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Abstract

Three stratigraphic sections of the Betic External Zones were studied, two from the Median Subbetic (PEL and PR) and
one from the External Subbetic (CE). The upper Pliensbachian materials and the transition to the lower Toarcian were
dated with calcareous nannofossils in PEL and PR in this paper, while in the CE section, previous ammonite and nannofos-
sil biostratigraphies were considered. The dominant facies are alternance of marly limestone—marl, although in the CE
section, the Toarcian is represented by marls, where the Jenkyns Event has been recorded. In terms of ichnofossils, in the
PEL section Macaronichnus predominates. In the PR and CE sections, the ichnoassemblages are dominated by Planolites,
Thalassinoides and Chondrites. The facies and ichnofacies distinguished formed in pelagic or hemipelagic marine environ-
ments. Analysis of the correlation between 8'3C and 5'%0 and of each of them with Sr and Fe/Ca and Sr/Ca, as well as the
Z-factor, indicate that the geochemical signal has not been modified by diagenesis. In the PEL and PR sections, the 8'3C
and 8'%0 ratios do not allow to clearly identify isotopic events, except in CE where the Jenkyns Event was recorded. The
proxies used to study detritism (Zr/Rb, St/Cu, Chemical Index Alteration, CIA, and C-value) show trends opposite to those
detected in other Tethys sections and even between them. These peculiarities in the geochemical data are interpreted as the
result of the opening of the Hispanic Corridor, the mixing of Panthalassa and Tethys seawaters and extensional tectonics,
which favoured the development of half grabens with significant differential subsidence, especially during the NJT5b Sub-
zone (latest Pliensbachian). These half grabens could be affected by contourite currents according to the Macaronichnus
assemblage in some of these sections.

Keywords Early Jurassic - Southern Iberian Palaeomargin - Ichnofossils - Calcareous nannofossil biostratigraphy -
Geochemical proxies of detritism - Hispanic Corridor - Contourite currents

Resumen

Se estudiaron tres secciones estratigraficas de las Zonas Externas Béticas, dos del Subbético Medio (PEL y PR) y una del
Subbético Externo (CE). En PEL y PR se dataron con nanof6siles calcareos los materiales del Pliensbachiense superior y
la transicion al Toarciense inferior, mientras que en la seccidon CE se consideraron bioestratigrafias previas de ammonites y
nanofosiles. Las facies dominantes son alternancias de calizas margosas—margas, aunque en la seccidon CE, el Toarciense
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esta representado por margas, donde se ha registrado el Evento Jenkyns. En cuanto a los icnof6siles, en la seccién PEL pre-
domina Macaronichnus. En las secciones PR y CE, las icnoasociaciones estdn dominadas por Planolites, Thalassinoides y
Chondrites. Se distinguen facies e icnofacies formadas en ambientes marinos peldgicos o hemipelagicos. El andlisis de la
correlacioén entre 8'°C y 8'%0 y de cada uno de ellos con Sry Fe/Ca y Sr/Ca, asi como el factor Z, indican que la sefial geo-
quimica no ha sido modificada por diagénesis. En las secciones PEL y PR, las relaciones 8'3C y 8'%0 no permiten identificar
claramente eventos isotopicos, excepto en CE donde se registr6 el Evento Jenkyns. Los proxies utilizados para estudiar el
detritismo (Zr/Rb, Sr/Cu, Indice de Alteracion Quimica, CIA, y valor-C) muestran tendencias opuestas a las detectadas en
otras secciones del Tethys e incluso entre ellas. Estas peculiaridades en los datos geoquimicos se interpretan como el resul-
tado de la apertura del Corredor Hispanico, la mezcla de aguas marinas de Panthalassa y Tethys y la tectdnica extensional,
que favoreci6 el desarrollo de semigrabens con importante subsidencia diferencial, especialmente durante la Subzona NJT5b
(Pliensbachiense terminal). Estos semigrabens podrian estar afectados por corrientes de contorno a tenor de la presencia de
Macaronichnus en algunas de estas secciones.

Palabras clave Jurasico Inferior - Paleomargen Suribérico - Icnof6siles - Bioestratigrafia de nanofésiles calcareos - Proxies

geoquimicos de detritismo - Corredor Hispanico - Corrientes de contorno

1 Introduction

The Pliensbachian was a very dynamic Jurassic stage, in
which very important changes took place: (1) palacogeo-
graphic (opening of the Hispanic Corridor; Dera et al.,
2009a, 2009b; Krencker et al., 2019; and references herein),
(2) palaeoclimatic (waxing and waning of ice caps as a
consequence of declines and rises in seawater tempera-
ture; Bougeault et al., 2017; Gomez et al., 2016; Krencker
et al., 2019; Price et al., 2016; and references herein), and
(3) palaeoceanographic (modification of the marine current
system in the Tethys, Boreal and Central Atlantic; Bodin
etal., 2016, 2023; Dera et al., 2009a, for example). All these
events induced shifts of different orders in global seawater
chemistry (Price et al., 2016). While long-lived events have
been associated with variations in CO, concentration, short-
term changes are difficult to explain (e.g., Price et al., 2016).

Based on isotopic data, the early Pliensbachian has been
interpreted as a warming interval (ranging from 16 °C to 18
°C in the Asturian Basin of North Iberia according to Gémez
et al., 2016). This climatic trend covered the Ibex and Davoei
zones and the earliest part of the Lavinianum Zone. A sub-
sequent cooling occurred during the late Pliensbachian that
may have promoted the formation of high-latitudinal glacia-
tion at their most extensive in the latest Pliensbachian to ear-
liest Toarcian (Dera et al., 2011; Gémez et al., 2016; Korte
& Hesselbo, 2011; Ruebsam & Schwark, 2021; Ruebsam
et al., 2019). Latest Pliensbachian to early Toarcian equato-
rial sea surface temperatures fluctuated between 22 °C and
32 °C, attesting to highly variable and contrasting climate
conditions (Ruebsam et al., 2020a). During the early Toar-
cian, related to the Jenkyns Event carbon cycle perturbation,
seawater temperature in the tropical to subtropical latitudes
raised by about 10 °C (Ruebsam et al., 2020a). Sea-level
changes were related to these climatic changes. Therefore,
the end Pliensbachian is characterized by a sea-level fall
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with subsequent flooding and a negative Carbon Isotope
Excursion (CIE) related to the Pliensbachian-Toarcian
boundary event (Bodin et al., 2016; Fantasia et al., 2019;
Fleischmann et al., 2022; Rodrigues et al., 2019).

Bougeault et al. (2017), based on the study of the kaolin-
ite/illite ratio, recognized a decrease in the runoff occurred at
the end of Pliensbachian stage, considering that a cold stage,
possibly associated with cold ice cap growth, has also been
recorded in this time interval (Bodin et al., 2023; Bougeault
etal., 2017; Gémez et al., 2016; Krencker et al., 2019; among
others). However, Bougeault et al. (2017) also recognized
minor oscillations in kaolinite/illite ratio values during the
late Pliensbachian interpreted as oscillations in runoff.

A factor to consider in the development of the climate
changes during the Pliensbachian is the modification of the
oceanic current system due to palacogeographic changes
(tectonically driven) and sea-level variations (Dera et al.,
2009a, 2009b; Price et al., 2016). Prior to the opening of
the Hispanic Corridor (Davoei-Lavinianum zones; early-late
Pliensbachian transition), isotopic data support the idea of
a flow from the Boreal domains into the Tethyan Ocean via
the Viking Corridor (Dera et al., 2009a). The opening of
the Hispanic Corridor led to a change in the oceanic cir-
culation system, such that a current develops through this
palacogeographic feature connecting Panthalassa with the
Tethys. On the other hand, the formation of this corridor also
favoured the establishment of a current from the Tethys and
Panthalassa Oceans towards the Boreal Domain (e.g., Dera
et al., 2009a, 2009b).

The opening of the Hispanic Corridor was associated with
the rifting process and the beginning of the formation of the
Central Atlantic. This developed a major system of tilted
blocks and small, generally, shallow sub-basins. In addition,
in connection with the rifting, an increase in volcanic activ-
ity related to the Central Atlantic Magmatic Province and
the Karoo-Ferrar Large Igneous Province (LIP) took place
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(Franceschi et al., 2014; Krencker et al., 2022; Schollhorn
et al., 2020a, 2020b; among others).

During the Pliensbachian, the South Iberian Palaeomar-
gin (SIP), was affected by these tectonic, palacoclimatic
and palaeoceanographic processes according to its palaeo-
geographic position (Vera, 2004; Ruiz-Ortiz et al., 2019;
Nieto et al., 2023; among others). As a consequence of rift-
ing and the opening of the Hispanic Corridor, the shallow
carbonate platform developed during the Hettangian and
Sinemurian (represented by the Gavildn Formation) col-
lapsed. Numerous tilted blocks were formed, bringing about
the sedimentary record very changeable both in sedimen-
tation rate and facies, with blocks in which wide hiatuses
developed and others with more continuous sedimentary
record (Nieto et al., 2023). The sediments deposited were
marly limestones and marls with a clear hemipelagic and
pelagic nature (represented by the Zegri Formation). Dur-
ing the late Pliensbachian, alternating marly limestones and
marl predominate, whereas, coinciding with the beginning
of the Toarcian, mainly marly sedimentation deposited. In
addition, the chemistry of the SIP waters must have under-
gone changes due to modifications in the oceanic circulation
system. The progressive opening of the Hispanic Corridor
(early-late Pliensbachian transition), favoured the develop-
ing of a current pattern affecting the SIP from Panthalassa
and from Tethys towards Boreal domains (e.g., Dera et al.,
2009a; Nieto et al., 2023; Price et al., 2016). The chemistry
of the seawaters would also be influenced by the contribu-
tions of continental waters, which would reflect the weather-
ing processes from the Iberian massif.

The record of the oxygen depleted conditions (Toarcian
Oceanic Anoxic Event or T-OAE) related to the Jenkyns
Event is very irregular in the SIP, being confined to small,
more subsiding pelagic basins where locally suboxic facies
developed (e.g. Reolid et al., 2014, 2021). As in other areas
of the Tethys where the T-OAE is recorded, this event and
the environmental conditions that prevailed during its devel-
opment are well known in the SIP (e.g. Rodriguez-Tovar &
Uchman, 2010; Rodriguez-Tovar & Reolid, 2013; Reolid
et al., 2014, 2015; Rodrigues et al., 2019; Ruebsam et al.,
2020b; Kovacs et al., 2024). However, the environmental
changes that preceded the development of this event need to
be further investigated, as it is also for the SIP. The aim of
this paper is to analyze the environmental conditions at this
palaeomargin in the time just before the Jenkyns Event (late
Pliensbachian-earliest Toarcian). The influence of water run-
off on sedimentation occurring in the SIP, mainly during the
late Pliensbachian and the Pliensbachian-Toarcian transition,
will be discussed. This will bring us some light about the
prevailing climatic conditions that conditioned continental
weathering. For this purpose, a multi-proxy analysis of dif-
ferent detrital ratios, such as Zr/Rb, Sr/Cu, Chemical Index
Alteration (CIA) and C-value, will be carried out on samples

taken from three stratigraphic sections from the Subbetic
(Betic Cordillera) with Pliensbachian and lower Toarcian
records.

2 Geological setting

The studied sections belong to the Lower Jurassic of the
Subbetic, in the External Zones of the Betic Cordillera (SE
Spain), which is the westernmost Alpine Mediterranean
Chain, being 600 km long and 200 km wide (Garcia-Hernéan-
dez et al., 1980). The Betic Cordillera is subdivided into
the Internal and the External Zones. The External Zones
represent the SIP that developed during the Mesozoic in the
westernmost Tethys, approximately at 20° N during the Early
Jurassic (Bassoullet et al., 1993), and can be further divided
into Prebetic (more proximal areas) and Subbetic (more dis-
tal areas) domains (Fig. 1). The Subbetic is subdivided from
north to south in Intermediate Domain, External, Median,
and Internal. The studied sections are located in the External
and Median Subbetic (Fig. 1). The Lower Jurassic of the
Subbetic is composed by the Gavilan and Zegri formations.
The Gavilan Formation (Hettangian-lower Pliensbachian)
represents platform carbonates (crinoidal limestones, oolitic
and oncolitic limestones, cherty limestones and dolostones)
and the Zegri Formation (upper Pliensbachian-lower Bajo-
cian) is composed of pelagic and hemipelagic deposits
(marly limestones and marls and marly Ammonitico Rosso).
Both formations are limited at the base by the intra-Pliens-
bachian discontinuity. The thickness of the Zegri Formation
ranges from just a few metres to 500 m in the External and
Median Subbetic (Nieto et al., 2004). The lower part of the
Zegri Formation (Pliensbachian-lower Toarcian) is made up
of marly limestone-marl rhythmites and marls. The middle-
upper Toarcian is commonly represented by cherty lime-
stones and red nodular marly limestones (marly Ammonitico
Rosso facies) (Molina, 1987; Reolid et al., 2015).

Three stratigraphic sections have been considered: Sierra
Pelada (PEL), Puente Romano (PR) and La Cerradura (CE)
(Figs. 1, 2). The PEL and PR sections are located in the
Median Subbetic and were previously studied by Gonzalez-
Donoso et al. (1971) and Jiménez (1986) with regard to
ammonite biostratigraphy. The CE section was attributed to
the External Subbetic; the ammonites present in this section,
were initially studied by Braga (1983) and Jiménez (1986).
Later, the CE section was investigated, from an ichnological
and geochemical point of view, by Reolid et al. (2014) and
Silva et al. (2021) among others.

The Sierra Pelada (PEL) section is located to the north
of Sierra Pelada ravine, 200 m NE of the Cortijo del
Madrofial, province of Granada (section bottom coordinates:
37°20'24.3" N; 3°53'44.6" W). The Puente Romano (PR)
section is located near the roman bridge on the Colomera
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Fig. 1 Geographical and geo-
logical setting. A Location of
the Betic Cordillera in the South
of Spain. B Geological sketch of
the Betic Cordillera with loca-
tion of the stratigraphic sections
studied (CE: La Cerradura; PR:
Puente Romano; PEL: Sierra
Pelada). C Palaecogeographic

sketch of the Pliensbachian with

the location of the South Iberian
Palaeomargin and the Hispanic
Corridor (modified from Nieto
et al., 2023)

(EDITERRANEAN SEA

I I%I;HALICANTE B
IS § _AMURCIA

N
H

0 50 100 150 km

Iberian
Massif

Iberian Massif

- Mesozoic undeformed sediments

| Guadalquivir Accretionary Complex

Mmmﬂ]]] Prebetic o

- Intermediate Domain

Tethys Ocean

D External Subbetic

e ; Gibraltar Units

Hispanic
Corridor

North African Palaeomargin

Location
of the studied sections

= Median Subbetic

I:l Syn- and post-

tectonic basins

Emerged
landmasses seas

seas

Shallow epicontinental

‘:I Deep epicontinental -+~ Normal palaeofaults
Transcurrent palaeofaults

Boundaries of current emerged lands

D Internal Subbetic

Sections:

CE - La Cerradura; PR - Puente Romano;
PEL - Sierra Pelada

BETIC EXTERNAL ZONES

- Neogene

volcanic rocks

river, 500 m to the NE of the Colomera village, province
of Granada (section bottom coordinates: 37°22'36.6” N;
3°42'31.4" W). La Cerradura (CE) section is in the E trench
of motorway A-44, km 56.8, 15 km S of Jaén city (section
bottom coordinates: 37°41'51.9" N; 3°38'0.1” W).

In the PEL and PR sections outcrops well the upper part
of the Gavilan Formation, dated as lower Pliensbachian
(Nieto et al., 2023 and references in this paper) and its
contact with the Zegri Formation, where the upper Pliens-
bachian and lower Toarcian are recorded. In the CE section
upper Pliensbachian — lower Toarcian record, including the
materials in which the T-OAE, was detected (Reolid et al.,
2014; Ruebsam et al., 2020a, 2020b).

3 Materials and methodology
3.1 Fieldwork and facies analysis
The fieldwork in the studied sections was focused on the

analyses of sedimentary structures, trace fossils, recovery
of fossil macroinvertebrates and sampling for subsequent
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analyses of microfacies, geochemistry and calcareous
nannoplankton.

We have used for the CE section the same 34 samples
studied by Reolid et al. (2014). Both the PEL and PR sec-
tions were sampled on a bed by bed; 72 samples from
PEL section and 49 samples from PR section. Samples
from indurated marly limestones and limestones were
selected for preparation of thin sections and polished
slabs. Samples consisting of soft marls were selected for
analyses of stable isotopes (C and O) and elemental inor-
ganic geochemistry. For the microfacies studies, a Leica
M205C binocular microscope was used to study a total
of 121 thin sections. Analysis of trace fossils in the field
was completed with the preparation of 22 polished slabs.
The ichnological analysis included the bioturbation index
(from 1 to 5, Taylor & Goldring, 1993) for quantifying
the degree of bioturbation, and integrates sedimentology
and ichnology. Therefore, a progressively higher degree
of bioturbation results from an increased burrow overlaps
and the subsequent loss of the primary sedimentary fabric.

The reference ammonite biostratigraphy used to date
the materials of the studied sections follows Braga (1983)
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Fig.2 Correlation of the stratigraphic sections considered in this paper. For each section the 8'3C (V-PDB in %¢) and 8'%0 (V-PDB in %o)

curves with indication of the average value are represented

and Jiménez (1986) for the SIP, while for calcareous nan-
noplankton follows Ferreira et al. (2019) (Fig. 3). The
study of calcareous nannoplankton was carried out in PEL
and PR sections. The biostratigraphic framework of the
CE section is based on ammonite record (Braga, 1983;
Jiménez, 1986; Reolid et al., 2014), and on the calcare-
ous nannoplankton (Reolid et al., 2014), according to the
biostratigraphy of calcareous nannoplankton from Mat-
tioli and Erba (1999).

3.2 Calcareous nannofossils

A total of 23 and 21 smear slides were prepared from
the original samples collected from the PEL and the PR

sections, respectively. In both cases, the standard prepara-
tion technique of Bown and Young (1998) was used, and
semi-quantitative analyses were carried out with a Leica
DMLP light microscope and a Leica DFC 420 digital cam-
era at 1250 X magnification. For the PEL samples, four
transverses were analyzed per sample, resulting in more
than 500 fields of view, to identify rare or very rare species.
Total abundance and degree of preservation of calcareous
nannofossil assemblages, and the relative abundances of
each species identified were obtained for each sample (see
Table 1 for further details), following the approach of Per-
illi et al. (2010) and Fraguas et al., (2015, 2018). Mitroli-
thus spp. and Crepidolithus spp. include all the specimens
belonging to both genera recognized in lateral view or

@ Springer
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Fig.3 Bio- and chrono- stratigraphic diagram for the Lower Juras-
sic (Pliensbachian-lower Toarcian) from the data obtained in the
stratigraphic sections considered in this paper. The numerical ages
and the Tethyan Ammonites zones are from Hesselbo et al. (2020a).

those that cannot be identified taxonomically at species
level, since the diagnostic characters were not preserved.
The appendix A includes all the calcareous nannofossil
species mentioned within the text in alphabetical order.

From the 21 smear slides prepared from the samples
taken in PR section, a total of 2000 fields of view were
analyzed per sample for semiquantitative analysis, in order
to identify those species very rare. The results obtained
have been included in Nieto et al. (2023).

3.3 Elemental and C-O isotope geochemistry
The elemental analysis of the samples of the three sec-

tions considered in this paper were obtained in the Centro
de Instrumentacién Cientifica (CIC) of the Universidad de
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The Tethyan calcareous nannofossils are from Ferreira et al. (2019)
and Mattioli and Erba (1999). The unconformities R1 to R5 are from
Nieto et al. (2023)

Granada. Whole-rock analyses of major elements were made
using X-ray Fluorescence (XRF) in a Philips PW1040/10
spectrometer. Trace elements were analysed using an induc-
tively coupled plasma-mass spectrometer (ICP-MS), the Per-
kin Elmer Sciex-Elan 5000.

The C and O isotopes were analyzed from bulk samples
from CE section by Reolid et al. (2014), PR section by Nieto
et al. (2023) and PEL section in this paper. The 72 samples
of the last section were analyzed at the Laboratory of the
Scientific and Technological Centre (CCiT) of the Univer-
sidad de Barcelona with a Finningan MAT 253 isotope ratio
mass spectrometer with a Kiel IV carbonate analysis device
(ThermoFisher Scientific). The isotope ratios obtained were
referred to the VPDB standard notation in %o. Analytical
precision was kept between 0.01 and 0.05 for §'*C and 8'%0.
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The Chemical Index Alteration (CIA) corrected for car-
bonate contents, was calculated according to the expression
(1) from Nesbitt and Young (1982, 1989):

ALO,

CIA = 100 x
AL,0, + Ca0 + NayO + K,0 M

To analyze the influence of diagenesis in the primary geo-
chemistry signal, the Z factor was used, calculated for each
studied section according to the expression (2), given by
Keith and Weber (1964) and Babalola et al. (2023).

Z =2.048(6"3C + 50) + 0.498(8'%0 + 50) 2)

If Z> 120, the limestones could be classified as marine;
if Z <120, they are materials generated in or affected by
meteoric waters. Finally, if Z has values close to 120, the
limestones should be classified as of undetermined origin.

The C-value plot, proposed by Zhao et al. (2007), was
used to discriminate general climatic conditions throughout
the deposition of the studied sediments. This parameter is
calculated according to the next expression (3):

Ibex-Lavinianum zones (Nieto et al., 2023). In the studied
interval of the CE section there is no record of the Gavildn
Formation. Consequently, Nieto et al. (2023) state that the
top of the Gavilan Formation and the bottom of the Zegri
Formation are heterochronous.

With respect to the calcareous nannofossil biostratigraphy
of the studied area, there are data from the CE and PR sec-
tions already published. At CE section (Reolid et al., 2014),
the base of the NJT5b Subzone is marked by the first occur-
rence of Lotharingius sigillatus around the Solare/Elisa
ammonite Subzone boundary of the Emaciatum ammonite
Zone, and the boundary between the NJTS/NJT6 zones is
based upon the first occurrence of Carinolithus superbus
around the Polymorphum/Serpentinum ammonite Zone
boundary, considering the nannofossil biostratigraphic
scheme proposed by Mattioli and Erba (1999) for the Teth-
yan Domain. According to the nannofossil zonation more
recently proposed by Ferreira et al. (2019) for the Lusitanian
Basin, the FO of C. superbus marks the beginning of the
NJT6 Zone within the uppermost part of the Polymorphum
Zone.

C —value = (Fe + Mn + Cr + Ni+ V + Co)/Z(Ca + Mg + Sr + Ba + K + Na) 3)

C-value comprised between 0 and 0.2, points to an arid
climate. C-value between 0.2 and 0.4, refers to semi-arid
climate. When this parameter is in a range 0.4-0.6, the
climate is semiarid to semimoist. The values in the range
between 0.6 and 0.8, shown a semimoist climate. Finally,
if the C-value is higher than 0.8, recorded a moist climate.

4 Results
4.1 Biostratigraphy and chronostratigraphy

The biostratigraphy and chronostratigraphy related to the
boundary between the Gavilan and Zegri formations have
just been studied in detail by Nieto et al. (2023). These
authors identified up to five discontinuities of hiatus with
variable amplitude between them and between different
stratigraphic sections.

At the bottom of the PEL section, cherty limestones
have been recognized, alternating with marls (Figs. 2 and
3) attributed to the upper part of the Gavilan Formation.
No features have been observed at the top of these lime-
stones that would indicate the existence of a stratigraphic
discontinuity. In the PR section, some limestones with
cherts have been identified and attributed to the upper part
of the Gavilan Formation (Figs. 2, 3). In this case, based on
regional data, the hiatus associated with the discontinuity
between the two formations has been considered to span the
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In the PR section (Nieto et al., 2023), based upon the
more recent biostratigraphic scheme of Ferreira et al. (2019)
for the Western Tethys, the NJTSb Subzone has been iden-
tified based upon the FO of L. crucicentralis within the
upper Pliensbachian and NJT5c Subzone (lower part of the
Polymorphum Zone) considering the FO of Zeugrhabdo-
thus erectus, which enabled the approximation of the upper
Pliensbachian/lower Toarcian boundary.

A total of 26 species belonging to 14 genera were iden-
tified in the 23 smear samples from PEL section (check
Table 1 for further details). Most of the samples belonging
to the Gavilan Formation are barren or show a poor preser-
vation, including only extremely rare specimens of Schizos-
phaerella punctulata and Calcivascularis jansae. This last
species also occurs in the lowermost samples of the Zegri
Formation until sample PEL-46m. Excluding three samples
(PEL-42, 27 and 13; Table 1), a considerable increase in
both abundance and diversity, as well as a much better pres-
ervation, can be noted from sample PEL-45 up-section. They
yield up to 16 different species (samples PEL-17 and 15)
and are dominated by relatively well-preserved specimens of
Schizosphaerella puntulata, Calcivascularis jansae, Mitro-
lithus lenticularis and Lotharingius hauffii. Considering the
biostratigraphic scheme proposed by Ferreira et al. (2019),
a nannobiohorizon has been identified in the PEL section
(Figs. 2, 3): the first occurrence of Zeugrhabdothus erec-
tus in sample PEL-20 (Table 1). This bioevent marks the
boundary between the NJTS5b/NJT5c subzones and helps to
approach the Pliensbachian/Toarcian boundary.



Journal of Iberian Geology

4.2 Facies analysis and ichnofacies
4.2.1 Facies and microfacies analysis

The PEL section begins in the cherty limestones of the
top of the Gavilan Formation (first 5 m; Figs. 2, 4A). The
microfacies are wackestone of radiolaria and sponge spic-
ule (Fig. 5SA) with Thalassinoides densely bioturbated by
Phycosiphon. There are also very small (less than 0.15 mm
in size) crinoidal fragments and other unidentifiable small

bioclasts. The siliceous radiolarian tests have been replaced
by microcrystalline calcite, obscuring their textural details.
The siliceous megasclere spicules, mainly monaxon, have
also been dissolved, and their moulds are filled with granular
calcite cement. The rest of the section (NJT5 Zone), spans
around 50 m and consists of marls and marly limestones
of the Zegri Formation (Figs. 2, 4B). The lower part of the
Zegri Formation, densely bioturbated (Fig. 4C), is domi-
nated by limestone beds (first 13 m above the cherty lime-
stones), followed by a thick interval of marls with carbonate

Fig.4 Field view of the studied sections. A Top of the Gavilan For-
mation in the Sierra Pelada (PEL) section (Median Subbetic). B
Lower part of the Zegri Formation in the PEL section (Median Sub-
betic). C Detail of the stratigraphic surface of a bed located in the
lowermost Zegri Formation (upper Pliensbachian, PEL section) with
abundant Macaronichnus (Mac) and Thalassinoides, the last one
densely bioturbated by Phycosiphon (Phy). D Thick bedding in the
top of the Gavilan Formation at the Puente Romano (PR) section

(Median Subbetic), arrows point to black chert nodules. E. Marl-
marly limestone alternation in the lower part of the Zegri Formation
at the PR section (Median Subbetic). F Marl and marly limestone
rhythmite and overlying dark marls from the La Cerradura (CE) sec-
tion (External Subbetic) with indications of the boundaries between
Pliensbachian/Toarcian (Pli/Toa) and Polymorphum/Serpentinum
zones (Pol/Ser) of the lower Pliensbachian

@ Springer



Fig.5 Microfacies of the studied upper Pliensbachian-lower Toar-
cian sedimentary rocks of the Subbetic. A Microfacies of the top of
Gavilan Formation with Thalassinoides densely bioturbated by Phy-
cosiphon (Phy) (PEL section). B Detail of microfacies packstone of
peloids, radiolarians (Rd) and sponge spicules (Sp) of the Zegri For-
mation (PEL section). C Packstone of radiolarians from the Zegri

@ Springer
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Formation (PR section). D Specimen of ammonite (Amm) of the
packstone of radiolarians from the Zegri Formation (PR section). E
Mudstone to wackestone with trace fossils of Chondrites (Ch) from
the Zegri Formation (CE section). F Mudstone to wackestone with
abundant coal grains (dark grains), specially concentrated in the dark
areas corresponding to trace fossils, Zegri Formation (CE section)
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content increasing to the top of the sequences (around 25 m
thick). The uppermost part of the studied section (within
NJT5c Subzone, Polymorphum Zone, lower Toarcian) is
composed of 12 m of marls and marly limestones alterna-
tion with progressive increase in carbonate content (Fig. 2).
In PEL section, the microfacies differentiated for the Zegri
Formation (Fig. 5B) is a packstone of peloids, spicules and
radiolaria with ostracods, calcispheres, benthic foraminifera
(mainly Lenticulina) and some bioclasts. Small burrows are
also observed in thin section, with common iron oxides or
hydroxides. Locally, a mudstone with scarce radiolaria and
bioclasts could be detected. Small burrows are also present.
The phytodetritus is locally abundant in darker stratigraphic
intervals.

In the PR section (Fig. 2) the studied interval corresponds
to the Zegri Formation and begins on the cherty limestones
of the Gavilan Formation (Fig. 4D) (Nieto et al., 2023).
The microfacies of the Gavilan Formation are peloidal and
bioclastic wackestone-packstone (Fig. 5C, D). The peloids
have an average size of 0.1 mm. The bioclasts are mainly
crinoids, and secondarily sponge spicules, radiolarians, and
thin-shelled bivalves (“filaments”). Subordinate components
are represented by benthic foraminifera (Lenticulina), ostra-
cods and calcispheres. The lower 7 m of the section (NJT5a
Subzone) are made up of a limestone/marl alternation over-
lain by an alternation of dark marls/marly limestones of the
upper Pliensbachian-lowermost Toarcian (Fig. 4E).

The CE section consists of a lower part constituted by
marl and marly limestone alternation (Fig. 4F) (Emacia-
tum Zone, NJT5a and NJT5b subzones) and an upper part
represented by a dark marls interval of the Serpentinum
Zone (NJT6 Zone) (Fig. 2). The microfacies are mudstone-
wackestone with trace fossils (Fig. 5SE), in which abundant
coal grains are concentrated (Fig. 5F). Unlike in the other
sections of the Median Subbetic, in the CE section there are
no radiolarians and sponge spicules.

4.2.2 Ichnofacies

In the PEL section (Fig. 6C, D), the ichnoassemblage
recorded in the top of the Gavilan Formation is character-
ized by abundant horizontal to oblique sinuous burrows
corresponding to Macaronichnus and secondarily Thalas-
sinoides, Planolites, Chondrites, and Zoophycos. Other rare
trace fossil is Lamellaeichnus. In the Zegri Formation, the
ichnoassemblage is similar with dominant Macaronichnus
densely packed. Phycosiphon is very common burrowing
within Thalassinoides sediment infilling. Secondary trace
fossils are Thalassinoides, Planolites, Zoophycos and Chon-
drites, and less commonly Lamellaeichnus and Palaeophy-
cos. Macaronichnus and Phycosiphon are infilled with clear
sediment. In the case of Macaronichnus the mantle is com-
paratively darker than the surrounding sediment whereas the

sediment infilling is clearer. The bioturbation index keeps
very high in both formations in the PEL section ranging
3 to 5. The diversity is variable from 4 to 7 ichnogenera
corresponding to the Cruziana ichnofacies. This diverse
assemblage presents a good tiering with Macaronichnus and
Thalassinoides dominating the upper tier, and Zoophycos
and Chondrites dominating the lower tier.

The ichnoassemblage of the PR section (Fig. 6A, B)
is similar to that described in the Zegri Formation of the
CE section by Reolid et al. (2014) and Simo and Reolid
(2021). Commonly the trace fossils present a sediment
infilling darker than the surrounding sediment. Some trace
fossils present iron-rich sediment. Dominant trace fossils
are Planolites, Thalassinoides and Chondrites (both large
and small ones). Secondary trace fossils, but locally abun-
dant, are Lamellaeichnus, Teichichnus and Zoophycos, and
scarce Palaeophycus and Taenidium. The bioturbation index
is commonly ranging from 2 to 3 and only decrease to 1
in the Pliensbachian/Toarcian boundary, where only scarce
small Chondrites and Planolites are recorded. The number
of ichnogenera in each level varies from 1 to 7 with low-
est values located in the lower part of the NJT5a Subzone
(upper Pliensbachian) and the top of the NJT5c Subzone
(Polymorphum Zone, lower Toarcian). The lower part of the
NIJT5c Subzone records higher content of ferruginous trace
fossils, principally Chondrites and Planolites. The trace fos-
sils recorded in the PR section correspond to the Cruziana
ichnofacies. The ichnoassemblage is relatively diverse and
present a good tiering with Planolites and Thalassinoides
dominating the upper tier, Lamellaeichnus and Teichichnus
as main representants of a middle tier, and, finally, Chon-
drites and Zoophycos dominating the lower tier.

Finally, the ichnoassemblage of CE section (Fig. 6E)
was studied by Reolid et al. (2014), Reolid and Reolid
(2020) and Simo and Reolid (2021). This is mainly com-
posed by Planolites, Thalassinoides and Chondrites (both
small and large) and secondarily by Lamellaeichnus, Taei-
nidum, Teichichnus and Trichichnus. Other trace fossils
such as Zoophycos and Palaeophycus, recorded in the PR
section (Fig. 6A, B), or Macaronichnus and Physosiphon
recorded in PEL section (Fig. 6C, D), are not present in
CE section. In general, the bioturbation index and the
diversity are similar to those of PR and lower than in PEL
section, but decreasing in the NJT5b Subzone (Emacia-
tum Zone, upper Pliensbachian). The assemblage corre-
sponds to the Cruziana ichnofacies. The ichnoassemblage
is relatively diverse in the marl and marly limestone rhyth-
mite, with Planolites and Thalassinoides dominating the
upper tier, Lamellaeichnus and Teichichnus as main rep-
resentants of a middle tier and, finally, small Chondrites
dominating the lower tier. The bioturbation index is com-
monly ranging from 2 to 3, and decrease in the uppermost
Pliensbachian and lower Toarcian where ranges from 1 to
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2cm

Ch, Chondrites; La, Lamellaeichnus;

Mac, Maccaronichnus; P, Planolites;
Te, Teichichnus; Th, Thalassinoides;
Z00o, Zoophycos

Fig. 6 Examples of ichnofossils in samples from the PR section (A, B), PEL section (C, D), and CE section (E)

2. The diversity is reduced in the beginning of the Toar-
cian, top of the marly limestone rhythmite (Polymorphum
Zone, lower Toarcian) where Chondrites dominates. Only
in the top of the Polymorphum Zone, large Chondrites
turns very abundant and rich in organic matter (Reolid
& Reolid, 2020). The first 40 cm of the dark marls of the
Serpentinum Zone (coincident with the beginning of the
negative CIE of the Jenkyns Event) are barren for infau-
nal benthic macroinvertebrates and trace fossils (Baeza-
Carratalé et al., 2017; Reolid et al., 2014). The assemblage
rapidly recovers initially with the record of Chondrites,
and subsequently with Planolites and Trichichnus (Simo
& Reolid, 2021).

@ Springer

4.3 Geochemistry
4.3.1 §'*Cand 80 isotopes

The values of 8'3C (%0 VPDB) in PEL section fluctu-
ate between — 0.41 %o and 1.22 %o, (average 0.50 %o,
6 =0.39). From the base of the stratigraphic section to
meter 15, coinciding with the lowest rocks of the upper
Pliensbachian in this section, the isotope ratio remains
slightly above the average value (Fig. 2), although it
shows some fluctuations in the first 5 m of the sequence
and between meters 12.5 and 15 (Fig. 2). Between meters
15 and 27, coinciding with the lower part of the NJT5b
Subzone (Emaciatum Zone, upper Pliensbachian),
the marls are more abundant, in which there are many
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fluctuations, but always around the average. In the central
part of the same subzone (between meters 27 and 30) a
decrease of the isotope ratio values is observed, which
varies between 0.50 and —0.41. From meter 30 onwards,
there is an increase in the value of the isotopic ratio (from
—-0.41 to 0.53, obtained in meter 31). From this level to
the top of the stratigraphic section, the 8'>C again shows
several oscillations in its values, with a decreasing devia-
tion respect to the average in the NJT5c Subzone (lower
part of the Polymorphum Zone) (Fig. 2).

The 6'%0 in the PEL section ranges between —4.43 and
—2.25 %o (average — 3.52 %o, 6 =0.59). As happened with
the C isotope ratio, the 8'80 shows, in general, values
slightly above the average between the base of the section
and meter 15 (Fig. 2), coinciding with the levels dated as
lower part of the upper Pliensbachian. Coinciding with the
NJT5b Subzone (Emaciatum Zone, upper Pliensbachian),
the values of this isotopic ratio are below the average,
reaching the lowest values between meters 27 and 30,
around the mid part of the NJT5b Subzone (Fig. 2). In the
NJT5c¢ Subzone, the 8'%0 starts to increase its value until
it is slightly above the average value.

In the PR section, the 8'°C values in the bulk sample
change between 0.47 and 1.45 %o (Fig. 2) (average 1.11 %o,
6=0.17). In general, the values of this isotopic ratio show
very little variations around the average value throughout
the stratigraphic section, with no trend to be highlighted.
Regards 8'%0, the values range from —2.76 %o to —0.67 %o
(average —2.17 %o, 6 =0.33). Although the complete strati-
graphic sequence shows numerous small-range fluctuations,
all they are around the average, with no clear trends (Fig. 2).

In the CE section the values of 8'3C in bulk sample
range between 0.41 and 1.93 %o, (average 1.35, 6=0.32).
In the marl-marly limestone rhythmite (upper Pliens-
bachian to Polymorphum Zone; Fig. 2), they are at around
1.20 %o. Above the top of the rhythmite (Fig. 2), a nega-
tive CIE is observed, changing the values of this isotope
ratio from 1.20 to 0.41 %o (Fig. 2) corresponding to the
lower part of the Serpentinum Zone (lower Toarcian). From
meter 30, in the lower part of the Serpentinum Zone or
lower part of the NJT6 Zone (Fig. 2), towards the top of
the stratigraphic sequence, there is an increase in the value,
from 0.41 to 2.47 %o. The 8'%0 shows a minimum value
of —2.50 %o and the maximum value is —1.34 %o (aver-
age —1.96 %o, 6 =0.29). This ratio decreases sharply in the
Polymorphum Zone (lower Toarcian), where it reaches the
minimum value, coinciding with the contact between the
marl-marly limestone rhythmite and the dark marl interval.
Here, an isotope excursion of —0.55 %o is recorded. In the
base of the dark marls (top of the Polymorphum Zone;
Fig. 2), a positive excursion (difference in isotope ratio of
1.00 %o) is recorded, reaching a value of —1.50 %o. After

the first 2 m of the dark marls, the §'30 ratio reaches values
similar to those of the upper Pliensbachian.

4.3.2 Detrital and palaeoclimatic proxies

The Zr/Rb ratio in the PEL section (Fig. 7) shows high val-
ues at the base of the section that includes the top of the
Gavilan Formation and the lower part of the Zegri Formation
(average 1.24, 6=0.13; Fig. 7). The values decrease in the
marl-dominated interval (NJT5b Subzone, Emaciatum Zone,
upper Pliensbachian) and the upper part of the studied sec-
tion (NJT5c Subzone, lower part of the Polymorphum Zone,
lower Toarcian) (average 0.88, 6=0.08). The St/Cu ratio
shows a stratigraphic distribution with similar trends to Zr/
Rb but the fluctuations are stronger (Fig. 7). Sr/Cu is higher
in the lower part of the section (average 281.4, 6 =122) than
in the upper part (average 118.6, c =83). Respect to the CIA
and C-value present the lowest values in the lower part of the
section (CIA average 0.04, C-value average 2.27) before the
NJT5b Subzone of the marl-dominated interval of the Zegri
Formation (CIA average 0.13, C-value average 9.74; Fig. 7).
The values of these parameters increase and present stronger
fluctuations in the rest of the section and describe an oppo-
site stratigraphic distribution respect to the Sr/Cu ratio.

In the PR section (Fig. 8), two stratigraphic intervals are
differentiated, a lower interval that includes the first 7 m
corresponding to NJT5a Subzone (Algovianum Zone, upper
Pliensbachian), and the upper part formed by 18 m includ-
ing the NJT5b (Emaciatum Zone, upper Pliensbachian) and
NJT5c Subzones (lower part of Polymorphum Zone, lower
Toarcian). The Zr/Rb ratio (Fig. 8) presents relatively low
values in the lower stratigraphic interval (from O to 8 m,
NJT5a Subzone; Fig. 8) with small fluctuations (average
1.44, 6=0.05), and then is followed by a relative increase
of Zr/Rb in the upper stratigraphic interval (average 1.52,
6=0.08). The Zr/Rb values progressively decrease in the
lower Toarcian (NJT5c Subzone; Fig. 7). The Sr/Cu ratio
shows high values in the lower part of the studied section
with low fluctuations (average 41.4, c=7.7), whereas the
upper part of the section is characterized by relatively low
values (average 27.4) with high fluctuations (c=13.1).
CIA exhibits low values (average 10.1) and minor fluctua-
tion (c=2.4) in the lower part of the section (Fig. 8), then
a slightly increasing trend is recorded with high values in
the upper stratigraphic interval (average 14.2) and important
fluctuations (c=5.1). Finally, C-value presents a stratigraphic
distribution similar to CIA in the PR section (Fig. 8). The
lower stratigraphic interval presents low values (average 0.18,
6=0.02), whereas the upper stratigraphic interval records
high values with abrupt fluctuations (average 0.23, 6 =0.05).

The Zr/Rb ratio of the CE section (Fig. 9) shows low
values (mostly <0.75) in the rhythmite of the lower part
of the section (from 0 to 26 m, Emaciatum Zone, upper
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Fig.7 Geochemical proxies of detritism from Sierra Pelada (PEL) section
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Fig.8 Geochemical proxies of
detritism from Puente Romano
(PR) section

Puente Romano (PR) | Zr/Rb

Sr/Cu CIA C-Value

24
€
I_ 1>
20 z
L
c| |o
& v
ol 5 |
8|2
'_
1
() T
2 —
o
(%]
2
[Te) O
= I
- (9
z —= 2N
- U__f_g
(=5 S
—1 |2]10 = IS
e L8
= % S
[= z - — §
2 = D
i< —
S| >+
®
Q
[}
c ol 5
2 18 o
= —
L=
S =
=)
=
0

Pliensbachian; Fig. 9) with a Zr/Rb average value of 0.74
(6=0.03). The Zr/Rb values increase from the beginning
of the dark marl (average 0.80, 6 =0.07) with important
fluctuations and reaches the maximum during the negative
Carbon Isotope Event (CIE). Respect to the Sr/Cu ratio, it
shows relatively high values in the marl and marly lime-
stone rhythmite (average 45.6, 6 =17.9) with the highest
values in the lower part of the NJT5a Subzone, Emacia-
tum Zone (upper Pliensbachian; Fig. 9). The top of the
rhythmite (Polymorphum Zone; lower Toarcian) presents
a prominent increase of St/Cu; however, the overlying dark
marls (NJT6 Zone, Serpentinum Zone) are characterized by
a significant depletion (average 18.3, 6 =8.4). Finally, CIA
also shows two different parts with relatively low values
in the rhythmite (average 13.8, 6 =6.1) and higher values
in the dark marls (average 29.3, 0 =8.1; Fig. 9). C—value
shows a stratigraphic pattern similar to CIA (Fig. 9), with
the lowest values corresponding to the rhythmite (average
0.13, 0=0.04) and higher values in the dark marls (aver-
age 0.27, 6=0.07). The highest values correspond to the
beginning of the Serpentinum Zone, during the negative
CIE followed by a light decrease.
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4.4 Diagenetic signature

Correlation diagrams between the two isotope ratios, 8'*C
and 8'80, were plotted for the studied stratigraphic sections
(Fig. 10). For the PEL and PR sections, the correlation is
positive, with a low coefficient of determination (R*=0.43)
in the PEL section, and a value of R>=0.54 in the PR sec-
tion. However, in the CE section, both ratios show a negative
correlation with a value of coefficient of determination of
R2=0.16 (Fig. 10).

The Fig. 11 shows the correlation diagrams between §'>C
and Sr (ppm) and between 5'30 and the Fe/Ca and Sr/Ca
ratios, according to the proposal of Babalola et al. (2023).
These authors use the degree of correlation (shown by the
value of the coefficient of determination between both val-
ues, R?) as an indicator of the primary origin of the geo-
chemical values.

In the PEL section, the correlation between §'3C and Sr
(ppm) is clearly positive but low (R>=0.25; Fig. 11A). The
correlation between 6'%0 and the Fe/Ca ratio (R2=0.33,
Fig. 11B), is negative and low, while between 8'30 and St/
Ca there is no correlation (R2 =0.04, Fig. 11C). In the PR
section, 8'C and Sr (ppm) show a low positive correlation
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Fig.9 Geochemical proxies of detritism from La Cerradura (CE) section

(R?>=0.26, Fig. 11D). The correlation of 830 with Fe/Ca
and Sr/Ca is low and negative (R>=0.36 and 0.51 respec-
tively, Figs. 11E, F). Finally, in CE section, the correlation
between 8'°C and Sr (ppm) is slightly negative, with very
low correlation (R2 =0.002, Fig. 11G). In the case of the
correlations of 8'%0 and the Fe/Ca (R*=0.53) and Sr/Ca
(R2=0.16) ratios in CE section (Fig. 11H, I), are clearly
negative.
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In the studied sections the Z values is always > 120
(PEL section ranges between 124.31 and 128.67; PR sec-
tion ranges between 127.00 and 129.94; CE section ranges
between 127.48 and 130.33). Therefore, Z values confirm
marine origin for the isotopic signal, and they have not
undergone processes of meteoric diagenesis that have dis-
torted their primary geochemical signature.
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Fig. 10 Cross-plots of 8'%0 versus 8'°C (V-PDB in %) for each
stratigraphic sections studied with expression of correlation equation
and the values of the coefficient of determination (R?). In each plot, N
means the number of samples analyzed

5 Discussion
5.1 Interpretation of facies and facies association

In the PEL and PR sections, materials attributed to the Gavi-
lan Formation are recorded in the lower part of the succes-
sions. According to their microfacies and regional palaeo-
geographical context described before, the sediments were
deposited in a distal carbonate platform. The presence of
packstone with abundant peloids and crinoids supports the
interpretation of a shallower depth and more energetic con-
ditions for the deposits in the PR section, but the record of
radiolarians confirms the hemipelagic influence. In the stud-
ied sections there are not sedimentary structures pointing

to high energy conditions related to waves or tempestites,
confirming a depositional setting above the storm wave base.

The beginning of the deposition of the rhythmite of the
Zegri Formation coincides with the start of the main phase
of intracontinental breaking (rifting), developed from the
early-late Pliensbachian (e.g. Nieto et al., 2023; Reolid
et al., 2018). The bottom topography of the basin would
be irregular with different semigrabens and changeful local
subsidence and sedimentation rates (Nieto et al., 2004, 2023;
Reolid et al., 2015; Vera, 2001), as is observed in other
Tethyan Alpine domains (e.g. de Graciansky et al., 1998;
Jenkyns, 2020; Marok & Reolid, 2012).

Respect to the Gavilan Formation, the Zegri Formation
represents a decrease in carbonate content mainly related to
topographic changes at the sea bottom, with the develop-
ment of troughs and swells (Nieto et al., 2023; Reolid et al.,
2015, 2018; Vera, 2001), in addition to the transgressive
regional and global context (e.g. de Graciansky et al., 1998;
Hallam, 1987, 1997; Haq, 2018; Jenkyns, 1988; Korte &
Hesselbo, 2011; Storm et al., 2020; Wignall et al., 2005).
The alternation of grey marls and marly limestones of the
Zegri Formation represents a pelagic to hemipelagic envi-
ronment, according to the record of ammonites, radiolarians,
and siliceous sponge spicules. However, there is continental
input evidenced by the terrigenous content of clay minerals,
as reported for other areas of the Subbetic (Palomo, 1987;
Rodriguez-Tovar & Reolid, 2013) and the described record
of millimetric coal (wood) fragments and large coal frag-
ments in the case of CE section (Reolid & Reolid, 2020;
Reolid et al., 2019). There are not sedimentary structures
pointing to high energy conditions.

The abundance of trace fossils in the studied sections con-
firms favourable conditions for infaunal organisms (oxygen
and nutrient availability) as evidenced by previous papers in
the Zegri Formation for the upper Pliensbachian and Toar-
cian (Reolid et al., 2015; Rodriguez-Tovar & Reolid, 2013;
Rodriguez-Tovar & Uchman, 2010; Simo & Reolid, 2021).
The ichnoassemblages indicate a relatively soft ground with
a good infaunal tiering. Only in the lowermost part of the
dark marls of the Serpentinum Zone (NJT6 Zone) of the
CE section, there is a sensible decrease of bioturbation that
is locally absent during the beginning of the negative CIE
(Reolid et al., 2014). Baeza-Carratala et al. (2017) found
specimens of a resilient assemblage of brachiopods in the
dark marls, close to the base of the dark marls evidencing
that some epifaunal forms survived.

The genetic interpretation of this rhythmic marl and marly
limestone alternation is complex according to our recent data
and needs to be studied to identify the Milankovi¢ cycles
and to distinguish primary signatures of astronomically
forced carbonate cycles (dilution, productivity or dissolution
cycles) from the secondary effects of early diagenesis. Only
in the case of the CE section there is a cyclostratigraphic
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Fig. 11 Cross-plots of diagenetic elements, including Sr (in ppm)
versus 8'°C and the Fe/Ca and Sr/Ca ratios versus 8'%0 for each
one of the stratigraphic sections studied. For each diagram the cor-

study that indicate orbital frequencies corresponding to long
and short eccentricity mainly (Silva et al., 2021).

5.2 Diagenetic control in the primary geochemical
proxies

A first approximation to the influence of diagenesis on the
values of the different geochemical proxies considered can
be made by comparing the 8'*C and §'®0 variation intervals
with the ranges of variability of these same isotope ratios in
other sections of the Western Tethyan Domain where materi-
als of similar age are recorded (Fig. 12). From this compari-
son (Fig. 12) it is observed that the ranges of variation of
both isotope ratios in the considered sections are shorter than
those of other stratigraphic sections from different basins
such as the Lusitanian Basin in Portugal (Duarte et al.,
2014), the Iberian Basin in east Spain (Rosales et al., 2001),
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relation equation and the coefficient of determination (R?) is shown.
The number of samples in each section is shown in the Fig. 10, PEL:
N=72; PR: N=49; CE: N=34

or the Atlasic Basin in Moroccan Atlas (Mercuzot et al.,
2020). The Subbetic ranges are comprised within those of
other basins. This is interpreted as meaning that diagenesis
did not substantially modify the geochemical values and,
therefore, they could be considered as primary.

Several authors have considered that the value of the cor-
relation coefficient between 8'°C and 8'%0 values in bulk
sample can be a good signal of the intensity of diagenesis in
carbonates (Babalola et al., 2023; Duchamp-Alphonse et al.,
2007; Jenkyns & Clayton, 1986; Mercuzot et al., 2020). A
low value of the coefficient of determination (R?) could be
interpreted as the record of a low-intensity diagenesis and,
therefore, a primary origin could be attributed to the iso-
tope values. In the sections studied in the Subbetic, R? is
low (0.43 for PEL section, 0.54 for PR section, and 0.16 for
CE section) (Fig. 10). However, Swart and Oehlert (2018)
indicate that a low value of the coefficient of determination
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Fig. 12 Comparison of the range of variation of 8'*C (V-PDB in
%o) and 8'%0 (V-PDB in %o) in the three sections considered in this
paper (CE: La Cerradura section; PR: Puente Romano section; and
PEL: Sierra Pelada section) with the ranges of variation of these same
isotope ratios in other Tethyan sections where coeval those studied in
this research are recorded

or a lack of correlation between both isotope ratios should
not necessarily indicate that the studied materials record the
original isotope signal.

Babalola et al. (2023) make a detailed analysis of the
influence of diagenesis in Middle Jurassic samples and pro-
pose that, in addition to the comparison of the fluctuation
intervals of the isotope values, and the study of the coef-
ficient of determination (R?), the values of this coefficient
obtained from the correlation of the isotope ratios with dif-
ferent elements (Fe, Ca, Mn, Sr) and some of their ratios
(Fe/Ca, Sr/Ca, for example) could be considered. Figure 11
shows correlation diagrams of each of the isotope ratios with
Sr, Fe/Ca and Sr/Ca for the studied sections. The coefficient

of determination in all cases is very low for Sr and 8'°C
(R?<0.26), for Fe/Ca and 8'%0 (R?<0.53), and also for Sr/
Ca and 8'%0 (R*><0.51). Considering the data as a whole,
the values of the R? show values below 0.5, except in the
CE section (Fe/Ca vs. 8'0) and in PR section (Sr/Ca vs.
5'%0), with values slightly above 0.5. These values would
indicate a weak diagenetic influence that would not sub-
stantially modify the primary geochemical signal. On the
other hand, the values of the Z factor > 120 indicate that the
studied materials are of marine origin and, therefore, with
little or no influence of meteoric waters that have altered the
primary diagenetic signal (Babalola et al., 2023). The scarce
diagenetic effect on these sections is also confirmed by the
microfacies where cements and radiolarians, sponge spicules
and calcareous nannoplankton are generally preserved.

5.3 Carbon isotope stratigraphy

The 8'3C curves of the studied sections (Fig. 13) do not
clearly show the excursions described for the Pliensbachian
by Mercuzot et al. (2020). In the PEL section, between meters
42 and 46 (upper part of the NJT5b Subzone and lower part
of the NJT5c Subzone) a negative excursion, correlatable
with the Pliensbachian-Toarcian Boundary Event (PTBE)
of Korte and Hesselbo (2011), Bodin et al. (2016), Fantasia
et al. (2019), could be considered (Fig. 13). In the PR section,
in a stratigraphic position equivalent to the one mentioned
in the PEL section, the same event could also be identified.
Finally, in the CE section, the PTBE is not observed, there
is a clear negative CIE in the lower part of the Serpentinum
Zone (NJT6 Zone, lower Toarcian) correlative with the Jen-
kyns Event as reported by Reolid et al. (2014) from 8'*C of
bulk rock, and Ruebsam et al., (2020a, 2020b) and Kovacs
et al. (2024) from 8"3C of organic matter.

5.4 Palaeoclimatic changes

Important environmental changes can be identified accord-
ing to the distribution of values of geochemical detrital prox-
ies in PEL section. The lower part of the section, including
the top of the Gavilan Formation and the lower part of the
Zegri Formation, records high values of Zr/Rb and St/Cu
ratios that are interpreted as related to warm conditions. St/
Cu is a weathering proxy that increases under warmer condi-
tions (Bai et al., 2015; Cao et al., 2015; Moradi et al., 2016;
Reolid et al., 2023). The Zr/Rb ratio is used as a proxy of the
silt/clay ratio (Kylander et al., 2011) with Zr content related
to eolian input (Pye, 1987; Hamroush and Stanley, 1990)
and Rb related to fluvial transport to the basin (Chester et al.,
1977; Reolid et al., 2012). That is, environmental conditions
represented by the beginning of the Zegri Formation in the
Sierra Pelada section were arid and relatively warm. CIA
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Fig. 13 Correlation of 8'C curves of the sections considered in this
paper with the curve of the Peniche section (Fantasia et al., 2019) and
the Amellago section (Bodin et al., 2016). The possible location of

and C-value present the lowest values in this part of the sec-
tion that confirm arid conditions.

In the marl dominated interval mainly corresponding to
the NJT5b Subzone (Emaciatum Zone, upper Pliensbachian)
and in the upper part of the studied section corresponding to
the NJT5c Subzone (lower part of the Polymorphum Zone,
lower Toarcian), the Zr/Rb ratio shows low values that indi-
cate relatively humid conditions and enhanced fluvial input
to the Median Subbetic. The Sr/Cu ratio shows a similar
trend with stronger fluctuations that allow to interpret some
warm episodes. The CIA and C-value have higher values in
the NJT5b and NJT5c subzones than in the lower part of the
section confirms an enhanced weathering and more humid
conditions but probably abrupt fluctuations mainly in the
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early Toarcian as evidenced in the upper part of the section
(NJT5c Subzone).

In the PR section two stratigraphic intervals were differenti-
ated according to the geochemical detrital proxies. The lower
interval of the Zegri Formation corresponding to the NJT5a
Subzone (Algovianum Zone, upper Pliensbachian) is charac-
terized by relatively low Zi/Rb, CIA and C-values, as well as
relatively high values of St/Cu. Relatively warm and arid con-
ditions are evidenced from these data, however, relatively low
values of Zr/Rb point to higher influence of fluvial input than
eolian input for this part of the Median Subbetic.

From the NJT5b Subzone (Emaciatum Zone, upper
Pliensbachian) there is an environmental change recorded
by the increase of CIA and C-value that indicates enhanced
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weathering and moist conditions compared to the lower part
of the section. A Zt/Rb increase occurs around the Pliens-
bachian/Toarcian boundary and lower part of the NJT5c
Subzone (lower part of Polymorphum Zone, lower Toar-
cian) and indicate more arid conditions (more eolian input)
which is opposite to the CIA and C-value interpretation.
The Zr/Rb values progressively decrease across the lower
Toarcian (NJT5c Subzone) pointing to higher incidence of
fluvial inputs in the upper part of the section. The St/Cu
shows strong fluctuations but a general decreasing trend in
the lower Toarcian interpreted as relatively cold conditions
(Cao et al., 2015; Moradi et al., 2016).

In CE section, the lower stratigraphic interval (marly
limestone rhythmite of the upper Pliensbachian), is charac-
terized by low Zr/Rb, CIA and C-value, that indicate domi-
nance of fluvial detrital inputs and relatively low weathering.
The St/Cu in this lower stratigraphic interval shows progres-
sively decreasing values in the NJT5a Zone (Solare Subzone,
Emaciatum Zone) that points to a cooling trend.

The top of the marly limestone rhythmite, corresponding
to the Polymorphum Zone (lowermost Toarcian) evidences
a perturbation herald of the Jenkyns Event with initial abrupt
decrease of Sr/Cu in the Pliensbachian/Toarcian boundary
correlated with a cooling episode, and a subsequent abrupt
increase related to a warming.

The beginning of the dark marls of the Serpentinum Zone
(NJT6 Zone, lower Toarcian), also characterized by a nega-
tive CIE (Kovacs et al., 2024; Reolid et al., 2014; Rueb-
sam et al., 2020b), presents increasing values of Zr/Rb that
indicate a stratigraphic shift in grain size for detritic input
(Kylander et al., 2011) related to eolian sources congruent
with more arid conditions interpreted for this palacomargin
by Rodrigues et al. (2019) from palynofacies. The Sr/Cu
decrease points to a relative cooling climate that is contrary
to the global warming interpreted after the study of §'30
from belemnites (e.g. Danise et al., 2019; Fernandez et al.,
2020; Rosales et al., 2004) and brachiopods (e.g. Ferreira
et al., 2019; Hesselbo et al., 2020b; Suan et al., 2010). The
increasing CIA and C-value at the onset of the Jenkyns
Event indicate enhanced continental weathering and sedi-
ment maturity under moist conditions. The highest values
correspond to the beginning of the Serpentinum Zone, dur-
ing the negative CIE followed by a light decrease.

5.5 Palaeogeographic considerations

In the previous section it has been shown that the geo-
chemical signal of the detrital proxies analysed in each of
the sections considered in this paper gives palaecoclimatic
information that may be contradictory. For example, in the
Algovianum Zone, the proxies indicating aeolian (Zr/Rb) or
fluvial (St/Cu) influences show opposite trends in the PEL
and PR sections. These disparities in geochemical signal

indications could be interpreted considering the palaecogeo-
graphical position of the SIP in a zone of mixing of marine
waters from the eastern Tethys and Panthalassa.

During the Davoei-Lavinianum Zones, the opening of
the Hispanic Corridor (e.g. Price et al., 2016) occurred as a
consequence of Central Atlantic rifting, which was also an
important stage of volcanic activity of the Central Atlantic
Magmatic Province and Karoo-Ferrar LIP (e.g., Krencker
et al., 2022). The opening of this Corridor led to the estab-
lishment of a connection between Tethys and Panthalassa
waters, the latter with a geochemistry that recorded the sig-
nificant volcanic activity. In other words, a mixture of waters
with a different geochemical imprint was produced (Dera
et al., 2009a). In addition, the pattern of currents was modi-
fied, as the Viking Current, coming from Boreal domains
to the South, disappeared and a current of waters, resulting
from the mixing of the Panthalassa and Tethys waters, was
established towards the North.

On the other hand, important changes occurred in the
top of the Zegri Formation in the sections considered. It is
interesting to analyse the change in the materials attributed
to the NJT5b Subzone of Ferreira et al. (2019), equivalent to
the Emaciatum Zone (upper Pliensbachian) (Fig. 3), with a
duration close to 720 ka, according to these authors (Fig. 3).
These changes could be explained by (1) the development
of sedimentary sub-basins (half grabens) in a rifting palaeo-
tectonic context, with very different sedimentary input rates,
(2) probable sediment by-pass situations due to the establish-
ment of a new marine current system, and/or (3) differential
subsidence controlled by rifting. Molina et al. (1999), Ruiz-
Ortiz et al. (2004), Reolid et al. (2015) or Nieto et al. (2023),
among others, indicate that, once the shallow-water carbon-
ate platform of the lower Pliensbachian had disintegrated, a
system of half-graben controlled by listric faults developed
that could favor differences on subsidence, sedimentation
rate, facies, and connection within different sub-basins in
the SIP. The rate of sedimentation would be conditioned by
sediment by-pass related to the action of currents and by a
differential subsidence that would generate areas working as
favorable depocenters.

In the CE section of the External Subbetic, the rocks
attributed to the Elisa Subzone (that are close equivalent to
the NJT5b Subzone of Ferreira et al., 2019) have a thickness
of 11.2 m (Fig. 2). Considering this value and the dura-
tion of the subzone, a sedimentation rate of 0.018 mm/ka
is estimated. In the PR section of the Median Subbetic, the
thickness of the materials corresponding to this subzone is
4.24 m, which gives a sedimentation rate of 0.006 mm/ka.
Finally, in the PEL section, also attributed to the Median
Subbetic but located to the south, the rocks representing
the NJT5b Subzone are 28.6 m thick, which gives a sedi-
mentation rate of 0.040 mm/ka. From a palaeogeographical
point of view, the External Subbetic is closer to the Iberian
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Continent. This is congruent with the fact that palynomorphs
of continental provenance have been recorded in the CE and
Fuente Vidriera sections, both from the External Subbetic
(Gambacorta et al., 2024; Rodrigues et al., 2019). On the
other hand, the Median Subbetic would be arranged in palae-
ogeographical positions that would clearly belong to pelagic
environments and where it must have been more difficult for
continental inflows to reach.

In the case of the PEL section, where the sedimentation
rate was higher (0.04 mm/ka), it was located in the most
distal position and probably affected by Hispanic Corridor
currents. The higher sedimentation rate and input of sediment
from currents are the factors that explain this enhanced sedi-
mentation rate. Moreover, the trace fossil assemblage domi-
nated by Macaronichnus, not recorded in the southern studied
sections, have been related to contourite depositional setting
(Miguez-Salas et al., 2020). According to Rebesco et al.
(2014) and Eberli and Betzler (2018), most of the described
large contourite deposits are located in the western side of the
largest oceanic basins, as well as around circumpolar basins.
In the case of the SIP, it was located in the westernmost part
of the Tethys Ocean, connecting with the Hispanic Corridor.
This is congruent with the interpretation of the deposits of
the Zegri Formation in the PEL section as related to contour
currents. Macaronichnus was related to sandy siliciclastic
contourites (Miguez-Salas et al., 2022). This would be cal-
careous muddy contourites according to Rebesco et al. (2014)
composing a carbonate drift as described by Reolid and Bet-
zler (2018). The homogeneous and fine grain size as well as
the dense bioturbation are not favorable for the identification
of potential sedimentary structures related to currents such
as lamination. Moreover, the dense accumulation of Maca-
ronichnus indicates the abundance of nutrients in the envi-
ronment (Miguez-Salas et al., 2020) and this trace fossil has
been related to highly productive waters in connection with
upwelling (Quiroz et al., 2019).

6 Conclusions

Three stratigraphic sections of the Betic External Zones
were studied, two from the Median Subbetic, Sierra Pelada
(PEL) and Puente Romano (PR), and one from the External
Subbetic, La Cerradura (CE), where the Jenkyns Event was
recorded by previous authors. In these sections, the upper
Pliensbachian materials and the transition to the lower Toar-
cian were sampled bed by bed.

In the PEL and PR sections, the sedimentary succes-
sions were dated using calcareous nannoplankton. In the
PEL section the NJT5b and NJT5c¢ Subzones were recog-
nized, whose boundary is marked by the FO of Z. erectus.
In the PR section, the NJT5a, NJT5b, and NJT5c Subzones
were recognised, whose boundaries coincide with FO of
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L. crucicentralis and FO of Z. erectus, respectively. In the
CE section, both ammonite and calcareous nannoplankton
biostratigraphies previously established by Reolid et al.
(2014) were considered.

The dominant upper Pliensbachian facies in the three sec-
tions consist of a marly limestone-marl alternation. In both
PEL and PR sections these same facies were dated as lower
Toarcian, but in the CE section, this interval is represented
by marls, in which Reolid et al. (2014) identified the Jenkyns
Event. In the PEL section, Macaronichnus ichnofossil pre-
dominates. In the PR and CE sections, the ichnoassemblages
are dominated by Planolites, Thalassinoides and Chondrites.
The facies and ichnofacies observed were generated in hemi-
pelagic marine environments influenced by continental sedi-
ments, as reflected in the clay contents studied by previous
authors.

The analysis of the correlation between 8'°C and §'*0
and of these isotopic ratios with Sr and with Fe/Ca and St/
Ca, respectively, show low or very low correlations, with
values of the coefficient of determination (R?) lower than
0.5; moreover, the Z factor presents values higher than 120
in the three sections, indicates a clear marine origin of the
rocks studied. These parameters indicate that the geochemi-
cal signal has not been modified by diagenesis and can be
considered to be of primary origin.

In the PEL and PR sections, the 5'>C and §'®0 ratios do not
allow to clearly identify isotopic events during the late Pliens-
bachian, except for the transition to the early Toarcian, where
the Pliensbachian-Toarcian Boundary Event (PTBE) could be
recognized. In the CE section, where the Jenkyns Event was
recorded, is not clear the recognition of the PTBE event.

The proxies used to study detritism (Zr/Rb, Sr/Cu, CIA
and C-value) and to establish palacoclimatic changes in the
time interval studied show trends contrary to those detected
in other sections from the Tethyan Domain and even among
the sections studied here.

The geochemical signals, facies, microfacies and ichno-
fossil data were interpreted as the result of the opening of
the Hispanic Corridor, associated with the Central Atlan-
tic rifting stage, which favored the mixing of Panthalassa
and Tethys seawaters, also establishing a system of cur-
rents towards Boreal domains. Extensional tectonics, which
affected the SIP, favored the development of half grabens
with important differential subsidence, especially during the
NIT5b nannofossil Subzone (Emaciatum Zone, latest Pliens-
bachian). In addition, a possible by-pass effect of the estab-
lished marine circulation system could transport sediments
deposited in these half-grabens to other marine domains.
This effect is clear in the PEL section (Median Subbetic),
where the trace fossil assemblage, dominated by Macaron-
ichnus and not recorded in the other two studied sections,
were related to contourite depositional setting. Considering
the palacogeographic position of the SIP, in the westernmost
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part of the Tethys Ocean, and connected to the Hispanic
Corridor, the existence of these contourite currents could
have really occurred.

This paper highlights that the local oceanographic vari-
ables may play an important role at controlling the facies
distribution and detrital input in highly complex and frag-
mented palaeomargins as this developed in South Iberia dur-
ing the studied time interval.

Appendix A

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

Calcivascularis jansae Wiegand 1984 (= Mitrolithus
Jjansae sensu Bown and Young in Young et al., 1986).

Lotharingius crucicentralis (Medd, 1971) Griin and
Zweili, 1980.

Lotharingius hauffii Griin and Zweili, 1974, emend. Goy,
1979.

Lotharingius sigillatus (Stradner 1961) Prins in Griin
et al. 1974.

Mitrolithus lenticularis Bown 1987.

Schizosphaerella punctulata Deflandre and Dangeard,
1938.

Zeugrhabdotus erectus (Deflandre, 1954) Reinhardt,
1965.
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