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ARTICLE INFO ABSTRACT

Keywords: The Las Minas Gypsum Unit consists of more than 100 m of alternations of gypsum, carbonates and marls in Las
Palaeogeography Minas Basin (Betic Cordillera). Although this unit has been previously described as lacustrine, a marine influence
Dolomite

in the basin has been suggested. This study provides new geochemical and paleontological data supporting the
marine influence during the interevaporitic episodes, allowing to refine the palaeogeography of the eastern Betic
Seaway during the Late Tortonian.®”Sr/%%Sr ratios in gypsum (0.70797 to 0.70825) suggest recycling of Triassic
evaporites. The sulphate isotopic values in gypsum (11.5 < 634SVCDT < 21.9%0; 16.6 < 5180V5M0w < 28.1%o) are
indicative of microbial sulfate-reduction activity. Carbonates are mainly composed of dolomite formed by sub-
spherical crystal aggregates related to bio-mediated processes. The 87Sr/%Sr values in the interevaporitic car-
bonates (0.70823 to 0.70851) are higher than those expected for Triassic marine authigenic carbonates but lower
than expected for the Late Miocene ones, suggesting a mixing of continental and marine water contributions. The
‘non-marine’ isotopic values in gypsum and carbonates contrast with an abundant content of marine siliceous
fossils (radiolarians, diatoms, porifera, etc.) in the marls and carbonates that reveals marine incursions into the
basin between periods of gypsum precipitation. A tephra layer identified in Las Minas and in the nearby EI
Cenajo Basin, located in a more inland position, allows a precise correlation between both basins, showing
marine fossils in Las Minas and lacustrine in El Cenajo. In El Cenajo Basin, marine microfossils have been found
but only in some levels, while others show lacustrine diatoms. A new palaeogeographic model of evaporitic lakes
with temporal marine connections is proposed for the latest Tortonian in this region, when the uplift of the Betic
Cordillera was very active accelerating the palaeogeographic evolution.

Strontium isotopes
El Cenajo Basin
Miocene
Evaporitic lakes

1. Introduction (Granada, Lorca, Fortuna-Mula, Jumilla, Campo Coy, Las Minas). Some

of these evaporitic units record the marine to continental transition

About 8-9 Ma ago, the Mediterranean Sea was connected with the
Atlantic Ocean through different corridors composed by a mosaic of
marine basins named the Betic and Riffian seaways. Since the late Tor-
tonian (8 Ma), the Betic Seaway was progressively closed as a conse-
quence of the Betic Cordillera uplift, and the associated basins suffered
restriction and continentalization (Soria et al., 1999; Corbi et al., 2012;
Garcia-Veigas et al., 2019). In this context, several evaporitic units
developed in some basins located in the interior of the Cordillera

* Corresponding author.

(Playa et al., 2000; Rossi et al., 2015; Garcia-Veigas et al., 2019), while
others developed during the continental stage (Gibert et al., 2007;
Artiaga et al., 2020). The Las Minas Gypsum Unit (LMGU), where this
study centres on, is one of these Late Tortonian evaporitic units and is
located in Las Minas and El Cenajo basins. This unit contains large
amounts of native sulphur associated to gypsum and carbonates which
were exploited until the 1960s. Thick diatomite deposits of lacustrine
origin occur up in the stratigraphic sequence and are exploited during
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the present days. The sedimentary succession of LMGU represents an
uncommon sedimentologic environment marked by the association of
primary dolomite, gypsum and native sulphur. These facies show
important lateral changes along Las Minas Basin and are arranged in a
cyclic pattern in the western part (Rosell et al., 2011; Orti et al., 2014b).
Las Minas and El Cenajo basins have been traditionally interpreted as
lacustrine basins (Elizaga and Calvo, 1988; Elizaga, 1994), but some
studies (Servant-Vildary et al., 1990; Orti et al., 2014b) reported a
possible marine influence during the sedimentation of LMGU, based on
some marine isotopic values in gypsum and the presence of marine di-
atoms. Moreover, a recent study in the nearby Jumilla Basin reported
marine isotopic values in gypsum deposits attributed to the Early Mes-
sinian (Rossi et al., 2015). Therefore, these studies suggest that the
definitive disconnection from the sea of Las Minas Basin could occurred
more recently than previously thought, which implies that the palae-
ography of the final stage of the eastern Betic Seaway should be
different.

New palaeontological, geochemical and petrographic data are pre-
sented in this work to meet the following goals: (1) To study and char-
acterize the interevaporitic deposits of LMGU, (2) to assess the possible
marine influence and the origin of the large amount of dolomite in Las
Minas Basin, (3) to compare these deposits with the contemporary
sediments in the neighbouring Cenajo Basin, (4) to refine the final
palaeogeographic evolution of the Eastern Betic Seaway, prior to the
initiation of the Messinian Salinity Crisis in the Mediterranean. The new
data allow to stablish a temporal correlation between Las Minas and El
Cenajo basins and contributes to the understanding of their uncommon
paleoenvironment during the evaporitic episode.

2. Geological setting
The Las Minas and El Cenajo basins are located in the Betic Cordillera

which, together with the Rif in North Africa, forms an oroclinal known
as the Gibraltar Arc (Crespo-Blanc et al., 2016) (Fig. 1A), that surrounds
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the Alboran Sea (western Mediterranean). The Gibraltar Arc is related to
the convergence of the Iberian and African plates and consists of three
main geological domains: Internal Zones, External Zones and Neogene-
Quaternary Basins (Fig. 1B). The External Zones represent the Mesozoic
and Cenozoic sedimentary cover of the South-Iberia and North-Africa
passive margins (Lonergan and White, 1997). According to some au-
thors, the Internal Zones constitute an allochthonous lithospheric block
of metamorphic rocks (Alboran Block, Andrieux et al., 1971) derived
from the Mesomediterranean Microplate (Durand Delga and Fontbote,
1980; Guerrera and Martin-Martin, 2014). Other authors suggest that
the Internal Zones correspond to the basement of the External Zones
formed before the beginning of the Africa-Iberia convergence (Verges
and Fernandez, 2012).

After the Early Miocene, the Iberia-Africa convergence transformed
the South-Iberian paleomargin into a new basin known as North-Betic
Strait (Colom, 1952), or North-Betic Foreland Basin (Sanz de Gal-
deano, 1990; Sanz de Galdeano and Vera, 1992; Soria, 1998) which
connected the Atlantic and the Mediterranean. From the Middle Torto-
nian, the North-Betic Strait emerges locally and transforms into a set of
interconnected marine intramontane basins that formed the Betic
Seaway (sensu Corbi et al., 2012; Garcia-Veigas et al., 2019).

Palaeogeographic reconstructions show that the main topographic
uplift of the Betic Cordillera took place after the Late Tortonian (Wei-
jermars et al., 1985; Weijermars, 1991; Geel and Roep, 1998; Braga
et al., 2003; Sanz de Galdeano and Alfaro, 2004). This growth of
topography after 8-7 Myr generated important palaeogeographic
changes in the Betic Seaway with the restriction and continentalization
of all the inner basins (Iribarren et al., 2009; Corbi et al., 2012; Garcia-
Veigas et al., 2019). The present study of Las Minas and El Cenajo basins
occurs during this period of important palaeogeographic changes.

The studied Las Minas and El Cenajo basins are located between the
towns of Hellin (Albacete) and Calasparra (Murcia). Their stratigraphic
record overlies the External Zones of the Betic Cordillera, it begins with
Lower Tortonian marine sediments corresponding to the Betic Seaway

Las Minas and
Cenajo basins
(see Fig. 2)
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Fig. 1. A) Location of the Gibraltar Arc and the Betic and Rif cordilleras in the western Mediterranean (modified from Crespo-Blanc et al., 2016). B) General
geological map of the Betic Cordillera, with the location of Las Minas and El Cenajo basins and other Neogene-Quaternary Basins (modified from Soria et al., 1999).
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and ends with Pliocene continental sediments. The configuration of 1994; Calvo et al., 2014). (See Fig. 3.)

these basins is related to the activity of several strike-slip faults with The El Cenajo Basin is located 6 km to the northwest of Las Minas
major orientations NW-SE (Fig. 2) that produced several pull-apart ba- Basin, and they are separated by the Mesozoic reliefs of Sierra del Bitho
sins limited by E-W normal faults (Elizaga and Calvo, 1988; Elizaga, and Sierra de Cubillas (Fig. 2A). Both basins have up to 400 m thick

Fig. 2. A) Simplified geological map of the area covered by Las Minas and El Cenajo basins (modified from Martin Veldazquez et al., 1998 and IGME 1:1.000.000). B)
Detailed geological map of Las Minas basin, with the position of the studied stratigraphic section (Moharque section) (Modified from Orti et al., 2014b).
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Fig. 3. Late Tortonian palaeogeographic reconstruction of the eastern Betic Cordillera showing the location of the studied Las Minas and El Cenajo basins. Stars
indicate the locations of Late Tortonian-Messinian lamproitic volcanism. Blue triangles represent the location of lamproitic dikes related with the Socovos Fault,
(Pérez-Valera et al., 2013). CB: El Cenajo basin. LMB: Las Minas basin. FB: Fortuna basin. LB: Lorca basin. CCB: Campo Coy basin. PHF: Pozohondo fault. LF: Lietor
fault. SF: Socovos fault. AMF: Alhama de Murcia fault. CF: Crevillente fault. Dotted line marks the position of the block diagram shown in Fig. 18. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

stratigraphic record, showing equivalent stratigraphic units(Fig. 4). The
stratigraphy of these basins was described by Calvo and Elizaga (1990)
and Elizaga (1994), who divided it into 6 “episodes” related to their
evolution and characterized by a specific dominant facies. Episode I
consists of turbidites and conglomerates generated by the resedi-
mentation of Mesozoic carbonate platforms, alternating with fine-
grained sediments. The upper part consists of alternations of carbon-
ates and marls (Calvo and Elizaga, 1994); Episode II is formed by cycles
where gypsum alternate with marls and carbonates; Episode III consists
of laminated and tabular lacustrine carbonates alternating with lami-
nated diatomites to the top, some of them rich in organic matter (Calvo
and Elizaga, 1994; Calvo et al., 2000; Permanyer et al., 2016); Episode
IV consists of highly deformed levels interpreted as slumps (Calvo et al.,
2014) developed due to seismic events. These slumped facies reach up to
30 m in El Cenajo Basin, and several meters in the Las Minas Basin
(Elizaga, 1994; Calvo et al., 2014); Episode V shows a succession of
lacustrine laminated diatomites and limestones; Episode VI corresponds
to the uppermost part of the succession, only occurs in the Las Minas

Basin and includes detrital and lacustrine carbonates with deltaic de-
posits (Elizaga and Calvo, 1988; Calvo et al., 2000).

In the present work, we use the terminology proposed by Orti et al.
(2014b), who described 3 stratigraphic units that are equivalent to the
Episodes I, II and III, respectively: The Lower Detrital-Carbonate Unit
(LDCU), Las Minas Gypsum Unit (LMGU) and the Upper Carbonate Unit
(UCU) (Fig. 4).

Volcanic rocks of lamproitic composition cut the sedimentary suc-
cession until the UCU at Cerro del Monegrillo in the Las Minas Basin
(Elizaga, 1994) (Figs. 2B, 4). These rocks have been dated by different
techniques between 5.7 0.3 (Bellon et al., 1981) and 7.65 0.09 Ma
(Rosell et al., 2011).

3. Materials and methods
Two representative stratigraphic sections were selected and

measured: one in the Las Minas Basin (the Moharque section, previously
measured by Orti et al., 2014b) (Base: 38 20°33.92”N, 1 43'15.20"W,

3DODHR
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430 m.a.s.l; Top: 38 20'45.27”N, 1 43'6.68”W, 413 m.a.s.l.) and the
other in the El Cenajo Basin (the Cenajo section) (Base: 38 22'46.02”N,
1 46'32.99”W, 386 m.a.s.1.; Top: 38 22'49.32”N, 1 46'28.75”W, 405 m.
a.s.l.) (Fig. 5). The Moharque section cuts the LMGU and was system-
atically sampled for a petrological, geochemical and palaeontological
study. The Cenajo section was sampled for a palaeontological study.
Thin sections were prepared and studied from collected samples,
including tuffs. Siliceous and carbonate microfossils were separated and
studied by optical and electron microscope. Mineralogy was studied
using XRD and EDS. Sulphate isotopy in gypsum and Sr isotopy in both
gypsum and carbonates were analysed to understand the source of the
water. Stable C and O isotopes of carbonates were analysed. To char-
acterize the geochemistry of the tuffs identified in the studied sections
mayor, trace and REE elements were studied using FRX and ICPMS. All
the methods and instruments used are described in the supplementary
material.

4. Results
4.1. Sedimentary lithofacies

4.1.1. Las Minas Basin

In the studied Moharque section, the LMGU is exposed from base to
top (115 m thick) (Fig. 5). This section was already measured and
studied by Orti et al. (2014b), where different gypsum lithofacies are
described. Moharque section consists of gypsum, marls and carbonates
arranged in a cyclic pattern where gypsum-dominated intervals alter-
nate with carbonate-dominated intervals (interevaporitic intervals)
(Fig. 5).

Orti et al. (2014b) described in this section the following gypsum
lithofacies: gypsum laminites (alternating laminae of gypsum and
dolomite) (Fig. 6), coarse-crystalline bedded gypsum (Fig. 7), crenulated
gypsum, selenitic gypsum and gypsiferous sandstones. Additional gyp-
sum varieties that we have observed in the section are interstitial
lenticular gypsum and gypsiferous carbonates.

i) Interstitial lenticular gypsum (Fig. 7A): This lithofacies consists of
lenticular gypsum crystals showing displacive, unoriented and non-
competitive growth into a dolomitic matrix, showing matrix-supported
textures. Crystals range between 3 and 10 mm. It forms layers of 1 to
10 cm thick that usually grade vertically to coarse-crystalline bedded
gypsum.

ii) Gypsiferous carbonates (Fig. 8): These levels form continuous
beds that range from 10 to 100 cm thick and are generally found at the
top of the gypsum intervals. They consist of wackestones and pack-
stones, strongly cemented by gypsum with abundant skeletal compo-
nents (sponge spicules, foraminifers, diatoms, radiolarians) surrounded
by a dolomitic matrix. There are also siliciclastic and glauconite grains
in some cases. These levels show abundant poikilitic gypsum replacing
other clasts, like foraminifers, whose morphologies can be distinguished
(Fig. 8E, D). Some of these levels are well laminated, alternating matrix-
rich and gypsum-rich laminae (Fig. 8B and C). The dolomitic matrix is
mainly formed by subspherical dolomite aggregates (Fig. 8F). These
levels correspond to the “gypsiferous sandstones” of Orti et al. (2014b),
but they have been renamed here considering the large amount of
dolomitic matrix.

Only the primary dolomitic composition of carbonate laminae
associated to the gypsum laminites was established (Orti et al., 2014b),
and the subspherical morphology of the dolomitic aggregates were
attributed to bacterial activity (Lindtke et al., 2011; Orti et al., 2014b).
Here we characterize the carbonates located between gypsum beds that
offer important information to understand the sedimentary setting of
LMGU. The lithofacies identified in these carbonate intervals are:
dolomicrites, dolomicritic marls and black shales.

i) Dolomicrites: it forms beds from a few centimetres up to 20 cm.
These beds are mostly white and usually show parallel lamination
(Fig. 9A). This lithofacies consists of mudstones and wackestones with a

3DODHRJHRJUDSK\ 3DODHRFOLPDWRORJ\ 3DODHR

matrix mainly composed of micrometric and nanometric dolomite
spheroids (Fig. 9B-D). Abundant marine siliceous microfossils (radio-
larians, diatoms, sponge spicules) can be found in most of the studied
levels, but there is a complete absence of carbonate fauna, except some
gastropod molds found in one level.

ii) Dolomitic marls: They consist of levels from a few centimetres up
to several meters of massive and laminated white marlstones. The
characteristics of these marls are similar as the dolomicrites, but they are
softer due to a higher amount of silts and clays.

iii) Black shales: It forms dark laminated levels of few centimetres
thick. The dark colour of these clays could be due to a high content of
organic matter (Permanyer et al., 2016). These facies show abundant
marine siliceous fauna, especially radiolarians and sponge spicules.

iv) Tuff layer (Fig. 10A): Two tuff layers were described in the section
by Orti et al. (2014b), but we found here that they are the same layer
repeated in the section by the presence of a normal fault. This fine-
grained tuff layer has 3 to 4 cm thick and shows a characteristic
opaline level of 1 cm-thick at the top, and other one of few millimetres at
the middle part (Fig. 10A).

4.1.2. El Cenajo Basin

The El Cenajo Basin shows similar stratigraphic units than the Las
Minas Basin (Elizaga and Calvo, 1988). The studied section includes
both the LDCU and the equivalent deposits to the LMGU. In contrast to
Las Minas, the LDCU in El Cenajo is coarse grained. It consists of con-
glomerates beds 10 to 100 cm thick, alternating with carbonates, silts,
sands and lutites. Conglomerates are clast-supported with 2 to 10 cm
angular clasts, suggesting a close source area. Lutites show alternations
of <10 cm thick carbonate and silts finely laminated. Sandstones and
marls generally present parallel lamination and abundant chert nodules.
Some diatomite levels, rich in organic matter, and silicified marls occur
sporadically. To the top of the unit, slumps appear occasionally in the
laminated carbonates. Some conglomerate beds (<10 cm thick) with
pebbles of <2 cm are found between these upper beds.

The LMGU in the El Cenajo Basin is thinner than in Moharque section
(~50 m) and it has a lesser amount of gypsum. The top of the unit shows
abundant slumped levels. The main gypsum lithofacies are gypsum
laminites, microcrystalline gypsum and satin spar veins.

Carbonates consist of white laminated dolomites (mudstones and
wackestones) forming >1 m strata that alternate with marls. A fine-
grained volcanic tuff layer, 4 cm thick with, similar to that of the
Moharque section occurs in the upper part of the unit (Fig. 10B).

4.2. Geochemistry

The sulphate isotope compositions for 30 analysed samples range
between 11.5and 21.9%. (VCDT) for 5%%S and between 21.7 and
28.1%0 (VSMOW) for 880 (Fi g. 11). No relations exist between the
different gypsum lithofacies and isotopic values, having each one a wide
range of values. Our results are consistent with previous reported values
for primary gypsum and secondary (after anhydrite) (Servant-Vildary
et al., 1990; Orti et al., 2014b).

Values in Moharque section for strontium isotope ratios ¥7sr/8%sr)
in gypsum samples (n  5) range between 0.70797 and 0.70825, while
in dolomites (n  7) range between 0.70823 and 0.70851. Values of the
dolomites in the interevaporitic intervals, which contain marine fauna,
are higher than those found in the gypsum intervals, where no fauna or
flora (diatoms) has been found (Fig. 12).

Stable O and C isotopes determinations have been evaluated in 11
dolomicrite and 5 dolomite fraction of the gypsum laminites in the
Moharque section. Values range between 1.42 and 6.64%. (VPDB)
for 8'3C, and between 0.84 and 9.58%o (VPDB) for 5'80. All the §'3C
values in the laminites range around  3.5%o, while the 8'80 varies from

0.84 to  9.15%0. Non-fossiliferous samples are more depleted in 13¢
than those containing marine fauna, and most of them show higher 5'0
values (Fig. 13).
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Fig. 6. A) View of an outcrop with alternation of carbonate intervals (c) and gypsum intervals (g). B) Gypsum laminites with a centimetric thick slumped level at the
base. C) Thin section of a gypsum laminite observed through the optical polarised microscope. Note the “cumulate” texture of the gypsum sheets alternating with de
micrometric thick dolomite sheets. D) SEM image of a dolomite sheet in the gypsum laminites, formed by sub-spherical crystal aggregates. Note bacterial voids (white

arrows) and mineralized coccoidal cells (black arrows).
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Fig. 7. Diagrams representing three characteristic gypsum lithofacies described in Moharque section. Gypsum crystals (gyp) in white colour, dolomitic matrix (dol)

in grey colour. Size of squares is 3 3 cm. A) Interstitial lenticular gypsum. B) Coarse-crystalline bedded gypsum. C) Laminites.

4.3. Characterization of volcanic tuffs

Geochemistry and mineralogy of 4 volcanic tuff samples (MOH-1 and
MOH-2 in the Moharque section; MHD-1 in an outcrop 300 m east from
Moharque section; and CEN-1 in the El Cenajo Basin) have been studied

and compared.

The tuffs mineralogy shows two main phenocrysts phases: Ca-
plagioclase (andesine) and biotite. However, an alkaline feldspar
minor phase is present (anorthoclase). The accessory phases are apatite
and opaque minerals. Particle size of the 4 tuffs ranges between 50 and
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Fig. 8. A) View of a gypsum interval in Moharque section. B-F) Gypsiferous carbonate levels in Moharque section. B) Outcrop view of these levels. Note the presence
of parallel lamination and native sulphur nodules. C) Thin section in which it can be observed the alternation of a matrix-rich lamina (dol) and a cement-rich lamina
(gyp)- In the cement-rich lamina it can be observed lots of pseudomorphs of other dissolved clasts. D) foraminifer molds replaced by gypsum and sponge sections
encompassed in a dolomicritic matrix. E) Poikilitic cement filling the porosity of the rock, most of which is replacing previous clasts. Dolomicrite matrix (dol) and
quartz detrital grains (Qz) are present. E) SEM image of the dolomicrite matrix, composed by sub-spherical dolomite aggregates, and containing marine diatoms

Thalassionema nitzschioides (diat) and sponge spicules (Sp).

180 pm for phenocrysts and < 50 pm for volcanic glass and pumice
fragments. According to the Wohletz and McQueen (1984) classifica-
tion, the shape of the particles corresponds to blocky-equant and spheres
drop-like.

The geochemical data place these tuffs in the field of andesites and
trachyandesites, according to the major elements SiO3 - NaO KO ina
TAS diagram (Cox et al., 1979) (Fig. 14A). LOI values are>6% and,
together with the mineralogical and petrographic observations, in-
dicates that the tuffs are altered. On average, tuffs have high total alkalis
proportion NaO K30 (6.41%), a high KoO/NayO ratio (1.14%), high
Aly03 values (17.11%), and low TiO5 (0.82%). The trace elements spider

plot shows strong enrichment in LREE, and the 4 samples have the same
pattern of normalization (Fig. 14B).

4.4. Palaeontological analysis

This study reveals abundant marine siliceous microfossils in the
interevaporitic intervals of the Moharque section and in some levels of
Cenajo (Fig. 5), including several species of diatoms, radiolarians,
sponges, silicoflagellates and dinoflagellates. It is interesting to notice
that foraminifera have been only found in some samples of Cenajo
section, while in Moharque only some replaced molds have been

3DODHR
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Fig. 9. Dolomicrites in the Moharque section. A) Outcrop view of stratified, whitish dolomite levels. B-D) SEM images of different dolomicrite samples, composed by
10 pm. Note bacterial voids (white arrows), coccoidal cells (black arrows), EPS (blue arrows). (For interpretation

dolomite spheroids (dolomitized cells). Scale bars
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of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Outcrop view of the MOH-1 and CEN-1 tuff layers. Note the presence of a chert layer in the upper surface.

observed in the gypsiferous carbonate levels.

Diatoms in the upper part of the LMGU of the Las Minas Basin were
studied by Servant-Vildary et al. (1990). The present study gives new
information about the diatoms in the dolomitic and marly levels along
the LMGU in the Las Minas Basin and the upper part of the LDCU and the
LMGU in the El Cenajo Basin (Fig. 15) Most of the observed diatoms are
marine species, with more abundance among them of Coscinodiscus spp.
(e.g. Coscinodiscus radiatus), Actinoptychus sp. and Actinocyclus ellipticus.

10

Other species recognized in the samples are Thalassionema nitzschioides,
Grammatophora sp., Hemidiscus cuneiformis, Biddulphia sp., Suriella sp.
Triceratium sp. and Diploneis sp. In the Cenajo section, most of the pre-
vious association is present together with Epithemia sp., but some spe-
cific levels show a monospecific assemblage of the genus Cyclotella,
while others only show abundant aggregates of small diatoms (up to 10
pm), probably Pinnularia, Frustulia and Rhopalodia.

Radiolarians are exclusively marine organisms, and they are present

3DODHR
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Fig. 11. Oxygen and sulphur isotopic compositions of the primary gypsum in
Moharque section. In circles, samples measured in the present work. In tri-
angles, values reported by Orti et al. (2014b) in different sections of Las Minas
Basin. Expected values for marine Miocene gypsum (Claypool et al., 1980) and
Triassic gypsum (Orti et al., 2014a) in painted rectangles. Note the general
enrichment in 80 with respect to Miocene and Triassic values, and the linear
relation between 180 and 3*s.

in all the interevaporitic intervals of the Moharque section and in some
levels along the Cenajo section (Fig. 16). The association is diverse, and
it highlights the presence of spherical specimens of the family Actino-
mmidae, discoidal specimens of the family Spongodiscidae, with the
genus Dyctiocoryne, Spongodiscus Stylodictia and bottle-shaped speci-
mens of the family Theoperidae (Fig. 16C).

The foraminifera association in the Cenajo section (Fig. 17) is
dominated by benthic species, which constitute around the 80% of the
total foraminifera content: Uvigerina bononensis, Bulimina sp., Bolivina
spp. Planulina spp. and Nonion commune. Planktonic association is
composed by Neogloboquadrina acostaensis (dextral coiling), Neo-
globoquadrina atlantica, Turborotalita quinqueloba, Globigerina bulloides
and Orbulina universa.

A high diversity of marine sponge spicules is observed in the inter-
evaporitic intervals along the Moharque section, and along the Cenajo
section. Most of the specimens are loose demosponge spicules such as
spherasters and sterrasters of the family Geodiidae. Less abundant, loose
hexatinellid spicules are also present in both basins.

Marine silicoflagellate species Distephanus crux and Distephanus
speculum are present in almost all the studied samples of the Moharque.
As for the dinoflagellates Actiniscus pentasterias, a marine species, is
observed at the middle and upper part of the Moharque section. In
addition, abundant phytolith fragments have been found along the
studied sections.

5. Discussion
5.1. Origin of the gypsum

The different gypsum lithofacies present in the Moharque section
have been interpreted as precipitated in distinct depositional environ-
ments. Thus, gypsum laminites, which appear mainly in the basal part of
gypsum intervals, indicate relatively deep-water conditions during the
initial precipitation of gypsum. Gypsum laminites are interpreted as
cumulates, where the gypsum crystals nucleate in the water/atmosphere
interface and drop to the bottom (Orti et al., 2014b). Alternation of
dolomite and gypsum laminae have been interpreted as varved-like
deposits displaying a seasonal cyclicity by Orti et al. (2014b). Coarse-
crystalline gypsum lithofacies have been ascribed to precipitated ma-
terial in shallower waters in the water-sediment interface, while inter-
stitial lenticular gypsum crystals are formed displacively just below the
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water-sediment interface, into the soft sediment from saturated pore
waters. Precipitation of centimetric selenites, scarce in the section,
would indicate stable saturation in the bottom. Gypsum in the gypsif-
erous carbonates is interpreted as an early diagenetic replacement of
calcite, i.e. the volume occupied now by gypsum was occupied previ-
ously by calcite grains and calcareous oozes.

The isotopic composition of the evaporites depends on the dissolved
sulphate of the brine from which they have precipitated. In addition,
isotopic fractionation due to crystallization exists and is reflected by a
heavy isotope enrichment (3*S and '20) of the precipitated gypsum with
respect to the brine. Fractionation values are 3.6  0.9%o for 6180\15_
mow (Lloyd, 1968), and 1.65 0.12%o for 634SVCDT (Thode and
Monster, 1965). Sulphur isotopes show a large dispersion on values,
some of which can match with Triassic evaporites and others with Late
Miocene seawaters, while others match with a mixture of Triassic and
Miocene seawaters (Fig. 12). Nevertheless, 5'80 shows enriched values
with respect to those expected for the Triassic and Late Miocene marine
evaporites. Additionally, 8Sr/°Sr isotopic ratios show clear continental
values (recycling of Triassic evaporites) for the same samples that show
marine values for the §3*S (Fig. 12). Celestite contamination of the Sr
isotopic values can be discarded because this mineral has been observed
only in one of the studied gypsum samples, but its amount is less than
1%. Furthermore, considering that the studied gypsum is primary, this
little amount of celestite can be considered as precipitated from the same
brine as the gypsum, and should not affect the isotopic values. The
Moharque isotopic values can be explained assuming a continental
origin of the sulphate (i.e. recycled Triassic gypsum), but enriched in
heavy isotopes due to a combination of crystallization and microbial
sulphate-reduction, a process that has been previously proposed in the
Las Minas Basin (Servant-Vildary et al., 1990; Lindtke et al., 2011; Orti
et al., 2014b). The native sulphur occurrences are interpreted as an early
diagenetic process mediated by microbial activity (Gimeno, 1994;
Lindtke et al., 2011). Similar isotopic values for gypsum, 5 0 up to

28.22%0 and &°*S up to  27.6%o, have been reported in the nearby
native sulphur bearing basin of Baza, and interpreted as Triassic-
recycled sulphate affected by sulphate-reducing processes (Gibert
etal., 2007). The Sr/%5r values discard a marine origin of the gypsum,
and the presence of bioinduced dolomite and native sulphur, are
indicative of sulphate reduction activity in the basin during deposition.

5.2. Origin of the dolomite

The dolomite studied in this work is not the result of a pene-
contemporaneous process replacing aragonite (no aragonite has been
observed in the studied samples), but a primary precipitate microbially
mediated. It has been observed that dolomite crystals are attached to
bacterial cells and embedded in a thin organic film (see Fig. 9 C, D).
Similar bacterial cell molds and EPS have been also reported from
modern (Sanchez-Roman et al., 2009b; Spadafora et al., 2010; Bahniuk
et al., 2015) and ancient (Mastandrea et al., 2006; Perri and Tucker,
2007; Kazmierczak et al., 2009; Wen et al., 2020) dolomitic environ-
ments and from bacterial carbonate culture experiments (Sanchez-
Roman et al.,, 2008, 2009a, 2009b, 2011b, 2014, 2015; Balci and
Demirel, 2016). In addition, the studied dolomite is high in Sr and
moderate in Fe, indicating microbial activity according to Sanchez-
Roman et al. (2011a), who proposed that dolomite with high Sr content
may be a primary precipitate mediated by microbes and not a secondary
replacement of aragonite. Here, we would like to remark that not
celestite have been observed or identified in the studied samples.
Furthermore, Lindtke et al. (2011) proposed that dolomite in the UCU of
the Las Minas Basin was related to sulphate reducing bacteria.

873r/865r values of the carbonate intervals in the Moharque section
suggest a mixing of continental and marine waters. A modern example of
mixture of continental and marine waters reflected in the %Sr/%°sr
values occurs in the Bothnian Bay, Scandinavia, where intermediate
87518851 values are the result of important continental water inputs into
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Fig. 12. Graphic representation of the isotopic
values for gypsum and dolomite along the
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a marine restricted basin (Anderson et al.,, 1992). In the Moharque
section, sulphur and strontium isotope data of gypsum point to a major
non-marine water input during the deposition of gypsum. However, the
fossil association and strontium isotopes of the interevaporitic carbon-
ates indicate an important marine influence during their sedimentation.
Values of 8'>C and §'%0 in the dolomites show a distinction between the
samples containing marine microfossils and the non-fossiliferous ones.
The isotopic composition of the samples containing marine fauna match
with the values reported for marine Messinian dolomite in Sicily (Bel-
lanca et al., 2001), and dolomite type B from the coastal Coorong Lakes
(Warren, 1990), while non-fossiliferous dolomites have lower C and
higher O isotopic values that can be correlated with those reported by
Bellanca et al. (1989) and Lindtke et al. (2011) for the dolomites above
the LMGU in the El Cenajo and Las Minas basins, respectively (Fig. 13).
Therefore, carbonate isotopes indicate periods of higher evaporated and
probably shallower waters during the deposition of the non-fossiliferous
carbonates related to gypsum intervals (restriction of the basin), than
during episodes of marine connections. Together with the microbial
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activity, the large volume of dolomite in the Las Minas and El Cenajo
basins could be influenced by the increase of the Mg 2/Ca 2 ratio in the
water due to the crystallization of gypsum plus a wide availability of CO,
derived from microbial oxidation of organic matter (Bellanca et al.,
1989; Lindtke et al., 2011).

5.3. Palaeontology

Siliceous fossil association found in the interevaporitic intervals of
the Las Minas Basin is marine and includes radiolarians, marine diatoms,
silicoflagellates, dinoflagellates and marine sponges in most of the
studied samples. In the Cenajo section, a similar marine diatom and
radiolarian association has been found, together with the presence of
foraminifera. Grammatophora, Triceratium, Biddulphia and Actinoptychus,
present in both Moharque and Cenajo sections, are inshore diatoms,
suggesting a coastal environment. Abundance of radiolarians with a
good preservation condition indicate deposition well below the storm
wave base and bellow the jets of erosive surface currents (Berger and
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Fig. 13. Stable carbon and oxygen isotope compositions of the dolomites in Moharque section, fields marked by dotted lines indicate the values of other dolostones
interpreted as primary precipitates: Coorong Lakes type B dolomites (Warren, 1990), El Cenajo (Bellanca et al., 1989), Las Minas sulphur quarry (Lindtke et al., 2011)
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Fig. 14. A) Volcanic rock classification and nomenclature using TAS diagram of Cox et al. (1979). The boundary between alkaline and subalkaline rocks correspond
to Irvine and Baragar (1971). B) Middle-ocean ridge basalt (MORB) spider diagram (normalized values after Pearce, 1983) for the tuff samples. The chemical
composition of the tuff levels shows the same patterns and allow to assume a common volcanic origin.

Winterer, 1974), or in a protected bay.

Foraminifera association in El Cenajo is dominated by stress markers
benthic species, i.e. Uvigerina spp., Bolivina spp. and Bulimina spp. (van
Hinsbergen et al., 2005). This association suggests a restricted basin
with a disoxyc bottom. Wide presence of Uvigerina spp. Together with
Planulina spp. could indicate depths of more than 200 m (van Hinsber-
gen et al., 2005). Marine fossil associations in some samples of Cenajo
section contrast with the presence of lacustrine diatoms (Cyclotella,
Rhopalodia) or the absence of fossils in other samples, which are indic-
ative of important changes in the depositional environment over time,
like marine disconnections and hypersaline episodes.

Sponge spicules give as well relevant information about the
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sedimentary environment, especially the presence of hexatinellids. Most
of the modern Hexatinellida species live in bathyal water depths between
300 and 2000 m, although some genera have been reported at depths of
only 82 m in the Red Sea, Indonesia and Philippines (Reiswig and
Wheeler, 2002). In some special cases, hexatinellids have colonized
coastal waters of about 10 m located in the Antarctic Sea, caves or fjords
(Gasse et al., 1991). Spicules are not reworked considering their good
preservation and the absence of size classification (10-200 pm). Pres-
ence of in-situ hexatinellids suggest a minimum depth of 82 m. On the
other hand, benthic diatoms in the Las Minas Basin (Biddulphia sp.,
Suriella sp.), which appear associated with hexatinellids in some sam-
ples, are photosynthetic organism that needs light input for their
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Fig. 15. Diatoms found in Las Minas and Cenajo basins. A) Coscinodiscus radiatus; B) Actinoptychus sp.; C) Biddulphia sp.; D) Actinocyclus ellipticus; E) Thalassionema

nitzschioides in the front, and Campyloneis sp. behind; F) Grammatophora sp.; G) Suriella sp.; H) Cyclotella sp.; 1) Hemidiscus cuneiformis. Scale bars

metabolism. No actual benthic diatoms have been described below 200
m depth, the lower limit of the photic zone in crystalline waters (McGee
et al., 2008). In the Cenajo section, the absence of benthic diatoms in
association with hexatinellids and Planulina spp. suggest a deeper ba-
thymetry than in Moharque section during the marine episodes.

An intriguing aspect of the studied fossil association in the Las Minas
Basin is the wide presence of siliceous organism, while the calcareous
fossils are limited to foraminifera molds now replaced by gypsum. These
foraminifera are interpreted as not reworked considering the good
preservation of the original morphology and texture, the unselected size
of the specimens (size varies from 0.1 to 0.4 mm) and the presence of
marine siliceous fossils in the same samples. Gypsum replacement can be
interpreted as a decrease of pH conditions in the pore water related to
hydrothermal activity, previously described in the region (Pozo et al.,
2016) and supported by the presence of Tortonian-Messinian volcanic
activity in the basin (Gimeno, 1994; Pozo et al., 2016). Nevertheless, the
age of this volcanic activity is younger than the LMGU, and it is more
likely that the calcareous oozes were replaced during the early diagen-
esis because of the acidification of the pore water caused by the presence
of HS from sulphate-reducing processes.

5.4. Correlation between the Las Minas and El Cenajo basins

Mineralogy, petrography and geochemistry of the tuff samples found
in the Las Minas and El Cenajo basins indicate that they correspond to
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10 pm.

the same volcanic event. These tuffs are consistent with an air-fall de-
posit. The fine granulometry, predominance of juvenile material and the
absence of lithic fragments indicates a distal source (Schmid, 1981). Due
to the shape of the particles and the high vesiculation it can be suggested
that they come from a hydro-volcanic eruption with magma-water
interaction (Wohletz, 1983; Wohletz and McQueen, 1984; Wohletz
and Heiken, 1992), which is conducive to high explosive events with
sustained and high-altitude eruptive columns that give rise to large areas
of tephra deposits (Naranjo and Stern, 2004; Pardo et al., 2012a; Pardo
etal., 2012b; Pardo et al., 2014; Kosik et al., 2016). The levels overlying
and underlying the tuff layer in the Moharque section show a clear
marine fossil association, while the samples associated to the tuff in the
El Cenajo Basin show a continental association (see Fig. 5). This could
indicate that during the period of the tuff sedimentation, the Las Minas
Basin had connection to the sea while El Cenajo Basin was isolated.

5.5. Sedimentary model for the basins

In the interevaporitic intervals of the Moharque section, marine fossil
associations together with mixed marine/continental Sr ratios, indicate
marine connections. The gypsum intervals represent high salinity epi-
sodes and have no fossil record, but their isotopic compositions are
consistent with a major non-marine water source. These data suggest
that the Las Minas Basin was, during the gypsum intervals, a coastal lake
isolated from the sea with main water inputs from the rivers that were
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Fig. 16. Radiolarians in the Moharque and Cenajo sections. A-B) Actinnomidae. C) Theoperidae. D) Dyctiocorine sp. E) Spongodiscus sp.? F) Stylodictya sp. Scale bars

10 pm.

Fig. 17. Foraminifers found in El Cenajo basin. A) Globigerina bulloides. B) Orbulina universa. C) Neogloboquadrina acostaensis. D) Neogloboquadrina atlantica. E)
Turborotalita quinqueloba. F) Nonnion commune. G) Uvigerina bononiensis. H) Bulimina sp. I, J) Bolivina spp. K) Planulina sp.

eroding the Mesozoic basement (Fig. 18). Disconnection with the sea
generated an evaporitic environment that allowed the saturation of the
waters and gypsum crystallization. Nevertheless, sporadic and punctual
seawater input due to storms are indicated by the gypsiferous carbonate
levels. During the interevaporitic episodes, connection with the sea was
restored as indicate by the 8”r/%Sr isotope ratios and the fossil record.
These two environments alternated cyclically probably in relation to
eustatic fluctuations, but also by local tectonic activity. A similar situ-
ation should have occurred in the El Cenajo Basin, where the fossil
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record also suggests marine connections and disconnections. Neverthe-
less, the two basins should have been partially disconnected as indicated
by the fossil record in the underlying and overlying beds of the tuff layer
in both sections (marine in Moharque and lacustrine in Cenajo). During
the marine connections, the environment of both basins could be
interpreted as a low energy protected marine basins (deep lagoon of
100-200 m depth). This palaeobathymetry is larger than the expected
eustatic variations of several tens of meters in the Late Miocene (Braga
and Martin, 1996), which means that both basins could be below sea
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Fig. 18. Sedimentary model of Las Minas and El Cenajo basins during the sedimentation of LMGU. A) During sea transgressions, connection with the sea allows the
entrance of marine fauna and inhibit the gypsum precipitation. Continental waters mixed with marine Miocene waters in the basins. B) During sea regressions,
disconnection with the sea provoked the reduction of the water mass and subsequent saturation and gypsum precipitation. The main water sources are the rivers, that
transport dissolved Triassic sulphate. In El Cenajo basin, high sulphate-reduction activity inhibits the gypsum precipitation, although some gypsum precipitated.
These two stages alternated cyclically producing the gypsum-carbonate cycles observed in Las Minas, while El Cenajo basin is not so affected by those episodes. New
data and literature data (Elizaga, 1994; Gimeno, 1994; Orti et al., 2014b) have been considered for this model.

level during periods of isolation. It should be note that, during the Late
Tortonian-Early Messinian, the studied area was tectonically active due
to the action of the Socovos and Lietor strike-slip faults (Pérez-Valera
et al., 2013; Calvo et al., 2014) and their associated normal faults
therefore this activity, together with the general NNW-SSE compressive
tectonics of the Betic Cordillera, could have modified the coastline
(Fig. 18). It is interesting to notice that, from Moharque section, the
number of evaporitic cycles decreases towards the East where evaporites
laterally change to marls, suggesting a decrease in the evaporitic con-
ditions as shown by Orti et al. (2014b). This observation could be related
to the strong tectonic activity and subsequent generation of horst and
graven topography controlled by normal faults inside the basin, which
generated several depocenters and shallower areas as already was pro-
posed by Orti et al. (2014b) to explain the lateral changes along the
LMGU (Fig. 18).

6. Conclusions

A non-marine origin has been determined for the gypsum deposits of
the Las Minas Basin, which come from the recycling of Triassic evapo-
rites. The presence of marine fossils in the interevaporitic intervals, in-
dicates alternating periods of connection with the sea. During the
sedimentation of the LMGU, the Las Minas and El Cenajo basins con-
sisted of intramountain basins fed by rivers and surrounded by Mesozoic
reliefs, but occasionally connected with the sea. During periods of high
sea level, the basins were connected to the sea through shallow sills,
forming a restricted bay where bio-mediated dolomite precipitation was
a common process in a bottom poor in oxygen. The marine fossil asso-
ciation suggest a minimum depth of 82 m during the marine periods, but
much shallower during periods of evaporite sedimentation. The El
Cenajo Basin would have been deeper. In this context, the dissolved
sulfate mainly of Triassic origin was concentrated due to evaporation,
microbial sulfate-reduction processes favored isotopic fractionation, and
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gypsum precipitation took place with a variable isotopic signal. In turn,
dolomite precipitation during periods of higher water level was favored
by the presence of bacteria.

Tephra layers identified in the Las Minas and El Cenajo basins
correspond to the same volcanic event, not related with the younger
lamproitic volcanism. Therefore, these tuffs are a useful datum to
correlate both basins. Sediments associated to the tuff in the Las Minas
Basin show marine fossils, while in El Cenajo Basin show a lacustrine
environment disconnected from the sea, suggesting a partial discon-
nection between both basins (shallow sill). The abundance of native
sulphur and the less quantity of gypsum in the El Cenajo Basin indicates
that microbial sulphate-reduction processes were more intense than in
Moharque section.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We thank Francesca Lozar, Luca Pellegrino and Manuel Maldonado
their help in the classification of fossils content, and to Leopoldo Pena
his help in the Sr analytical analysis. We thank comments and sugges-
tions from L. Rosell. Funding was provided by Spanish Government
grants CGL-2013- 42689 and CGL-2016-79458, and by the Catalan
Government action 217-SGR-829.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.palaeo.2020.110171.

3DODHR


https://doi.org/10.1016/j.palaeo.2020.110171
https://doi.org/10.1016/j.palaeo.2020.110171

V. Pineda et al.
References

Anderson, P.S., Wasserburg, G.J., Ingri, J., 1992. The sources and transport of Sr and Nd
isotopes in the Baltic Sea. Earth Planet. Sci. Lett. 113, 459-472.

Andrieux, J., Fontbote, J.M., Mattauer, M., 1971. Sur un modele explicatif de I’'Arc de
Gibraltar. Earth Planet. Sci. Lett. 12, 191-198.

Artiaga, D., Garcia-Veigas, J., Gibert, L., Soria, J.M., 2020. The Late Miocene Campo Coy
gypsum (Eastern Betics, Spain). Geogaceta 67, 63-66.

Bahniuk, A., McKenzie, J.A., Perri, E., Bontognali, T.R., Vogeli, N., Rezende, C.E.,
Rangel, T.P., Vasconcelos, C., 2015. Characterization of environmental conditions
during microbial Mg-carbonate precipitation and early diagenetic dolomite crust
formation: Brejo do Espinho, Rio de Janeiro, Brazil. Geol. Soc. Lond., Spec. Publ.
418, 243-259.

Balci, N., Demirel, C., 2016. Formation of carbonate nanoglobules by a mixed natural
culture under hypersaline conditions. Minerals 6, 122.

Bellanca, A., Calvo, J.P., Censi, E., Elizaga, E., Neri, R., 1989. Evolution of lacustrine
diatomite carbonate cycles of Miocene age, southeastern Spain: Petrology and
isotope geochemistry. J. Sediment. Petrol. 59, 45-52.

Bellanca, A., Caruso, A., Ferruzza, G., Neri, R., Rouchy, J.M., Sprovieri, M., Blanc-
Valleron, M.M., 2001. Transition from marine to hypersaline conditions in the
Messinian Tripoli Formation from the marginal areas of the central Sicilian Basin.
Sediment. Geol. 140, 87-105. https://doi.org/10.1016/S0037-0738(00)00173-1.

Bellon, H., Bizon, G., Calvo, J.P., Elizaga, E., Gaudant, J., Lopez Martinez, N., 1981. Le
volcan du cerro de Monagrillo (province de Murcie): age radiométrique et
corrélations avec les sédiments néogenes du basin de Hellin (Espagne). C. R. Acad.
Sci. 292, 1035-1038.

Berger, W.H., Winterer, E.L., 1974. Pelagic Sediments on Land and under the Sea. Spec.
Publ. Int. Assoc. Sedimentol. 1, 11-48.

Braga, J.C., Martin, J.M., 1996. Geometries of reef advance in response to relative sea-
level changes in a Messinian (uppermost Miocene) fringing reef (Cariatiz reef, Sorbas
Basin, SE Spain). Sediment. Geol. 107, 61-81.

Braga, J.C., Martin, J.M., Quesada, C., 2003. Patterns and average rates of late
Neogene-Recent uplift of the Betic Cordillera, SE Spain. Geomorphology 50, 3-26.

Calvo, J.P., Elizaga, E., 1990. Cuencas lacustres del Mioceno Superior del drea Prebética
(Sur de la provincia de Albacete). In: Comparative Lacustrine Sedimentology in
Space and Time, Field Guide Book, VII Reunién del Grupo Espanol de Trabajo,
Noviembre 1990. Instituto Tecnoldgico Geominero de Espana — Universidad
Complutense de Madrid (IGCP 219, Hellin (Albacete)).

Calvo, J.P., Elizaga, E., 1994. The Cenajo and Las Minas-Camarillas basins (Miocene),
southeastern Spain. Global Geol. Record Lake Basins 1, 319-324.

Calvo, J.P., Gomez-Gras, D., Alonso-Zarza, A.M., Jimenez, S., 2000. Architecture of a
bench-type carbonate lake margin and its relation to fluvially dominated deltas, Las
Minas Basin, Upper Miocene, Spain. J. Sediment. Res. 70, 240-254. https://doi.org/
10.1306/2DC4090E-0E47-11D7-8643000102C1865D.

Calvo, J.P., Rodriguez-Pascua, M., Gomez-Gras, D., 2014. Rasgos sedimentarios
indicadores de inestabilidad causada por actividad tectonica sismogenética. Las
cuencas neogénas de las minas de Hellin y Cenajo (Prebético Externo, SE de Espana).
Rev. Soc. Geol. Esp. 27, 205-221.

Claypool, G.E., Holser, W.T., Kaplan, LR., Sakai, H., Zak, I., 1980. The age curves of
sulfur and oxygen isotopes in marine sulfate and their mutual interpretation. Chem.
Geol. 28, 199-260.

Colom, G., 1952. Aquitanian-Burdigalian diatom deposits of the North Betic Strait, Spain.
J. Paleontol. 26, 867-885.

Corbi, H., Lancis, C., Garcia-Garcia, F., Pina, J.A., Soria, J.M., Tent-Manclds, J.E.,
Viseras, C., 2012. Updating the marine biostratigraphy of the Granada Basin (central
Betic Cordillera). Insight for the Late Miocene palaeogeographic evolution of the
Atlantic-Mediterranean seaway. Geobios 45, 249-263.

Cox, K.G., Bell, J.D., Pankhurst, R.J., 1979. The Interpretation of Igneous Rocks. Springer
Netherlands, Dordrecht. https://doi.org/10.1007/978-94-017-3373-1.

Crespo-Blanc, A., Comas, M., Balanya, J.C., 2016. Clues for a Tortonian reconstruction of
the Gibraltar Arc: Structural pattern, deformation diachronism and block rotations.
Tectonophysics 683, 308-324. https://doi.org/10.1016/j.tecto.2016.05.045.

Durand Delga, M., Fontbote, J.M., 1980. Le cadre structural de la Méditerranée
occidentale (Editor). In: BRGM (Ed.), Georogie des chaines alpines issues de la
Tethys, pp. 67-85.

Elizaga, E., 1994. Andlisis de facies sedimentarias y petrologia de los depésitos lacustres
de edad Nedgeno superior de la Zona Prebética, Albacete, Espana. In: Serie 1,
estudios 74. Instituto de Estudios albacetenses, p. 216.

Elizaga, E., Calvo, J.P., 1988. Evolucion sedimentaria de las cuencas lacutres nedgenas
de la zona prebética (Albacete, Espana). Relacion, posicion y efectos del vulcanismo
durante la evolucién. Interés minero. Bol. Geol. Miner. Esp. 99, 3-12.

Garcia-Veigas, J., Gibert, L., Cendén, D.I., Artiaga, D., Corbi, H., Soria, J.M.,
Lowenstein, T.K., Sanz, E., 2019. Late Miocene evaporite geochemistry of Lorca and
Fortuna basins (Eastern Betics, SE Spain): Evidence of restriction and
continentalization. Basin Res. 00, 1-33. https://doi.org/10.1111/bre.12408.

Gasse, W., Gocke, R., Hilpert, K.H., 1991. The hexatinellid sponge genus Becksia from the
Campanian of the NW Miinsterland (Upper Cretaceous, NW Germany) (Eds.). In:
Reitner, J., Keupp, H. (Eds.), Fossil and Recent Sponges. Springer-Verlag Berlin
Heidelberg, 1991, Berlin, Germany.

Geel, T., Roep, T.B., 1998. Oligocene to middle Miocene basin development in the
eastern Betic Cordilleras, SE Spain (Vélez Rubio Corridor-Espuna): Reflections of
West Mediterranean plate-tectonic reorganizations. Basin Res. 10, 325-344.

Gibert, L., Orti, F., Rosell, L., 2007. Plio-Pleistocene lacustrine evaporites of the Baza
Basin (Betic Chain, SE Spain). Sediment. Geol. 200, 89-116. https://doi.org/
10.1016/j.sedgeo.2007.03.003.

17

3DODHRJHRJUDSK\ 3DODHRFOLPDWRORJ\ 3DODHR

Gimeno, D., 1994. Estudio de las materias primas minerales contenidas en los materiales
miocénicos lacustres de la provincia de Albacete. In: Revista de Estudios
Albacetenses, 2%poca, ano 20 v.34, p. 102.

Guerrera, F., Martin-Martin, M., 2014. Geodynamic events reconstructed in the Betic,
Maghrebian, and Apennine chains (central-western Tethys). Bull. Soc. Géol. France
185, 329-341.

Iribarren, L., Verges, J., Fernandez, M., 2009. Sediment supply from the Betic-Rif orogen
to basins through Neogene. Tectonophysics 475, 68-84.

Irvine, T.N., Baragar, W.R.A., 1971. A guide to the chemical classification of the common
volcanic rocks. Can. J. Earth Sci. 8, 523-548.

Kazmierczak, J., Altermann, W., Kremer, B., Kempe, S., Eriksson, P.G., 2009. Mass
occurrence of benthic coccoid cyanobacteria and their role in the production of
Neoarchean carbonates of South Africa. Precambrian Res. 173, 79-92.

Kosik, S., Németh, K., Kereszturi, G., Procter, J.N., Zellmer, G.F., Geshi, N., 2016.
Phreatomagmatic and water-influenced Strombolian eruptions of a small-volume
parasitic cone complex on the southern ringplain of Mt. Ruapehu, New Zealand:
Facies architecture and eruption mechanisms of the Ohakune Volcanic Complex
controlled by an unstabl. J. Volcanol. Geotherm. Res. 327, 99-115. https://doi.org/
10.1016/j.jvolgeores.2016.07.005.

Lindtke, J., Ziegenbalg, S.B., Brunner, B., Rouchy, J.M., Pierre, C., Peckmann, J., 2011.
Authigenesis of native sulphur and dolomite in a lacustrine evaporitic setting (Hellin
basin, Late Miocene, SE Spain). Geol. Mag. 148, 655-669. https://doi.org/10.1017/
S0016756811000124.

Lloyd, R.M., 1968. Oxygen isotope behavior in the sulfate-water system. J. Geophys. Res.
73, 6099-6110. https://doi.org/10.1029/JB073i018p06099.

Lonergan, L., White, N., 1997. Origin of the Betic-Rif Mountain Belt. Tectonophysics 16,
504-522.

Martin Veldzquez, S., Vicente, G., Rodriguez-Pascua, M., Calvo, J.P., 1998. Andlisis
dinamico del sistema de desgarres NO-SE del Prebético de Albacete. Rev. Soc. Geol.
Esp. 11, 369-382.

Mastandrea, A., Perri, E., Russo, F., Spadafora, A., Tucker, M., 2006. Microbial primary
dolomite from a Norian carbonate platform: northern Calabria, southern Italy.
Sedimentology 53, 465-480.

McArthur, J.M., Howarth, R.J., Bailey, T.R., 2001. Strontium isotope stratigraphy:
LOWESS version 3: Best fit to the marine Sr-isotope curve for 0-509 Ma and
accompanying look-up table for deriving numerical age. J. Geol. 109, 155-160.

McGee, D., Laws, R.A., Cahoon, L.B., 2008. Live benthic diatoms from the upper
continental slope: Extending the limits of marine primary production. Mar. Ecol.
Prog. Ser. 536, 103-112.

Naranjo, J.A., Stern, C.R., 2004. Holocene tephrochronology of the southernmost part
(42 30'-45 S) of the Andean Southern Volcanic Zone. Rev. Geol. Chile 31, 224-240.

Orti, F., Pérez-16pez, A., Garcia-Veigas, J., Rosell, L., Cendén, D.I., Pérez-Valera, F.,
2014a. Sulfate isotope compositions (634S, 6180) and strontium isotopic ratios (87Sr
/86Sr) of Triassic evaporites in the Betic Cordillera (SE Spain). Rev. Soc. Geol. Esp.
27, 79-90.

Orti, F., Rosell, L., Gibert, L., Moragas, M., Playa, E., Ingles, M., Rouchy, J.M., Calvo, J.P.,
Gimeno, D., 2014b. Evaporite sedimentation in a tectonically active basin: The
lacustrine Las Minas Gypsum unit (Late Tortonian, SE Spain). Sediment. Geol. 311,
17-42. https://doi.org/10.1016/j.sedgeo0.2014.06.004.

Pardo, N., Cronin, S., Palmer, A., Procter, J., Smith, I., 2012a. Andesitic Plinian eruptions
at Mt. Ruapehu: Quantifying the uppermost limits of eruptive parameters. Bull.
Volcanol. 74, 1161-1185. https://doi.org/10.1007/500445-012-0588-y.

Pardo, N., Cronin, S.J., Palmer, A.S., Németh, K., 2012b. Reconstructing the largest
explosive eruptions of Mt. Ruapehu, New Zealand: Lithostratigraphic tools to
understand subplinian-plinian eruptions at andesitic volcanoes. Bull. Volcanol. 74,
617-640. https://doi.org/10.1007/s00445-011-0555-z.

Pardo, N., Cronin, S.J., Wright, H.M.N., Schipper, C.I., Smith, I., Stewart, B., 2014.
Pyroclast textural variation as an indicator of eruption column steadiness in
andesitic Plinian eruptions at Mt. Ruapehu. Bull. Volcanol. 76, 1-19. https://doi.
org/10.1007/500445-014-0822-x.

Pearce, J.A., 1983. Role of the sub-continental lithosphere in magma genesis at active
continental margins. In: Hawkesworth, C.J., Norry, M.J. (Eds.), Continental Basalts
and Mantle Xenoliths. Shiva Publications, Cheshire, UK, pp. 230-249.

Pérez-Valera, L.A., Rosenbaum, G., Sanchez-Gémez, M., Azor, A., Fernandez-Soler, J.M.,
Pérez-Valera, F., Vasconcelos, P.M., 2013. Age distribution of lamproites along the
Socovos Fault (southern Spain) and lithospheric scale tearing. Lithos 180-181,
252-263.

Permanyer, A., Jorge, R., Baudino, R., Gibert, L., 2016. Organic-rich shales from internal
Betic basins (SE Spain): Potential source rocks analogs for the pre-Messinian Salt
play in the western Mediterranean. Geol. Acta 443-460.

Perri, E., Tucker, M., 2007. Bacterial fossils and microbial dolomite in Triassic
stromatolites. Geology 35, 207-210.

Playa, E., Orti, F., Rosell, L., 2000. Marine to non-marine sedimentation in the upper
Miocene evaporites of the Eastern Betics, SE Spain: Sedimentological and
geochemical evidence. Sediment. Geol. 133, 135-166.

Pozo, M., Calvo, J.P., Scopelliti, G., Gonzalez-Acebrén, L., 2016. Seepage carbonate
mounds in Cenozoic sedimentary sequences from the Las Minas Basin, SE Spain.
Sediment. Geol. 334, 1-20. https://doi.org/10.1016/j.sedgeo.2016.01.008.

Reiswig, H.M., Wheeler, B., 2002. Family Euretidae (Eds.). In: Hooper, J.N.A., Van
Soest, R.W.M. (Eds.), Systema Porifera. A guide to the classification of sponges.
Kluwer Academic/Plenum Plubishers, New York, pp. 1301-1331.

Rosell, L., Orti, F., Gibert, L., Deino, A., Gimeno, D., 2011. Las Minas de Hellin Gypsum:
Cyclicity and age (Upper Miocene, SE Spain) geological setting and geochronology.
In: 28th IAS Meeting of Sedimentology. Zaragoza.

Rossi, C., Vilas, L., Arias, C., 2015. The Messinian marine to nonmarine gypsums of
Jumilla (Northern Betic Cordillera, SE Spain): Isotopic and Sr concentration


http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0005
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0005
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0010
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0010
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0015
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0015
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0020
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0020
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0020
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0020
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0020
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0025
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0025
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0030
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0030
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0030
https://doi.org/10.1016/S0037-0738(00)00173-1
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0040
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0040
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0040
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0040
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0045
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0045
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0050
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0050
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0050
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0055
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0055
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0060
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0060
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0060
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0060
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0060
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0065
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0065
https://doi.org/10.1306/2DC4090E-0E47-11D7-8643000102C1865D
https://doi.org/10.1306/2DC4090E-0E47-11D7-8643000102C1865D
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0075
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0075
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0075
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0075
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0080
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0080
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0080
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0085
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0085
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0090
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0090
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0090
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0090
https://doi.org/10.1007/978-94-017-3373-1
https://doi.org/10.1016/j.tecto.2016.05.045
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0105
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0105
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0105
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0110
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0110
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0110
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0115
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0115
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0115
https://doi.org/10.1111/bre.12408
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0125
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0125
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0125
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0125
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0130
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0130
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0130
https://doi.org/10.1016/j.sedgeo.2007.03.003
https://doi.org/10.1016/j.sedgeo.2007.03.003
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0140
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0140
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0140
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0145
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0145
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0145
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0150
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0150
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0155
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0155
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0160
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0160
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0160
https://doi.org/10.1016/j.jvolgeores.2016.07.005
https://doi.org/10.1016/j.jvolgeores.2016.07.005
https://doi.org/10.1017/S0016756811000124
https://doi.org/10.1017/S0016756811000124
https://doi.org/10.1029/JB073i018p06099
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0180
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0180
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0185
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0185
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0185
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0190
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0190
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0190
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0195
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0195
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0195
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0200
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0200
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0200
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0205
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0205
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0210
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0210
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0210
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0210
https://doi.org/10.1016/j.sedgeo.2014.06.004
https://doi.org/10.1007/s00445-012-0588-y
https://doi.org/10.1007/s00445-011-0555-z
https://doi.org/10.1007/s00445-014-0822-x
https://doi.org/10.1007/s00445-014-0822-x
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0235
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0235
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0235
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0240
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0240
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0240
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0240
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0245
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0245
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0245
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0250
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0250
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0255
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0255
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0255
https://doi.org/10.1016/j.sedgeo.2016.01.008
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0265
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0265
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0265
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0270
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0270
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0270

V. Pineda et al.

constraints on the origin of parent brines. Sediment. Geol. 328, 96-114. https://doi.
org/10.1016/j.sedgeo0.2015.08.007.

Sanchez-Roman, M., Vasconcelos, C., Schmidt, T., Dittrich, M., McKenzie, J.A.,

Zenobi, R., Rivadeneyra, M.A., 2008. Aerobic microbial dolomite at the nanometer
scale: Implications for the geologic record. Geology 36, 879-882.

Sanchez-Roman, M., McKenzie, J.A., de Luca Rebelo Wagener, A., Rivadeneyra, M.A.,
Vasconcelos, C., 2009a. Presence of sulfate does not Inhibit low-temperature
dolomite precipitation. Earth Planet. Sci. Lett. 285, 131-139.

Sanchez-Roman, M., Vasconcelos, C., Warthmann, R., Rivadeneyra, M.A., McKenzie, J.
A., 2009b. Microbial dolomite drecipitation under aerobic conditions: Results from
Brejo do Espinho lagoon (Brazil) and culture experiments. In: Swart, P.K., Eberli, G.
P., McKenzie, J.A., Jarvis, L., Stevens, T. (Eds.), Perspectives in carbonate geology: a
tribute to the career of Robert Nathan Ginsburg, Sedimentology, (IAS Spec Publ No.
40), pp. 167-178 (Eds.).

Sanchez-Roman, M., McKenzie, J.A., de Luca Rebello Wagener, A., Romanek, C.S.,
Sanchez-Navas, A., Vasconcelos, C., 2011a. Experimentally determined biomediated
Sr? partition coefficient for dolomite: Significance and implication for natural
dolomite. Geochim. Cosmochim. Acta 75, 887-904.

Sanchez-Roman, M., Romanek, C.S., Fernandez-Remolar, D.C., Sanchez-Navas, A.,
McKencie, J.A., Pibernat, R.A., Vasconcelos, C., 2011b. Aerobic biomineralization of
Mg-rich carbonates: Implications for natural environments. Chem. Geol. 281,
143-150.

Sanchez-Roman, M., Fernandez-Remolar, D., Amils, R., Sanchez-Navas, A., Schmid, T.,
San Martin-Uriz, P., Rodriguez, N., McKenzie, J.A., Vasconcelos, C., 2014. Microbial
mediated formation of Fe-carbonate minerals under extreme acidic conditions. Sci.
Rep. 4, 4767.

Sanchez-Roman, M., Puente-Sanchez, F., Parro, V., Amils, R., 2015. Nucleation of Fe-rich
phosphate and carbonate on microbial cells and exopolymeric substances. Front.
Microbiol. 6, 1024.

Sanz de Galdeano, C., 1990. Geologic evolution of the Betic Cordilleras in Western
Mediterranean, Miocene to the present. Tectonophysics 172, 107-119.

Sanz de Galdeano, C., Alfaro, P., 2004. Tectonic significance of the present relief of the
Betic Cordillera. Geomorphology 63, 175-190.

Sanz de Galdeano, C., Vera, J.A., 1992. Stratigraphic record and palaeogeographical
context of the Neogene basins in the Betic Cordillera, Spain. Basin Res. 4, 21-36.
https://doi.org/10.1111/j.1365-2117.1992.tb000 40.x.

Schmid, R., 1981. Descriptive nomenclature and classification of pyroclastic deposits and
fragments. Geol. Rundsch. 70, 794-799. https://doi.org/10.1007/BF01822152.
Servant-Vildary, S., Rouchy, J.M., Pierre, C., Foucault, A., 1990. Marine and continental
water contributions to a hypersaline basin using diatom ecology, sedimentology and
stable isotopes: An example in the late Miocene of the Mediterranean (Hellin Basin,

18

3DODHRJHRJUDSK\ 3DODHRFOLPDWRORJ\

southern Spain). Palaeogeogr. Palaeoclimatol. Palaeoecol. 79, 189-204. https://doi.
0rg/10.1016/0031-0182(90)90017-2.

Soria, J.M., 1998. La cuenca de anteapais norbética en la Cordillera Bética Central (sector
del Mencal): evolucion tectosedimentaria e historia de la subsidencia. Rev. Soc. Geol.
Esp. 11, 23-31.

Soria, J.M., Fernandez, J., Viseras, C., 1999. Late Miocene stratigraphy and
paleogeographic evolution of the intramontane Guadix Basin (Central Betic
Cordillera, Spain): Implications for an Atlantic-Mediterranean connection.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 151, 255-266.

Spadafora, A., Perri, E., Mckenzie, J.A., Vasconcelos, C., 2010. Microbial
biomineralization processes forming modern Ca: Mg carbonate stromatolites.
Sedimentology 57, 27-40.

Thode, H.G., Monster, J., 1965. Sulfur isotope geochemistry of petroleum, evaporites and
ancient seas. In: Young, A., Galley, J.E. (Eds.), Fluids in Subsurface Environments.
American Association of Petroleum Geologists Memory, Tulsa, Oklahoma,
pp. 367-377.

van Hinsbergen, D.J.J., Kouwenhoven, T.J., van der Zwaan, G.J., 2005. Paleobathymetry
in the backstripping procedure: Correction for oxygenation effects on depth
estimates. Palaeogeogr. Palaeoclimatol. Palaeoecol. 221, 245-265.

Verges, J., Fernandez, M., 2012. Tethys-Atlantic interaction along the Iberia—Africa plate
boundary: the Betic—Rif orogenic system. Tectonophysics 579, 144-172.

Warren, J.K., 1990. Sedimentology and mineralogy of dolomitic Coorong Lakes, South
Australia. J. Sediment. Petrol. 60, 1-81.

Weijermars, R., 1991. Geology and tectonics of the Betic Zone, SE Spain. Earth Sci. Rev.
31, 153-236.

Weijermars, R., Roep, T.B., Van den Eeckhout, B., Postma, G., Klevelaan, K., 1985. Uplift
history of a Betic fold nappe inferred from Neogene—Quaternary sedimentation and
tectonics (in the Sierra Alhamilla and Almeria, Sorbas and Tabernas basins of the
Betic Cordilleras, SE Spain). Geol. Mijnb. 64, 397-411.

Wen, Y., Sanchez-Roman, M., Li, Y., Wang, C., Han, Z., Zhang, L., Gao, Y., 2020.
Nucleation and stabilization of Eocene dolomite in evaporative lacustrine deposits
from central Tibetan plateau. Sedimentology 67, 3333-3354. https://doi.org/
10.1111/sed.12744.

Wohletz, K.H., 1983. Mechanisms of hydrovolcanic pyroclast formation: Grain-size,
scanning electron microscopy, and experimental studies. J. Volcanol. Geotherm. Res.
17, 31-63. https://doi.org/10.1016,/0377-0273(83)90061-6.

Wohletz, K.H., Heiken, G., 1992. Volcanology and Geothermal Energy. University of
California Press, Berkeley, 1992. Web. http://ark.cdlib.org/ark:/13030/ft6v19p
151/.

Wohletz, K.H., McQueen, R.G., 1984. Volcanic and stratospheric dustlike particles
produced by experimental water-melt interactions. Geology 12, 591. https://doi.
0rg/10.1130/0091-7613(1984)12<591:VASDPP>2.0.CO;2.

3DODHR


https://doi.org/10.1016/j.sedgeo.2015.08.007
https://doi.org/10.1016/j.sedgeo.2015.08.007
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0280
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0280
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0280
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0285
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0285
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0285
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0290
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0290
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0290
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0290
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0290
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0290
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0295
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0295
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0295
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0295
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0300
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0300
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0300
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0300
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0305
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0305
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0305
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0305
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0310
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0310
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0310
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0315
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0315
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0320
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0320
https://doi.org/10.1111/j.1365-2117.1992.tb000 40.x
https://doi.org/10.1007/BF01822152
https://doi.org/10.1016/0031-0182(90)90017-2
https://doi.org/10.1016/0031-0182(90)90017-2
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0340
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0340
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0340
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0345
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0345
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0345
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0345
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0350
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0350
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0350
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0355
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0355
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0355
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0355
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0360
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0360
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0360
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0365
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0365
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0370
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0370
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0375
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0375
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0380
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0380
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0380
http://refhub.elsevier.com/S0031-0182(20)30619-2/rf0380
https://doi.org/10.1111/sed.12744
https://doi.org/10.1111/sed.12744
https://doi.org/10.1016/0377-0273(83)90061-6
http://ark.cdlib.org/ark:/13030/ft6v19p151/
http://ark.cdlib.org/ark:/13030/ft6v19p151/
https://doi.org/10.1130/0091-7613(1984)12<591:VASDPP>2.0.CO;2
https://doi.org/10.1130/0091-7613(1984)12<591:VASDPP>2.0.CO;2

	Interevaporitic deposits of Las Minas Gypsum Unit: A record of Late Tortonian marine incursions and dolomite precipitation  ...
	1 Introduction
	2 Geological setting
	3 Materials and methods
	4 Results
	4.1 Sedimentary lithofacies

	5 Discussion
	6 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary data
	References


