithological-paleogeographic maps of Paratethys-10 maps late Eocene to pliocene. 

Potter, R.A., Lozier, M.S., 2004. On the warming and salinification of the Mediterranean 
outflow waters in the North Atlantic. Geophys. Res. Lett. 31 (1). 

Raddatz, J., Rüggeberg, A., Margreth, S., Dullo, W.-C., Expedition, I., 2011. 
Paleoenvironmental reconstruction of Challenger Mound initiation in the Porcupine 
Seabight, NE Atlantic. Mar. Geol. 282 (1–2), 79–90. 
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Delgado, J.A., 2015. Astronomical tuning for the upper Messinian Spanish Atlantic 
margin: Disentangling basin evolution, climate cyclicity and MOW, 135, 89–103. 

Van den Berg, B.C.J., Sierro, F.J., Hilgen, F.J., Flecker, R., Larrasoaña, J.C., 
Krijgsman, W., Flores, J.A., Mata, M.P., 2018. Imprint of Messinian Salinity Crisis 
events on the Spanish Atlantic margin. Newsl. Stratigr. 51 (1), 93–115. 

Van der Schee, M., Van den Berg, B.C., Capella, W., Simon, D., Sierro, F.J., 
Krijgsman, W., 2018. New age constraints on the western Betic intramontane basins: 
A late Tortonian closure of the Guadalhorce Corridor? Terra Nova 30 (5), 325–332. 

Voelker, A.H., Lebreiro, S., Schönfeld, J., Cacho, I., Erlenkeuser, H., Abrantes, F., 2006. 
Mediterranean outflow strengthening during northern hemisphere coolings: a salt 
source for the glacial Atlantic? Earth Planet. Sci. Lett. 245 (1–2), 39–55. 

Westerhold, T., Marwan, N., Drury, A.J., Liebrand, D., Agnini, C., Anagnostou, E., 
Barnet, J.S., Bohaty, S.M., De Vleeschouwer, D., Florindo, F., 2020. An 
astronomically dated record of Earth’s climate and its predictability over the last 66 
million years. Science 369 (6509), 1383–1387. 

F. Bulian et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0415
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0415
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0415
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0420
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0420
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0420
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0425
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0425
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0425
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0430
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0430
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0435
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0435
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0440
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0440
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0440
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0445
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0445
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0450
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0450
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0450
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0450
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0455
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0455
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0455
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0460
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0460
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0460
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0460
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0465
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0465
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0465
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0470
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0470
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0470
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0470
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0475
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0475
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0480
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0480
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0480
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0480
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0480
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0485
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0485
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0485
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0485
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0490
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0490
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0490
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0495
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0495
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0495
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0500
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0500
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0500
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0505
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0505
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0505
http://refhub.elsevier.com/S0921-8181(23)00271-0/rf0505

	Mediterranean water in the Atlantic Iberian margin reveals early isolation events during the Messinian Salinity Crisis
	1 Introduction
	2 Materials and methods
	2.1 Stable isotope analyses
	2.2 Major and minor element analysis
	2.2.1 Statistics

	2.3 Planktic foraminifer analyses
	2.4 Spectral analyses

	3 Results
	3.1 Stable isotope record
	3.2 Statistical analysis

	4 Age model
	4.1 Initial tie points
	4.2 Astronomical tuning and composite section
	4.3 Astronomical ages of the magnetic polarity reversals during the Messinian

	5 Discussion
	5.1 Global vs. local changes in water masses
	5.2 Mediterranean water influence on the Atlantic margin

	6 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	References


