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Abstract: During the Aptian-Albian transition, an extensional phase of the Central Atlantic which
affected the Prebetic carbonate platform (South Iberian Continental Margin, northwestern margin of
the Tethys) occurred. A graben morphology was developed in the platform coeval to a relative sea
level fall. As a consequence, palustrine facies characterized by rhizoliths and some pond deposits
of black lutites were established. Over these palustrine sediments, a second shallow carbonate
platform was built during the early Albian. However, this process was not abrupt, as several levels
with orbitolines and rudists were deposited intercalated between the continental facies, recording
the transition to a new shallow marine carbonate platform developped during the Early Albian.
The presence of these continental palustrine sediments between two episodes of shallow carbonate
platform is described for the first time in the Prebetic. The demise of an upper Aptian isolated
shallow carbonate platform drove to the deposition of these palustrine sediments in an extensional
tectonic regime.

Keywords: South Iberian Continental Margin; Prebetic; Aptian–Albian transition; shallow carbonate
platform; palustrine facies; charophyte; carbonate platform demise

1. Introduction

The Aptian–Albian transition is an interesting interval at a global scale, which records
the occurrence of the Oceanic Anoxic Event 1b, associated to a global perturbation of the
carbon cycle and regional deposition of organic-rich deposits, particularly in the western
Tethys [1]. In addition, this interval records a remarkable climate change toward more
humid and warm conditions after the cooling snap of the late Aptian [2], and a notable
biotic turnover in marine faunas [3]. This climate change was concomitant to the opening
of gateways in the South Atlantic and Southern Ocean basins [4], leading to changes
in the global marine currents. In the Southern Iberian Continental Margin (SICM), this
boundary records the end of the urgonian carbonate platforms and the beginning of a mixed
carbonate-terrigenous deposition under an increase of the terrestrial runoff. Deposition
occurred mostly in highly subsident sectors, whereas wide parts of the margin record a
sedimentary hiatus, probably related to a tectonic extensional pulse occurred during this
interval [5,6]. This extensional pulse is related to the opening of the Central Atlantic and
the development of the Alpine Tethys rift [7], when the connection between the Tethys and
the Central and South Atlantic was being generated.

In this time, the Iberian Plate and their margins were located in the boundary between
the Tropical-Equatorial hot arid belt and the Northern High-latitude Temperate humid
belt [8,9], in a latitude between 20◦ N and 30◦ N [1]. A major platform drowning episode is
registered in the northern Tethyan margins during the Aptian–Albian transition [10–12].
This event has been related to a eustatic highstand recorded in several transgressive system
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tracts [1,11]. As a consequence, low terrigenous input, black shale facies, and marine
organic matter were deposited under these relative sea level conditions [1,10,11,13].

In the SICM, the Aptian–Albian transition is represented by the boundary between
the sedimentary episodes K4 (Aptian) and K5 (lower–middle Albian) [14]. In the subsid-
ing domain of the Prebetic (Internal Prebetic), the carbonate platform development was
widespread, recorded as the Llopis Formation (lower Aptian) and the Seguilí Formation
(upper Aptian). In the non-subsiding domain or External Prebetic, only unusual marine
carbonate platforms were developed as a consequence of the Cenomanian transgression.
The upper boundary of the K4 Episode is an unconformity with a hiatus embracing the
latest Aptian and earliest Albian [15,16]. This Aptian–Albian transition in the Prebetic is
marked by an extensive discontinuity, although locally, in some subsiding areas of the
Prebetic of Alicante and the Prebetic of Jaén, the transition is registered in shallow ma-
rine carbonates [5,17] and locally interbedded with freshwater and edaphic deposits. The
main features of the K5 Episode are the important lateral facies changes from continental
or littoral deposits in the External Prebetic (non-subsiding domain) to mixed platform
(Sácaras Formation) and hemipelagic sedimentation with ammonites in the Internal Pre-
betic [5,6,14,18].

A stratigraphic succession of shallow platform carbonates capped by continental
deposits of the Aptian–Albian transition, belonging to the Prebetic of Jaén [19] is analyzed
in this research. The Prebetic of Jaén is the westernmost part of the Prebetic platform
with Cretaceous sedimentary sequences similar to others outcropping in the Internal
Prebetic [20,21]. However, in the Sierra de Bedmar-Jódar, the most remarkable feature
of the Aptian–Albian transition deposits is the presence of a continental unit (palustrine
sediments with paleosols), not recognized in other successions of the Internal Prebetic. The
aim of this research is to analyze the stratigraphy, sedimentology, and paleontology of these
rocks and their meaning in the evolution of this area of the SICM.

2. Geological Setting

The Sierra de Bedmar-Jódar belongs to the Prebetic of Jaén [19,21,22], located to the
west of the Tíscar fault, an important tectonic lineament that marks the end of the large
Prebetic outcrops of the Cazorla, Segura and Las Villas units (Figure 1). The Sierra de
Bedmar-Jódar is made up by Cretaceous to Miocene rocks. The structure of these units
arranged in an anticline structure tilted to the NW. The southern flank shows a mean dip
of 45◦, while the northern flank is subvertical or is slightly inverted. The axis of the fold
is curved, convex to the NW-W, with an average strike of N30◦ E. This unit is part of the
betic thrust front and is disposed over the Neogene of the Guadalquivir Basin, that was
thrusted by the subbetic units between the Burdigalian and the Messinian, with tectonic
net movement toward the N-NW and W [23].

The Cretaceous is represented by Valanginian–Cenomanian carbonates [21,22]. An un-
conformity with an Hauterivian-Barremian hiatus has been detected between the Valanginian
and the Aptian rocks. The Valanginian sediments (Los Villares Formation) are an alternance
of marly limestones and marls, with some sandstone levels, sedimented in hemipelagic
environments (Figure 2). The Aptian–Albian carbonates were deposited in shallow-marine
environments dominated by lagoon facies [20,24]. The studied Aptian carbonates can be cor-
related with the Llopis and Seguilí Formations defined in the Prebetic of Alicante [5,6,17,19].
The continental sediments studied are overlying the top of the Seguilí Formation. The
Albian carbonates are represented by the Sácaras and Jumilla Formations defined also in
the eastern Prebetic outcrops [5,6,17,19] (Figures 1 and 2). The Aptian–Albian carbonate
platform cropping-out in the Sierra de Bedmar-Jódar, was developed on a tilted fault block
dipping to the NE, as a consequence of the Atlantic rifting stage that affected the SICM at
the end of the Early Cretaceous [16,19,21,22].
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Figure 1. Geological setting of the Sierra de Bedmar-Jódar. (a) Location of the Betic Cordillera in the 

South of Spain. (b) Geological sketch of the Betics with position of the Sierra de Bedmar-Jódar, to 

the West of the Tíscar Fault. (c) Paleogeographic reconstruction of the South Iberian Margin for the 

Early Cretaceous. (d) Geological maps of the Sierra de Bedmar-Jódar with the location of the studied 
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Figure 1. Geological setting of the Sierra de Bedmar-Jódar. (a) Location of the Betic Cordillera in
the South of Spain. (b) Geological sketch of the Betics with position of the Sierra de Bedmar-Jódar,
to the West of the Tíscar Fault. (c) Paleogeographic reconstruction of the South Iberian Margin for
the Early Cretaceous. (d) Geological maps of the Sierra de Bedmar-Jódar with the location of the
studied section.
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Figure 2. Chronostratigraphic chart of the Prebetic in the Cazorla-Segura outcrops and correlation
with the Sierra de Bedmar-Jódar. The numerical ages (in Ma) and the Tethyan Ammonite Zones
are from [25]. The sequence sets are from [14]. The chronostratigraphic record of these units is
correlated with the sequences (T-R cycles and sequences of 3rd order) from [5] and the cycles of [26].
T-R: transgressive-regressive. C.c.: Continental carbonates. Fm: Formation. Fms: Formations. L.V.
Fm: Los Villares Formation. Val.: Valanginian. up.: upper. low.: lower. mid.: middle.

3. Materials and Methods

A detailed logging bed-by-bed of the Bedmar-Jódar Aptian–Albian transition (Figure 3)
has been performed including sampling of hard rock for thin sections and samples of marls
for sieving. Twenty-five thin sections have been studied, with focus on the analysis of
microfacies as well as microfossil assemblages using a Leica M205C stereoscopic microscope.
The finest fraction was studied under the same stereoscopic microscope.

Bulk C- and O-isotope analyses of the carbonate fraction (13Ccarb) of the 27 collected
samples were carried out at the Stable Isotope Laboratory of the Instituto de Geociencias,
Universidad Complutense de Madrid, using a ThermoScientific MAT253 Isotope Ratio
Mass Spectrometer (Waltham, MA, USA). Connected to a Kiel IV Carbonate Device. The
international carbonate standard NBS-19, NBS-18 (National Bureau of Standards) and
in-house standards were used to calibrate to Vienna PeeDee Belemnite (VPDB) [27]. All the
isotope data are reported with the δ (‰) notation referred to the Vienna-Pee Dee Belemnite
(VPDB) standard. Analytical error (1σ) averaged ±0.01‰ for both carbon and oxygen.
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Figure 3. General stratigraphic section of the Aptian–Albian in the Sierra de Bedmar-Jódar and
location of the detailed stratigraphic section of the continental carbonates.
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4. Results
4.1. Facies and Microfacies

The carbonate sequences considered in this research crop out at the top of a shallowing-
upward cycle that records the sedimentary evolution of a low-energy backreef lagoon
developed in the latest Aptian (Seguilí Formation, [20]) (Figure 3). The topmost limestone
bed of the Seguilí Formation (bed 106, Figures 3 and 4a–c) making the base of the studied
succession, shows a microfacies of wackestone with miliolids, orbitolinids, and some
poorly preserved gastropods and rudists. Besides, there are also some thin grains of quartz
(<0.5 mm) and peloids. The fenestral texture is well developed. The top of this level, and
therefore of the Seguilí Formation, shows desiccation cracks, borings (Figure 4d), and thin
crusts of Fe-oxides. The geometry of this level shows a staggered shape controlled by small
normal paleofaults of centimetric to metric slip (Figure 4a).

Over the bed 106, a carbonate succession 22.5-m thick crops-out (Figures 3 and 4a–c),
made up by limestones and marly limestones with abundant rhizoliths (Figure 4e); in the
upper part of the succession, there are several levels with rudists (Figure 4f). Six types of
lithofacies have been recognized in this stratigraphic section:

1. Brecciated marly limestones with abundant rhizoliths filled with a yellow–brown
sediment with a mudstone texture, stained by Fe oxides and frequently dolomitized.
They have sub-circular cross-section with a cylindrical shape at a right angle related
to stratification. The length of these rhizoliths is close to several centimeters and their
diameter is no more than 1 cm. Some of these show downward bifurcations with
decreasing diameters of second order branches.

2. Marly limestones with desiccation cracks, abundant in the bed tops. In the upper
part of the section, these lithofacies show rounded quartzite clasts and black peb-
bles. Laterally, these materials can change to black marls facies, locally enriched in
organic matter.

3. Limestones that laterally change to brecciated limestones or brecciated marly lime-
stones. At the top of these lithofacies there are dessication cracks. The rhizoliths are
abundant and show similar features to the described in the lithofacies 1. Another
feature of this lithofacies is that it is commonly more indurated than any other, and it
is therefore very prominent at outcrop scale.

4. Limestones with orbitolinids that crop-out 7 m below the top of the studied section,
in a bed 35 cm thick.

5. Marls with thin calcarenite levels no more than 10 cm thick, with lenticular morphol-
ogy. There are abundant rhizoliths in the calcarenite beds; they have features similar
to that described previously in the lithofacies 1.

6. Brecciated marly limestones with gastropods. In the upper part of the section there
are rudists (Mathesia darderi (Astre)) (Figures 3 and 4f). The rhizoliths are abundant
with similar features to the described in preceding facies.

Within these lithofacies there have been recognized seven types of microfacies (Table 1).
The microfacies 1, azoic mudstone (Table 1; Figure 5a) is recorded in relation to the lithofa-
cies 1 (brecciated marly-limestones) and lithofacies 3. The microfacies 2 and 3, mudstone
and wackestone with Clavatoracea (charophytes), Atopochara trivolvis var. trivolvis Peck,
Clavator grovesii var. lusitanicus Grambast-Fessard and tallus of charophyta Munieria gram-
bastii Bystricky (Table 1, Figures 5b–d and 6) have been observed in the samples of the
lithofacies 1, 3, 5, and 6. In this last lithofacies.
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Figure 4. Features of the outcrops. (a,b) Panoramic view of the outcrop. The top of the 106 bed
is remarked with the position of some paleofaults in (a,c). Irregular morphology of the top of the
106 bed. (d). Borings in the top of 106 bed. (e) Rizholiths (in brown color) in a limestone bed.
(f) Rudists in nodular limestones.
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Table 1. Microfacies observed in the studied stratigraphic section.

Microfacies
Grains Fossils Other Features Environment

N◦

1 Azoic Mudstone Without grains Without fossils Desiccation cracks, bird-eyes,
mottled texture

Restricted marine platform with
subaerial episodes

2 Mudstone
with characea Peloids Characeae,

gastropod, bioclast
Desiccation cracks, mottled

texture, ryzoliths.

Humid platform interior with
subaerial episodes with desiccation

cracks, mottled texture and
ryzolithes development

3 Mudstone
with miliolids Peloids Miliolids, bivalve bioclasts,

Nodosaridae, ostracods

Few developed mottled
texture, stained by FeO.

Locally dolomitized
Restricted marine platform with low

energy. Subaerial episodes with
mottled texture development

4 Mudstone
with ostracods Without grains Ostracods, characeae Mottled texture

5 Wackestone
with characeae Peloids Mililids, Orbitolinids

Thin quartz grains, mottled
texture with curved cracks.

Stained by FeO

Humid platform interior with
subaerial episodes with desiccation

cracks and mottled texture
development

6 Wackestone
with orbitolinids Some peloids Orbitolinids, miliolids,

rudist bioclasts

Mottled texture stainded by
FeO. Curved cracks.
Locally dolomitized

Open inner platform with
subaerial episodes

7 Packestone
with characea Peloids Characeae, bioclasts

Desiccation cracks, mottled
texture. Locally

brecciated texture

Humid platform interior with
subaerial episodes with desiccation

cracks and mottled texture
development

Salpingoporella sp., has been detected (Figure 6). The packstone with charophytes
(microfacies 4, Table 1; Figure 5e) is associated to the lithofacies 3 and 5, limestones that
laterally change to brecciated limestones and marls with thin calcarenite levels, respec-
tively. Microfacies 5, mudstone with miliolids (Table 1, Figure 5f) can be detected in the
lithofacies 3. Mudstone with ostracods (microfacies 6, Table 1, Figure 5g) is related to marly
limestones with desiccation cracks (lithofacies 2). Finally, the microfacies 7, wackestone
with orbitolinids (Mesorbitolina subconcava Leymerie) (Table 1 and Figures 3, 5h and 6) has
been observed in lithofacies 4.

4.2. Sedimentary Sequences

Above the irregular surface, controlled by paleofaults, with desiccation cracks devel-
oped in subaerial conditions, at the top of bed 106 (Figures 3, 4a–c and 7), five shallowing
upward elementary sequences (I to V in Figure 7) can be recognized, whose tops are also
characterized by desiccation cracks. The thickness of each sequence ranges between 0.5 m
(sequence V) and 13.25 m (sequence II).

Sequence I is 2-m thick (Figure 7). The lithofacies are brecciated marly limestones,
with microfacies 3 (Table 1, Figure 5f) that laterally change to marly limestone and, at the
top, to a level of limestone with microfacies 2, 3, or 4 (Table 1, Figure 5b,f,h). The top of
this level shows desiccation cracks. Rhizoliths are present in both lithofacies with similar
features as those described in the preceding heading.

Sequence II is 13.25 m thick (Figure 7). Three main lithofacies, marls, marly limestones,
and limestones make up the sequence. These lithofacies change laterally to brecciated
marly limestones. In the lower part of the sequence, some levels of marly limestones change
laterally to black marls whose thickness is no more than 50 cm. Thin calcarenite lenticular
levels with microfacies 2 (mudstone with charophytes, Table 1) appear intercalated in
the marls. Rhizoliths are abundant in the calcarenites (Figure 7). The limestone facies,
mudstone of miliolids with rhizoliths (microfacies 5, Table 1), occurs in the upper part of
the sequence and is interfingered with marly limestones with gastropods. The top of the
sequence shows desiccation cracks. On the basis of the calcarenite levels with rhizoliths
(microfacies 2, Table 1, Figure 5b), ten small cycles are differentiated.
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Figure 5. Microfacies recognized (according to the Table 1). (a) Microfacies 1: Azoic mudstone with 

desiccation cracks and mottled texture (RO-C-495). (b) Microfacies 2: Mudstone with charophytes 

(RO-C-485). (c) Microfacies 2: Mudstone with charophytes (RO-C-490) and rhizoliths. (d) 

Figure 5. Microfacies recognized (according to the Table 1). (a) Microfacies 1: Azoic mudstone with
desiccation cracks and mottled texture (RO-C-495). (b) Microfacies 2: Mudstone with charophytes
(RO-C-485). (c) Microfacies 2: Mudstone with charophytes (RO-C-490) and rhizoliths. (d) Microfacies
3: Wackestone with charophytes (RO-C-476). (e) Microfacies 4: Packstone with charophytes (RO-
C-480). (f) Microfacies 5: Mudstone with miliolids (RO-C-492). (g) Microfacies 6: Mudstone with
ostracods (RO-C-482). (h) Microfacies 7: Wackestone with orbitolinids (RO-C-498). For all the images:
ch: charophyte; rh: rhizolith; m: miliolid; os: ostracod; or: orbitolinid.
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Figure 6. Microfossils in the analyzed stratigraphic section. Figure 6. Microfossils in the analyzed stratigraphic section.

Sequence III has a thickness of 1.5 m (Figure 7). Limestones, brecciated limestones,
marls, and marly limestones that laterally change to brecciated limestones make up this
sequence. The rhizoliths are abundant in all the lithofacies. Four small cycles (Figure 7)
with a shallowing upward trend capped by rhizoliths in the top, can be differentiated. The
microfacies of the two lower small cycles is azoic mudstone (without grains and fossils,
microfacies 1, Table 1; Figure 5a). The uppermost small cycle has microfacies 7 (wackestone
with orbitolinids; Table 1, Figure 5h), and abundant rhizoliths and desiccation cracks in
their top.



Minerals 2022, 12, 116 11 of 22

Minerals 2022, 12, x FOR PEER REVIEW 11 of 23 
 

 

4.2. Sedimentary Sequences 

Above the irregular surface, controlled by paleofaults, with desiccation cracks devel-

oped in subaerial conditions, at the top of bed 106 (Figures 3, 4a–c and 7), five shallowing 

upward elementary sequences (I to V in Figure 7) can be recognized, whose tops are also 

characterized by desiccation cracks. The thickness of each sequence ranges between 0.5 m 

(sequence V) and 13.25 m (sequence II).  

Sequence I is 2-m thick (Figure 7). The lithofacies are brecciated marly limestones, 

with microfacies 3 (Table 1, Figure 5f) that laterally change to marly limestone and, at the 

top, to a level of limestone with microfacies 2, 3, or 4 (Table 1, Figure 5b,f,h). The top of 

this level shows desiccation cracks. Rhizoliths are present in both lithofacies with similar 

features as those described in the preceding heading.  

 

Figure 7. Sequences considered in the studied section. To see the Figure 3 for the symbols of com-

ponents of the rocks. The numbers correspond to the microfacies in the Table 1. 

Sequence II is 13.25 m thick (Figure 7). Three main lithofacies, marls, marly lime-

stones, and limestones make up the sequence. These lithofacies change laterally to 
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Brecciated limestones and marly limestones are the lithofacies making up the 2.10 m
thick sequence IV (Figure 7). The microfacies of the brecciated limestones is mudstone with
charophytes. The top of the marly limestone shows rhizoliths, quartzite pebbles, and black
pebbles, which allow to distinguish two small cycles in this sequence (Figure 7) bounded
by the top of the marly limestones. Brecciated limestones with microfacies 2 (Table 1)
make up the uppermost small cycle. At their top, rhizoliths and desiccation cracks occur.
Sequence V is 0.5 m thick (Figure 7). It is made up of brecciated limestones with microfacies
of wackestone with charophytes. As in other sequences, rhizoliths and desiccation cracks
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are abundant at the top of the sequence. Over this last sequence brecciated marly limestones
with rudists and gastropods, and also with abundant rhizoliths, crop out.

4.3. Biostratigraphy

The presence of Mesorbitolina subconcava in bed 106 (lower part of the studied section)
and in the top of the elementary sequence III, Pseudochofatella cuvilleri Deloffre in the upper
part of the Seguilí Formation, and Simplorbitolina manasi Ciry and Rat in the base of the
Sácaras Formation (Figure 3) indicates that these sediments were deposited in the Aptian—
Albian transition [28]. These authors consider that the presence of these orbitolinids define
the biostratigraphic units 4 and 5, correlated with the Hypacanthoplites jacobi Collet (H. jacobi)
and Leymeriella tardefurcata Laymerie (L. tardefurcata) ammonite zones, that comprise the
Aptian–Albian transition. Additionally, the charophyte association (Atopochara trivolvis var.
trivolvis, Clavator grovesii var. lusitanicus and Munieria grambastii; Figure 6) present in these
sediments is also characteristic of this time interval [29,30].

4.4. C and O Stable Isotopes

Table 2 shows the values of the isotopic C and O ratios coming from the analysis of
the bulk samples taken for this study. Besides, Figure 8 depicts the profile of δ13C and
Figure 9 shows the correlation between the isotopic values δ13C and δ18O. The value of the
correlation coefficient R2 is 0.179 (Figure 9). However, for R = 0.424 and t = 2.343 (Student’s
test), the correlation between δ13C and δ18O will be significant with a probability of 95%
(t = 2.05 for 27 analyses) and insignificant with a probability of 99% (t = 2.77 for 27 analyses),
only there is an anomalous sample (RO-C-484). Without this sample, the correlation is
insignificant (R = 0.062, t = 0.305 for 26 samples).

Table 2. Values of the δ13C and δ18O in each sample taken in the studied stratigraphic section.

Samples δ13C δ18O

RO-C-476 0.34 −2.81
RO-C-477 −1.38 −2.42
RO-C-478 −1.94 −2.59
RO-C-479 −3.16 −2.47

RO-C-479B −2.53 −2.86
RO-C-480 −2.72 −1.97
RO-C-481 −2.58 −2.10

RO-C-481b −2.89 −2.26
RO-C-482 −1.72 −1.64
RO-C-483 −4.57 −2.16
RO-C-484 −6.81 −3.85
RO-C-485 −0.51 −1.29
RO-C-486 −3.40 −2.44
RO-C-487 −0.83 −2.19
RO-C-488 −1.82 −2.56
RO-C-489 0.16 −1.84
RO-C-490 0.44 −2.35
RO-C-491 −0.05 −2.16
RO-C-492 −0.33 −2.43
RO-C-493 −1.35 −2.34
RO-C-494 −1.55 −2.85
RO-C-495 −1.19 −2.52
RO-C-496 0.87 −2.53
RO-C-497 −2.09 −2.95
RO-C-498 −1.09 −2.36
RO-C-499 −1.09 −2.09
RO-C-500 −1.34 −2.50
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While the δ18O values are around the published Aptian and Albian marine values
(δ18O = −2‰; [31]), the δ13C shows negative values, far from the marine value for this ratio
proposed by the same author for that time interval (δ13C = 2‰, [31]). The lower and higher
values of δ13C are −6.81‰ and 0.87‰ respectively (standard deviation 1.65‰), with an
average value of −1.67‰. The δ18O values range between −3.85‰ and −1.29‰ (Table 2)
and their average value is −2.39‰ (standard deviation 0.47‰). The strong negative δ13C
shifts detected from the sample RO-C-483 and 484 (both samples are black marls), whose
values are −4.57 and −6.81 respectively (Table 2 and Figure 8) must be emphasized.
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color from the Internal Prebetic (Cau Cores, outer platform, Aptian) [34].

5. Discussion
5.1. Sedimentary Environment

At a global scale, the Aptian–Albian transition has been characterized by impor-
tant paleogeographic changes related to the Central Atlantic rifting stage [7] and with
climatic changes marked by short duration episodes where warm and cold climates
alternate [2,11,35–37]. In the SICM, a shallow platform on a fault block tilted to the NE
was developed which at present crops out in the Sierra de Bedmar-Jódar, which is similar
to that described by other authors on the southern margin of the Alpine Tethys with a
clear evidence of extensional tectonics [7,37–40]. The Sierra de Bedmar-Jódar belongs to
the so-called Prebetic of Jaén, made by isolated outcrops without apparent connection to
the rest of the Prebetic platform [6,19–24]. Tectonics was an important factor controlling
the sedimentation, as can be evidenced by the small faults affecting the bed number 106
(Figure 4a) of the studied succession. A small-scale graben was developed and, simulta-
neously, a relative sea level fall occurred. Consequently, continental environments were
established on the emerged areas with development of palustrine facies. However, these
continental environments were probably sensitive to relative sea level changes and to the
fluctuations on the piezometric level. Locally, some ponds were developed, where organic
matter accumulation occurred with the formation of black marls and marly limestones
(Figure 10).
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Figure 10. After that, a new relative sea level fall drove to the development of new palustrine facies
with rhizoliths and charophytes. The presence of quartzite-rounded clasts in these materials is
probably an evidence pointing to tectonic episodes as the cause of these relative sea-level changes
making erosion in the continental hinterland [5,41].

It is important to note that in the upper part of the continental succession there
are brecciated marly limestones with rhizoliths and clavatoracea charophytes (Atopochara
trivolvis var. trivolvis; Figure 6), but also with marine fossils as dasycladaceae (Salpingoporella
sp.; Figure 6), orbitolinids, marine gastropods, and rudists. This was the result of the
change from marine sediments developed in the inner part of a carbonate platform that
was exposed to subaerial conditions. Besides, a vegetal cover was developed. Their roots
made up the rhizoliths and, locally, charophytes grew in the fresh-water ponds (Figure 10).

The presence of Atopochara trivolvis var. trivolvis and Clavator grovesii var. lusitanicus
indicates that the waters could have a wide range of salinity, from fresh to brine waters,
which is corroborated by the presence of miliolids and Salpingoporella sp. These charophytes
are common in coastal ponds enriched in organic matter from the Escucha Formation
(Iberian Chain) and in the Montsec (Central Pyrenees) [29,30]. These environments occurred
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during a relative sea-level lowstand stage, with development of pedogenic processes that
affected the emerged coastal marine sediments [42].

5.2. Sedimentary Sequences

The sedimentary sequences shown in this research can be considered as medium-scale
sequences [43]. In addition, within some of these, there can be differentiated smaller-scale
cycles of metric thickness (Figure 7) that can be considered as elementary sequences [43].
This nomenclature is descriptive; it does not imply any time range, as the time framework
is not well-known for each sequence.

As it was established previously, each shallowing upward elementary sequence is
made up by smaller cycles of metric thickness. There are 18 smaller cycles in total. Cor-
relation with ammonite zones indicates that the studied interval represents the H. jacobi
(latest Aptian—earliest Albian) to L. tardefurcata (late early Albian) zones, as it is shown
in the biostratigraphic heading. The age of the bottom of the H. jacobi Zone is 114.40 Ma
and the top of L. tardefurcata is dated as 110.8 Ma [25], so the time represented by the
five shallowing upward elementary sequences would be at least 3.60 Ma. Following this
reference, each one of the 18 smaller cycles would be equivalent to 0.20 Ma in average.
From these data and considering the thickness of the studied section (22.5 m), the resulted
average sedimentation rate is 0.625 cm/ka. This sedimentation rate is very low compared
with that proposed for carbonate palustrine/lacustrine environments, with values between
9 cm/ka and 3 cm/ka [44].

These low sedimentation rates can result from the successive emersion episodes that
affected the area, up to five times along the 3.6 Ma interval, coinciding with the top of the
described elementary sequences. Each emersion episode resulted in the development of
subaerial surfaces with desiccation cracks, plants growth, pedogenic conditions, and locally
ephemeral ponds. Besides, carbonate production stopped at least five times, coinciding with
discontinuities associated to the top of each one of the described elemental sequences. Each
interruption was associated to emersion and the implantation of continental environments,
that is, there were sudden drops in relative sea level, leaving the lagoon bottom emerged,
on which subaerial plants grew, with the development of pedogenic conditions.

5.3. Isotopic Data Interpretation

In the Vocontian Basin (France), several authors [4,32,45,46] show values of δ13C be-
tween 0.65‰ and 2.32‰, while δ18O change between −5‰ and −1.9‰, in rocks occurring
between the lower part of the Kilian level and the top of the Paquier level, with an Aptian—
Albian transition age. The interval between the upper part of the R. angustus (NC7) and
the lower part of the P. columnata (NC8) nannofossil zones (correlated with the upper and
lower parts respectively of the ammonite zones H. jacobi and L. tardefurcata) shows values
of δ13C between 2.5‰ and 4‰ [10]. For the Barremian—Albian of Mt. Kanala section
(Gavrovo platform, western Greece [33]), made up by shallow-water carbonates with clear
evidence of diagenetic and pedogenetic processes, the δ13C values lie in a range from −1‰
to 3.5‰, and δ18O data from −4.78‰ to 0.38‰. For the Aptian—Albian transition, it has
been shown that δ13C values oscillate between 1‰ and 3‰ [33]. The rocks of the Ionian
Basin [47], dated as Aptian—Albian transition, although with low biostratigraphic accuracy,
show δ13C values in a range from 2.6‰ to 3.9‰, and values of the δ18O that range between
−1.5‰ and −0.3‰. The hemipelagic sediments of the Almadich Formation recorded in
the Cau Core show values for the upper Aptian of δ13C between 1.25‰ and 4.5‰ and
between −3.25‰ and −1.25‰ for δ18O; however, there are no data for the Aptian–Albian
transition from these rocks [34].

The highest and lowest values of the δ13C, 0.87, and −6.81‰ respectively from the
samples of this study, are lower than data from Vocotian Basin, Gavrovo platform, or Ionian
Basin [10,32,33,47] (Figure 9). The samples with a the most negative δ13C signature are
recorded in the black marl levels. Probably, they represent a more intense diagenetic over-
print that samples with less negative values [33], but the original C-isotope ratio probably
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reflected negative values related to the presence of organic matter in these rocks [32,34,47].
Early diagenesis and edaphic processes could be responsible for the broader spread of
these data. With respect to the extreme values of δ18O, −1.29‰ and −3.85‰, they are in
the range shown by rocks from the basins quoted previously [32–34] and also close to the
data from the Ionian Basin [47] for this isotope relation.

5.4. Correlation with Other Prebetic Areas

The materials studied in this research are stratigraphically located between the Seguilí
and Sácaras + Jumilla Formations (Figure 2), in the Aptian—Albian transition. In the
Prebetic Zone, the Aptian–Albian transition coincides with the limit between the K4 and
K5 sedimentary episodes [6,14]. The K4 episode was characterized by the development of
the Urgonian platforms; its upper limit is a discontinuity in which part of the latest Aptian
and earliest Albian are not recorded. The K5 episode is characterized by important changes
in thickness and facies, especially those interpreted as deposited in mixed platforms. In the
Sierra de Segura Unit (Figure 2), the boundary between episodes K4 and K5 is located within
the upper member of the Arroyo de los Anchos Formation [20,48,49]. This lithostratigraphic
unit is characterized by the development of carbonates deposited in the inner platform, with
the development of marsh and supra-tidal facies and some terrigenous beds intercalated.
These deposits took place during the last episode of the Atlantic rifting [20,48,49]. In
slightly subsiding contexts or in raised blocks, the record is made up by a succession of
clays with ferruginous pisolites, followed by green marls [41]. In more subsiding sectors,
it is represented by carbonaceous limestones with pseudotoucasia overlaid by sands and
carbonates with ostreids. In short, in the Sierra de Segura Unit, in the Aptian–Albian
transition, marsh facies with earliest subaerial weathering processes (ferruginous pisolites)
are intercalated with shallow marine carbonate levels, which could be related with high
frequency fluctuations in relative sea level. The better preservation of the pedogenic levels
in the Sierra de Bedmar-Jódar, in which there is a clear development of marsh facies,
punctually interrupted by thin levels of orbitolinid limestones, could be explained in
relation to local factors. Among then, the most important was the development of a tectonic
graben generated by small faults, presently clearly visible affecting level 106, which forms
the base of the studied sequence. The development of this structure, favored subsidence
and accumulation of this type of deposits at the same time that it contributed to their
preservation in the succeeding rises of the relative sea level. From a regional perspective,
this could be interpreted as the result of a significant drop in sea level, related to tectonic
processes with the development of the isolated block during the Aptian–Albian, and which
could be also associated with the Atlantic rifting episode [7,37–40].

In the Prebetic of Alicante, the Aptian–Albian transition coincides with the limit
between the transgressive-regressive (T-R) II and III cycles [5] (Figure 2). More specifically,
this limit coincides with that of the third order cycles II.5, regressive, and III.1, transgressive
(Figure 2). Cycles II.5 and III.1 record a sudden increase in the subsidence rate, as it is shown
by the greater thickness of these cycles with respect to II.4. In addition, the lateral changes
in thickness were more marked during the sedimentation of II.5 and III.1, which was related
to the record of a local extensional tectonic event [5]. This event led to the formation of local
grabens, with marine sedimentation in distal parts of the platform (the Prebetic of Alicante),
whereas in more proximal parts of the platform these subsiding areas were occupied by
fresh water that favored the development of the marsh facies, in a general context of relative
sea level drop. Outside these highly subsident grabens, the Aptian–Albian transition in the
Prebetic platform is represented by a discontinuity, probably related to emersion. The third
order cycle III records a further transgressive-regressive cycle, with littoral to continental
deposits in the proximal sectors of the Prebetic that grade to the distal sectors, as Sierra
de Bedmar-Jódar and the Prebetic of Alicante, to mixed terrigenous-carbonate platform
environments (Sácaras Formation), followed by the development of a shallow carbonate
platform with rudists during the upper Albian (Jumilla Formation).
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5.5. The Demise of the Carbonate Platform

The latest Aptian-earliest Albian transition records the last episode of demise of
carbonate platforms in the northern Tethys [11]. At a global scale, an Oceanic Anoxic Event
occurred (OAE 1b, or Paquier level; [50]), with widespread deposition of organic-rich and
biosiliceous sediments in open marine environments, interpreted as related to a phase of
increased nutrient input and enhanced primary productivity [11,37,51–53]. Besides, this
time interval has been associated with repetitive dys- to anaerobic conditions along the
northern Tethyan margin, in the central Tethys and partly also in the Atlantic [1,2,11,54–57].

Some authors have shown that the Aptian–Albian transition was characterized by a
complex climatic history and considerable palaeoceanographic perturbations [2,35,45,54,58].
Other authors [55] argued the development of a phase of global warming, frequently re-
lated to volcanic activity due to the South Kerguelen and Nauru-Mariana LIPs. Several
hyperthermals have been recognized across the Aptian—Albian boundary interval, which
were inserted in a general global warming context, which they also related to the develop-
ment of the previous LIPs [56]. According to this last idea, the base of the Albian has been
interpreted as a warm, humid period, with considerable freshwater flow into the ocean,
decreasing its surface salinity [35,45,51,59] (see review in [11]). On the other hand, it has
been also proposed a brief interval of global climate cooling sufficiently for winter snow
and ice to return to the polar regions in the late Aptian and Early Albian [1,60].

For the Aptian—Albian boundary and admitting a phase of global warming, several
researchers [55–57] estimated that a rise in sea level of medium amplitude took place.
In spite of the general sea level rise quoted for the Mediterranean Tethys domain, the
conditions that are deduced from the study of the sedimentary record of the Sierra de
Bedmar-Jódar, configured in this time interval as an isolated carbonate platform in the
SICM, show us that the development of palustrine and pedogenic conditions indicate a
relative drop in sea level, which, ultimately, was responsible for the demise of the platform
represented by the Seguilí Formation. This local drop in the sea level conditions could
be the consequence of the rifting tectonic that affected the isolated block provoking the
partial emersion. Other parts of the Prebetic platform were also affected by the tectonic [5],
as well as the SICM [6,14]. In the Sierra de Segura Unit, the Aptian–Albian transition
contains the record of marsh and supratidal carbonates, which are interpreted as related
to an intense extensional tectonic phase, that gave rise to an important regression [48,49].
These features are interestingly similar to those that were highlighted from the Cretaceous
shallow water succession outcropping in NW Sicily fold and thrust belt (i.e., the Panormide
platform [37,40,53]). In these areas lacustrine clays were deposited, during the Aptian–
Albian boundary, and mark the demise of the Lower Cretaceous carbonate platform and
the rebirth of the Upper Cretaceous platform [37,53]. In the pelagic sedimentary record of
the SICM, the Aptian—Albian transition is not represented because a regional event (E11)
led to a stratigraphic unconformity with an associated hiatus embracing from the end of
late Aptian to the early part of the middle Albian [16].

In this setting of intense tectonic activity, with regional sea level oscillations, pedogenic
processes affected the sediments in palustrine environments and, probably, they were
responsible for the diagenetic alteration of the C isotope ratio. This evolution can be
explained as the result of very high frequency sea level regressions, which leave the shallow
platform deposits regularly exposed to subaerial conditions with the development of
vegetation typical of subaerial contexts, that settled over them (Figure 10). Besides, in
somewhat more depressed areas, small swamps with poorly oxygenated waters were
developed (Figure 10). The palustrine deposits of this isolated carbonate platform could be
also associated with a significant change in regional hydrology driven by an increase in
magnitude and frequency of rainfall events. These high-frequency sea level fluctuations
are the consequence of continuous tectonic pulses that raised the isolated block that made
up the Sierra de Bedmar-Jódar in that time interval and that, in short, were the cause of the
demise of the platform represented by the Seguilí Formation. The ultimate preservation
of the record of the palustrine and pedogenic deposits in the studied section, with respect
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to other areas of the SICM, was favored by the depressed topography originated by the
observed faults affecting the studied deposits, which configured a small paleo-trough.

6. Conclusions

A stratigraphic succession of shallow-water and continental carbonates of the Aptian–
Albian transition, which belongs to the Prebetic of Jaén is analyzed. The Prebetic of Jaén has
Cretaceous sedimentary sequences similar to other Internal Prebetic areas in an extensional
geodynamic context of an isolated carbonate platform controlled by faults. However,
in the Sierra de Bedmar-Jódar, the most important feature during the Aptian–Albian
transition is the presence of a continental record of palustrine sediments with paleosols,
covering sediments deposited in a carbonate platform. After the analysis of the stratigraphy,
sedimentology and paleontology of this palustrine sediments and of their meaning in the
evolution of this area of the SICM, we propose a demise model of carbonate platforms,
which differs from that proposed for other Tethys perimediterranean platforms.

The cause of the demise of the platform was an extensive tectonic event, concomitant
to a relative drop in the sea level of a regional amplitude, which in the studied area gave
rise to a record of marsh sedimentation, with fresh water and successive entries of sea water.
This record is exceptional in the SICM and in the Prebetic platform, where in general there
is a discontinuity in the Aptian–Albian transition. The succession studied in this research
allows to understand the environmental conditions in the Aptian–Albian transition, with
a humid climate with significant fresh water inputs, which favored the development of
aquatic organisms such as the charophytes. The subaerial exposure and diagenesis could
have changed the original C isotope ratio of these sediments. The exceptional preservation
of the studied lacustrine facies was related to the development of grabens or semi-grabens,
in a general geodynamic context characterized by extensional faults that gave rise to
tilted blocks.
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