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The Messinian Salinity Crisis (MSC) successions record extreme fluctuations in the Mediterranean’s environ-
mental conditions. However, some of the scenarios that are thought to have caused these extreme environments
are contentious. One prominent example of this is the Mediterranean water level during the Lago-Mare stage of
the MSC, which is interpreted either as being very low during a largely desiccated Mediterranean punctuated by
endorheic lakes (lacustrine scenario) or sufficiently high to enable basin-wide connectivity across the Mediter-
ranean and with the Atlantic and the Eastern Paratethys (lagoonal scenario). In SE Spain, adjoining marginal
basins of Sorbas, Nijar and Vera exhibit sedimentary records of the Lago-Mare stage. Here we present 11 new
875r/865r isotope ratios measured on ostracod (Cyprideis sp.) valves from these successions, which add to the 11
already published data from these basins and whose significance, in terms of water provenance, has not been
fully explored. In parallel, we construct a mass balance model that provides quantitative insights into the Sr
isotopic composition of the water in which the ostracods dwelt. Overall, measured and published &7Sr/%6sr
isotope ratios from Sorbas (0.709066-0.709131), Nijar (0.708814-0.709099) and Vera (0.708764-0.708813) all
show lower values than modelled ratios for endorheic lakes (>0.7100). These Spanish basins therefore require an
additional source of water with a lower Sr isotope signature which is likely to have been derived from the main
Mediterranean waterbody (0.7086-0.7087). This interpretation implies that at least the Western Mediterranean
had a relatively high and fluctuating water level during the Lago-Mare stage of the MSC.

5.60-5.55 Ma) of extensive subaerial erosion (Hsii et al., 1973; Lofi
et al., 2005) and salt deposition (Lugli et al., 1999), a second unit (Upper

1. Introduction

Late Messinian hydrological changes in the Mediterranean, insti-
gated by reduced connectivity with the Atlantic Ocean (Flecker et al.,
2015; Krijgsman et al., 2018) and increased connectivity with the
Eastern Paratethys (Flecker and Ellam, 2006; Krijgsman et al., 2010;
Grothe et al., 2020), are considered to have been the main cause of the
ecological and environmental extremes experienced by the Mediterra-
nean during the Messinian Salinity Crisis (MSC, Roveri et al., 2014a).
Stage 1 (5.97-5.60 Ma) of the consensus chronostratigraphic model
(Roveri et al., 2014a) is documented in onshore sedimentary records by
successions of alternating primary gypsum-shales and marls-shales
couplets (Primary Lower Gypsum, PLG; e.g., Lu, 2006; Lugli et al.,
2010; Dela Pierre et al., 2011). Following a period (MSC Stage 2;
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Gypsum, UG) of alternating gypsum and marls was deposited in the
central (Sicily, lonian Islands) and eastern regions (Crete, Cyprus) of the
Mediterranean (MSC substage 3.1; 5.55-5.42 Ma; Manzi et al., 2009b,
2016). Multi-disciplinary observations relating to Mediterranean-
Atlantic connectivity suggest that a persistent Atlantic inflow to the
Mediterranean with restricted outflow is likely to have existed during
PLG deposition (Hardie and Lowenstein, 2004; Lu, 2006; Krijgsman and
Meijer, 2008; Lugli et al., 2007, 2010, 2013, 2015; Dela Pierre et al.,
2011; Roveri et al., 2014a, 2014b; Flecker et al., 2015; Garcia-Veigas
et al., 2018; Manzi et al., 2018; Reghizzi et al., 2018), while a one-way
flow with blocked outflow prevailed during halite and UG precipitation
(Krijgsman and Meijer, 2008; Roveri et al., 2014c; Marzocchi et al.,

E-mail addresses: f.andreetto@uu.nl (F. Andreetto), c.j.beets@vu.nl (C.J. Beets), R.Flecker@bristol.ac.uk (R. Flecker), W.Krijgsman@uu.nl (W. Krijgsman).

https://doi.org/10.1016/j.palaeo.2020.110139

Received 16 March 2020; Received in revised form 11 November 2020; Accepted 11 November 2020

Available online 21 November 2020

0031-0182/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:f.andreetto@uu.nl
mailto:c.j.beets@vu.nl
mailto:R.Flecker@bristol.ac.uk
mailto:W.Krijgsman@uu.nl
www.sciencedirect.com/science/journal/00310182
https://www.elsevier.com/locate/palaeo
https://doi.org/10.1016/j.palaeo.2020.110139
https://doi.org/10.1016/j.palaeo.2020.110139
https://doi.org/10.1016/j.palaeo.2020.110139
http://crossmark.crossref.org/dialog/?doi=10.1016/j.palaeo.2020.110139&domain=pdf
http://creativecommons.org/licenses/by/4.0/

F. Andreetto et al.

2016; Krijgsman et al., 2018). According to the consensus model of
Roveri et al. (2014a), this connectivity configuration translated into a
Mediterranean base-level at Atlantic level during PLG deposition and
below during halite precipitation, even though halite precipitation in a
full Mediterranean cannot be rule out (Krijgsman and Meijer, 2008;
Roveri et al., 2014c; Meilijson et al., 2019). However, the connectivity
history and water level of the Mediterranean during the final MSC phase,
the Lago-Mare (or substage 3.2; 5.42-5.33 Ma), remain highly contested
(see Orszag-Sperber, 2006; Roveri et al., 2014a; Caruso et al., 2019).

Rocks of this terminal MSC interval comprise mainly coarse- to fine-
grained siliciclastic deposits (e.g., Roveri et al., 1998; Rouchy et al.,
2001; Guerra-Merchan et al., 2010; Dela Pierre et al., 2011) and spo-
radic primary gypsum beds (Tuscany and Sicily, Italy; Roveri et al.,
2008a; Manzi et al., 2009b). The sedimentary successions are frequently
stacked in cycles interpreted to be precession driven (Fortuin and
Krijgsman, 2003; Roveri et al., 2008a; Manzi et al., 2009b, 2016;
Omodeo Salé et al., 2012). The fine-grained interbeds contain faunal
assemblages that include brackish mollusks, ostracods and dinoflagel-
late cysts typical of the Black Sea region (Gliozzi et al., 2007; Stoica
et al., 2016; Grothe et al., 2018; Sciuto et al., 2018). Such anomalohaline
faunal associations have been recognized throughout the Mediterranean
in both marginal settings (Malaga, Sorbas, Nijar and Vera basins in SE
Spain, Piedmont Basin, Northern Apennines and Sicily in Italy, Crete,
Cyprus and S Turkey) and in deep-sea records (DSDP 129A, 375, 376
and ODP 967, 968, 975, 978) (Roep and Van Harten, 1979; Cita et al.,
1978; McCulloch and De Deckker, 1989; Blanc-Valleron et al., 1998;
Spezzaferri et al., 1998; Bonaduce and Sgarrella, 1999; Iaccarino and
Bossio, 1999; Rouchy et al., 2001; Bassetti et al., 2006; Cosentino et al.,
2007; Grossi et al., 2008, 2015; Guerra-Merchan et al., 2010; Dela Pierre
et al., 2011; Stoica et al., 2016).

The traditional view of Mediterranean paleogeography during the
Lago-Mare phase is an isolated and desiccated Mediterranean studded
with low-salinity endorheic lakes supplied with sediments and dissolved
elements by local rivers (e.g., Ruggieri, 1967; Hsii et al., 1973; Cita et al.,
1978; Orszag-Sperber et al., 2000; Ryan, 2009; Lymer et al., 2018;
Camerlenghi et al., 2019; Caruso et al., 2019; Kartveit et al., 2019;
Madof et al., 2019; Raad et al., 2020). In this scenario, the Black Sea
ostracods, mollusks and dinoflagellates are considered to be transported
by migratory aquatic birds (Benson, 1978; Benson and Rakic-El Bied,
1991; Caruso et al., 2019). Although it is not explicitly stated, the same
scenario is endorsed by the proponents of the Zanclean flood as the
mechanism that led to the replenishment of a desiccated Mediterranean
(e.g., Amadori et al., 2018; Micallef et al., 2018, 2019; Ben-Moshe et al.,
2020; Garcia-Castellanos et al., 2020; Spatola et al., 2020), since it is
physically unfeasible that Paratethyan water entering the eastern Med-
iterranean could have spread westward in a Mediterranean Basin iso-
lated and desiccated during Stage 3 (Marzocchi et al., 2016; Stoica et al.,
2016). By contrast, a Mediterranean almost completely full, dominated
by non-marine waters from the major Mediterranean drainage systems
(Roveri et al., 2008a) and from Eastern Paratethys (Flecker and Ellam,
2006; Vasiliev et al., 2010, 2017; Marzocchi et al., 2016; Van Baak et al.,
2016; Grothe et al., 2020), has been proposed in the light of the
occurrence of the same species of ostracods everywhere in the Medi-
terranean (Gliozzi et al., 2007; Stoica et al., 2016; Sciuto et al., 2018).
The discovery of dwarf specimens of long-ranging planktic foraminifera
species in the Lago-Mare of the Bajo Segura record (Corbi and Soria,
2016), the anomalous peak in the abundance of the calcareous nanno-
fossil Sphenolithus abies underneath the M-P boundary in ODP site 968
(Castradori, 1998) and molecular biomarkers with hydrogen isotope
compositions (8Dp.alkanes) Similar to present-day marine settings (Vasi-
liev et al., 2017) point to some supply also from the Atlantic.

In a restricted Mediterranean Basin where several isotopically-
distinct water sources are thought to have contributed to its hydrolog-
ical configuration, 8”Sr/%°Sr ratios can be used to discriminate between
the various sources of water (Flecker et al., 2002; Flecker and Ellam,
2006; Topper et al., 2011) and to infer phases of isolation or connectivity
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(e.g., McCulloch and De Deckker, 1989). In most Mediterranean mar-
ginal basins (e.g., Apenninic sub-basins; Schildgen et al., 2014), how-
ever, the predominance of Mesozoic carbonates in the catchments
(®7Sr/%%r ratios vary from ~0.7071 to ~0.7076; McArthur et al., 2012)
means that local run-off has a relatively low Sr isotope ratio, which
could be similar to a mixture of the three potential sources of the
Mediterranean Basin, i.e., Atlantic (~0.7090 during the late Messinian;
McArthur et al., 2012), main Mediterranean rivers (e.g., Nile with
0.7060 and Rhone with 0.7087; Brass, 1976; Albarede and Michard,
1987) and Eastern Paratethys (0.7084-0.7085; Grothe et al., 2020),
making local and Mediterranean inputs challenging to distinguish. By
contrast, the adjoining Sorbas, Nijar and Vera basins in SE Spain all have
present-day fluvial catchments dominated by Paleozoic mica schists and
phyllites (Sanz de Galdeano and Santamaria-Lopez, 2019) and Miocene
volcanic rocks (e.g., Toscani et al., 1990; Zeck et al., 1998; Conticelli
et al., 2009). Rivers draining these rocks have substantially higher
878r/868r ratios (>0.7100 on average; e.g., Zeck et al., 1998; Toscani
et al., 1990; Conticelli et al., 2009). This contrast makes it possible to
distinguish local fluvial supply to these Spanish marginal basins from
the lower Sr isotope ratios of Mediterranean’s water sources. We
therefore investigated the hydrology of this cluster of marginal basins in
SE Spain using new and published (McCulloch and De Deckker, 1989;
Fortuin et al., 1995; Roveri et al., 2019) 878r/%0Sr data measured on
well-preserved ostracod valves of Cyprideis sp. from the latest Messinian
deposits of the Sorbas (Zorreras Mb.), Nijar (Upper Mb. of Feos Fm.) and
Vera (Unit 2) basins. The measured Sr isotope ratios correspond to the Sr
isotopic composition of the water inhabited by the ostracods. The
878r/8%6r of each watersheds’ lithology is used to estimate the local river
water compositions, while a mass balance model is used to identify and
quantify the different water sources feeding each marginal Spanish ba-
sins. Combining these geochemical data and model constraints with
previous sedimentological and paleontological findings we provide in-
sights into the Mediterranean’s water level during the latest Messinian.

2. Geological setting
2.1. Evolution of the Neogene basins of the Betic Cordillera

The Sorbas-Nijar-Vera basins are NE-SW elongated depressions
belonging to the Betic Cordillera in southern Spain (Fig. 1A; Sanz de
Galdeano and Vera, 1991, 1992; Vera, 2000). The post-orogenic evo-
lution of the arc-shaped Betic-Rif mountain belt is dominated by both
vertical (Martinez-Diaz and Hernandez-Enrile, 2004; Capella et al.,
2017) and strike-slip motions (Montenat and Ott d’Estevou, 1999; Jonk
and Biermann, 2002) that generated narrow subsiding depressions filled
with the erosional products of adjacent basement highs (Krijgsman
et al., 2000; Vera, 2000, 2001; Braga et al., 2006; Capella et al., 2018).
The subsiding basins of SE Spain were part of the Betic Corridor, a set of
four narrow marine gateways that connected the Atlantic Ocean and the
Mediterranean Sea via southern Spain during the late Miocene (Martin
et al., 2014; Flecker et al., 2015; Krijgsman et al., 2018). From the latest
Tortonian onwards, continuous uplift of the Betic-Rif system progres-
sively changed the dimensions of the marine corridors in both Spain and
Morocco (Krijgsman et al., 2006, 2018; Martin et al., 2014), inducing
severe restriction of Mediterranean-Atlantic exchange, substantial hy-
drological reorganization of Mediterranean circulation patterns (Flecker
et al., 2015 and references therein) and ultimately the MSC (Roveri
et al., 2014a). While the Betic Corridor’s internal basins (Lorca, Fortuna,
Granada, Huércal-Overa, Campo Coy) were isolated before the Messi-
nian, preserving evaporitic successions referred to as the “Tortonian
Salinity Crisis of the eastern Betics” (Krijgsman et al., 2000; Corbf et al.,
2012), the external basins (Malaga, Nijar, Sorbas, Vera, Murcia-
Cartagena, Bajo Segura) contain sedimentary records of the Messinian
Salinity Crisis (Fig. 1A; e.g., Fortuin et al., 1995; Fortuin and Krijgsman,
2003; Braga et al., 2006; Guerra-Merchan et al., 2010).
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Fig. 1. A) Geological map of the Betic Cordillera showing the location of the internal (G=Granada, HO=Huércal-Overa, L=Lorca, F=Fortuna) and external (N=Nijar,
S=Sorbas, V=Vera, MC=Murcia-Cartagena, BS=Bajo Segura) Neogene basins. B) Schematic geological map of the eastern end of the Betic Cordillera (modified after
Fortuin and Dabrio, 2008). Blue squares indicate the location of the studied sections in the Nijar (BcD: Barranco de los Castellones; CdR: Cerro de los Ranchos) and
Vera (CdA: Cuevas del Almanzora) sections. Samples’ provenance from the Sorbas Basin is unknown. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

2.2. Late Miocene connectivity evolution and stratigraphy of the Sorbas-
Nijar basins

The Nijar and Sorbas basins are today separated from each other by
the sierras de Gador, Alhamilla and Cabrera (Fig. 1B). The Sierra de los
Filabres and Sierra de Bédar border the Sorbas Basin to the north, while
the Sierra de Gata (or Cabo de Gata, CdG) constitutes the SE edge of the
Nijar Basin (Fig. 1B). Cabo de Gata is a volcanic complex belonging to
the Alboran volcanic province, a 500-600 km long, SW-NE trending belt
stretching from N Africa to SE Spain and characterized by magmatic
activity of Neogene age (ca. 20 to 2 Ma; Zeck et al., 1998). During the
Miocene, until the end of MSC Stage 1, both basins were connected to
the Mediterranean, which made its entrance in the Nijar Basin from the
south and in the Sorbas Basin through NW-SE trending corridors north to
Nijar (Fortuin and Krijgsman, 2003; Fig. 1B). Despite the fact that
sedimentation in both basins has been strongly affected by the activity of
three major strike-slip fault zones, i.e., the NE-SW Serrata-Carboneras
Fault, the E-W trending Gafarillos Fault Zone and the N-S Palomares
Fault Zone (Montenat and Ott d’Estevou, 1999; Fig. 1B), the intimate
communication between the Nijar and Sorbas basins is reflected in their
similar pre-MSC Stage 2 successions.

The hundred meter thick pre-MSC infill of both basins unconform-
ably overlies the metamorphic basement of the Betic Cordillera and, for
the Nijar Basin only, the volcanic complex of Cabo de Gata (Fig. 1B). The

oldest sediments are of Serravallian-early Tortonian age (Brachert et al.,
2002). The late Tortonian-early Messinian period is preserved in the
marginal areas of the basins as fossil-rich calc-lithic arenites (Azagador
Member of Turre Formation, Volk and Rondeel, 1964) and reef car-
bonates (Cantera Reef Member of Turre Formation; Volk and Rondeel,
1964). In the basin center, the deepest water facies are represented by
epibathyal marls (Abad Member of Turre Formation; Fig. 2A). This unit
is characterized by a well-developed, precession-controlled lithological
cyclicity exemplified in the lower part by homogenous marls and more
indurated, opal-CT-rich layers that change up-section to sapropelitic
laminites, marls and chalks (van de Poel, 1991; Sierro et al., 2001 and
references therein). Particular attention has been paid to the sediments
of the MSC, because both Sorbas and Nijar preserve two of the most
complete records of this period in the Mediterranean. The MSC starts
here with the Yesares Formation (Dronkert, 1976; van de Poel, 1991;
Krijgsman et al., 2001; Fortuin and Krijgsman, 2003; Lu, 2006), attrib-
uted to MSC Stage 1 (Fig. 2A). Locally in the Nijar Basin, vuggy lime-
stones, limestone breccias, calciturbidites and sandstones belonging to
the Manco Limestone Member pass upward, with an erosional contact,
into dominantly detrital gypsum beds.

Sorbas-Nijar-Mediterranean connectivity was severed in the late
Messinian by differential uplift of the basement highs, which resulted in
the erosion of Paleozoic crystalline rocks (mostly mica schists and
phyllites; Sanz de Galdeano and Santamaria-Lopez, 2019), Permo-
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Fig. 2. A) More recent (and herein adopted) stratigraphic frameworks for the Sorbas, Nijar and Vera basins. Their correlation with the MSC consensus chro-
nostratigraphic model of Roveri et al. (2014a) is also shown. Red numbers correspond to the age (in Ma) of each event. B) Stratigraphic log of the Barranco de Los
Castellones and Cerro de los Ranchos in sections in Nijar and of the Cuevas del Almanzora section in Vera where some of the new and published &Sr/%6Sr ratios
herein discussed come from. The Cerro Colorado section in Sorbas is only meant to show the stratigraphy and sedimentological features of the Zorreras Mb., since the
exact provenance of the analyzed samples is unknown (see text). Correlations among the Nijar sections is based on Fortuin and Dabrio (2008). Astronomical tuning of
the Nijar sections to climatic precession (P), 100 kyr eccentricity (E) and the 65°N insolation curve (I) of Laskar et al. (2004) is based on Hilgen et al. (2007). MES c.c.:
Messinian Erosional Surface correlative conformity; ZFS: Zanclean Flooding Surface (see Subsection 3.1 for further insights). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Mesozoic sediments and early-middle Miocene volcanics of Cabo de
Gata and their incorporation in Messinian strata (Roep et al., 1998;
Fortuin and Krijgsman, 2003). The triple connection may have recurred
during substage 3.1, when basinal marls and shallow-water carbonates
with marine fauna (echinoids, scleractinians and bivalves) are found
(Sorbas Mb. of Sorbas and Lower Mb. of the Feos Fm. in Nijar; Braga
et al., 2006; Fig. 2A). The Nijar-Sorbas connection is believed to have
been absent during substage 3.2, characterized in both the basins by
fluvial sediments and fine-grained deposition in a subaqueous environ-
ment interpreted as an endorheic lake (Zorreras Mb. of Sorbas and Upper
Mb. of the Feos Fm. in Nijar; Fortuin and Krijgsman, 2003; Braga et al.,
2006; Aufgebauer and McCann, 2010; Fig. 2A). Only for the Nijar Basin,
an intermittent connection with the Mediterranean persisting
throughout Stage 3 has been proposed on the basis of the observed
ostracod assemblages of the Feos Fm. (Stoica et al., 2016). The Sorbas-
Nijar-Mediterranean connection was undoubtedly restored at the base

of the Zanclean with the deposition of foraminifer-rich biocalcarenites
(Gochar Fm. in Sorbas and Cuevas Fm. in Nijar; Aguirre, 1998; Roep
et al., 1998; Roveri et al., 2019; Fig. 2A).

2.3. Late Miocene connectivity evolution and stratigraphy of the Vera
Basin

The Vera Basin is located to the NE of the Sorbas and Nijar basins,
enclosed by the Sierra de Bédar to the NNW, Sierra Cabrera to the S and
Sierra Almagrera to the NE (Fig. 1B). The late Tortonian-Messinian (i.e.,
pre-MSC) sedimentation in Vera was similar to the adjacent Sorbas and
Nijar basins, with pelagic marls passing upslope into reef carbonates
(Fig. 2A,; Fortuin et al., 1995). In Vera, turbidites, slumps and volcanites
are frequently found in the “Abad” marls (Unit 1 or Santiago Beds;
Fortuin et al., 1995) and related to the initiation of the activity of the
Palomares fault (Fortuin et al., 1995). Late Messinian primary
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evaporites are absent in Vera. Instead, the Santiago beds are uncon-
formably overlain by shallow-water laminated mudstones containing
Black Sea-type brackish-water ostracods (Unit 2; Fortuin et al., 1995;
Stoica et al., 2016; Caruso et al., 2019), which in turn are covered by
marine marls of Pliocene age (Cuevas Fm. or Unit 3; Fortuin et al.,
1995). Reworked gypsum occurs associated with olistostrome-like de-
posits in the area surrounding the village of Garrucha, suggesting that
evaporites probably were deposited in Vera as well, but subsequently
removed by sin- to post-depositional erosion (Fortuin et al., 1995).

In terms of connectivity, the stratigraphy of the Vera Basin indicates
that it was part of the Sorbas-Nijar-Mediterranean system until the onset
of the MSC and possibly during evaporite deposition (Fortuin et al.,
1995; Fortuin and Krijgsman, 2003). Splitting of the Sorbas-Nijar-Vera
system is thought to have occurred in late Yesares times probably due
to the uplift of the Sierra Cabrera (Fortuin et al., 1995) and persisted
throughout the Lago-Mare stage, when an endorheic lake was filling the
Vera Basin (Benson and Rakic-El Bied, 1991; Caruso et al., 2019). An
opposite interpretation described a continuous Mediterranean connec-
tion during the Lago-Mare phase, with Vera depicted as an embayment
of the Mediterranean, which was therefore topped up with water (Stoica
et al., 2016).
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3. The post-evaporitic records
3.1. Feos Formation (Nijar)

Following the lithostratigraphic scheme of Omodeo Salé et al.
(2012), the Feos Formation has been subdivided into two members
sandwiched between two major stratigraphic surfaces: (I) the Messinian
erosional surface (MES) and its correlative conformity (MES c.c.) at the
base; (II) the Zanclean flooding surface (ZFS) at the top (Fig. 2B). The
Lower Member is mainly a resedimented and gypsum-bearing chaotic
unit overlain by alternating silt and reworked gypsum crystals with
mudstones. Noticeable here is the presence of a brown-black Mn-hy-
droxide-enriched level ~ 10 m above the boundary with the Yesares
Formation (Fig. 2B). This bed is a useful marker that can be traced
throughout the southeastern sector of the basin (Fortuin and Krijgsman,
2003). Approximately 20 m above this marker bed, the boundary with
the more terrigenous and less carbonate-rich Upper Member is placed,
denoting an important change in depositional environment (Fortuin and
Krijgsman, 2003; Omodeo Salé et al., 2012).

The Upper Member is characterized by red to grey coarse-grained
continental intervals (conglomerates and sandstones) alternating with
white to grey, laminated chalky-marl (Figs. 2B, 3A; Fortuin and Krijgs-
man, 2003; Omodeo Salé et al., 2012). Four complete alternations and

Zanclean Flooding Surface )

Loaiialy ot

Fig. 3. A) Part of the type section of the Feos Fm. along the river Alias at Los Feos. The cliff section (herein named El Salto del Lobo) shows the superposition of a
thick pink and reddish continental interval, followed by white ostracods-bearing laminated mudstones, passing upwards into a next coarse clastic, continental in-
terval. B) Photograph of the conformable stratigraphic contact between the uppermost Lago-Mare sandstone of the Feos Fm. and the Zanclean biocalcarenites of the
Cuevas Fm. in the Barranco de los Castellones section (rock hammer for scale). C) Photograph showing the largely red continental sediments of the Zorreras member
locally interrupted by white limestones (white arrows). The gradual transition of the Zorreras Mb. from the Sorbas Mb. underneath and to the Gochar Fm. on top is
also appreciable. Car for scale. D) Panoramic view of the Cuevas del Almanzora section and detail of the sampling site logged in Fig. 2B. (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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one incomplete cycle are observed, sealed by the marine Pliocene strata
of the overlying Cuevas Formation (Figs. 2B, 3B). The sharp lithological
transition to open marine deposits is slightly erosional at the basin
margins but appears to be conformable above a fluvial sandstone in the
central parts of the basin (Fig. 3B; Fortuin and Krijgsman, 2003).

Based on the assumption that these alternations are precessional
cycles, the Lower Mb.-Upper Mb. transition has been cyclostrati-
graphically dated at 5.42 Ma in its better exposed section of Barranco de
los Castellones (37°00'51.1"N; 2°00'05.7”W; Omodeo Salé et al., 2012;
Fig. 2B). This age corresponds to the substage 3.1-3.2 transition of the
consensus model (Roveri et al., 2014a) as defined in the Northern
Apennines (Roveri et al., 2008a and references therein).

The four fine-grained intervals of Nijar’'s Upper Member host a
microfaunal assemblage mainly composed of oligohaline, Black Sea-type
ostracods mixed with marine foraminifera (Fortuin and Krijgsman,
2003; Bassetti et al., 2006). Bassetti et al. (2006) recognized significant
variations in ostracod species within each pelitic bed. They differenti-
ated two main assemblages: the first occurs at the base of the fine-
grained hemicycle and is characterized by low species diversity domi-
nated by Cyprideis agrigentina with rare specimens of Tyrrhenocythere sp.
The second assemblage, which occurs at the top of each pelitic bed, has a
higher species diversity with abundant Paratethyan-like specimens
belonging to different genera (e.g., Cyprideis, Candona, Loxorniculina,
Amnicythere, Loxoconcha). It is noteworthy to point out that Bassetti
et al. (2006) claimed that these ostracod species have no affinity with
the coeval Paratethyan species. However, Stoica et al. (2016) showed
that this conclusion arose from the employment of different taxonomic
concept. Consequently, Paratethyan ostracods also inhabited the Nijar
Basin.

The foraminiferal assemblage found in the pelitic intervals is
considered to be in situ by Aguirre and Sanchez-Almazo (2004), but
physically reworked by all others (Fortuin and Krijgsman, 2003; Bassetti
et al., 2006; Fortuin and Dabrio, 2008; Omodeo Salé et al., 2012).

3.2. Sorbas-Zorreras members (Sorbas Basin)

The package of sediments sandwiched between the Yesares Gypsum
and the Pliocene in Sorbas are subdivided into two members: the Sorbas
Member and the Zorreras Member.

The Sorbas Member, studied in detail by Roep et al. (1998), is ~70 m
thick and it consists of marls, silts and sands arranged in three para-
sequences recording base-level fluctuations that pass marginally into the
so-called Terminal Carbonate Complex (TCC), a carbonate platform
system constituted by heterogeneous limestones and minor coarse sili-
ciclastic sediments (see Roveri et al., 2009 and Bourillot et al., 2010 for
insights and references). As such, overall the Sorbas Member is inter-
preted as having been deposited in a shallowing-upward environment
surrounded by shallower carbonate factories and emerged areas sup-
plying the coarser siliciclastic fraction (Roep et al., 1998; Braga et al.,
2006; Aufgebauer and McCann, 2010).

The Sorbas Member and TCC are conformably overlain by the up to
75 m thick Zorreras Member (Fig. 3C). This unit mainly consists of azoic
paleosoils, reddish silt- and sandstones, grey-coloured sandstones and
conglomerates with some intercalated carbonate beds (Fig. 3C), whose
exact number is debated from two to four (Roveri et al., 2009, 2019;
Aufgebauer and McCann, 2010). These limestones range in thickness
from 95 cm to 120-152 cm. They are whitish, massive, with little evi-
dence of internal structure and only contain rare ostracod specimens
mostly belonging to the euryhaline Cyprideis sp., Loxocorniculina dja-
farovi and freshwater species of the family Limnocytheridae (Roep and
Van Harten, 1979; Aufgebauer and McCann, 2010). In some outcrops, a
thin bed (3-10 cm) of green-grey-coloured mudstone is present below
the upper carbonate bed and this contains thick laminae (0.6-1 cm) of
bituminous material (Aufgebauer and McCann, 2010). At present, the
Zorreras Member is interpreted as representative of the repetitive
development of alluvial fan systems sporadically interrupted by the
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expansion of lacustrine conditions related to either intra-basinal flood-
ing events (Aufgebauer and McCann, 2010) or water incursions from the
Nijar Basin (Mather and Stokes, 2001; Fortuin and Krijgsman, 2003).
Whatever the provenance of the water was, the position of the carbonate
layers indicates that subaqueous conditions established suddenly and
lasted ephemerally (Aufgebauer and McCann, 2010).

Over the years, the attribution of the Sorbas and Zorreras members to
the MSC stages, likewise the age boundaries, changed and is still
controversial (see summary in Krijgsman et al., 2001 and Roveri et al.,
2019). In this paper we adopt the more recent chronostratigraphic
framework of Roveri et al. (2009, 2019), which attributed the Sorbas
member to Stage 2 and substage 3.1 and the Zorreras member to the
Lago-Mare phase (Fig. 2A).

3.3. Unit 2 (Vera Basin)

Unlike in Nijar and Sorbas, the Lago-Mare phase in Vera is only
expressed by ~12 m of varicoloured laminated mudstones (Unit 2 of
Fortuin et al., 1995; Figs. 2A-B), whose best exposure is found in the
Cuevas del Almanzora section (37°17'00”N; 1°50'33"W) (Fig. 3D;
Montenat and Bizon, 1976; Benson and Rakic-El Bied, 1991; Fortuin
et al., 1995; Stoica et al., 2016; Caruso et al., 2019). An ostracod fauna
with Paratethyan affinity typifies the mudstones (Stoica et al., 2016;
Caruso et al., 2019). The ostracod fauna changes in diversity from the
base of the section, where it is dominated by Cyprideis sp., to the top,
which is rich in species typical of the Pontian of the Euxinic and Caspian
basins (Stoica et al., 2016), similarly to the mudstone horizons of the
Upper Mb. of the Feos Fm. in Nijar. The lower contact of these sediments
with older lithologies is not exposed, while on top they are capped by an
erosional surface draped by conglomeratic accumulations (Fortuin et al.,
1995; Stoica et al., 2016; Caruso et al., 2019).

4. Material and methods
4.1. Evaluation of ostracods & Sr/%0Sr isotope ratios

4.1.1. Samples selection

Strontium (¥Sr/%%Sr) isotope compositions were obtained from the
calcitic valves of the ostracod Cyprideis sp. picked from the uppermost
four pelitic strata of the Upper Member of the Feos Formation in the
Barranco de los Castellones section in Nijar (Fig. 2A), the lowermost
limestone horizon of Sorbas (unknown locality) and the marly mud-
stones of Vera in an outcrop next to the Cuevas del Almanzora section. In
the Nijar Basin, two additional samples, one from the Cerro de los
Ranchos section (Fig. 2B) and one from an outcrop (named El Salto del
Lobo; Fig. 3A) along the river Alias, were studied. In the stratigraphic
interval expressing the Lago-Mare stage in these three basins the os-
tracods are an archive of the water Sr chemistry, because during valves
secretion they extract Sr from the water in which they dwelt (Figs. 6A-B)
with isotopic fractionation effects that may occur during the liquid-solid
transition but that are removed during data reduction (Hajj et al., 2017
and references therein). All the other lithologies present in the strati-
graphic intervals studied (conglomerates, sands and reddish pelites;
Fig. 2B) were deposited in a continental environment and lack abiotic
and/or biotic phases suitable for Sr analyses.

In the Barranco de los Castellones section (Nijar Basin), only six
samples of the pelitic intervals of the Feos Fm. contained sufficient (e.g.,
4) well-preserved ostracod valves to permit Sr isotope analysis to be
carried out. In cycle I and II, both the measurements come from the
bottom of the pelitic layer immediately above the transition from the
underlying continental conglomerates, while in cycles III and IV two
samples were obtained from the bottom and the top of the pelitic layers
(Fig. 2B). The new data from Sorbas, Nijar and Vera are intended to
update and widen the dataset already built in the past by McCulloch and
De Deckker (1989) for the Sorbas Basin, Roveri et al. (2019) for the Nijar
Basin and Fortuin et al. (1995) for the Vera Basin. Roveri et al. (2019)
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measured one sample from the uppermost mudstone horizon of the Feos
Upper Mb. in the Barranco de los Castellones section. Fortuin et al.
(1995) run seven measurements of samples from the Cuevas del
Almanzora section. Of these data point, one has not been considered due
to a large analytical error. McCulloch and De Deckker (1989) did not
specify from which of the two (or four) lacustrine levels their Sorbas
measurements came from (Fig. 2B). New and published measurements
have been carried out on valves of Cyprideis sp. We have chosen to be
consistent with the species analyzed to minimize the possible effects of
biological fractionation (i.e., the vital effect), although Sr appears only
to undergo significant fractionation in its 5%%Sr/%°Sr, while for the
radiogenic 37Sr/%0sr used here fractionation is normalized out during
the measurement (e.g., Hajj et al., 2017).

4.1.2. Samples preparation and measurement

Single valves (~10) of the selected specimens for each sample were
first repeatedly cleaned in Milli-Q water by mild ultrasonification lasting
30 s, after which the liquid and any contamination was pipetted off.
Visual inspection using binocular microscope and SEM indicates that all
adherent clays had been removed by this process. The valves were then
placed in acid-cleaned 1 ml centrifuge tubes and dissolved in ~0.5 ml 5
N acetic acid for ~2.5 h. After centrifuging at 12,000 rpm for 8 min, 400
pl of the fluid was taken out and dried overnight in open, acid-cleaned,
savillex PFA 24 mm rocket beakers at ~110 °C. Two drops of concen-
trated HNO3 were added to all dried samples, which were then taken up
in 3 N HNOs. The elemental composition (Ca, Sr, Mg and Mn) was
determined on a weighted aliquot of this solution using a Liberty II
Varian ICP-AES, in order to assess the total amount of strontium. Sub-
sequently, based on the ICP-AES analyses ~1 microgram of strontium
was purified using column separation with ion-specific Sr-spec resin.

The #5r/%Sr ratio was analyzed by thermal ionisation mass spec-
trometry using a Finnigan MAT 262, mostly following the method as
described in Beets (1991) and Fortuin et al. (1995). Briefly, aliquots of
~500 ng of the selected samples were loaded on single, zone-refined
rhenium filaments with a mixture of TaCls and H3PO4 emitter-fluid.
During the measurements of the Lago-Mare ostracods, three NBS 987
standards were added to the sample turret to monitor the reproducibility
of the measurements. Also a procedural blank, including separation
chemistry and loading, was measured. Average NBS 987 87Sr/%0sr is
0.710247 + 0.000011 (1sd; n = 3), whereas the in-run precision of in-
dividual measurements was better than 0.000010 (1sd). The blank was
determined at 0.124 ng Sr, which is less than 0.025% of the average
amount of loaded Sr and therefore negligible. All isotope analyses were
carried out in a clean-lab environment at the Vrije Universiteit
Amsterdam.

4.2. Mass-balance calculations

The 87Sr/%0sr isotopic composition of Sr dissolved in a subaqueous
sedimentary environment is dependent upon the ®Sr/®sr isotopic
composition and Sr concentration of all the reservoirs that contribute to
shape the water body (e.g., Doebbert et al., 2014; Zielinski et al., 2017).
Knowing the strontium parameters (i.e., 873r/86sr ratios and strontium
concentration) and the relative contribution of each water source, the
878r/86gr isotopic composition (Sr%,/(gf’re) of a mixture of multiple (1, 2,

. n) water sources can be calculated by means of a chemical mass
balance approach (e.g., Placzek et al., 2011; Doebbert et al., 2014;
Grothe et al., 2020):

Sr%ﬁ?,fm = Fri '875r/865rR1 + FR2'87ST/8651‘R2 + ... +FRn-87Sr/SGSar (@D)]

where Fgry o . is the fraction of Sr that each source contributes and
87gr/865r R1,2, ... is the Sr isotope ratio (dimensionless) specific to each
reservoir. In turn, the Sr fractional contribution (F) of individual sources
is:
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Fri =
o [Srlgi-di + [St]go-da + ... + [St]g,dn

(2)

where [Srlg, (mg/1) is the strontium concentration and d;, (dimension-
less) is the fraction of discharge of each water source.

Using these equations, we developed a strontium mass-balance
model to help constrain the evolution of the Sr isotopic composition of
the Sorbas, Nijar and Vera water bodies inhabited by the ostracods,
varying the mixing proportion between the different water sources. We
explored the mutually exclusive possibilities of a system of isolated
endorheic lakes supplied only by intrabasinal inputs (surface runoff and
groundwater; Fig. 6A) and of a system of basins that received additional
extrabasinal water (and therefore Sr) from the Mediterranean Basin
(Fig. 6B).

The model requires knowledge of the Sr flux into the basins from
every major source (Table 1). As for the runoff terms, given the lack of
direct measurements on present-day analogs we considered each of the
main catchment-forming lithologies (Fig. 5; see Subsection 5.2) to have
been a source of Sr with the same 8 Sr/3%sr ratio as the one measured on
the bulk rock, while the values of strontium concentration for source
(herein mentioned as local rivers) are based on [Sr] observed in modern
rivers draining carbonate and silicate rocks (e.g., Brenot, 2006; Doeb-
bert et al., 2014; Zielinski et al., 2017). The Sr concentration of the
carbonate end member has been adjusted to a higher value than the
average (e.g., Brenot, 2006) to account for the higher solubility relative
to igneous or metamorphic basement rocks. The assumption of using
873r/865r ratios of bedrocks as analogue of the 8Sr/%%Sr ratios of rivers
derives from the fact that Sr?* dissolved in rivers inherits the isotope
signature of the rocks weathered in the catchment (Brenot, 2006;
Doebbert et al., 2014; Hajj et al., 2017; Zielinski et al., 2017). 87y /86sr
value of 0.7086 for the Mediterranean water is (roughly) the midpoint
value of the range of Sr values (0.7085-0.7087; Fig. 4A) measured on
ostracods recovered from the intermediate basin of Caltanissetta in
Sicily (Grossi et al., 2015) and from DSDP sites drilled in the central
Mediterranean basins (McCulloch and De Deckker, 1989). Three values
of Sr concentration have been employed: an extremely high value of 8
mg/l, which corresponds to the value of the present-day seawater
(Veizer, 1989), an extremely low value of 0.5 mg/l, which is a more
fluvial-like value, and an intermediate (and more likely) value of 1 mg/1
(see Subsection 6.4 for more insights). The input of Sr from groundwater
is the major unknown as it cannot be realistically reconstructed and
sampled and present-day estimates are absent. For this reason, the
groundwater component is not incorporated in the model.

Mass balance calculations can be applied to n-component systems

Table 1

Summary of the 8”Sr/%6Sr and Sr concentration of each water source considered
in the mass-balance calculation. 8”Sr/%Sr isotope ratio of river 5 and 6 are the
arithmetic average of the mixed sources.

Water source 875r/85r Strontium References
(range) concentration [Sr]
(mg/1)
Late Messinian 0.7086 8,1 and 0.5 Text, Section
Mediterranean 4.2
water
River 1 (Sch) 0.726545 0.035 Text, Sections
4.2 and 5.2
River 2 (Dol) 0.708612 0.260 Text, Sections
4.2 and 5.2
River 3 (Orth) 0.713684 0.035 Text, Sections
4.2 and 5.2
River 4 (Vol) 0.712496 0.035 Text, Sections
4.2 and 5.2
River 5 (Sch + Orth) 0.720115 0.035 Text, Sections
4.2 and 5.2
River 6 (Sch + Orth 0.712668 0.035 Text, Sections

+Vol) 4.2 and 5.2
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Fig. 4. A) Compilation of 8Sr/®°Sr isotope data for the Mediterranean during the Messinian Salinity Crisis. A cyclostratigraphic age has been assigned to each sample
according to the chronostratigraphic framework of Roveri et al. (2014a) for outcropping sections and Roveri et al. (2014b) for DSDP and ODP cores. Error bars
indicate analytical error which is so small in some cases that no error bars are visible at this scale. Mediterranean 8”Sr/%°Sr data are derived from: McKenzie et al.
(1988); McCulloch and De Deckker (1989); Miiller and Mueller (1991); Fortuin et al. (1995); Flecker and Ellam (1999, 2006); Keogh and Butler (1999); Lugli et al.
(2007, 2010); Roveri et al. (2014b, 2019); Schildgen et al. (2014); Evans et al. (2015); Grossi et al. (2015); Karakitsios et al. (2017); Reghizzi et al. (2017, 2018);
Garcia-Veigas et al. (2018). This data set has been compiled and evaluated and is available in the supplementary information (Supplementary material S1). Ocean
water ratios are from McArthur et al. (2012); Black-Caspian Sea data are from Grothe et al. (2020); Rhone value is from Albarede and Michard (1987). B) Detailed
878r/86Sr record for Lago-Mare data from the Sorbas, Nijar and Vera basins and the coeval ocean ratio. Vera’s values from the Cuevas del Almanzora section (Fortuin
et al., 1995) are plotted using the chronostratigraphic framework of Stoica et al. (2016) and Caruso et al. (2019). New Nijar values generated during this project from
the Barranco de Los Castellones and Cerro de los Ranchos sections are plotted using the chronostratigraphic framework of Hilgen et al. (2007). For the remaining
values, age uncertainties are present. Underlined sample labels refer to the new measurements generated in this work. See supplementary material S2 for references

of each datum.

(Eq. (1)), but the results are difficult to represent graphically. Accord-
ingly, here we apply the procedure considering each basin as a three-
component system (only local rivers in the lacustrine scenario, local
rivers and Mediterranean water in the lagoonal scenario; Fig. 6) and we
plot the isotopic signature of each mixture on a ternary diagram (Fig. 7).
When the Mediterranean is not part of the system (i.e., lacustrine sce-
nario; Fig. 6A), three continental fluvial sources are considered in the
model (Figs. 7A-B). When the Mediterranean is considered (i.e.,
lagoonal scenario; Fig. 6B), only two riverine sources are taken into
account (Figs. 7C-E) by combining those with the same Sr concentration
(see Table 1) and calculating the arithmetic mean of the 875r/805r ratios
of the individual sources. A detailed explanation of the approach pur-
sued to constrain model results is provided in Subsection 5.3.

5. Results
5.1. 87sr/%sr isotope ratios of Spanish (Lago-Mare) ostracods

The new 87Sr/%%Sr values from the Sorbas, Nijar and Vera basins are
comparable with the values obtained by McCulloch and De Deckker

(1989), Fortuin et al. (1995) and Roveri et al. (2019) from the same
source material (Fig. 4B, Supplementary material S2).

Overall, the 8Sr/%0Sr isotope ratios from these three Spanish basins
encompass a wide range of values (from 0.708764 to 0.709131) strad-
dling the ocean water ratio during the Lago-Mare phase (~0.7090;
McArthur et al., 2012; Fig. 4B). Other than one sample (N1b) from Nijar
Basin’s Sr isotope record (0.708814-0.709099) none of the data are
within error of coeval ocean water (0.709022-0.709026; McArthur
et al., 2012; Fig. 4B), but the Nijar record links the higher values
recorded in Sorbas (0.709066-0.709131; Fig. 4B), with much lower
ones from Vera that are close to published ratios (<0.7088) typical of
Lago-Mare sediments (substage 3.2) elsewhere in the Mediterranean
(Fig. 4A).

Despite the low resolution of the data, the 8Sr/%Sr isotope record of
the astronomically tuned Barranco de los Castellones section in Nijar
(Fig. 2B) provides us with some hints as to the variation in isotopic
composition of the water mass at subprecessional scale. The measured
878r/8%r for cycle I plots within error of coeval global seawater Sr
isotope ratios, while the other values from the base of the pelitic beds are
all less radiogenic than ocean water (Fig. 4B). The samples from the
upper parts of cycles III and IV are substantially lower than the rest of
the Nijar data (0.708835-0.708814, respectively) and they are similar to
values measured from substage 3.2 ostracods that inhabited the neigh-
bouring Vera Basin (Fig. 4B).
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5.2. Bedrock 87Sr/%0Sr isotope ratios

Measurements of present-day &Sr/26Sr ratios are available for all the
main lithologies forming the crystalline basement and the overlying
sedimentary covers in the watershed of the three marginal Spanish ba-
sins (Fig. 5A; see Supplementary material S2). We group these rock-
types into four categories: para-derived rocks (i.e., phyllites and mica
schists), ortho-derived rocks, volcanic rocks and dolostones (Fig. 5B).

The sierras de los Filabres and de Bédar to the north of the Sorbas and
Vera basins consist of tectonic units belonging to the Nevado-Filabride
complex (Sanz de Galdeano and Santamaria-Lopez, 2019). Here, both
para- and ortho-derived metamorphic rocks are found (Fig. 5A). The
recent cartography of the western side of the Sierra de los Filabres by
Sanz de Galdeano and Santamaria-Lopez (2019) revealed that para-
derived rocks are by far the more widespread. Among them, high-
grade Paleozoic (+Mesozoic) phyllites and mica schists are the major
constituent, with subordinate quartzites and sandstones (Fig. 5A; Sanz
de Galdeano and Santamaria-Lopez, 2019). These meta-sediments have
highly radiogenic 87Sr/3°sr isotope ratios (0.713310-0.731679; Arribas
Jr. et al., 1995; Nieto et al., 2000; Kirchner et al., 2016; Fig. 5B),
compatible with 87Sr/8Sr values carried by the same rocks of the same
age forming the metamorphic basement of the Mesozoic covers in Tus-
cany, Italy (0.713310-0.724882-0.738229; Conticelli et al., 2009).
Ortho-derived rocks (e.g., metabasites, ophiolites, gneiss) of ages
ranging from the Carboniferous to the Paleocene are found as isolated
intrusions. These rocks are characterized by highly variable 87Sr/%6sr
values (Puga et al., 2002), ranging from very low (0.703243) to very
high (0.729459) ratios. Rare occurrence of Triassic marbles are also
observed (Sanz de Galdeano and Santamarfa-Lopez, 2019), but no
measurements of their Sr ratios are available.

In general, the abundance of carbonates, especially Triassic (possibly
also Jurassic) dolomites, is relatively higher in the Sierra Alhamilla and
Sierra Cabrera bordering the Nijar and Vera basins than in the sierras de
los Filabres and de Bédar (Fig. 5A). The 875r/805r values of these car-
bonate bedrock lithologies range between a minimum of 0.707606 to a
maximum of 0.710737 (Arribas Jr. et al., 1995; Conticelli et al., 2009;
Mueller et al., 2020), averaging 0.708612 (Fig. 5B). These values are
higher than the range predicted for the catchment limestones of both
Triassic (from 0.707663 at 251.9 Ma to 0.707335 at 201.3 Ma, average
of 0.707761; McArthur et al., 2012) and Jurassic age (from 0. 0.707335
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at 201.3 Ma to 0.707189 at 145 Ma, average of 0.707182; McArthur
et al., 2012). This aspect is common in metamorphic settings where
carbonates are surrounded by silicate-rich rocks with high 87Sr/%%sr and
is generally related to post-depositional processes that cause phyllosili-
cate mineral phases with radiogenic &7Sr/®Sr ratios to disseminate in
limestones, making Sr isotope composition of these carbonates more
radiogenic (e.g., Bickle et al., 2001).

An important source of allochthonous material supplied to the Nijar
Basin is derived from the Sierra de Gata to the SE (Figs. 1B, 5A). The
Cabo de Gata volcanic complex is mainly made up of Burdigalian-
Pliocene volcanic rocks and minor leucogranitic intrusions interca-
lated within the Miocene and older sedimentary fill and resting discor-
dantly over the basement rocks (Zeck et al., 1998). The younger (i.e.,
Messinian-Pliocene) lithologies are ultrapotassic rocks (lamproites:
fortunites, jumillites, verites) and alkali-basalts that form only small and
widely scattered bodies at the two southern and northern extremes of
the Sierra de Gata (Zeck et al., 1998). The core of the complex is
concentrated in its central parts and is made up of calc-alkaline volcanics
(e.g., andesite; Zeck et al., 1998). Several (i.e., > 80 to our knowledge)
875r/88sr isotope ratios of the calc-alkaline rocks are available from lo-
calities spanning the entire extent of the Sierra (Toscani et al., 1990;
Arribas Jr. et al., 1995; Zeck et al., 1998; Conticelli et al., 2009). Cabo de
Gata volcanics are grouped in a relatively well-defined cluster of very
radiogenic isotopic values between 0.709691 and 0.716403 (Toscani
et al., 1990; Arribas Jr. et al., 1995; Zeck et al., 1998; Conticelli et al.,
2009; Fig. 5B).

Neogene magmatic rocks of the Alboran volcanic province also occur
in the Vera Basin (Figs. 1B, 5A). These rocks are dated to the early
Messinian (see Conticelli et al., 2009 for references) and are also char-
acterized by high 87Sr/%6Sr isotope ratios, ranging from 0.721029 to
0.722831 (Conticelli et al., 2009).

5.3. Model results

Mass balance modelling of the Sr isotope signal of the Spanish
marginal basins produces a wide range of 8Sr/%Sr ratios (Fig. 7).
Ideally, the Sr fluxes for each of the water sources would constrain the
mixing proportion required to reproduce each measured Messinian
87Sr/88sr ratio. Unfortunately, reliable values for Messinian fluvial Sr
fluxes cannot be obtained directly, but instead are deduced from the

Fig. 5. A) Simplified geological map of the sierras surrounding the Sorbas, Nijar and Vera basins (modified from Murillo-Barroso et al., 2019 and Sanz de Galdeano
and Santamarfa-Lopez, 2019). B) Delimitation of isotopic fields of the main catchments-forming lithologies in the ”Sr/®°Sr isotopic ratios. Analytical errors are
smaller than the symbols. Black squares indicate the average 8 Sr/2Sr isotopic ratio of each isotopic field, which has been employed in the mass-balance calculation

(values are listed in Table 1).
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catchment’s geology (Fig. 5B). To do this, we use the standard
assumption that catchment area is proportional to discharge (e.g.,
Placzek et al., 2011). This means that the larger the volume of a specific
lithology in the catchment, the more influence it has over the Sr flux of
the river draining the catchment. The mountains surrounding the Sor-
bas, Nijar and Vera basins today were already partially uplifted during
Lago-Mare times (e.g., Benson and Rakic-El Bied, 1991; Roep et al.,
1998; Fortuin and Krijgsman, 2003). They are dominated by mica schists
and phyllites with more minor carbonates (Fig. 5A). To constrain the
873r/88sr ratios of a hypothetical lake filling the Sorbas Basin which has
a drainage basin with >50% mica schists and phyllites (labelled Sch;
Fig. 5B), we assumed that these lithologies accounted for more than 50%
of the dissolved Sr (Fig. 7A). The same threshold value is employed for
all model outputs in the lagoonal scenario (Figs. 7C-E), where schists
and phyllites are merged together with other similar lithologies carrying
similar Sr concentration (Table 1; see Subsection 5.2 for insights). The Sr
flux from mica schists and phyllites is decreased to 40% for the Nijar
Basin and to 30% for the Vera Basin (Fig. 7B) to account for the higher
volume of carbonates in the catchments of these two basins (Fig. 5A).

Using this approach the Sr dissolved in a hypothetical Messinian lake
in the Sorbas Basin would have 8Sr/®%sr > 0.7100. Lower ratios are
predicted for lakes in the Nijar (down to 0.7096) and Vera (down to
0.7092) basins. When Mediterranean water is added to the system of
local rivers, the range of possible 87Sr/%%sr ratios in all basins is sub-
stantially lower, from 0.7088 to >0.7092 (Figs. 7C-E). Plotting the range
of Sr isotope ratios measured on ostracods on top of the model results
demonstrates that none of the predicted ®Sr/®0sr ratios for three
endorheic lakes, one in each basin, overlaps with the measured values
(Figs. 7A-B). Instead, measured and modelled 875r/%0Sr ratios are in
better agreement when Mediterranean Sr is mixed with the local riverine
Sr (Figs. 7C-E).

6. Discussion

6.1. Causes and paleoenvironmental implications of the & Sr/%0sr
fingerprint of the Lago-Mare phase: is desiccation the only explanation?

The Lago-Mare scenario of non-marine sedimentation in a deep
desiccated Mediterranean (here labelled to as “lacustrine scenario”; e.g.,
Ruggieri, 1967; Hsii et al., 1973; Cita et al., 1978; Benson and Rakic-El
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Bied, 1991; Orszag-Sperber et al., 2000; Ryan, 2009; Maillard et al.,
2014; Camerlenghi et al., 2019; Caruso et al., 2019; Kartveit et al., 2019;
Madof et al., 2019; Raad et al., 2020) implies that each disconnected
sub-basin had a unique base-level history and water chemistry. By
contrast, the alternative scenario (i.e., “lagoonal scenario”) envisages
connection between sub-basins raised at elevations close to normal sea
level by the same water mass filling the Mediterranean Basin (e.g.,
McCulloch and De Deckker, 1989; Roveri et al., 2014b, 2014c; Mar-
zocchi et al., 2016; Vasiliev et al., 2017; Garcia-Veigas et al., 2018;
Grothe et al., 2020), which is expected to result in a more chemically-
homogeneous water mass. Radiogenic strontium isotope ratios
(87r/8%sr) reflect the source water inputs and can be used to discrimi-
nate between scenarios where the water sources have different 8Sr/30sr
ratios (e.g., Ingram and Sloan, 1992; Vonhof et al., 1998; Flecker et al.,
2002; Doebbert et al., 2014). Strontium influx in the lacustrine scenario
is derived from drainage within each catchment (Fig. 6A). The 875y /86gr
ratio of each water source is dependent upon the lithologies weathered
in the watersheds and the Sr ratio of the resulting endorheic lake reflects
all these inputs (Fig. 6A; Brenot, 2006; Bataille et al., 2012; Doebbert
et al., 2014; Baddouh et al.,, 2016). In the lagoonal scenario, each
marginal basin receives additional water from the Mediterranean
(Fig. 6B), which in turn was supplied from the major peri-Mediterranean
drainage systems (e.g., Nile, Rhone and Po; Griffin, 2002) plus the
Eastern Paratethys (Flecker and Ellam, 2006; Krijgsman et al., 2010;
Stoica et al., 2016; Grothe et al., 2020) and, possibly, the Atlantic (Manzi
et al., 2009b; Vasiliev et al., 2017; Garcia-Veigas et al., 2018; Grothe
et al., 2020). Today, water masses strongly influenced by continental
water but fully connected to ocean water (e.g., the Mediterranean and its
coastal lagoons and estuaries) typically have an oceanic ’Sr/%6Sr
signature (Veizer, 1989; Flecker et al., 2002), because ocean water has a
much higher (~100 times) Sr concentration (7.8 mg/l; Palmer and
Edmond, 1992) than average river water (0.0780 mg/l; Palmer and
Edmond, 1992). Because of the considerable difference in Sr concen-
tration between marine and non-marine-derived Sr, a measurable de-
viation from global ocean 8Sr/%°Sr ratios will only be achieved by a
substantial increase in the source of non-marine Sr with respect to the
marine-derived Sr (e.g., Ingram and Sloan, 1992). Numerical models
applied to the Mediterranean Basin suggest that >25% of total water
input needs to be fluvial discharge for the water mass to become more
sensitive to the non-marine fluxes and evolve an ®Sr/%sr away from the
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Fig. 6. Schematic presentation of the Sr cycle in a Mediterranean marginal basin (MB) disconnected from (A) and connected to (B) the Mediterranean water mass

(modified from Bright et al., 2018).
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ocean Sr isotope signature towards that of its contributing rivers (Topper
et al., 2014).

Late Miocene %7Sr/36Sr data show that Mediterranean Sr isotope
ratios progressively diverged from global ocean values during the MSC,
before going back to follow the oceanic trend in the Pliocene (Fig. 4A).
This trend has been interpreted as geochemical evidence for the re-
striction of Mediterranean-Atlantic connectivity accompanied by a
proportional increase in low-salinity water supplied from Eastern Par-
atethys and/or major peri-Mediterranean rivers (Flecker et al., 2002;
Flecker and Ellam, 2006; Vasiliev et al., 2010, 2017; Reghizzi et al.,
2018; Grothe et al., 2020). The Lago-Mare phase yields the largest range
of Sr isotope ratios during the MSC, from values higher than coeval
ocean water (0.709027-0.709021; McArthur et al., 2012) to much lower
ratios (down to ~0.7085; Fig. 4A). Most of the relatively high values (>
0.708750) come from marginal areas across the Mediterranean, while
lower values are from the intermediate basin of Caltanissetta in Sicily
(Grossi et al., 2015) and basinal locations accessed through DSDP dril-
ling (Fig. 4A; McCulloch and De Deckker, 1989). Combined with the low
salinity levels inferred from Lago-Mare fossils that resemble fauna
dwelling in the Black Sea today (Bassetti et al., 2006; Gliozzi et al., 2007;
Grossi et al., 2008; Stoica et al., 2016), the Lago-Mare Sr isotope dataset
is consistent with negligible ocean water input and multiple isolated
lakes fed by local streams.

The Lago-Mare stage is not the only time during the late Miocene
when Sr isotope ratios drifted away from ratios within error of oceanic
values (Fig. 4A). Some excursions have also been observed in pre-MSC
marginal marine successions (Southern Turkey, Adriatic, Tyrrhenian
Sea, Sorbas Basin; Flecker and Ellam, 1999, 2006; Flecker et al., 2002;
Schildgen et al., 2014; Modestou et al., 2017; Reghizzi et al., 2017) and
in equally marginal PLG sequences (Lugli et al., 2010; Schildgen et al.,
2014; Reghizzi et al., 2018) (Fig. 4A). However, despite the non-oceanic
873r/86sr ratio of some pre-MSC and PLG samples, the hypothesis of
foraminifera dwelling and gypsum precipitating in endorheic lakes has
never been contemplated because several lines of evidence indicated
that a Mediterranean-Atlantic connection was present at that time (e.g.,
calcareous microplankton, marine sulfate of the gypsum, requirement of
Atlantic salt for evaporite precipitation to take place; Krijgsman and
Meijer, 2008; Lugli et al., 2010; Roveri et al., 2014a; Garcia-Veigas et al.,
2018). Although marine indicators in the Lago-Mare sediments (i.e.,
presence of gypsum with marine-like sulfate isotopic composition in the
Balearic, Caltanissetta, Ionian, Levant and Polemi basins, Ricchiuto and
McKenzie, 1978; Pierre, 1982; Pierre and Rouchy, 1990; Manzi et al.,
2009b; Garcia-Veigas et al., 2018; dwarf fauna of in situ-claimed
planktonic foraminifera, Corbi and Soria, 2016; 8Dp.alkanes Values in
the range of normal marine isotopic values, Vasiliev et al., 2017) are
scarcer than in pre-MSC and PLG successions and they are mixed with
brackish water indicators (e.g., the same species of Black Sea ostracods
everywhere in the Mediterranean; Gliozzi et al., 2007; Grossi et al.,
2008; Stoica et al., 2016), these sedimentological, paleontological and
geochemical indicators are also regarded as evidence of a Mediterranean
water mass that was standing high and was periodically flooding the
marginal basins during the Lago-Mare phase. As such, an influence of the
Mediterranean water (and strontium) on marginal basins’ sedimentary
paleoenvironments, which would imply high sea level conditions,
cannot be discarded a priori.

In a Mediterranean almost completely filled with oceanic water these
deviations, typically towards lower ratios, require an increase in the
proportion of non-marine %Sr/%Sr contributing to the Mediterranean
(achieved either by increasing freshwater input or declining oceanic
input,) at a time when the oceanic input must have been close to the
threshold at which non-marine Sr isotope ratios become analytically
distinct from ocean water values. There are three controls on the pro-
portion of fluvial and marine water sources in marginal marine settings:
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1. The freshwater flux which, in the Mediterranean, is modulated on
astronomical timescales by the African summer monsoon (Marzocchi
et al., 2015) and Atlantic winter storms (Marzocchi et al., 2019).

2. The size of the gateway between the marginal basin and the main
Mediterranean basin (Topper et al., 2011, 2014);

3. The density contrast between the marginal basin and the Mediter-
ranean which drives exchange through the gateway (Topper et al.,
2011). In the Mediterranean, density is mainly a function of salinity
and reflects the interplay of the fresh and ocean water fluxes and net
evaporation (Flecker et al., 2002). Modestou et al., (2017)’s study of
the pre-MSC Sorbas Basin demonstrates that even without a reduc-
tion in gateway dimension, exchange is inhibited during periods of
minimal density contrast, increasing the dominance of the fluvial
contribution to the marginal basin sufficiently for the Sr isotope ratio
to become analytically distinct from the coeval ocean value.

Correct interpretation of the Lago-Mare Sr isotope dataset as a whole
therefore needs to take into account the distribution of the sites, climate
variability, catchment changes and the gateways that link the marginal
basins with the main Mediterranean as well as the Mediterranean-
Atlantic gateway(s). In the case of SE Spain, the gateways that are
known to have linked Sorbas, Nijar and Vera basins with each other and
the Mediterranean up until the end of PLG deposition may also have had
the potential to influence the Sr isotope ratios during the Lago-Mare
phase.

6.2. Hydrological setting of SE Spain

In the Spanish basins, all the Lago-Mare Sr isotope data but one in
Nijar plot outside the error interval of coeval ocean water values
(Fig. 4B). This pattern of essentially non-oceanic Sr isotope ratios could,
in principle, be consistent with the presence of three endorheic lakes,
one in each sedimentary basin, with their Sr signature mostly driven by
the geochemistry of their catchment-forming lithologies. This conclu-
sion has already been suggested by some authors for the Sorbas (e.g.,
Aufgebauer and McCann, 2010) and Vera (Benson and Rakic-El Bied,
1991; Caruso et al., 2019) basins based on sedimentological and pale-
ontological observations. Since calcium carbonate incorporates the Sr in
the water from which it precipitates, if the Sorbas, Nijar and Vera basins
were completely isolated lacustrine systems during the Lago-Mare
phase, the 87Sr/36sr ratios of the hosted ostracods are expected to fall
within the range of 8”Sr/%Sr values resulting from the mixing of only
intrabasinal sources (i.e., rivers and groundwaters; Fig. 6A).

In the absence of knowledge about the chemistry of ancient river
water, 7Sr/80Sr ratios of present-day rivers are typically used to
reconstruct the paleohydrological regime of a water body at any specific
time (e.g., Placzek et al., 2011; Doebbert et al., 2014). The strontium
concentration and isotope ratio of the rivers feeding the Sorbas, Nijar
and Vera basins during the Late Miocene are unknown and no mea-
surements on modern rivers are available. However, because the iso-
topic composition of river water is a function of the isotopic composition
of the lithologies in the watershed (Fig. 6; e.g., Brenot, 2006; Doebbert
et al., 2014), some indicators of the paleofluvial geochemistry can be
gleaned by analyzing the 8Sr/8%Sr ratios of the rocks forming the sierras
surrounding the basins (Figs. 1B, 5). Such an approach is justified by the
lithological composition of both the coarse and fine-grained Lago-Mare
facies in all three Spanish basins and some paleocurrent measurements
(Fig. 2B; Benson and Rakic-El Bied, 1991; Roep et al., 1998; Fortuin and
Krijgsman, 2003), which suggest that all the main lithologies forming
the sierras today supplied clastics from areas partially emerged during
the Lago-Mare phase. All these lithologies differ from each other in their
isotopic compositions (Fig. 5B). Paleozoic para- and ortho-derived
metamorphic rocks and Miocene volcanics are more radiogenic, with
878r/8%Sr from 0.709691 up to 0.722831. In contrast, Triassic-Jurassic
dolostones carry less radiogenic 87Sr/%%Sr (average of 0.708612).

A closer look to the 87Sr/%°Sr values measured on the Sorbas-Nijar-
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Vera Lago-Mare ostracods reveals a trend of diminishing values from
Sorbas (0.709066-0.709131) to Nijar (0.708835-0.709099) to Vera
(0.708764-0.708813) (Fig. 4B). This trend indicates that from Sorbas to
Vera, the water body filling each basin integrated more Sr from a lower
radiogenic source. In the lacustrine scenario, rivers draining the
Triassic-Jurassic carbonates could have provided dissolved Sr with a low
radiogenic Sr signature. Given that these carbonates are more wide-
spread in the catchment of Vera than in Nijar and they are very rare in
Sorbas (Fig. 5A), the range of 878r/80Sr values measured on the Sorbas-
Nijar-Vera ostracods might be the result of mixing of higher and lower
intrabasinal water sources. However, modelling the 8Sr/%0Sr resulting
from the mixing of only intrabasinal rivers indicates that Sr provided by
the Triassic-Jurassic carbonates would need to contribute >50% of the
total Sr released into each basin in order to reproduce the &7Sr/%6sr
isotope ratios measured on the ostracods (Figs. 7A-B). Although the
exact fraction of Sr provided by each of the rivers is unknown, such a
high contribution from carbonates is at odds with the outcropping ge-
ology in the catchments which are dominated by the other rock types
(Fig. 5A), even adjusting for the higher solubility of carbonates as we
have done here. Groundwater, which has been shown to make signifi-
cant contributions to Sr budgets (e.g., Hart et al., 2004; Schildgen et al.,
2014), is an alternative water source. The role of past groundwaters is
difficult to assess (e.g., Placzek et al., 2011; Doebbert et al., 2014) and
present-day measurements of the groundwater system of the region (e.
g., Doebbert et al., 2014) are also lacking. However, geological cross-
sections of the area (see Sanz de Galdeano and Santamaria-Lopez,
2019 and references therein) reveal a subsurface geology similar to the
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one exposed to subaerial weathering. This means that if a substantial
groundwater network was present in the region during the Lago-Mare
time, it was adding to the hydrologic system isotopic compositions
and concentrations similar to the one provided by surface water.

The results of modelling the lacustrine Sr isotope ratios of the three
Spanish basins based on their catchment geology suggest that these
would have been as low as 0.7092 in Vera, 0.7096 in Nijar (Fig. 7B) and
0.7100 in Sorbas (Fig. 7A), all values substantially higher than those
measured on the ostracods (Fig. 4B; Figs. 7A-B). This mismatch between
the 87Sr/%5sr values measured on ostracods and ®Sr/%sr ratios ex-
pected from the lake water implies that, to satisfy the mixing relation-
ships, there was an additional contribution of less radiogenic water
during deposition of the Lago-Mare carbonates in Sorbas and mudstones
in Nijar and Vera.

One possibility is that the source of less radiogenic Sr was the
dissolution of pre-existing evaporites in the basins, which is a process
observed to have played a major role in the formation of the late Tor-
tonian gypsum deposits of the internal Betic basins (Fig. 1A; e.g., Campo
Coy, Lorca and Fortuna; Orti et al., 2014; Garcia-Veigas et al., 2019;
Artiaga et al., 2020), and/or Stage 1 brines remained in the basins after
their disconnection from the Mediterranean during Stage 2. However,
Stage 1 gypsum has Sr isotope ratios similar to coeval sea water
(Reghizzi et al., 2018) and this is too high to depress the fluvial signal to
the Sr isotope ratios measured on Lago-Mare ostracods. Stage 2 halite,
which potentially have sufficiently low 87Sr/%®sr to draw modelled
values down to the ostracod values (Fig. 4A), has not been found in these
basins and so cannot be a dissolved source of low Sr isotope water during
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Stage 3. If local streams, groundwater and Stage 1 evaporites/water
cannot account for the Sr isotope ratios measured on Lago-Mare ostra-
cods, the only left source of low radiogenic Sr is the Mediterranean water
mass during Stage 3. For it to have contributed to these marginal basins,
its base level must have been at the level of these marginal Spanish
basins during the Lago-Mare.

6.3. Sr isotope consequences of the lagoonal scenario for the Lago-Mare
story

The main challenge to modelling the input of Mediterranean water
into the Spanish marginal basins is its compositional uncertainty during
the Lago-Mare. The literature contains interpretations of Mediterranean
water in the Lago-Mare as being totally marine (e.g., Carnevale et al.,
2018) or brackish (McCulloch and De Deckker, 1989; Roveri et al.,
2008a) or density-stratified (Roveri et al., 2014¢; Marzocchi et al., 2016;
Vasiliev et al., 2017; Garcia-Veigas et al., 2018) with a hypersaline brine
of unknown composition possibly resting at the bottom (Marzocchi
et al., 2016; Gvirtzman et al., 2017; Garcia-Veigas et al., 2018). Each
compositional interpretation involves different contributing water
sources (fluvial, epi-continental and oceanic), and each therefore sug-
gests a different Mediterranean 878r/80Sr and [Sr]. Fortunately, well-
preserved in situ Lago Mare ostracods (e.g., laccarino and Bossio,
1999; Grossi et al., 2015) are present in more central Mediterranean
basins like the intermediate basin of Caltanissetta (Grossi et al., 2015)
and the deeper Balearic and Levantine basins (e.g., McCulloch and De
Deckker, 1989; Iaccarino and Bossio, 1999). Regardless of the salinity of
the Mediterranean water mass at the time, the 87Sr/%Sr of these central
basin ostracods provides us with an indication of its Sr/%°Sr finger-
print. During the Lago-Mare, the Sr isotope ratio of the central Medi-
terranean basins was ~0.7085-0.7087 (Fig. 4A; McCulloch and De
Deckker, 1989; Grossi et al., 2015), low relative to the measured values
in the Spanish marginal basins.

More challenging is obtaining a reliable value for strontium con-
centration, which under normal circumstances varies with salinity such
that [Sr] equal to the modern seawater (i.e., 8 mg/l; Veizer, 1989) is
around two orders of magnitude greater than that of global river water
(0.0780 mg/l; Palmer and Edmond, 1992). However, given that the
latest Miocene Mediterranean record contains fossils that indicate it was
not entirely marine and gypsum intervals indicating higher salt con-
centrations than purely fresh water, it is likely that Sr concentration
during the Lago-Mare lays somewhere between these two end-member
values.

To evaluate the impact of this uncertainty, we modelled the Medi-
terranean input with a range of different Sr concentrations (Figs. 7C-E).
These results indicate that the combination of Spanish catchment rocks
and Mediterranean-derived water can reproduce the 87r/8%gr ratios of
the Spanish ostracods in both the extreme (and unlikely) scenarios of a
Mediterranean water mass carrying a present-day like Sr concentration
(Fig. 7C) or an extremely low, fluvial-like Sr concentration (Fig. 7E). The
difference among the scenarios resides in the quantity of Mediterranean
water required to explain a fixed 875r/8%sr value, which varies from
<20% assuming a sea water [Sr] (Fig. 7C) up to 60% for the Vera results
where the [Sr] approaches fresh-water concentrations (Fig. 7E). These
modelling results are therefore compatible with a scenario in which the
main Mediterranean Basin (or at least its western domain) was suffi-
ciently full to allow it to contribute with water to these marginal Spanish
basins during the Lago-Mare subaqueous sedimentation. This is consis-
tent with published stratigraphic and sedimentological arguments con-
cerning the Sorbas and Nijar basins (Fortuin and Krijgsman, 2003;
Omodeo Salé et al., 2012). It is also compatible with the homogeneity of
the ostracod assemblages, not only among Spanish basins (including
Malaga; Guerra-Merchan et al., 2010), but throughout the Mediterra-
nean and the Eastern Paratethys, which points to a water body stretching
from the Alboran margins as far as Eastern Europe (Stoica et al., 2016;
Van Baak et al., 2016). This conclusion counters the hypothesis that
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these Spanish basins persisted as isolated lakes throughout the Lago-
Mare phase until the transition to the Zanclean (Aufgebauer and
McCann, 2010; Caruso et al., 2019).

One further consideration is whether this scenario is compatible with
seismic-based studies of the western Mediterranean’s offshore record.
Gypsum-bearing seismic units with different seismic facies and erosional
base and top surfaces have been recognized in different intermediate
and deep subbasins. The facies variability has been interpreted as being
indicative of unique hydrological settings for each isolated subbasin,
with the erosional surfaces ascribed to subaerial erosion during exposure
periods (e.g., Maillard and Mauffret, 2006; Maillard et al., 2014; Thinon
etal., 2016; Lymer et al., 2018; Raad et al., 2020). These conclusions are
clearly at odds with a Stage 3 scenario of a near full Mediterranean, but
alternatives to these interpretations are not provided. However, recent
research suggests that these seismic features may be open to alternative
explanations. Deep erosional surfaces, for example, are not only formed
as a consequence of subaerial exposure, but can also form in deep-water
well-stratified settings (Gvirtzman et al., 2017; Kirkham et al., 2020).
Lateral facies changes, which are common in marginal, gypsum-
precipitating settings (Piedmont Basin, Dela Pierre et al., 201 1; Po
Plain-Adriatic Foredeep, Ghielmi et al., 2013; Northern Apennines,
Roveri et al., 2001; Caltanissetta Basin, Roveri et al., 2008b), may result
from precession-controlled vertical oscillations of the chemocline in a
deeper, stratified water column (e.g., Sabino et al., 2020). In addition,
gypsum precipitating in endorheic, freshwater-fed basins is inconsistent
with the marine isotopic signature of sulfate recovered from deep-water
sites (e.g., Pierre and Fontes, 1978; Ricchiuto and McKenzie, 1978;
Pierre, 1982; Pierre and Rouchy, 1990; Garcia-Veigas et al., 2018).

It therefore seems possible to reconcile offshore with high Mediter-
ranean water level conditions during the final stage of the MSC. In view
of the foregoing, we stress that alternatives should be considered in
future studies targeting/modelling the deep record and discussed in
light of the observations/conclusions provided from the outcrops.

6.4. Was the Mediterranean base-level fluctuating with precessional
periodicity?

This compilation of Sr isotope measurements on ostracods shows that
a trend exists in the 87Sr/%0Sr data of the Spanish basins (i.e., Sorbas
shows more radiogenic values than Vera and with Nijar in between;
Fig. 4B). Mass-balance calculations show that for a constant value of
Mediterranean Sr concentration the percentage of Mediterranean water
required to explain the measured Sr isotope ratios increases from Sorbas
to Nijar and to Vera (Figs. 7C-E). This is broadly compatible with their
spatial relationship to the Mediterranean, with the Sorbas Basin located
more landward relative to the Nijar and Vera basins. However, both the
sedimentary successions and the Sr data (Fig. 4B) suggest that the
amount of Mediterranean water entering the basins also varied through
time (Fig. 8).

The alternation of continental conglomerate-sandstone and lagoonal
mudstones of the Upper Mb. of the Feos Fm. in the Nijar Basin indicates
that base-level changes were controlling the sedimentation during the
Lago-Mare phase, possibly with precessional periodicity (Fortuin and
Krijgsman, 2003; Omodeo Salé et al., 2012). Since Mediterranean water
contributed to the hydrology of the lagoonal environment (Figs. 7C-E), it
follows that Mediterranean fluctuations in water level are likely to have
mirrored and driven the base-level changes seen in the Nijar Basin.
During the arid phase of the cycle (i.e., precession maxima-insolation
minima) fluvial conglomerates were being deposited by the intra-
basinal rivers (Fig. 2B). This means that the Nijar Basin could not have
been receiving Mediterranean water during this phase (Fig. 8A) at least
in the northern area of the basin, where the studied sections are located
(Fig. 1B). Lagoonal deposition in Nijar occurred in the humid phase of
the precessional cycle (Fig. 2B), therefore indicating that a base-level
rise occurred at the conglomerate-mudstone transition. The uppermost
two mudstone horizons in the astronomically-tuned Barranco de los
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Fig. 8. Schematic illustration of the paleohydro-
logical evolution of the Sorbas (yellow), Nijar (light
and dark green) and Vera (orange) basins during a
precessional cycle of the Lago-Mare phase. A) Fluvi-
atile accumulation occur in Nijar and Sorbas during
arid phases at precession maxima (insolation
minima), while the Mediterranean base-level is at its
minimum and only enters the deeper Vera Basin. B)
Orbitally-driven fluctuations of the Mediterranean
base-level cause the transition, in Nijar, from conti-
nental to lagoonal conditions during humid phases at
precession minima (insolation maxima). Water depth
and ostracod species diversity increase in Vera.
Continental conditions persist in Sorbas. C) Before
entering the arid conditions again (D), the Mediter-
ranean base-level reach the climax. Ostracods di-
versity further increase in Vera and Nijar and Sr
isotope ratios among the two basins are leveled.
Mediterranean waters penetrate in the Sorbas Basin,
interrupting the fluviatile sedimentation and bringing
few species of ostracods. The triangular plot on the
right side (portion of Fig. 7D) aims to visualize the
different amount of water necessary to explain the Sr
data of each basin. The dark green line corresponds to
the Sr data from the base of the mudstone horizons in
the Barranco de los Castellones section (see Fig. 2B).
Light green like corresponds to the Sr data from the
top of the mudstone horizons in the Barranco de los
Castellones section (see Fig. 2B). Ostracods data are
from Roep and Van Harten (1979) for Sorbas, Bassetti
et al. (2006) for Nijar and Stoica et al. (2016) for
Vera. LD: Low diversity; HD = High diversity. The
depth scale is from the depth data from the base of
the Pliocene (see Subsection 6.4 for explanation and
references). (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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Castellones section show that mudstone deposition may have been
accompanied by a systematic change in the Sr/%0Sr values (Fig. 4B)
where the higher ratios, indicative of a more fluvially-dominated signal,
come from immediately above the transition from fluvial conglomerates
to lacustrine pelitic sedimentation (Fig. 2B). This sedimentary transition
is interpreted as the onset of a transgression in each cycle (Fortuin and
Krijgsman, 2003; Omodeo Salé et al., 2012) and it is therefore a moment
at which only a limited amount of Mediterranean water was entering the
basin (Fig. 8B). The less radiogenic values, suggesting a larger contri-
bution from the Mediterranean, occur just below the transition to the
overlying continental facies of the next precession cycle (Fig. 8C), when
the basin, before emptying again (Fig. 8D), was more replenished. A
dynamic contribution of Mediterranean water also seems the most
logical way to explain the episodic appearance of lagoonal carbonates in
the otherwise continental Sorbas Basin (Figs. 2B, 3C). Our observation
that Sr values in Sorbas cannot be explained by simple mixing of local
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source water suggests that a short-lived Sorbas-Mediterranean connec-
tion was episodically established via one, if not both, of the two
neighbouring basins during highest water level intervals (Fig. 8C).

A fluctuating Mediterranean base-level may also be mirrored in the
ostracod record which, like strontium, correlates closely with the sedi-
mentary facies. In the Vera and Nijar basins, a low-diversity assemblage
mainly dominated by the euryhaline and shallow water Cyprideis sp. and
indicative of more fluctuating environmental conditions characterizes
the basal mudstones (Figs. 8A-B), while at the top a plethora of more
stenohaline and deeper water species with Paratethyan affinity and
indicative of a more stable environment occurs (Figs. 8B-C; Bassetti
et al., 2006; Stoica et al., 2016; Caruso et al., 2019). This trend suggests
that during the lowstand phases in each of the two basins (Figs. 8A-B)
physical and chemical conditions were only suitable for species more
tolerant to harsh and fluctuating environmental conditions, while only
during the highstands (Figs. 8B-C) more favorable and stable
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environmental conditions required by the Paratethyan species were
created. The full Paratethyan contingent apparently never reached the
Sorbas Basin, where only few opportunistic species are found (Roep and
Van Harten, 1979; Aufgebauer and McCann, 2010). The lower diversity
with respect to the adjacent basins suggests that environmental pa-
rameters in Sorbas did not evolve sufficiently favorable conditions for
the Black Sea ostracods to flourish, possibly because Mediterranean in-
cursions and retreats happened only over a relatively short period of
time (not quantifiable with our dataset). This is in agreement with the
ephemeral character of the lagoonal environment suggested by the
intercalation of thin and spatially-confined limestones in a dominantly
continental succession (Figs. 2B, 3C; Aufgebauer and McCann, 2010).
The entrance of Mediterranean water in the few tens of meters deep
Sorbas Basin (Roveri et al., 2019) means that Mediterranean base-level
was standing slightly beneath if not at the level of the Atlantic during the
highstand phases (Fig. 8C). Conversely, the deepest Vera Basin provides
us with an idea of the lower limit of the fluctuations of the base level.
The persistence of fine sedimentation in Vera through the Lago-Mare
phase (Fig. 2A) and rather constant vertical trend of the Sr isotope
ratio (Fig. 4B) indicate that even though the base level of the Mediter-
ranean has changed over time, the amount of water delivered to the
basin during the lowstand (Fig. 8A) and highstand (Fig. 8C) phases did
not change enough to expose the basin subaerially, to trigger a facies
change or to shift the Sr signature of the lagoon towards more local
sources’ values as is seen in Nijar. This means that the Mediterranean
base-level did not drop beneath the bottom of the Vera Basin, estimated
to stand at 400-500 m at the base of the Pliocene (Ott d’ Estevou et al.,
1990), or beneath its sill height if there was one. Putting together all
these sedimentological and geochemical constrains, we suggest that
(western) Mediterranean base-level during the Lago-Mare was high,
probably close to the Atlantic level and that it fluctuated by a maximum
of ~400 + 100 m per precession cycle. The inferred precessional char-
acter of the lithological cyclicity (Krijgsman et al., 2001; Fortuin and
Krijgsman, 2003; Roveri et al., 2009; Omodeo Salé et al., 2012) suggests
that an orbitally-forced climatic driver lies behind such variations.

6.5. Future direction: merging together marginal and deep basins
observations

Considering that the Mediterranean Basin was subdivided in a
complex system of variably deep sub-basins separated by physical
thresholds of largely unknown depths (Amadori et al., 2018; Camer-
lenghi et al., 2019), a high and fluctuating Mediterranean base-level
cannot be straightforwardly extrapolated to the whole Mediterranean
on the basis of data exclusively from the far western end. A high Med-
iterranean base-level during Lago-Mare has always been regarded at
odds with Mediterranean-wide seismic (e.g., Maillard and Mauffret,
2006; Maillard et al., 2014; Thinon et al., 2016; Lymer et al., 2018;
Amadori et al., 2018; Micallef et al., 2018, 2019; Camerlenghi et al.,
2019; Kartveit et al., 2019; Madof et al., 2019; Raad et al., 2020; Spatola
et al., 2020) and modelling (Garcia-Castellanos et al., 2020 and refer-
ences therein) interpretations, which mostly point to a low Mediterra-
nean water level in the latest Messinian and, as a consequence, to a
sudden and catastrophic restoration of high sea-level conditions at the
Mio-Pliocene boundary. However, we showed that some data, mostly
from the margins (¥Sr/2%Sr ratios and W-E homogeneity of Paratethyan
ostracod assemblages) but also from deeper, offshore settings (sulfate
isotopes of the Upper Evaporites units) are not explainable in the
lacustrine scenarios, while arguments apparently in favor of it may have
alternative explanations that, however, are rarely addressed and dis-
cussed. Furthermore, a full Mediterranean base-level fluctuating hun-
dreds of meters in a Mediterranean compartmentalized into sub-basins
of variable depth and area do not necessarily imply that marginal and
basinal observations are mutually exclusive, with the erosional features
and fluvial deposits imaged by the seismic that may have been formed
during lowstand phases. Waiting for the success of the on-going
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Mediterranean drilling proposals (DEMISE, DREAM and IMMAGE;
Camerlenghi and Aloisi, 2020) that would provide the Messinian com-
munity with cores potentially suitable to solve the onshore-offshore
correlation riddle, we suggest that future studies targeting the deep
basinal successions should examine whether base-level fluctuations of
hundreds of meters in a full Mediterranean could reproduce the sedi-
mentological, paleontological and geochemical features observed in
existing seismic profiles and wells.

7. Conclusions

Compiled ®7Sr/®sr data from the ostracods that inhabited the
adjoining Sorbas, Nijar and Vera basins during the Lago-Mare along with
strontium mass-balancing modelling and existing sedimentological and
paleontological data shed new light on the terminal Lago-Mare phase of
the MSC. The 87Sr/805r ratios from these three Spanish basins cannot be
explained by an environment shaped only by local river and ground-
water inputs, or with Mediterranean Stage 1 Sr retained in the system
after the isolation of the basins during Stage 2 or in solution into
groundwaters draining buried PLG deposits, but require an additional
external water source with a low radiogenic Sr isotope ratio. Instead, the
measured isotopic data are reproduced when the Mediterranean is
added to the hydrologic system. This is compatible with a near full
Mediterranean during the Lago-Mare rather than the hypothesis that
these Spanish basins were isolated lakes perched above a deeply desic-
cated Mediterranean. Combined analysis of sedimentological, paleon-
tological and geochemical data suggest that Mediterranean base-level
during the Lago-Mare fluctuated by several hundred meters with pre-
cessional periodicity, with the lowstand reached during the arid phase of
the cycle (precession maxima-insolation minima) and the highstand
reached during the humid phase (precession minima-insolation max-
ima). Consequently, we conclude that sedimentation in the marginal
Spanish basins (and in other marginal Mediterranean systems) during
the wet precessional phases of the Lago-Mare stage occurred in a rela-
tively full Mediterranean.
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