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ARTICLE INFO ABSTRACT

Editor: L Angiolini The Campo Coy Basin (SE Spain) exposes >1 km of sedimentary succession with a variety of rocks including a
thick evaporitic succession previously associated with the Messinian time. These evaporites were supposedly
deposited in a restricted Mediterranean-Atlantic seaway connecting the Lorca and Guadix-Baza basins, although
no chronological or geochemical data existed. Here we use palaecomagnetism together with vertebrate and

foraminifera biostratigraphy to constrain the age of the Campo Coy succession between <9 Ma and 4.7 Ma. We
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Zancl, . . . . .
Eiz;;::es use geochemistry (534S, 5180 and 87Sr/®0sr values) of the gypsum deposits to evaluate their marine or continental
Tortonian origin. In addition, we describe the underlying and overlying lithostratigraphic units to reconstruct the palae-

ogeographic evolution of this region. Our results show that the sediments were deposited in a continental
environment, indicating that the Betic Seaway was already closed in this region during the late Tortonian and
that the neighbouring marine basins of Guadix-Baza and Lorca were disconnected during that time. The 534S,
5180 and 87sr/8%sr values of the gypsum indicate recycling from the Triassic sulphates. Sedimentary facies of the
evaporites point to an environment dominated by a saline lake with continental sabkha episodes developed
during the driest periods. Well-defined and laterally continuous evaporitic cyclicity suggests an orbital forcing
and high sedimentation rates preceding the Messinian Salinity Crisis (MSC). Alluvial deposits are contempora-
neous with the MSC indicating a dry continental environment in this region during the Mediterranean restriction.
Overlaying lacustrine carbonates are rich in small vertebrate fauna including African species that migrated to
Europe during the MSC. These carbonates have low 5*%0 and §'3C values characteristic for freshwater input in an
open lake just after the Zanclean flood, suggesting that a wet climate followed the MSC.

1. Introduction 2001; Tent-Manclds et al., 2008; Corbi et al., 2012; Garcia-Veigas et al.,

2019). The closure of the Betic and Rifian seaways favoured the re-

During the early-middle Tortonian, the Mediterranean Sea and the
Atlantic Ocean were connected through the Betic and Rifian seaways,
corresponding with the foreland of the Betic and Rif Cordilleras,
respectively. Due to the Africa and Eurasia plate convergence, the Betic
Seaway (or Betic Strait) emerged locally and transformed into a series of
interconnected marine basins. These basins were restricted and isolated
during the late Tortonian and the early Messinian (Colom, 1952; Sanz de
Galdeano, 1990; Esteban et al., 1996; Soria et al., 1999; Chalouan et al.,
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striction of the Mediterranean, probably leaving as a unique Atlantic-
Mediterranean connection the palaeo-Gibraltar strait (Krijgsman et al.,
2018). This new situation favoured the onset of the so-called Messinian
Salinity Crisis (MSC), forming the youngest saline giant on Earth which
accumulated 5% of the global ocean’s salt in the Mediterranean basin
(Ryan, 1973; Haq et al., 2020) between 5.97 and 5.33 Ma (Krijgsman
et al., 1999; Van Couvering et al., 2000; Rouchy and Carusso, 2006;
Manzi et al., 2013). During the restriction of the Betic Seaway, numerous
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Fig. 1. A) Situation of the Gibraltar Arc and the Betic and Rif Cordilleras (Modified from Crespo-Blanc et al., 2016) B) General geological map of the Betic Cordillera,
with the location of the Campo Coy Basin and other Neogene inner basins (Modified from Soria et al., 1999 and Corbi et al., 2012).

evaporite deposits were formed in the associated Betic basins. Depend-
ing on their position with respect to the Mediterranean Sea, these basins
are divided into “marginal basins” and “inner basins”. The marginal
basins (Sorbas, Nijar, Bajo Segura, among others), were connected to the
Mediterranean Sea during the Messinian and accumulated evaporite
deposits assigned to the MSC (e.g., Rouchy, 1982; Krijgsman et al., 2001;
Rouchy and Carusso, 2006; Soria et al., 2008; Roveri et al., 2009; Corbi
et al., 2016). The inner basins, such as Granada, Lorca, Fortuna, Las
Minas and Jumilla were located more inland, and their evaporite for-
mations developed before the MSC in a transitional (from marine to
continental) or continental environment (Pineda et al., 2021 and ref-
erences therein). Descriptions of continental successions contempora-
neous to the MSC are uncommon in the Mediterranean region, with only
one studied example in central Anatolia (Meijers et al., 2018). The
continental vertebrate fossil content of the MSC is included in the faunal
zone MN13, assigned to the Ventian mammal age (Aguirre et al., 1976)
which covers the period of 7 to 5 Ma (Morales et al., 2013). This faunal
zone includes different faunal exchanges between Africa and Europe
(Gibert et al., 2013 and references therein).

The Campo Coy basin, located between the Lorca and Guadix-Baza
basins, belongs to the group of the inner Betic basins (Fig. 1). Previous
works proposed that, during the late Tortonian-Messinian, the Campo
Coy basin was part of the Betic Seaway, connecting the Guadix-Baza
basin to the southwest and the Lorca Basin to the southeast (Soria
et al., 1999; Corbi et al., 2012) and a Messinian age was assigned to the
Campo Coy evaporites (Soria et al., 1999). In contrast with other Betic
basins, only preliminary information about the Campo Coy Basin is
available in some studies focused on palaeontology (De Bruijn et al.,
1975; Freudenthal et al., 1998), evaporites (Salvany and Orti, 1990;
Artiaga et al., 2020) and geological mapping (Baena, 1974; Paquet et al.,
1974). Nonetheless, the Campo Coy Basin deserves further attention
since it constitutes a key area for reconstructing the closure of the Betic
Seaway and the continental history of the Messinian Salinity Crisis in the
western Mediterranean. Here we present a multidisciplinary study,

which for the first time constrains the age of the Campo Coy deposits. A
new description and illustration of the lithostratigraphy, together with a
petrological characterization of the gypsum deposits, isotope analyses
and palaeontological data allow us to interpret the latest Neogene
palaeogeographic evolution of this region.

2. Geological setting

The Betic Cordillera (SE Spain), together with the Rif Cordillera (N
Morocco), form an arcuate orogen known as Gibraltar Arc (Crespo-Blanc
et al., 2016 and references therein), which surrounds the Alboran Sea
and is limited to the north and south by the foreland massifs of the Iberia
and Africa plates (Fig. 1A). The Betic Cordillera consists of three main
geological domains: Internal Zones, External Zones and Neogene-
Quaternary Basins (Fig. 1B). The Internal Zones constitute an allochth-
onous lithospheric block of metamorphic rocks (Alboran Block,
Andrieux et al., 1971) derived from the Mesomediterranean Microplate,
which migrated westwards until colliding with Iberia and Africa plates
(Durand Delga and Fontboté, 1980; Guerrera and Martin-Martin, 2014).
The External Zones are formed by sedimentary rocks and represent the
Mesozoic and Cenozoic sedimentary cover of the South-Iberia margin
(Lonergan and White, 1997). The External Zones are divided into two
palaeogeographic subdomains: the shallower Prebetic and the deeper
Subbetic. Both the Internal and External zones constitute the basement
of the post-orogenic Neogene-Quaternary basins.

The Campo Coy Basin is a Neogene basin located in the eastern part
of the Betic Cordillera, in the western Murcia province (Spain). This
basin has a SW-NE 22 km-long major axis and a surface area of 150 km?,
with a sedimentary record onlapping the Subbetic basement (Fig. 2A).
The southern margin is limited by the Crevillente Fault and evaporitic
Triassic materials with abundant igneous ophite blocks. These Triassic
materials have been interpreted as extruding along the longitudinal axis
of a flower structure, marked by the Crevillente fault, in a transpressive
tectonic context (De Smet, 1984). To the east, west and north the basin is
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Fig. 2. A) Regional Geological map of the Lorca-Caravaca area. CF: Crevillente Fault. B) Geological map of the studied area in the Campo Coy Basin, with the location
of the studied stratigraphic sections (Modified from Baena, 1974 and Artiaga et al., 2020). ‘Mechanic’ refers to the contact between the Triassic diapir and the
sedimentary cover.
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Fig. 3. A) Aerial photo of the Campo Coy Basin taken in a SW direction from the RM-711 road, and distinction of the observed units. ECU: El Chico Unit; CLU: Clavijo
Unit; LGU: La Golilla Unit; CCU: Campo Coy Unit; ELU: El Lobo Unit. B) Contact between the Triassic basement (Keuper facies) and the El Chico Unit (ECU). Note the

vertical bedding in the ECU.

limited by Jurassic and Cretaceous reliefs (Fig. 2A). The most recent
materials of the basement are Late Miocene marine coastal deposits that
crop out to the southeast and northeast of the basin (Baena, 1974;
Paquet et al., 1974).

The deposits of the Campo Coy Basin are dominantly dipping in an
NNW direction, with the dip increasing considerably along the contact
with the Triassic basement to the south (Fig. 2B, 3). The sedimentary
infill (>1000 m) of the Campo Coy basin consists of six lithostratigraphic
units which are indicated here with local names: El Chico, Clavijo, La
Golilla, Campo Coy, El Lobo and Las Yeguas units (Figs. 3, 4).

3. Materials and methods
3.1. Petrology

Thin sections of gypsum and carbonate samples (n = 20) have been
studied petrographically using a Zeiss Axiophot microscope. All types of
gypsum lithofacies from the Clavijo and Campo Coy units (Fig. 4) were
sampled. Detailed observations of the crystal habits and textural char-
acteristics of gypsum and carbonates were performed using a Jeol-7100
Field Emission SEM equipped with an energy dispersive X-Ray detector
for element analysis (EDX) at the Scientific and Technological Centers of
the University of Barcelona (CCiTUB).

3.2. Geochemistry

Sulphur isotope compositions (5>*Scpr) were determined in 31
gypsum samples from Clavijo and Campo Coy units, while oxygen
isotope compositions (580gyow) were measured in 11 of these samples.
Measurements were done at the Scientific and Technological Centers of
the University of Barcelona (CCiTUB). Samples were dissolved in heated
(50 °C) ultrapure water, filtered to eliminate insoluble material and
acidified to pH 3 to eliminate carbonates. Dissolved sulfate was repre-
cipitated as BaSO4 by the addition of a BaCl, solution. Isotope de-
terminations were performed with an ISOGAS Sira-9 Spectrometer and a
Thermo Finigan Delta Plus XP Spectrometer. The analytical error (20) is
+0.3%o for §°*S and 5'80. Values obtained for the international standard
NBS-127 are 5%%S: 20.3 + 0.1%o and §'80: 9.3 + 0.2%o. Gypsum samples
(n = 5) were analyzed for their 875r/86Sr ratios at CSIRO (North Ryde,
Australia). About 25 mg of each sample were dissolved in 2 ml of >18.2
MQcm ! water overnight and then centrifuged. The supernatant was
removed, redissolved in HNOs; and loaded onto Sr-Spec resin-

conditioned columns. The eluted strontium was then loaded onto a Ta
filament with HoO and H3PO4 for TIMS (Thermal Ionization Mass
Spectrometry) analysis. Isotopic ratios were measured on a VG 354 TIMS
with a long-term analytical precision of +0.000014 measured on NBS-
987 (87Sr/86Sr:O.710235 4+ 0.000014). All the results were normalized
to 87Sr/%%sr = 0.1194.

Stable oxygen and carbon isotopic analyses of carbonate were per-
formed in 7 calcite samples from Las Yeguas Unit. Powdered samples
were dissolved in ultrapure water to eliminate soluble sulphates. About
50 pg of the non-soluble fractions (composed of carbonates and minor
amounts of detrital silicates) were treated to react in an online Kiel
Devicewith 103% H3PO4 for 3 and 15 min in vacuum at 70 °C. The
obtained CO; was analyzed in a Dual Inlet isotope-ratio mass spec-
trometer (IRMS; Thermo Electron FinniganMAT-252). Values are re-
ported in %o with respect to the V-PDB (Vienna-Pee Dee Belemnite)
standard, with a precision of +0.06%o for 5'80 (VPDB) and + 0.02%o for
8'3C (VPDB).

3.3. Palaeomagnetism

The upper 260 m of the S1 section (Fig. 4), which includes the El
Lobo and Las Yeguas units, were sampled for palaecomagnetic studies.
Palaeomagnetic-oriented samples (n = 104) were collected from 52
different strata (2 samples per level) using an electric drill. Only lutites,
silts, sands and carbonates were sampled, avoiding coarse-grained li-
thologies. Samples were collected from fresh outcrops (recent road cuts)
or after digging, avoiding weathered materials. Characteristic Remanent
Magnetization (ChRM) was determined by stepwise thermal demagne-
tization at steps of 50 °C below 300 °C, and 40 °C above 300 °C, until the
complete demagnetization of the samples at 620 °C. Samples showing a
weak magnetization were first demagnetized using alternating fields (A.
F.) until 12 mT, and later by thermal demagnetization at 30 °C steps
until complete demagnetization. Measures were done on a 2G Enter-
prises cryogenic magnetometer at the Palaeomagnetism Laboratory of
the GEO3BCN-CSIC institute in Barcelona, Spain. Palaeomagnetic di-
rections were calculated by means of principal component analysis
(Kirschvink, 1980) using the PALDIR software, developed by the
Palaeomagnetic laboratory of Utrecht University. The reliability of the
identified ChRM was assessed by applying the fold test (Graham, 1949;
Butler, 1992) using the PALDIR software, allowing to discriminate po-
tential false normal directions.
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3.4. Palaeontology

Samples of 1 kg of lutites and marls (n = 35) from the El Chico and La
Golilla units, were collected to study their invertebrate microfossil as-
sociation. Samples were collected along continuous outcrops covering
the entire units. Samples were washed and disintegrated using tap water
and sieved with 0.500, 0.125 and 0.063 mm sieves. After sieving, the
residue trapped on the sieve was cleaned using ultrasound to remove
clay, and later observed under a Zeiss discovery V12 binocular
microscope.

Samples of 30-90 kg of dark clays from the Las Yeguas Unit (n = 8)
were collected and sieved to concentrate micromammal remains. Two
key fossiliferous localities, preserving fossil remains of small mammals,
have been described in this area: Caravaca (De Bruijn et al., 1975) and
Almudema 1D (Freudenthal et al., 1998). The upper sampled levels (CY-
7 and CY-8) correspond to the levels of Caravaca (De Bruijn et al., 1975;
De Bruijn pers. comm.) and Almudema 1D (Freudenthal et al., 1998). To
establish an age determination, a preliminary taxonomical study of the
mammal fossil remains is given in this paper and a more extensive study
is planned for the future. The fossil material is provisionally kept in the
Department of Botany and Geology of the University of Valencia (UV).
Detailed observation and photography of the fossil content were per-
formed using a JEOL J-6510 SEM.

4. Results

The sedimentary infill of Campo Coy Basin consists of three detrital
(El Chico, La Golilla and El Lobo), two evaporitic (Clavijo and Campo
Coy) and one carbonate (Las Yeguas) lithostratigraphic units. We
separate the lithostratigraphic units according to their position and
present them according to their facies association. The results include a
stratigraphic, petrological and chronological characterization for each
of these units.

4.1. Lower clastic units: the El Chico and La Golilla units

4.1.1. Sedimentary facies

The El Chico Unit is the oldest stratigraphic unit and consists of 100
m of white and grey laminated marls with interbedded conglomerates
and sandstones (Fig. 4). Sandstones show sheet-like, 5 to 30 cm thick,
sharp-based, graded beds. In most cases, these sandstone beds show
normal grading with grain size ranging from coarse-grained sand to fine
sand. In some cases, the sandstone beds exhibit a basal conglomerate
composed of well-rounded, pebble-sized clasts. Some sedimentary se-
quences are observed in the sandstones, the most complete of which
begins with a basal interval of pebbles that evolves to planar laminated
coarse sand and ends with medium to fine sand with hummocky and
swaley cross-stratification (HCS) (Fig. 5A). Other sequences are formed
by planar laminated, graded sand (Fig. 5B) or by massive sand at the
base and planar lamination towards the top (Fig. 5C). Finally, some
examples of sandy sequences show a lower interval of planar lamination
and an upper interval dominated by oscillatory ripple cross-lamination
or small-scale HCS (Fig. 5D). Conglomerate beds show small lateral
continuity and are between 0.2 and 4 m thick, matrix-supported with
heterometric (up to 1 m in diameter), polygenic and well-rounded clasts.

The La Golilla Unit is approximately 300 m thick, it overlies the
Clavijo gypsum unit which is interstratified between the El Chico and la
Golilla units, and it is composed of marls and conglomerates. The marls
show similar characteristics as those of the El Chico Unit. Conglomerates
are poorly sorted and clast-supported with carbonate pebbles ranging
between 5 and 10 cm. These conglomerates consist of channel-like beds,
generally massive, but some of them show clast imbrication or high-
angle cross-stratification caused by the migration of bars within the
channel. Many of the pebbles show pressure-dissolution marks. Unlike
the El Chico Unit, sandstone beds are not common in this unit.
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Fig. 5. Some examples of sandstone beds interpreted as lacustrine tempestites in the El Chico Unit. A) normal grading sequence with a pebble-dominated lower
interval, planar lamination in the middle and hummocky-swaley cross-stratification (HCS) at the top. B, C) planar laminated or massive graded sandy sequences. D)
Planar laminated thin sandstone beds topped by oscillatory ripples cross-lamination or small-scale HCS.
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Fig. 6. Microfossil content in the El Chico and La Golilla units. 1-4) Charophyte oogonia. 5-7) Ostracods (Cyprideis spp.). 8) Reworked sinistral Neogloboquadrina sp.

Scale bars = 100 pm.

4.1.2. Palaeontology

In both the El Chico and La Golilla units, the marls contain poorly
preserved (reworked) planktonic and benthic foraminifera. The only
well-preserved microfossils are ostracods and charophyte oogonia
(Fig. 6), which represent the in situ biogenic components. The reworked
foraminiferal assemblage is dominated by Neogloboquadrina acostaensis
(dextral and sinistral coiling), Globorotalia scitula, Globorotalia mer-
otumida and Globorotalia menardii (Figs. 6, 7).

4.2. The Gypsum units: Clavijo and Campo Coy

4.2.1. Sedimentary facies

The Clavijo Unit, 80 m thick, is composed of laminated gypsum
alternating with carbonate laminae and marls. The boundary between
the El Chico and Clavijo units is gradual. Layers of coarse-grained
laminated gypsum are frequent at the base of this unit, being less
common at the middle and the top of the unit where fine-grained
laminated gypsum dominates. The presence of meter-scale slumps is
significant, pointing to synsedimentary instability.

The Campo Coy Unit crops out along the NW-SE relief known as
“Campo Coy Cordillera”. It is 150 m thick and includes 8 sedimentary
cycles between 15 and 20 m thick each consisting of a gypsum-
dominated and a marl-dominated member. The upper cycles (4 to 8)
are poorly exposed, but clearly recognizable in aerial images (Fig. 8A).
The three lower cycles are well exposed (Fig. 8B), and the gypsum-
dominated member of the cycles consists of gypsum interbedded with
carbonates and marls. Primary gypsum dominates at the base of the
gypsum cycles. In some cases, primary gypsum is replaced laterally by
secondary gypsum (after anhydrite). The top of each cycle is dominated
by secondary nodular and meganodular gypsum. Some gypsum layers
show stromatolite-like bedding and laminated carbonates composed of
micrometric subspherical dolomite aggregates occur interbedded within
the gypsum layers (Fig. 8 C, D). The gypsum lithofacies of the 5 upper
cycles are difficult to determine due to the poor quality of their outcrops.

The Clavijo and Campo Coy units show a variety of primary and
secondary gypsum lithofacies that often display vertical and lateral

changes. General features of the gypsum facies are described below, and
their distribution along the units is shown in Fig. 9.

i) Coarse-grained laminated gypsum: Gypsum laminae and thin beds
with crystal sizes ranging between 2 and 10 mm. Most of the
gypsum crystals are euhedral and display subvertically aligned
fabric levels (micro-selenites) (Figs. 10A, B) showing growth
zoning defined by micritic inclusions.

ii) Selenites: Sub-vertically aligned rows of twinned crystals with the
twin angle opened upward (palisade fabric). Crystal size ranges
between 1 and 5 cm, distributed in beds ranging from 5 to 30 cm
thick separated by thin dolomite laminae.

iii) Nodular secondary gypsum: Alabastrine nodules with diameters
ranging between 5 and 20 cm, isolated or arranged in layers
(Fig. 10C). This lithofacies also occurs as layered nodular gypsum
with randomly distributed micronodules (<1 cm). Is composed of
a mosaic of small, anhedral, unoriented crystals with sizes
ranging between 10 and 100 pm (alabastrine texture), and with
some anhydrite inclusions (Fig. 10D).

iv) Meganodular gypsum: Large nodules of secondary, alabastrine
gypsum with diameters ranging between 30 cm and 2 m. These
meganodules are distributed along the Campo Coy Unit hori-
zontally, following the bedding and deforming the surrounding
sediments (Fig. 10E). A second distribution of these meganodules
is across the stratigraphy aligned along fracture zones.

v) Gypsum laminites: Regular alternation of cumulate fine-grained
gypsum (Fig. 10F) and thin laminae of micritic carbonate, pre-
dominantly dolomite. Gypsum crystals can have lenticular or
granular textures. The thickness of the gypsum laminae ranges
from 1 mm to a few centimetres.

vi) Lenticular gypsum: Unoriented gypsum lenses of 0.1 to 5 cm in
length, which occur separately and displacively between the
carbonate matrix or grouped in aggregates forming a cumulate
with a smaller amount of matrix.

vii) Gypsarenites: Levels formed by sand-sized gypsum grains accom-
panied by variable amounts of clastic particles (mainly quartz
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and rock fragments), forming layers that display tractive struc-
tures such as small scale cross-bedding, parallel-bedding, current
ripples, or tepee morphologies.

viii) Macrocrystalline secondary gypsum: Contrary to the other sec-
ondary gypsum facies, this gypsum does not show an alabastrine
texture as it is composed of a mosaic of big (0.3 to 2 cm), trans-
parent crystals showing some anhydrite remains inside
(Fig. 10G). The thickness of these gypsum beds ranges between a
few cm to 1 m.

ix) Convolute gypsum: Levels of secondary alabastrine gypsum,
strongly folded and deformed, mainly found at the top of the
gypsum cycles in the Campo Coy Unit. The levels are between 1
and 10 cm thick (Fig. 10H).

x) Bioturbated gypsum: Consist of massive, brownish gypsum layers
up to 1 m thick. It is composed of lenticular to anhedral crystals
ranging between 50 and 500 pm in size, forming a crystal-
supported mosaic with variable amounts of micritic matrix. The
presence of bioturbation (burrows) is common in these lithofacies
(Fig. 10I).

4.2.2. Gypsum isotopy

The sulphur (5**S) and oxygen (5'%0) isotopic compositions of the
gypsum from the Clavijo and Campo Coy units show homogenous
values. The 5>*S values range from +11%o to +15.6%o V-CDT. The §!%0
compositions range from +13.8%o to +18.7%0 V-SMOW (Fig. 11, Sup-
plementary table S2). The strontium isotope ratios (57Sr/%%sr) show
values between 0.707788 and 0.707888, matching the range of Triassic
marine evaporites (Table 1).

4.3. The upper units: El Lobo and Las Yeguas units

4.3.1. Sedimentary facies

The El Lobo Unit is formed, at the base, by loams and abundant
sandstone beds showing planar and cross-stratification. It is approxi-
mately 300 m thick in S1. The upper 200 m consists of a succession of
conglomerates, reddish lutites and sandstones. Conglomerates are het-
erometric and clast supported, composed of carbonate pebbles and with
a sandy-loam matrix between clasts. These conglomerates usually show
an erosive surface and form channel-like beds (Fig. 12A, B). To the west,
the unit thickness decreases, and the materials laterally change to
massive white marls showing bioturbation.

The El Lobo Unit grades upwards into the Las Yeguas Unit (50 m
thick), composed of brownish and whitish lutites, silts, carbonates and
abundant fossiliferous dark clay layers (Fig. 12 C, D). This upper interval
contains abundant gastropods and has evidence of pedoturbation. Car-
bonates are nodular and highly compacted, mainly composed of calcite
and partially silicified.

4.3.2. Magnetostratigraphy

The studied samples have been classified according to the quality
with which the primary magnetization is recorded. First-class samples
display demagnetization patterns where all measured specimens show
consistent normal or reverse primary directions, allowing an unambig-
uous interpretation of the characteristic remanent magnetization
(ChRM) (Fig. 13). Second-class samples usually have weak magnetiza-
tion, but the secondary components can be removed during the
demagnetization process allowing to isolate the primary direction in at
least one specimen. The third-class samples are usually poorly magne-
tized, primary and secondary components cannot be separated during
demagnetization and their ChRM direction cannot be determined.
Approximately 45% of the samples are first-class, usually associated
with reddish lutites, and 26% of the samples belong to the second-class
group. The rest of the samples have been classified as third-class and
most of them are located in the carbonates of the Las Yeguas Unit. Only
the first and second class samples have been used to interpret the local
polarity sequence, which consists of 6 magnetic reversals defining 3
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Fig. 8. Campo Coy Unit A) Satellite image of the Campo Coy Cordillera, in which the 6 upper gypsum cycles of the Campo Coy Unit (3 to 8) can be clearly
distinguished. The gypsum corresponds to the whitish intervals, while the marls are marked by the greenish intervals due to the vegetation cover. B) South face of the
Campo Coy Cordillera, in which the 3 lower gypsum cycles of the Campo Coy Unit can be distinguished. C) Outcrop view of the first gypsum cycle of the Campo Coy
Unit. D) Stromatolite-like bedding between the gypsums and carbonates. E) SEM image of a dolomicrite sample, composed of dolomite spheroids.

normal (N1 to N3) and 4 reverse magnetozones (R1 to R4) (Fig. 14).

4.3.3. Palaeontology

The 8 sampled dark claystone levels of the Las Yeguas Unit (CY-1 to
CY-8) show a rich micromammal (rodent) fossil content (Figs. 15, 16).
This palaeontological study supplies biostratigraphic information to
anchor the identified polarity sequence to the Global Polarity Time Scale
(GPTS) and dates the upper 250 m of the sequence. As a group, the fossil
assemblage is composed of 22 species representing 15 genera, including
some African immigrant genera such as Paraethomys spp. and Debruij-
nimys sp., although in the case of Debruijnimys, the presence of only a
fragmentary tooth does not allow a precise specific attribution. The
fossil association and its distribution along the studied section are shown
in Fig. 16.

4.3.4. Carbonate isotopy

Stable isotopes (520 and §!3C) from all calcite samples from the Las
Yeguas Unit show negative isotopic values ranging between —8.67 and
— 5.82 for 5!C and between —7.22 and — 5.19 for 530 (Fig. 17).

5. Discussion
5.1. Sedimentary environments

The presence of ostracods and charophytes in the El Chico and La
Golilla units, together with the absence of in situ marine fossils, in-
dicates that the sedimentation of these units took place in a lacustrine
environment as in the nearby Baza Basin (Gibert et al., 2007). The
sandstone beds described in the El Chico Unit (see Fig. 5) can be inter-
preted as sandy tempestites, adopting the storm-ebb surges model
(Cheel, 1991). These deposits develop in lakes with sandy and gravel
shores, which are the source of sediment for the deposition of the

tempestites during storm events (Uchman et al., 2007).

Gypsum has a sulphur, oxygen and strontium isotopic composition
similar to the brine from which it has precipitated. The isotopic values of
54, 8'%0 and 87Sr/%%sr from the studied gypsums show the typical
isotopic signature expected for Triassic marine sulphates (McArthur
etal., 2012; Orti et al., 2014; Orti et al., 2022) (See Fig. 16, Table 1). No
Miocene marine or mixed isotopic values have been reported in the
studied samples, so marine water input to the basin should be discarded.
The most plausible source of sulphate to the basin is the recycling of the
nearby Triassic evaporites, which would have been transported to the
basin through the rivers and groundwaters in a continental setting.

In the Clavijo Unit, the predominantly laminated gypsum lithofacies
and the absence of cyclicity or subaerial exposure evidence, suggest a
relatively deep (meters or tens of meters) perennial lacustrine environ-
ment (Warren, 2006). This hypothesis is consistent with the presence of
meter-scale slumps, which indicates an important bathymetric gradient
in the basin. The nodular secondary gypsum in this unit along the S2
section is associated with fractures of approximate N-S orientation and
would thus be related to the circulation of anhydritizing hypersaline
fluids through the fractures, in a similar process to the formation of
meganodules in the Calatayud basin, Spain (Orti and Rosell, 2000; Orti
et al., 2010). The hypersaline fluids would come from the Triassic salts
located at shallow depths. An example of hypersaline springs occurs
today in the Periago saltwork, located in the southernmost part of the
basin.

The Campo Coy Unit shows a shallower environment than the Clavijo
Unit, as its deposits are characteristic of a shallow ephemeral gypsif-
erous lake in which a sequence of shallowing and increasing salinity is
recorded from base to top of each cycle, similar to the case of the
“sabkha cycles” described in the Calatayud Basin (Orti and Rosell,
2000). At the top of each cycle, primary anhydrite formed in hypersaline
sabkha-like environments and was subsequently hydrated and
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Fig. 10. Gypsum facies. A) Coarse-grained laminated gypsum, with some layers of vertically oriented crystals (small selenites). B) Fine-grained gypsum laminae
under a selenite layer separated by a micrite horizon. C) Laminated nodular gypsum. D) Microcrystalline alabastrine texture of a gypsum nodule. E) Alabastrine
gypsum nodule deforming the overlying layers. F) Laminated gypsum layer composed of lenticular crystals with a cumulate texture and reverse gradation. G)
Macrocrystalline gypsum with anhydrite relicts in the centre. H) Convolute gypsum layer. I) Bioturbated gypsum. The dashed lines limit a burrow that contains
lenticular crystals and a higher matrix proportion than the surrounding material. Scale bars in the photomicrographs are equal to 0.5 mm.
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Fig. 11. Oxygen and sulphur isotopic composition of the gypsums in the El
Chico Unit (triangles) and Campo Coy Unit (circles). The dashed rectangles
represent the expected value ranges for Triassic sulphates (Orti et al., 2022) and
for Late Miocene marine sulphates (Claypool et al., 1980).

Table 1

Strontium isotope ratios (8”Sr/%Sr) from Campo Coy basin gypsum compared
with published database strontium values (Henderson et al., 1994; McArthur
et al., 2012; Orti et al., 2014).

Unit Source 8751 /865r
Campo Coy Unit 0.707817
Campo Coy Unit 0.707888
Campo Coy Unit 0.707788
Clavijo Unit 0.707854
Clavijo Unit 0.707868

0.708983-0.709028
0.707615-0.708114
0.709155

Late Miocene sea water
Triassic marine evaporites
Present day ocean water

transformed into secondary gypsum during dilution episodes. The
shallow environment is also supported by the presence of crenulated
beds with gypsum and dolomite. This dolomite shows subspherical
aggregate crystals suggesting primary bacterially induced dolomite (e.g.
Sanchez-Roman et al., 2008, 2009, 2011; Balci and Demirel, 2016).
Similar dolomite has been reported in the nearby Late Miocene Las
Minas Basin (Lindke et al., 2011; Pineda et al., 2021). Therefore, the
discrete convoluted and crenulated gypsum beds and associated dolo-
mite may be related to gypsified microbial mats. The gypsum mega-
nodules are deforming the overlying lamination as shown in Fig. 10E,
suggesting an early diagenetic formation, in which interstitial primary
anhydrite precipitated replacing the previous gypsum lithofacies (Sal-
vany and Orti, 1990). However, the diagenetic anhydritization from
hypersaline fluids is also evident in this unit considering the lateral
changes of primary to secondary gypsum. The massive bioturbated
gypsum is also related to a shallow lacustrine environment. Burrowing is
produced by small insects and annelids during episodes of relative
dilution along the lake margin. In the Calatayud and Teruel basins, these
facies have been interpreted as formed in palustrine gypsiferous settings
(Rodriguez-Aranda and Calvo, 1998; Orti and Rosell, 2000; Orti et al.,
2003).

The 8 decametric evaporitic cycles observed in the Campo Coy Unit
(Figs. 8, 10) have a very similar thickness and a relevant lateral conti-
nuity (>10 km). Because tectonic processes are not cyclic at the time
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scale represented in the Campo Coy Unit, the origin of these cycles
should be attributed to climatic fluctuations (wet/dry periods) related to
insolation cycles derived from the Earth’s orbital parameters. Preces-
sional cycles of similar age controlled the sedimentation in the nearby
marine Sorbas basin with cycles ranging from 1 to 2 m (Abad marls) to
8-29 m thick for the evaporites of the Yesares member (Krijgsman et al.,
1999; Krijgsman et al., 2001). However, with the available data, it is not
possible to assign a specific orbital periodicity (Precession, Obliquity, or
Eccentricity) to the Campo Coy cycles.

The reddish sediments of the El Lobo Unit are interpreted as alluvial
fan deposits on the margin of a playa lake system, while the Las Yeguas
Unit is interpreted as a shallow lacustrine to palustrine environment.
The low carbon and oxygen isotopic values in the Las Yeguas carbonates
(see Fig. 17) suggest important freshwater inputs in an open lake during
a wet period (Talbot, 1990). According to the evolution of the sedi-
mentary facies, the El Lobo Unit was formed in a relatively arid period
that evolved into a wetland represented by the Las Yeguas Unit (see
Fig. 14).

5.2. Biochronology and palaeomagnetic dating

The fossil content of the Las Yeguas Unit shows characteristic species
of the MN14 Mammal Neogene Zone, corresponding to the Ruscinian
land mammal age, and some species of the lower levels could be
assigned to the MN13 zone (Ventian age). The Ventian stage (Aguirre
et al., 1976), includes the Spanish faunas assigned to the MN13 and ends
with the appearance of Promimomys at ca. 5 Ma (Morales et al., 2013)
(See Supplementary Fig. S1). The presence of Apocricetus barrierei or
Apocricetus cf. barrierei, Paraethomys baeticus and Occitanomys brailloni in
the time span represented between levels CY-3 and CY-8 allows us to
assign a Pliocene age (MN-14 zone, Ruscinian) to this part of the Las
Yeguas Unit (Mein et al., 1990; Freudenthal et al., 1998; Kalin, 1999;
Garcia-Alix et al., 2008a, 2008b; Ruiz-Sanchez et al., 2014; Mansino
etal., 2015, 2017a; Pinero and Agusti, 2019). Only levels CY-1 and CY-2
do not contain clear Pliocene species. Nevertheless, Apocricetus sp. from
the sample CY-2 (Fig. 15) would be assigned to Apocricetus barrierei or
Apocricetus cf. barrierei, but scarce and deteriorated material from this
taxon led us to assign it only to genus level. With respect to the record of
Paraethomys meini in the sample CY-1 and Apodemus gudrunae in CY-4,
these species are characteristic of both MN-13 Ventian (Mansino et al.,
2017b) and Ruscinian (Garcia-Alix et al., 2008a; Mansino et al., 2013;
Pinero et al., 2017). The presence of African immigrants such as Para-
ethomys spp. and Debruijnimys sp. was cited by de Bruijn et al. (1975) for
the site of Caravaca, which corresponds to the uppermost fossiliferous
layer (CY-8) (de Bruijn pers. comm.) and is confirmed in this study. The
migration of gerbils to Europe occurred during the MSC (Gibert et al.,
2013) and extends to the Pliocene.

The micromammal fossil assemblage allows us to establish a corre-
lation between the local magnetic polarity sequence and the Geomag-
netic Polarity Time Scale (GPTS, Gradstein et al., 2012). Considering the
time span of the MN14 biozone (~5 to 4.2 Ma after Morales et al., 2013),
we propose the correlation shown in Fig. 14. The S1d section would
comprise a period between approximately 6.4 and 4.7 Ma. This inter-
pretation implies that the El Lobo Unit is coeval to the Messinian Salinity
Crisis (5.9 to 5.33 Ma) (Van Couvering et al., 2000; Manzi et al., 2013).

The age of the rest of the sedimentary record is more difficult to
determine because no in situ microfossils have been found and palae-
omagnetic data is neither available. Nevertheless, we can estimate a
maximum age for the El Chico and La Golilla units considering the
content of reworked foraminifera and, consequently, a maximum age for
the basin. The abundant presence of reworked sinistral forms of Neo-
globoquadrina acostaensis opens two options for their maximum age
(Lirer et al., 2019, and references therein): 1) a first dextral/sinistral
shift at 10.05 Ma. This event of the dominant presence of sinistral forms
is very short (10.05-9.90 Ma) and consequently it is unlikely to find
abundant reworked material from this period. 2) A second and much
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Fig. 12. A, B) Conglomerates and reddish clays of the El Lobo Unit. C) Gastropod-rich level of the Las Yeguas Unit. D) Dark fossiliferous clay levels in the Las Yeguas Unit. The lower one corresponds to CY-1.
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Fig. 15. Micromammal assemblage found in Las Yeguas Unit. Apocricetus sp.: 1, right m1 (CY2-1); Apocricetus cf. barrierei: 2, right m1 (CY3-1); Apocricetus barrierei:
3, right m1 (CY8-1); 4, left M1 (CY7-12); 5, left M1 (CY8-4); Paraethomys meini: 6, right m1 (CY1A-1); Paraethomys cf. meini: 7, left M1 (CY2-4); Paraethomys
baeticus: 8, left m1 (CY8-9); 9, left M1 (CY8-29); Paraethomys cf. baeticus: 10, left M2 (CY6-19); Occitanomys brailloni: 11, left M1 (CY6-14); 12, left M1 (CY6-15); 13,

right m2 (CY7-35) and 14, right M1 (CY7-51). Scale bar equals 1 mm.

longer dextral/sinistral shift at 9.54 Ma, which extends through the rest
of the Tortonian and much of the Messinian (up to 6.35 Ma) and has
been used to separate the Mediterranean biostratigraphic zone MMil1l
into the subzones MMilla and MMillb (Corbi and Soria, 2016).
Therefore, we can assume that the studied reworked material is older
than this second event, so, the presence of reworked sinistral
N. acostaensis indicates that, at the time of the sedimentation of the El
Chico Unit, emerged middle Tortonian materials existed nearby and
were being eroded by rivers that discharged their waters into the ancient
Campo Coy Lake. These middle Tortonian materials, which would most
likely form part of the basin basement, limit the age of the basal deposits
to younger than 9.54 Ma. That basement, to be lifted and eroded, must
have taken at least several hundred thousand years, so it is logical to
assume an age of approximately 9 Ma as the maximum age for the
Campo Coy Basin.

5.3. Implications for the Betic Seaway and the Messinian Salinity Crisis

In the context of the Betic Seaway, the Campo Coy Basin was in an
intermediate position between two main marine Basins: The Guadix-
Baza Basin and the Lorca Basin. The continentalization of the Guadix-
Baza Basin dates from the latest Tortonian, about 7.8 Ma (Soria et al.,
1999), while the continentalization age of the Lorca Basin is contro-
versial ranging from 7.6 to 6 Ma (Krijgsman et al., 2000; Garcia-Veigas
et al., 2019; Carpentier et al., 2020). Indeed, the Campo Coy Basin must
have been a connection between Guadix-Baza and Lorca during the
Serravalian-early Tortonian as indicated by the marine sediments of the
Campo Coy basement (Baena, 1974; Paquet et al., 1974). The maximum
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age of the base of the sedimentary succession studied here, according to
the reworked microfossils, suggests that the continentalization of the
basin took place most probably during the middle Tortonian, later than
9 Ma. This age would imply that the Guadix-Baza and Lorca basins were
disconnected from each other around that time. Lorca remained con-
nected to the Mediterranean and Guadix-Baza to the Atlantic with a
possible connection to the Mediterranean through the Almanzora
corridor (Fig. 18). The alluvial deposits of the El Lobo Unit are coeval
with MSC, indicating a dry and cold continental environment during the
restriction of the Mediterranean coincident with the Latest Miocene
Glaciation (Hodell et al., 2001) (See Fig. 14). Our results show that after
~5.1 Ma, these alluvial deposits gradually changed to the lacustrine
carbonates of the Las Yeguas Unit. This gradual change from alluvial to
lacustrine sedimentation gently starts at the upper part of the El Lobo
Unit with the occurrence of the first carbonate beds and the decrease of
detrital deposits, suggesting that a change towards wetter conditions
followed the end of the MSC. The change from alluvial to lacustrine
facies around the Messinian-Zanclean transition is similar to the one
described in the continental MSC-contemporary Kumarli section in
central Anatolia (Meijers et al., 2018), which shows a decrease in
conglomerate deposits just after the end of the MSC, although its strat-
igraphic record is not described in detail (see Supplementary Fig. S2).
Our results agree with previous studies that have proposed a dryer
climate than today in the circum-Mediterranean region during the MSC,
followed by an increase in humidity at the early Zanclean (Kayseri-Ozer,
2017; Vasiliev et al., 2017; Meijers et al., 2018). Episodes of colder
temperatures could be related to the presence of reddish clay intervals
between the lacustrine deposits of the Las Yeguas Unit (see Fig. 14).
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BIOSTRATIGRAPHIC MARKERS
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6. Conclusions

The infill of the Campo Coy Basin is formed by six lithostratigraphic
units which constitute a continental record that precedes, covers and
postdates the Messinian Salinity Crisis of the Mediterranean. The pre-
MSC deposits are represented by lacustrine siliciclastic materials
formed in a shallow sandy-shore lake, containing reworked middle-
Tortonian foraminifera (El Chico Unit). The Clavijo and Campo Coy

Palaeogeography, Palaeoclimatology, Palaeoecology 613 (2023) 111424

units represent two gypsiferous lake environments, with hypersaline
episodes developed during the driest periods in the case of the Campo
Coy Unit. Isotopic values of the gypsum (5°*S, 5120, 8Sr/%Sr) indicate
that gypsum formed after the chemical recycling of the Triassic evapo-
rites. Secondary gypsum in these units formed 1) during the early
diagenesis in continental hypersaline environments, and 2) during the
late diagenesis due to the circulation of hypersaline fluids through
fractures. The alluvial deposits of the El Lobo Unit suggest a dry envi-
ronment developed during the MSC and represent the first described
continuous continental record that covers the MSC in the western
Mediterranean. The lacustrine carbonates of Las Yeguas Unit directly
postdate the MSC and were formed in an open lake with important
freshwater inputs during a wet period. This unit is rich in micromammal
remains including African immigrant species that crossed to Europe
through ephemeral land bridges generated during the MSC. The palae-
omagnetic study of the El Lobo and Las Yeguas units, together with the
micromammal biomarkers allows us to constrain the age of the upper
part of the studied sequence between 6.4 and 4.7 Ma. The reworked
foraminifera biomarkers of the El Chico and La Golilla units allow us to
establish a maximum age of 9 Ma for the sedimentary record of the
Campo Coy Basin. This new sedimentological and chronostratigraphic
information indicates that this area was already isolated from the sea
during the late Tortonian and that the neighbouring basins of Guadix-
Baza and Lorca were disconnected from each other before 9 Ma.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.palae0.2023.111424.
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