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Abstract: This paper studies ten Subbetic (Betic External Zones) stratigraphic sections spanning
the Pliensbachian–early Toarcian time interval. Eight lithofacies were distinguished: crinoidal
limestones, peloidal limestones, breccias, cherty limestones, nodular limestones, hardground surfaces
and condensed levels, marls and marly limestone alternance, and dark marls. The biostratigraphy
matches data from ammonite and calcareous nannofossil zonations. In addition, we analyzed C
and O isotopes from bulk samples from three of the studied sections in which the lower Toarcian
sedimentation crops out. The demise of the Lower Jurassic shallow platform developed in the South
Iberian Paleomargin was a complex process driven by rifting, which led to tilted blocks giving way to
different sedimentary environments. The tectonic stages occurred in the Sinemurian–Pliensbachian
transition (R1), toward the lower part of the Ibex Zone (FO of the Biscutum grande, R2), in the Ibex–
Davoei zones boundary (FO of Lotharingius barozii, R3), in the lower–upper Pliensbachian (R4), and in
the lower boundary of the NJT4d nannofossil Subzone (R5) (Lavinianum Zone, upper Pliensbachian).
After this last phase, sedimentation became pelagic in origin throughout the basin, represented by the
sections studied. However, the isotope data show no clear record of the different C-isotopic events,
though the Davoei–Margaritatus Event, the late Pliensbachian Event, and the Pliensbachian–Toarcian
Boundary Event (PTBE) could be cautiously identified. These geochemical features are explained by
the convergence of marine currents from Panthalassa (through the Hispanic Corridor) and Tethys.

Keywords: Early Jurassic; South Iberian Paleomargin; Subbetic; facies analysis; carbonate isotope
geochemistry; synsedimentary tectonics; demise of the platform

1. Introduction

In the Pliensbachian stratigraphic record of the southern and northern paleomargins
of the Tethys, several perturbations in the C cycle have been detected, interpreted as major
paleoenvironmental changes [1,2] from the analysis of sedimentological, mineralogical,
or geochemical proxies [3–9]. In this sense, five isotopic events have been distinguished
along the Pliensbachian [10]: (1) the Sinemurian–Pliensbachian Boundary Event (SPBE),
(2) the Ibex Zone Event, (3) the Davoei–lower part of the Margaritatus zones Event, (4) the
Margaritatus Zone Event, and (5) the end of the Margaritatus–Spinatum Event. In addition,
the Pliensbachian–Toarcian Event (Pl-To), preceding the Toarcian Oceanic Anoxic Event
(T-OAE), has also been recognized [2,11–14].

The SPBE has been interpreted as a change in the C isotopic composition of the ocean–
atmosphere system coinciding with changes in the shallow-water carbonate pattern [1,15,16].
The factors that induced this isotopic change are unclear, but they have been associated

Minerals 2023, 13, 1386. https://doi.org/10.3390/min13111386 https://www.mdpi.com/journal/minerals

https://doi.org/10.3390/min13111386
https://doi.org/10.3390/min13111386
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0002-9907-2455
https://orcid.org/0000-0003-0023-3720
https://orcid.org/0000-0003-0477-3978
https://orcid.org/0000-0002-3732-7029
https://orcid.org/0000-0003-4211-3946
https://doi.org/10.3390/min13111386
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min13111386?type=check_update&version=3


Minerals 2023, 13, 1386 2 of 23

with hydrothermal activity during the early stages of the break-up of Pangea and the
opening of the Hispanic Corridor. These volcanic processes have been associated with the
activity of the Central Atlantic Magmatic Province [6].

From the study of clay mineralogy and isotopic content, it has been established that
significant temperature and moisture variations occurred along the Pliensbachian [8,9,17–20],
reflecting successive warm/wet and cold/dry episodes that could reflect different stages in
the development of ice caps.

The Pl-To Event has been characterized by a reduction in carbonate platform produc-
tion linked to a crisis in calcareous nannoplankton [21–26], which resulted in the sedimen-
tation of mostly marls. This event has been associated with the onset of the Karoo–Ferrar
Large Igneous Province [27–29].

In the South Iberian Paleomargin (SIP), the SPBE took place during a broad transgres-
sion that affected the western margins of the Tethys. This transgression could be associated
with the initial break-up of the carbonate platform developed between the Hettangian and
the Pliensbachian, represented by the Gavilán Formation (Fm) [30,31]. As a consequence of
this tectonic stage, the platform was configured with an irregular topography, showing dif-
ferential subsidence between adjacent blocks. The accumulation of pelagic and hemipelagic
sediments, which characterize the Zegrí Fm, was favored in the more subsiding areas
of the grabens [32]. According to the previous authors, the break-up process started in
the early Pliensbachian, while the drowning of the platform was dated to the late early
Pliensbachian. More recently, a composite model has been proposed to explain the demise
of the Lower Jurassic peritethys platforms [33]. This model assumes that the disappearance
of the shelves was the result of (1) extensional tectonic processes and a eustatic sea level
fall that occurred in the latest Sinemurian, and (2) successive phases of flooding in which
ocean acidification and a drop in carbonate saturation of the shallow platforms resulted in
the development of unfavorable conditions for carbonate factory (calcite and aragonite).

The main goal of the present paper is to establish, with the highest precision, the factors
that triggered the demise of the carbonate platform in the SIP during the Pliensbachian and
to analyze the C and O isotopic record in the sediments developed after its disappearance
in order to determine the paleoenvironmental conditions that settled in the paleomargin
after this demise.

2. Geological Setting

The Betic External Zones (BEZ; Figure 1) comprises sedimentary rocks deposited
in the SIP during the Alpine tectonic cycle (Mesozoic–Early Miocene). The SIP had a
WSW-ENE trend (Figure 1A,B). The N-NE part of the BEZ is constituted by the Prebetic,
made up of para-autochthonous units and overlain by the allochthonous units of south-
ern provenance that form the Subbetic. The latter domain consists of predominantly
pelagic/hemipelagic sediments deposited after the break-up of the carbonate platform
developed during the earliest Jurassic (Hettangian–Pliensbachian) at the Northern margin
of the Western Tethys [31,34–38]. The rocks representing this carbonate platform make
up the Gavilán Fm, while the overlying pelagic/hemipelagic rocks constitute the Zegrí
Fm [36,38–41]. The Gavilán Fm overlies the Upper Triassic materials of Keuper facies with
a contact generally affected by alpine tectonics. Three members have been differentiated
within the Gavilán Fm [31]: the lower one consists of algal laminite facies, the middle one is
composed of oolitic limestones, and the upper one is where crinoid and cherty limestones
predominate. Between the lower and middle members, a stratigraphic discontinuity (R1)
with an associated hiatus of variable duration has been recognized [31]. Moreover, these
authors identified another discontinuity, with an associated hiatus covering part of the
Ibex Zone between the middle and upper members of Gavilán Fm (R2). Finally, at the top
of the third member, which coincides with the top of this lithostratigraphic unit, another
stratigraphic unconformity has been identified by the same authors (R3), with an associated
hiatus of uncertain duration, including at least the Davoei Zone [31]. In this paper, two
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additional unconformities are proposed between the top of the Gavilán Fm and the base of
the Zegrí Fm, named R4 and R5, which will be analyzed in detail in the 4.3 Section.

Figure 1. Geographical and geological location of the studied sections. (A) Location of the Betic
Cordillera in the South of Spain. (B) Geological scheme of the Betic Cordillera highlighting the Betic
External Zones, especially the Subbetic. (C) Paleogeographic reconstruction of the Iberian Microplate
in the Early Jurassic [35,36]. M: Mesomediterranean Microplate; CSH: Corsica–Sardinia High; EH:
Ebro High; ILL: Íllora section; SE: Sierra Elvira section; M: Mingarrón section; PR: Puente Romano
section; BA: Barranco del Agua section; CM: Cortijo (Cjo.) Majarazán section; G: Guarrumbre section;
LP: Loma Prieto section; R: Reclot section; and C: Crevillente section.

The Zegrí Fm, made up of hemipelagic/pelagic materials, lies on top of the Gavilán
Fm. Five types of lithofacies are differentiated within the Zegrí Fm [42]: (1) grey-yellow
marl–marly limestone rhythmite and limestones in the uppermost Pliensbachian to lower-
most Toarcian (lower part of the Polymorphum Zone); (2) dark marls (upper part of the
Polymorphum Zone and lower part of the Serpentinum Zone); (3) thin-bedded grey-yellow
limestones, locally with chert and abundant slumps (upper part of the Serpentinum Zone);
(4) grey marls with some marly limestones of the middle Toarcian (Bifrons and Gradata
zones); and (5) yellow or brown laminated calcisiltites and fine calcarenites that occur
intercalated in lithofacies 3 and 4.

3. Materials and Methods
3.1. Fieldwork and Facies Analysis

Ten stratigraphic sections were selected from the Subbetic (Figures 1 and 2) in which
the contact between the Gavilán and Zegrí Fms (generally intra-Pliensbachian) is well ex-
posed. In addition, in three of them, the contact between Pliensbachian and lower Toarcian
rocks has been detected. Samples were collected for facies and microfacies analysis. A Leica
M205C binocular microscope was used to study the microfacies from 250 thin sections. Am-
monites were collected for dating rocks. The biozonation proposed by Hesselbo et al. [43]
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for the Tethyan Domain has been considered for ammonite biostratigraphy. In addition,
samples of the Guarrumbre (G) section were taken for dating with calcareous nannofossils,
considering the biostratigraphic scale proposed by Ferreira et al. [44] for the Tethyan Do-
main. On the other hand, the Illora (ILL), Sierra Elvira (SE), Mingarrón (M), Bco. del Agua
(BA), Cortijo Majarazán (CM), Loma Prieto (LP), Reclot (R), and Crevillente (C) sections
were studied by Nieto et al. [37] in order to compare the ammonite biostratigraphy to the
results obtained from Sr-Isotope Stratigraphy (SIS) based on the methodology proposed by
McArthur et al. [45]. Therefore, the chronostratigraphy used in these sections is based on
the results obtained by Nieto et al. [37].
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Figure 2. Correlation of the stratigraphic sections considered in this paper. The red line marks the
boundary between the lower and upper Pliensbachian.

The orientation of the belemnites observed on the omission surfaces and hardgrounds
of the Guarrumbre (G) and Reclot (R) sections was measured in outcrop with a Wilkie
compass. The strike of the major axis of these fossils, measured clockwise, has been
considered to follow the orientation of the apex of the rostrum [46]. These data were plotted
in a rose diagram, using the Stereonet software.

3.2. C and O Isotope Geochemistry

The C and O isotopes were systematically analyzed from bulk samples from the
Mingarrón (M), Puente Romano (PR), and Guarrumbre (G) sections (Table S1). The milled
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samples were analyzed at the Laboratory of the Scientific and Technological centre (CCiT)
of the University of Barcelona with a Finningan MAT 253 isotope ratio mass spectrometer
with a Kiel IV carbonate analysis device (ThermoFisher Scientific, Waltham, MA, USA).
The isotope ratios obtained refer to the VPDB standard notation in ‰. Analytical precision
was kept between 0.01 and 0.05 for δ13C and δ18O, respectively.

3.3. Calcareous Nannofossils

In terms of calcareous nannofossils, 38 smear slides from the Guarrumbre (G) section
were prepared following the standard technique of Bown and Young [47] and the corre-
sponding semi-quantitative analyses were performed with a Leica DMLP light microscope
equipped with a Leica DFC 420 digital camera at 1250× magnification. Four transverses
were analyzed in each slide, resulting in more than 500 fields of view, in order to identify
those species that are rare or very rare. Total abundance and degree of preservation of
calcareous nannofossil assemblages, as well as the relative abundances of each species
identified, were determined following the criteria of Perilli et al. [48] (Table S2 shows the
distribution chart). An alphabetical listing is shown in Appendix A that includes all the
calcareous nannofossil species cited in the text with full author citations.

4. Results
4.1. Biostratigraphy and Chronostratigraphy

The ammonite biozonation proposed by Hesselbo et al. [43] coincides with that pre-
viously proposed by Braga [49] for the upper Pliensbachian (Domerian) of the Subbetic,
which was also reported in Nieto et al. [37]. Regarding the ammonite biozonation from the
lower Toarcian, herein those biostratigraphic schemes of Jiménez [50], Sandoval et al. [51],
and Reolid et al. [52] are considered for the Subbetic, which slightly differ from that pro-
posed by Hesselbo et al. [43] for the Tethyan Domain. They considered that the first biozone
is Dactylioceras tenuicostatum, whilst in the Subbetic, the first biozone recorded in the lower
Toarcian is Dactylioceras (E.) polymorphum. It is noteworthy that the Polymorphum Zone
corresponds to the Mediterranean biozonation proposed by Elmi et al. [53] and Page [54].

In the Subbetic, the lower Pliensbachian is poorly identified due to the scarcity of
ammonites. In the ILL section, the presence of Tropidoceras mediterraneum has been recorded,
with specimens identified as belonging to the Ibex Zone [37]. Several authors (see [37] for
more details) show that the different regional studies carried out in this geological domain
reveal the general absence of ammonites attributable to the Davoei Zone (Figure 3). For
the upper Pliensbachian, the presence of Fieldingiceras fieldingii, Fuciniceras isseli, Fuciniceras
fucini, and Protogrammoceras celebratum in SE, M, BA, CM, and C sections has been recorded,
which characterize the Portisi Subzone (lowermost part of the Lavinianum Zone) [37]. The
Algovianum and Emaciatum zones have been recognized in regional studies [37,38].
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Figure 3. Chronostratigraphic scheme for the Lower Jurassic (Pliensbachian–lower Toarcian) from the
data obtained in the stratigraphic sections of the Subbetic considered in this paper. The numerical ages
and the Tethyan Ammonites zones are from Hesselbo et al. [43]. The Tethyan calcareous nannofossils
are from Hesselbo et al. [43] and Ferreira et al. [44].

With respect to the upper Pliensbachian–lower Toarcian calcareous nannoplankton, in
the M, PR, and G sections, the NJT5a (upper Pliensbachian) and NJT5b (comprising the
uppermost part of the Pliensbachian and the lowermost Toarcian, Tenuicostatum Zone)
subzones have been identified based upon the first occurrences (FO) of Lotharingius hauffii
and Lotharingius crucicentralis, respectively. In the M section, the NJT6 Zone has been
directly identified over the NJT5b Subzone [55], considering the FO of Carinolithus superbus,
spanning almost the entire lower Toarcian, which can be correlated with the upper part
of the Tenuicostatum Zone and most of the Serpentinum Zone (Figure 3). On the other
hand, in the PR section, above the NJT5b Subzone, the NJT5c Subzone has been identified
based upon the FO of Zeugrhabdothus erectus, which enabled the approximation of the upper
Pliensbachian/lower Toarcian boundary [56].

The relatively abundant and moderately preserved calcareous nannofossil assem-
blages from the G section analyzed for this paper are constituted by a total of 30 species
belonging to 15 genera (check the distribution chart, Supplementary Materials, Table S2,
for further details and Appendix A). Nannofossil assemblages are mainly dominated by
Schizosphaerella punctulata, Calcivascularis jansae, and Lotharingius hauffii. Four calcareous
nannofossil subzones have been identified considering the biostratigraphic scheme of
Ferreira et al. [44]: NJT5a, NJT5b, NJT5c, and NJT6a, and, consequently, three primary or
zonal events have been recognized: the FO of Lotharingius crucicentralis (Emaciatum Zone,
upper Pliensbachian), the FO of Zeugrhabdotus erectus (Emaciatum/Polymorphum zonal
boundary, uppermost Pliensbachian), and the FO of Carinolithus superbus (Polymorphum
Zone, lower Toarcian).
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Considering the ammonites collected and the results obtained from the SIS, the dat-
ing of the CM section was refined [37] so that the peloidal limestones should belong to
the Luridum Subzone (the latest part of the Ibex Zone) and the overlying crinoidal lime-
stones should belong to the upper part of the Portisi Subzone and the lower part of the
Cornacaldense Subzone (upper part of the Lavinianum Zone).

In the same way, the crinoidal limestones from the BA section should belong to the
upper part of the Figulinum Subzone and the terminal part of the Portisi Subzone, that is,
the final part of the Davoei Zone and the lower part of the Lavinianum Zone [37].

From the above data, it can be generalized that in the lower–upper Pliensbachian
transition in the Subbetic, a hiatus with a variable extension can be detected and correlated
between the different stratigraphic sections considered in this paper. The greatest extent of
the hiatus is detected in the M and PR sections, where the interval between the Ibex and
Laviniaum zones, both included, is not represented (Figure 3). The smallest extent of the
hiatus is recorded in the ILL, SE, G, CM, and R sections, where there is no representation
of the Davoei Zone (Figure 3). Finally, at the BA, G, CM, LP, and C sections, the hiatus
also encompasses the Davoei and Lavinianum zones (BA and LP sections), the middle and
upper part of the Lavinianum Zone (G, CM, and C sections), and the Lavinianum Zone (G,
CM, and C sections).

4.2. Facies Analysis

In the studied sections (Figure 2), eight lithofacies could be distinguished in the
Pliensbachian and lower Toarcian materials (see description of the facies in Table 1 and
microfacies in Figure 4). In the lower Pliensbachian (Jamesoni Zone), a lithofacies of cherty
limestones (lithofacies 4 in Table 1; Figure 4A) is the most abundant and was recorded
at the M, PR, BA, CM, and LP sections (Figures 2 and 3). However, in the C section, this
lithofacies seems to belong to the Ibex Zone (lower Pliensbachian; Figure 3); in this section,
the top of this lithofacies clearly shows an erosive irregular geometry.

Table 1. Lithofacies types recorded in the stratigraphic sections studied.

No. Lithofacies Textural Grains and Biota Environment

1 Crinoidal limestone
(grainstone)

Crinoids, peloids, ooids, and bioclasts.
Cross-lamination (megaripples and herringbone

lamination in Sierra Elvira section).
Benthonic foraminifera.

High-energy open platform

2 Peloidal limestone
(packstone/grainstone)

Peloids, crinoids, ooids, bioclasts, sponge
spicules. Bivalves. Low-energy platform

3 Breccias

The texture of the clasts is
wackestone/packstone of peloids, crinoids, or

bioclasts. They are enclosed in a
mudstone/wackestone matrix with some

crinoidal bioclasts, radiolaria, and
sponge spicules.

High-energy platform.
Reworking of the previous

lithofacies

4 Cherty limestones
(mudstone/wackestone)

Sponge spicules, radiolaria, peloids, and
undetermined bioclasts. Open platform or hemipelagic

5 Nodular limestones
(wackestone/packstone)

Truncate ammonites, belemnites, bivalve
bioclasts, crinoids, and benthonic foraminifera

(Involutina liassica, Vidalina martana). Irregular
surfaces. Thin Fe-crusts.

Hemipelagic

6 Hardground and condensed
levels

Irregular surfaces stained by Fe-crusts (mm to
cm thickness). Ammonites and belemnites. Hemipelagic

7 Marls and marly limestone
(mudstone) alternance

Sponge spicules and some bioclasts. Local
belemnites and ammonites. Hemipelagic/pelagic

8 Dark marls Faint parallel lamination. Hemipelagic/pelagic
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In the ILL, SE, BA, and R sections (Figures 2 and 3), the dominant lithofacies is
crinoidal limestones (lithofacies 1 in Table 1; Figure 4D). In the ILL section, this lithofacies
has been recorded both in the Jamesoni Zone and in the upper part of the Ibex and Davoei
zones. However, at the ILL section in the Jamesoni Zone, a level with an erosional bottom
made up of breccias mainly of peloidal–oolitic limestone clasts (lithofacies 3 in Table 1;
Figure 4C) has been observed, above which peloidal limestones (lithofacies 2 in Table 1;
Figure 4B) are found, laterally changing to crinoidal limestones (lithofacies 1 in Table 1;
Figure 4D). In the SE section, there are megaripples and herringbone cross-lamination
within lithofacies 1. In both sections, SE and R (Figures 2 and 3), the top of lithofacies 1
is irregular. Furthermore, the R section shows that crinoidal limestones (lithofacies 1 in
Table 1) are affected by normal paleofaults, as well as the presence of neptunian dykes filled
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with pelagic lithologies (mudstone and wackestone of filaments, peloids, and radiolarians,
which are always red in color, similar to those observed in the condensed levels above
them; Figure 4E,F).

At the G, CM, and LP sections (Figures 2 and 3), the lower Pliensbachian (Ibex Zone)
is recorded in peloidal limestones (lithofacies 2 in Table 1; Figure 4B,C). In the G section,
this lithofacies shows an irregular morphology at its top, which is affected by a paleofault.
At the CM and LP sections, peloidal limestones (lithofacies 2 in Table 1) are disposed on
cherty limestones (lithofacies 4 in Table 1); at their top, a well-developed hardground is
detected. In the LP section, lithofacies 2 (peloidal limestones) shows in its upper part some
thin levels of nodular limestones less than 10 cm thick (lithofacies 5 in Table 1; Figure 4E). In
the R and C sections, peloidal limestones (lithofacies 2 in Table 1; Figure 4B,C) are recorded
in the Jamesoni Zone.

In the upper Pliensbachian, mainly in the Lavinianum Zone, nodular limestones
(lithofacies 5 in Table 1; Figure 4E) (ILL and SE sections; Figures 2 and 3) and hardgrounds
and condensed levels (lithofacies 6 in Table 1, Figure 4F) (SE, G, R, and C sections) are
recorded. The nodular limestones show thickness that changes between 50 cm to 2 m
from one section to the other. They are stratified with beds whose bottom and top are
clearly delimited. The nodules, of cm size, were deposited with their major axis parallel
to the bedding and locally embedded in a micrite red matrix. Lithofacies 6, in the R
section, would be regarded as the whole Lavinianum Zone, while in the SE, G, and C
sections, they would represent the lowest part of this zone (Figure 3). In the C section,
above lithofacies 6 (hardgrounds and condensed levels) there is a decimetric level showing
peloidal packstone/grainstone (lithofacies 2 in Table 1; Figure 4B). In the BA section,
lithofacies 6 (hardgrounds and condensed levels) has been dated as the lower part of the
Algovianum Zone. Finally, at the CM section, in the lower part of the Lavinianum Zone, a
decimetric level of crinoidal grainstone (lithofacies 1 in Table 1) has been dated, on top of
which a hardground appears.

Except for the LP and R sections, in the remaining sections (Figures 2 and 3) the rest
of the upper Pliensbachian (Algovianum and Emaciatum zones) are represented by marls
and marly limestone alternance (lithofacies 7 in Table 1; Figure 4G). At the LP section,
crinoidal limestones (lithofacies 1 in Table 1) are attributed to the Algovianum Zone; at their
top, there is a thin level of cherty limestones. Over this cherty limestone level, marls and
marly limestone alternance is shown. In the R section, the Algovianum Zone is represented
by peloidal limestone (lithofacies 2 in Table 1). Over these lithofacies, a marl and marly
limestone alternance crops out (lithofacies 7 in Table 1). In the G section, at the top of
nodular limestones (lithofacies 5 in Table 1) with several hardgrounds (Figure 2), dark
marls (lithofacies 8 in Table 1) crop out (Figure 4H).

4.3. Stratigraphic Unconformities

The boundary between the algal laminites of the lower member of the Gavilán Fm
and the limestones of the middle member were not studied in the stratigraphic sections
considered in this paper. The data related to algal laminites and R1 unconformity used in
the current paper were taken from [31].

The R2 unconformity is observed in the ILL, BA, G, CM, LP, R, and C sections as a
sharp facies change. In the ILL section, such unconformity is represented by a change from
crinoidal limestones with breccias to peloidal limestones. On the other hand, in the BA, G,
CM, and LP sections, a facies change is well recognizable from cherty limestones to crinoidal
limestones (BA section) or peloidal limestones (G, CM, and LM sections) (Figure 3). At
the R and C sections, the boundary between peloidal limestones and crinoidal limestones
(R section) and cherty limestones (C section) may represent this R2 discontinuity. It was
not possible to detect if there is a gap associated with this discontinuity in any of these
sections. In the M and PR sections, a marl and marly limestone alternance dated as upper
Ibex and Davoei zones or upper Pliensbachian covers the cherty limestones (Figure 3). In
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these last sections, the hiatus related to R2 would comprise most of the Ibex Zone up to the
Lavinianum Zone.

The R3 unconformity in the ILL section shows a hardground (lithofacies 6 in Table 1)
overlain by nodular limestones (lithofacies 5 in Table 1). The ammonite content enabled the
detection of a hiatus spanning the complete Davoei Zone [37]. In the SE and R sections,
the top of the crinoidal limestones (lithofacies 1 in Table 1) shows an irregular (erosional)
geometry; moreover, in the R section, this unconformity surface is affected by paleofaults
covered by a post-faulted condensed level and rocks attributed to the Zegrí Fm (Figure 3).
In this section, on top of the irregular surface there is a condensed level, 5 to 10 cm thick,
that has been dated as Lavinianum Zone [37]; in this condensed level, numerous belemnite
fragmocones have been found with a dominant N20–30◦ E orientation (Figure 5A). At
the G and CM sections, the top of the peloidal limestones also shows a hardground. In
the G section, this surface is affected by paleofaults, and a typical ammonite association
corresponding to the uppermost of the Ibex Zone is found. In addition, the condensed level
above this hardground contains Fuciniceras lavinianum and Protogrammoceras celebratum of
the Lavinianum Zone; hence, the hiatus associated with this discontinuity includes the
Davoei Zone. The hardground observed on the top of the peloidal limestones in the CM
section was dated as the upper part of the Ibex Zone, and the crinoidal limestones on that
surface were attributed to the base of the Lavinianum Zone [37]; hence, the hiatus related
to R3 unconformity in these sections comprises the Davoei Zone.
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The R4 unconformity was only recorded in the BA and LP sections (Figure 3). In both
cases, it is a hardground with Fe-oxide thin crusts, bioturbation (e.g., Thalassinoides) and
borings (Gastrochaenolites), and some ammonites (Prodactylioceras davoei) are also recorded.
In the BA section, a condensed level with Arieticeras algovianum and Arieticeras bertrandi is
found over this hardground. Therefore, the hiatus related to this discontinuity comprises
the entire Lavinianum Zone.

The R5 unconformity is recorded in the SE, G, CM, and C sections (Figure 3). Ex-
cluding the CM section, the rest of the sections show a hardground developed over a
condensed level that belongs to the lowermost Lavinianum Zone [37]. In the CM section,
the hardground lies on top of a crinoidal grainstone level. In this hardground, ammonites
from the lower part of the Lavinianum Zone have been found [37]. In addition, in the
G section, numerous belemnite fragmocones have been observed associated with this
hardground, showing a dominant orientation of N110–120◦ E and a second main direction
between N130–150◦ E (Figure 5B). The materials overlying the hardground, characterizing
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the R5 unconformity, consist of marls and marly limestone alternance belonging to the
Algovianum Zone except in the SE section with nodular limestones corresponding to the
Lavinianum Zone [37]. The hiatus related to this discontinuity comprises the middle and
upper part of the Lavinianum Zone (Figure 3).

4.4. Isotope Geochemistry
4.4.1. Mingarrón (M) Section

A total of 66 samples were analyzed in this stratigraphic section (Table S1). Of these,
48 samples were taken from lithofacies 7, marls and marly limestone alternance (Table 1;
Figure 4G), and the top 18 were taken from lithofacies 8 (dark marls; Table 1; Figure 4H).
The δ13C values in the bulk sample vary between 2.74‰ and −0.61‰ (Figure 6), with an
average value of 1.08‰ and a standard deviation of 0.525. The variability of these data is
much lower than that shown by Mercuzot et al. [10] for the Amellago–Ikis section, which
shows a range of variation between 3.38‰ and −4.28‰ (Table 2). In the NJT5a Subzone
of the M section (Figure 6), the values of this isotope ratio in the bulk sample range from
−0.61 to 1.22‰, with an average value of 0.84‰; the standard deviation is 0.474. At the
base of the NJT5a Subzone, there is a significant decrease in δ13C values ranging from
1.22‰ to −0.61‰ (Figure 6). In the NJT5b Subzone, the minimum and maximum δ13C
values are −0.05‰ and 1.13‰ respectively; the average value is 0.74‰ and the standard
deviation is 0.292. Finally, in the NJT6 Zone (Figure 6) the C isotope ratio values range from
0.11‰ to 2.74‰, with an average value of 1.37‰ and a standard deviation of 0.493. At the
base of the NJT6 Zone, a change in the ratio values of the carbon isotopes is detected, from
1.07‰ (CO-45) to −0.05‰ (CO-47) (Table S1). In the rest of the zone, from this excursion
onwards, a general increasing trend in δ13C values is observed, reaching a plateau at the
transit between the NJT6 and NJT7 zones (Figure 6).

The δ18O values range from −1.44‰ to −3.58‰ (Figure 6), with an average value
of −2.46‰ and a standard deviation of 0.398. This variability in isotope ratio values is
unremarkable compared with that presented by Mercuzot et al. [10], −1.75 and −6.34‰
(Table 2). This isotope ratio in the NJT5a Subzone presents values between −2.10 and
−3.20‰ (Figure 6), with an average value of −2.41‰ and a standard deviation of 0.309. As
in the δ13C, at the base of the NJT5a Subzone, the δ18O shows a punctual decrease in values,
from −2.19‰ to −3.20‰ and back to −2.15‰. In the NJT5b Subzone (Figure 6), the δ18O
values range from −3.58‰ to −1.91‰, with an average value of −2.78‰; the standard
deviation is 0.352. Finally, in the NJT6 Zone (Figure 6) the minimum and maximum values
are −2.92‰ and −1.44‰, respectively; the average value is −2.30‰ and the standard
deviation is 0.343. While in the δ13C values a change is shown (Figure 6), for the δ18O
values there is no significant change; the values range from −3.58‰ to −3.01‰ and back
to −2.95‰.
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4.4.2. Puente Romano (PR) Section

In the PR section, 49 samples belonging to lithofacies 7 were analyzed (Table 1 and
Table S1; Figure 4G). The δ13C values in the bulk sample vary between 0.47‰ and 1.45‰
(Figure 6); the average value is 1.11‰ and the standard deviation is 0.168. In comparison
with the variability of this isotope ratio shown by Mercuzot et al. [10] in the Amellago–Ikis
section (Table 2), it is lower, with these values being within the range of variation shown by
these authors. Coinciding with the FO of L. crucicentralis that marks the base of the NJT5b
Subzone, a reduction in the value of this isotope ratio is detected, from 1.30‰ to 0.94‰,
recovering the values until again reaching the value of 1.30‰ at the Pliensbachian–Toarcian
boundary, around the FO of Z. erectus (NJT5c Subzone) where again there is a net change,
decreasing to 0.80‰ (Figure 6). From here, the values of this isotope ratio increase once
more to 1.31‰ at 11 m thickness. Then, again, a decrease in the δ13C value is detected
to 0.8‰ at 11.2 m thickness. The δ13C value then increases to 1.17‰ at 13 m thickness
and decreases to 0.47‰ at 14 m thickness. It increases one more time to 1.27‰ at 14.5 m
thickness. From this level onwards, the δ13C value remains at values close to the average
(1.11‰ VPDB).

For the δ18O value, the range of variation is between −2.76 and −0.67‰ (Figure 6),
with an average value of −2.17 and a standard deviation of 0.331. As in the case of the δ13C,
this variability in δ18O values is lower than that obtained by Mercuzot et al. [10] (Table 2).

Table 2. Variability intervals of C and O isotope ratios obtained by different authors in Pliensbachian
carbonates and comparison with the variability intervals in the Mingarrón (M), Puente Romano (PR),
and Guarrumbre (G) sections studied in this paper.

δ13C (‰ V-PDB) δ18O (‰ V-PDB)

Basque–Cantabrian Basin, Reinosa Area [57] −0.8 to 2.9 −3.2 to 0.7

Alpine–Mediterranean Domain [58] −1.5 to 4.0 −3.7 to 0.5

Montcornet [9] −4.5 to 2.5 −6.8 to −1.7

Amellago–Ikis (Central High Atlas, [10]) −4.28 to 3.38 −6.34 to −1.75

San Pedro de Moel, Lusitanian Basin [5] −1.5 to 1.5 −5.61 to −1.39

Mingarrón (M) −0.61 to 2.74 −3.58 to −1.44

Puente Romano (PR) 0.47 to 1.45 −2.76 to −0.67

Guarrumbre (G) 0.64 to 1.51 −4.39 to −2.24

4.4.3. Guarrumbre (G) Section

In section G, 38 samples were analyzed. Fourteen were taken in rocks with lithofacies
7; nine samples in the nodular limestones (lithofacies 5), and fifteen samples in the dark
marls (lithofacies 8). The values of the δ13C vary between 0.64 and 1.51‰, the average
value is 1.12‰, and the standard deviation is 0.200. As in the two sections previously
described, the range of variation in δ13C is smaller than that detected by Mercuzot et al. [10],
which is 7.58 ‰ (Table 2). The first detectable change in the δ13C curve is observed between
meters 6.5 and 7 (NJT5a Subzone), where the value of the isotope ratio increases from 0.64
to 1.21‰ (Figure 6). From this level onwards, the isotope ratio values remain around the
average value, with a slight increase being detected coinciding with the nodular limestones
(lithofacies 5 in Table 1). In these facies belonging to the NJT5c Subzone, the δ13C reaches
a value of 1.51‰, coinciding with the first of the hardgrounds detected (Figure 6). It
drops to values of 0.88‰ coinciding with the second of the hardgrounds, which marks the
boundary between the Pliensbachian and Toarcian, and the NJT5 and NJT6 zones, typically
characterized by a negative carbon isotope excursion [2,10].

The δ18O values vary between −4.39 and −2.24‰, with an average value of −3.49‰
and a standard deviation of 0.536. As in the previous cases, the range of variation in δ18O
is smaller than that shown by Mercuzot et al. [10] (Table 2). The variation curve of δ18O
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shows that between meters 7 and 7.5, within the NJT5a Subzone, there is an increase in its
value, from −4‰ to −3.14‰, to return to values of −3.84‰ at 8 m (Figure 6). From here,
there is a progressive increase up to meter 11, belonging to the NJT5b Subzone, after which
there is a reduction to a value of −3.90‰ in the bottom of the nodular limestones of the
NJT5c Subzone (Figure 6). In these limestones, an average increase in the value of the δ18O
is detected until reaching values of −2.24‰ in the level whose top is the hardground 1
(Figure 6). From this point on, there is a decrease in the value of the δ18O to −3.67, obtained
in relation to the second of the hardgrounds detected in these facies, which marks the
Pliensbachian–Toarcian and NJT5–NJT6 boundaries.

Table 2 shows the values of C and O isotope ratios obtained by several authors on
Pliensbachian materials. The data of the same isotope ratios, shown above in each of the
three sections considered in this paper, are within the ranges of variation obtained by these
authors, and no isotope excursions were clearly detected.

5. Discussion
5.1. Sedimentary Environment

Several authors [31,36,37,39,41] have postulated that the algal laminite facies charac-
terizing the lower member of the Gavilán Fm was deposited on a large, highly homogenous
carbonate platform under very low-energy subtidal–intertidal conditions. The R1 uncon-
formity records the first phase of disintegration of this large platform, which must have
occurred at the Sinemurian–Pliensbachian transition (Figure 3). Because of this first ex-
tensional fracturing phase, the large carbonate platform was segmented, so that the ILL,
R, and C sections developed in relatively more energetic shallow platform environments,
where crinoidal limestones (ILL section) or peloidal limestones (R and C sections) were
deposited in more and less energetic contexts, respectively. In the rest of the sections, cherty
limestones rich in sponge spicules were deposited in open platform or hemipelagic contexts.
In general, in relation to this R1 rupture, there was a deepening of the platform, although it
was not of equal magnitude throughout the overall platform [59].

Due to the facies contrast detected in all the studied sections around the R2 unconfor-
mity, it can be established that it represents a new phase of disintegration of the carbonate
platform, in the lower part of the Ibex Zone, coinciding with the FO of the Biscutum grande
(NJT4b Subzone; Figure 3). In all the considered sections, the implantation of highly ener-
getic shallow platform facies occurred, with a predominance of crinoidal limestones, which
in the SE section even show herringbone-type structures. In the G, CM, and LP sections,
there were less energetic environments, with the deposition of peloidal limestones. In the
eastern sector, the C section, a deepening took place which favored the sedimentation of
open platforms or hemipelagic facies (cherty limestones). In the M and PR sections, there is
no sedimentary record on these cherty limestones (there are no facies attributable to the
upper member of the Gavilán Fm), but on these lithofacies the Zegrí Fm (marls and marly
limestone alternance) directly outcrops. Considering that shallow platform facies denoting
high-energy conditions have been recorded in the rest of the sections, it is probable that
both the M and PE sections were configured as somewhat higher areas in the context of
the large and partitioned platform during the Ibex to the lower part of Algovianum zones;
hence, the currents transported the sediment to relatively more sheltered areas. However,
it cannot be discarded that sedimentation occurred in these two sections due to exposure
to subaerial conditions, although, for the moment, there are no data to certainly support
this hypothesis. With the exception of the C section, where deepening is recorded, and the
M and PR sections, in the rest of the studied sections the extensional tectonic phase that
gave rise to the R2 unconformity led to a shallowing of the platform and an increase in
the energy of the environment interpreted as a Transgressive System Tract (TST) [31] and,
therefore, a retrogradation of the platform.

The development of the R3 unconformity highlights a new stage of platform fracturing
and increased compartmentalization, dated as the Ibex–Davoei zones boundary (Figure 3),
which also coincides with the FO of Lotharingius barozzi (NJT4c Subzone). This led to the
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development of different blocks, with disparate sedimentary evolutions between them [36].
Thus, in the ILL and CM sections, hardgrounds developed, indicating a stop in sedimen-
tation spanning the Davoei Zone. In the SE, G, R, and C sections (Figure 3), we observe
the development of an irregular morphology on top of crinoidal limestones, peloidal lime-
stones, or cherty limestones, which has been interpreted as a paleokarst [31,34,36,60–62]
and, therefore, the result of subaerial erosional processes. This paleokarst surface is affected
by normal paleofaults, observable in the G and R sections. In the latter, it was described as
an important network of neptunian dykes made up of peloidal red limestones (attributable
to the Zegrí Fm) and even red limestones dated as Middle Jurassic [41]. Briefly, the fractur-
ing phase associated with R3 entailed a generalized shallowing of the different developed
blocks, which were subjected to subaerial conditions, with the occurrence of paleokarst
or else with a standstill or extreme condensation of the sedimentation possibly associated
with important currents flowing in several directions (Figure 5), perhaps conditioned by
the distribution of the different blocks into which the primitive large carbonate platform
was partitioned.

In the BA and LP sections, there is no record of the R3 unconformity. In the BA section,
the crinoidal limestones were also deposited during the Davoei Zone (Figure 3). In the LP
section, coinciding with the Ibex–Davoei zones boundary, a level with nodular limestones
facies is recorded, which could be interpreted as an anomaly in the sedimentation of
this part of the platform as a consequence of the extensive phase associated with the
R3 unconformity, although no hiatus was detected. In both sections, a hardground is
identified as coinciding with the boundary between the lower and upper Pliensbachian,
which denotes the R4 unconformity. Associated with this hardground, a stratigraphic gap
is recognized in these two sections, which spans the Lavinianum Zone (Figure 3). This R4
unconformity could be superimposed on the R3 unconformity in the rest of the studied
sections, except for the BA and LP sections.

Over the R3 + R4 unconformities in the ILL, SE, G, CM, R, and C sections are nodular
limestones (ILL section), condensed levels and nodular limestones (SE section), or con-
densed levels only (G, R, and C). These are facies that denote sedimentary condensation
and characterize TST stages [31,37] normally related to energetic hemipelagic or pelagic
marine contexts. The time interval represented by these materials is variable from one
stratigraphic section to another, which corroborates that from the development of the R3
unconformity onwards, the disintegration of the platform was completed. Therefore, while
in some sectors there were conditions of sedimentary condensation without interruption of
sedimentation (ILL, SE, and R sections), leading to the development of the clearly pelagic
facies typical of the Zegrí Fm (marls and marly limestone alternance), in others (G and
C sections) a condensed level developed, representing the lower part of the Lavinianum
Zone (Figure 3), at the top of which a new unconformity (R5) was recorded. This last
unconformity (R5) is associated with a hiatus covering the middle and upper part of the
Lavinianum Zone (practically the NJT4d and NJT4e subzones). In the CM section above R3
+ R4, there are crinoidal limestones, which implies that this area was subjected to energetic
platform conditions during the lower part of the Lavinianum Zone, i.e., while there was a
shallowing trend in this section, in the rest of the sections a deepening is recorded.

The R5 unconformity, possibly also related to an extensional stage near the lower
boundary of the NJT4d Subzone (Figure 3) led to a shutdown of sedimentation, which
lasted until the middle and upper part of the Lavinianum Zone (NJT4d and NJT4e sub-
zones). In general, coinciding with the base of the Algovianum Zone or the NJT5 Zone,
the pelagic sedimentation typical of the Zegrí Fm became widespread (Figure 3), although
with particularities in some sections such as BA, LP, R, or C. In the first of these sections,
the implantation of the marls and marly limestone alternance facies occurred toward the
middle part of the Algovianum Zone or toward the middle part of the NJT5a Subzone.
These materials, with some ammonites and the absence of benthonic macroinvertebrates,
are typical of pelagic or hemipelagic environments with different continental influences.
In stages of greater continental influence, marly levels developed, while in periods of less
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continental influence, calcareous marly levels were deposited [39,41]. In the LP section
(Figure 3), in the early stages of the Algovianum Zone, crinoidal limestones in an energetic
carbonate platform were deposited, which transitioned to cherty limestones at the end of
this ammonite zone, i.e., a relative rise in sea level was recorded. The crinoidal platform be-
comes submerged, establishing a hemipelagic environment with abundant sponge spicules,
which, due to the continued relative sea level rise, could eventually favor the development
of a pelagic environment with deposits of the facies of marls and marly limestone alter-
nance. At both R and C sections, the beginning of the Algovianum Zone corresponds to the
deposition of peloidal limestones, with different development between the two sections
(Figure 3). In both sections, a relatively low-energy shallow platform was implanted and
drowned by the hemipelagic facies with alternating marls and marly limestones. This
change in sedimentary environment occurred toward the end of the Algovianum Zone,
coinciding with the FO of Lotharingius crucicentralis (Figure 3) in the R section, while in the
C section, this process took place coinciding with the FO of Lotharingius hauffii, at the base
of the Algovianum Zone.

5.2. Preservation of Primary C and O Isotope Signals

The correlation coefficient between the values of δ13C and δ18O from bulk samples has
been considered an indicator of the intensity of diagenesis in carbonate rocks [10,63–65]. A
low covariance between these values can be interpreted as a low level of diagenesis.

Thus, in the M and G sections (Figure 7A,C), the values of the correlation coefficient
(R2) are 0.359 and 0.334, respectively, indicating a low correlation between them and,
therefore, a not very intense diagenetic alteration. On the other hand, in the PR section
(Figure 7B) the value of this coefficient is 0.542, which is slightly higher than the previous
ones. This could be interpreted as a sign that in the PR section, the diagenetic distortion of
the initial isotopic values is slightly higher. In none of the three considered sections was
the diagenetic alteration relatively high; therefore, the values of the isotope ratios can be
equivalent to the original ones and reflect the isotopic composition of the original sediment.
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5.3. Pliensbachian and C Isotope Events in the Subbetic and Correlation with the Tethyan Realm

The δ13C data in the bulk sample from the M, PR, and G sections corresponding to
the upper Pliensbachian (Figure 6) correlate with the curve of the Amellago–Ikis section
(Central High Atlas Basin, [10]) and those of the Pliensbachian–Toarcian transition with
the one proposed for the Amellago section [2], which is also located in the Central High
Atlas Basin. Mercuzot et al. [10] identified the Davoei–Margaritatus Event (D-M Event)
in the upper Pliensbachian, the late Pliensbachian Event (LPE), and the end Margaritatus–
Spinatum Event (end M-S event) within the NJT5a Subzone. Also, in the Amellago section,
the Pliensbachian–Toarcian Boundary Event (PTBE) was identified, coinciding with the
uppermost NJT5b Subzone [2].

The δ13C isotopic curve of the M, PR, and G sections (Figure 6) shows no clear excur-
sions that can be accurately attributed to any of the above-mentioned events. In the M
and G sections, a decrease in δ13C isotope ratio values is observed at the base of the NJT5a
Subzone, which could be cautiously correlated with the D-M Event (Figure 6). On the other
hand, in the three sections considered in this chapter, a slight positive excursion in the δ13C
curve is detected toward the middle–upper part of the NJT5a Subzone, which, could be
cautiously correlated with the LPE. Finally, the PTBE was identified in the G section by a
weak negative excursion in the δ13C isotope curve. This anomaly extends over the whole
NJT5c Subzone. The values prior to this event coincide with the boundary between the
NJT5c and NJT6a subzones in the G section (Figure 6). In the PR section, the PTBE could be
reflected by a negative excursion located in the terminal part of the NJT5b Subzone, which
would recover previous values of the isotope ratio at the base of the NJT5c Subzone. Finally,
in the M section, this event could correspond to a weak decrease in the δ13C isotope ratio
values, coinciding with the boundary between the Spinatum and Polymorphum zones
within the NJT5b Subzone.

5.4. The Demise of the Carbonate Platform: Tectonic versus Climate

The development of Lower Jurassic carbonate platforms in the western Tethys has
been controlled by synsedimentary tectonic processes associated with the first stages of
the breakup of Pangea [11,12,31,66–72]. These led to the development of blocks with
differential subsidence where diverse types of carbonate sedimentation, shallow neritic in
the higher areas of raised blocks, and sediments of hemipelagic nature in more subsiding
parts were recorded. As a consequence of extensive synsedimentary tectonics, important
paleogeographic and paleoceanographic changes developed, conditioning the marine
circulation and water oxygenation levels [10–12,17,18,71]. From a paleoclimatic perspective,
the Pliensbachian has been interpreted as a period of greenhouse climate, interrupted by
short cold events [2,9,10,29]. These climatic changes have been recorded in O and C isotope
curves obtained from sections of paleomargins of the Tethys and the Boreal domain ([10],
and references therein).

In the SIP it has been clearly shown that the evolution of the Peritethys carbonate
platform developed during the Lower Jurassic (Hettangian–Pliensbachian) was controlled
by extensional tectonic events [31,35,36,70] reflected in the development of tilted blocks
with different carbonate sediments (shallow and hemipelagic), among which there are
lateral changes in facies, the presence of neptunian dykes of pelagic materials in shallow
carbonates, synsedimentary normal faults affecting platform carbonates, and the devel-
opment of paleokarst or stratigraphic units with variable thickness in the same tectonic
unit.

The break-up process of this platform presented its first steps in the lower part of the
Jamesoni Zone, near the Sinemurian–earliest Pliensbachian boundary [31]. These authors
recorded an unconformity (named R1, Figure 3) at the top of the algal laminites in several
units of the eastern Subbetic sector. This extensional phase can be correlated with the first
stages of the opening of the Hispanic Corridor [12,13,17,18]. However, the peak stage of
synsedimentary extensional tectonic activity that ended with the platform demise occurred
between the lower part of the Ibex Zone (NJT4a–NJT4b subzones boundary; Figure 3) and
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the Lavinianum–Algovianum zones boundary (NJT4–NJT5 zones boundary), from which a
generalized homogenization of hemipelagic sedimentation occurred in the SIP. As shown
in Figure 3, in this time interval, several unconformities (R2 to R5) have been detected in the
different stratigraphic sections studied, as well as facies changes between them, paleokarst,
hardgrounds and condensed sections, neptunian dykes, and synsedimentary extensional
paleofaults. These data allow us to consider the presence of tilted blocks with simultaneous
records of the relative sea level situation of opposite character. From the Algovianum Zone
onwards, hemipelagic/pelagic sedimentation is established in the SIP, developing mainly
an alternation of marl and marly limestones (lithofacies 7 in Table 1) during the rest of the
late Pliensbachian.

In other areas on the margins of the Tethys, clear positive and negative trends in C and
O isotope curves have been detected during the Pliensbachian and interpreted as a result
of climatic changes [2,10–12,17,18,71]. In the M, PR, and G sections (Figure 6), the δ13C and
δ18O curves do not clearly record the events detected in the upper Pliensbachian by those
authors. As indicated in Section 5.3, the D-M Event, LPE, and PTBE (Figure 6) seem to be
cautiously identified. During the studied time interval, the SIP was located close to the
Hispanic Corridor (Figure 8). According to different authors [9,12,13,17,18,27], the breakup
of Pangea, specifically the opening of the Hispanic Corridor, as well as the intense volcanic
activity of the Central Atlantic Magmatic Province associated with this rifting process,
were responsible for a sedimentary environment and a paleogeographic rearrangement
that could have conditioned the marine circulation system. The SIP may have been an
area where marine currents flowing from Panthalassa and others from the Tethys would
have converged. These factors could have influenced the upper Pliensbachian isotope
record since there would be a mixture of waters of different geochemical compositions,
coming from both oceans, whose circulation would be controlled by the topography of
the seafloor, articulated in incipient elevated zones (proto-seamounts) with shallow or
condensed sedimentation and, even, emerged zones with paleokarst development and
more subsident zones where hemipelagic/pelagic sedimentation would predominate.
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6. Conclusions

Ten stratigraphic sections of the Subbetic (Betic External Zones), whose sedimentary
record is mainly Pliensbachian in age, although some of them also span the lower Toar-
cian, were studied. Eight different lithofacies were found: crinoidal limestones (grain-
stone), peloidal limestones (packstone/grainstone), breccias, cherty limestones (mud-
stone/wackestone), nodular limestones (wackestone/packstone), hardgrounds and con-
densed levels, marls and marly limestone alternance, and dark marls.

The demise of the Lower Jurassic shallow platform developed in the SIP was a complex
process that was driven by extensional synsedimentary tectonics and led to the develop-
ment of different tilted blocks. Several sedimentary environments developed, from the
maintenance of shallow carbonate conditions in subtidal or intertidal environments to con-
texts without sedimentary record, with condensed sedimentation, with the development
of hemipelagic environments, or even with the formation of paleokarst, which implies
emersion and subaerial erosion. The following different tectonic phases occurred: (1) the
Sinemurian–Pliensbachian transition (unconformity R1); (2) toward the lower part of the
Ibex Zone, coinciding with the FO of the Biscutum grande (unconformity R2); (3) in the
boundary between the Ibex and Davoei zones, coinciding with the FO of Lotharingius barozii
(unconformity R3); (4) in the boundary between the lower and upper Pliensbachian (un-
conformity R4); and (5) near the lower boundary of the NJT4d Subzone (unconformity R5).
After this last phase, hemipelagic sedimentation was generalized, with the development of
a marl and marly limestone alternance facies.

In the M, PR, and G sections, the C and O isotope ratios in the bulk sample were
studied, showing that in the three sections diagenesis scarcely modified the original isotopic
signal, although in the PR section, the correlation coefficient between both isotope ratios is
slightly higher than in the other two sections. The correlation of the δ13C of these sections
with that of Amellago–Ikis (Central High Atlas Basin, Morocco) highlights that in the
Subbetic sections, there is no clear record of the different isotopic events analyzed by several
authors. The Davoei–Margaritatus Event (D-M Event), the Late Pliensbachian Event (LPE),
and the Pliensbachian–Toarcian Boundary Event (PTBE) could be cautiously identified.

The circumstance that C isotope events are not clearly recorded in these sections could
be related to the fact that, during the studied time interval, the SIP was located close to the
Hispanic Corridor, a strait associated with the beginning of the breakup of Pangea in the
Early Jurassic. Therefore, there would be a convergence of marine waters with different
chemistry, some coming from the Tethys and others from Panthalassa. In addition, the
different stages of extension would facilitate the development of carbonate sedimentary
environments, in which the relative changes in sea level would be frequent and would not
favor their stability, to which important terrigenous influences could arrive (represented by
the marl levels), modifying the isotope signal.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/min13111386/s1, Table S1: Geochemical data from δ13C and δ18O of
the Mingarrón (M), Puente Romano (PR), and Guarrumbre (G) sections, Table S2: Distribution chart of
the Guarrumbre section showing the results obtained from the semiquantitative analyses performed
on 38 samples. Calcareous nannofossil zones and subzones identified in this work are indicated
and calibrated to ammonite zones. Main events are written in bold. L. Pl. = Lower Pliensbachian,
La = Lavianum. Assemblage abundance classes: A = abundant (10–15 specimens in each field of view),
C = common (1–10 specimens in each field of view), F = few (1 specimen in 1–10 field/s of view), R = rare
(1 specimen in 11–100 fields of view), and VR = very rare (1 specimen in more than 101 fields of view).
Species abundance classes: A = abundant (1–5 specimens in each field of view), C = common (1 specimen
in 2–10 fields of view), F = few (1 specimen in 10–30 fields of view), R = rare (1 specimen in 31–100 fields
of view), and VR = very rare (1 specimen in more than 101 fields of view). Preservation classes: G = good
(the majority of the specimens show their diagnostic characteristics and only some of them are slightly
etched and/or overgrown), M = moderate (the majority of the specimens are recognizable, even if some
of them are etched and/or overgrown and/or fragmented), B = poor (the majority of the specimens are
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heavily etched or/and overgrown and/or fragmented and the identification of the species is sometimes
difficult), and VB = very poor (only a few specimens are recognizable).
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Appendix A

Alphabetical listing including all the calcareous nannofossil species cited in the text
with full author citations.

Biscutum grande Bown 1987
Calcivascularis jansae Wiegand 1984 (=Mitrolithus jansae sensu Bown and Young in

Young et al., 1986)
Carinolithus superbus (Deflandre, 1954) Prins in Grün et al., 1974
Lotharingius crucicentralis (Medd, 1971) Grün and Zweili, 1980
Lotharingius hauffii Grün and Zweili, 1974, emend. Goy, 1979
Schizosphaerella punctulata Deflandre and Dangeard, 1938
Zeugrhabdotus erectus (Deflandre, 1954) Reinhardt, 1965
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