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ABSTRACT
This PhD Thesis presents the sedimentological and cyclostratigraphic analyses
performed on three selected shallow marine platform areas with deposition of both
carbonate and siliciclastic sediments, which developed in the central areas of the Iberian
Basin during Jurassic times. The main objectives are: 1) to comprehend the depositional
environments and the relative contribution of different internal and external factors
controlling the sequence architecture in each case; 2) to establish a comparison in order
to discuss the interplay of these internal and external factors determining the sequence
architecture under different sedimentary contexts of shallow marine ramps.
The bulk of data required for reconstructing the depositional models have been
obtained by extensive fieldwork including logging, sampling and analysis of
sedimentary bodies by physical tracing, also supported with drone-made videos,
satellite images and high-resolution photomosaics. The cyclostratigraphic analysis has
been assessed by the means of the identification of high-frequency sequences of
different scale. Assigning them to the imprint of orbitally-driven climate cycles has
required getting accurate age calibrations on the basis of biostratigraphic data (i.e.,
ammonite zones, benthic foraminifera), and chemostratigraphic data (strontium stable
isotopes).
The three selected examples are outcropping in the Iberian Ranges and hold
common features, since they represent depositional environments dominated by waverelated sediment flows, under general greenhouse climate conditions and basin-scale
long-term regressive stages. They correspond to: 1) late Pliensbachian bioclastic mid to
proximal outer ramp (Barahona Formation), 2) early Kimmeridgian oolitic-siliciclastic
inner to distal mid ramp including an infralittoral prograding wedge (Ricla Member), 3)
latest Kimmeridgian–early Tithonian carbonate-siliciclastic coastal to shallow marine
domains (Villar del Arzobispo Formation).
Orbitally-driven climate cycles translated in high-frequency sequences of different
scale, depending on the type of depositional system. In the late Pliensbachian mid to
outer ramp areas, long eccentricity-relate sequences (4–5 m-thick) and short
eccentricity-related sequences (1 m-thick) are recorded, being the link of dm-scale
individual beds to precession cycles open to discussion. The infralittoral prograding
wedge hosted by the early Kimmeridgian inner to mid ramp areas could correspond
itself to a short eccentricity-related sequence formed by precession-related sequences
(4.5–17.5 m of maximum vertical thickness), in turn formed by possible subMilankovitch-related sequences. The latest Kimmeridgian–early Tithonian coastal to
shallow marine platform records long eccentricity-related sequences (40–60 m-thick in
average) and some preserved short eccentricity-related sequences (15–20 m-thick).
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Orbitally-induced fluctuations in sea level and hydrodynamic levels (i.e. fairweather wave base and storm wave base) have been recognized in the late Pliensbachian
and early Kimmeridgian platforms, controlling changes in re-sedimentation of carbonate
and siliciclastic grains (ooids, quartz grains, skeletal grains) and muds. The controlling
mechanism has been tentatively related to a dominant aquifer-eustasy in the early
Kimmeridgian platform (greenhouse warm climate conditions), generating wave base
changes by the means of arid-humid alternations inducing water storing and release
from continental aquifers to the ocean. In the late Pliensbachian platform both glacioeustasy and aquifer-eustasy were probably interplaying, since greenhouse cold climate
conditions (with possible development of polar ice caps) were acting. In the latest
Kimmeridgian–early Tithonian coastal-shallow platform, orbitally-controlled climate
cycles caused variations in pluviometry, and therefore in siliciclastic input, but not
significant sea level fluctuations, since the prevalent humid climate conditions kept
groundwater saturation and avoided the aquifer-eustasy.
The distribution of the hydrodynamic levels and the dominance of different
sedimentary processes determined the sedimentological response to the allocyclic signal
and their imprint through the platform. In particular, the preservation potential of
orbitally-related high-frequency sequences results from the interaction between internal
processes and accommodation changes, controlling sediment production/input, resedimentation and accumulation. In that sense, shallow areas of the platform are more
likely to record lower-frequency sequences (i.e. eccentricity-related sequences), whilst
the mid ramp–proximal outer ramp areas are more favourable to preserve higherfrequency sequences, so its sequence architecture can reflect precession and/or
eccentricity sequences. The three studied shallow marine platforms show storm-related
autocyclic signal concurring and interplaying with the allocyclic climate signal. There
have been identified different types of storm-related deposits, whose distribution
reflects the fluctuation of hydrodynamic levels associated to sea level changes.
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RESUMEN
Esta tesis doctoral presenta los análisis sedimentológicos y ciclostratigráficos
realizados en tres ejemplos seleccionados de áreas de plataforma marina somera con
sedimentación de carbonatos y siliciclásticos, pertenecientes a las zonas centrales de la
Cuenca Ibérica durante el Jurásico. Los objetivos principales son: 1) comprender los
ambientes de depósito y la contribución relativa de los diferentes factores internos y
externos que controlaron la arquitectura secuencial en cada caso; 2) establecer una
comparación que permita discutir la interacción de dichos factores internos y externos
que determinan la arquitectura secuencial bajo diferentes contextos de rampa marina
somera.
Los datos necesarios para reconstruir los modelos sedimentarios se han obtenido
por medio del trabajo de campo, incluyendo levantamiento de columnas estratigráficas,
muestreo sistemático y análisis de cuerpos sedimentarios mediante su trazado físico,
respaldado con vídeos de dron, imágenes de satélite y fotomosaicos de alta resolución.
El análisis cicloestratigráfico se ha realizado mediante la identificación de secuencias de
alta frecuencia de diferente escala. Su asignación a la impronta de ciclos climáticos
derivados de las variaciones orbitales ha requerido obtener calibraciones temporales
precisas, basadas en datos bioestratigráficos (i.e., zonas de ammonites, foraminíferos
bentónicos) y datos quimioestratigráficos (isótopos estables de estroncio).
Los tres ejemplos seleccionados pertenecen a afloramientos de la Cordillera
Ibérica y comparten características comunes, puesto que representan ambientes
sedimentarios dominados por flujos relacionados con el oleaje, bajo condiciones
climáticas generales de tipo greenhouse y etapas regresivas de largo término a escala de
cuenca. Corresponden a: 1) rampa bioclástica media a externa proximal del
Pliensbachiense superior (Formación Barahona), 2) rampa oolítica-siliciclástica interna
a media distal del Kimmeridgiense inferior, incluyendo un prisma infralitoral
progradante (Miembro Ricla), 3) dominios costero a marino somero de una plataforma
carbonatada-siliciclástica del Kimmeridgiense superior–Titoniense inferior (Formación
Villar del Arzobispo).
Los ciclos climáticos inducidos por cambios orbitales se tradujeron en diferentes
escalas de secuencias sedimentarias de alta frecuencia, cuyo registro dependió del tipo
de sistema deposicional. En las áreas de rampa media a externa del Pliensbachiense
superior, se registraron secuencias de excentricidad de largo término (4–5 m de espesor)
y secuencias de excentricidad de corto término (1 m de espesor), estando abierta a
discusión la atribución de las capas individuales decimétricas a ciclos de precesión. El
prisma infralitoral progradante alojado en las áreas de rampa interna a media
Kimmeridgiense inferior correspondería en sí mismo con una secuencia de
excentricidad de corto término formada por secuencias de precesión (4’5–17’5 m de
espesor vertical máximo), registrando a su vez posibles secuencias de duración inferior
a las variaciones de Milankovitch. Las áreas costeras a marinas someras de la
7
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plataforma Kimmeridgiense superior–Titoniense inferior registran secuencias de
excentricidad de largo término (40–60 m de espesor en promedio) y algunas secuencias
preservadas de excentricidad de corto término (15–20 m de espesor).
Las variaciones orbitales generaron fluctuaciones del nivel del mar y de los
niveles hidrodinámicos (i.e. niveles de base del oleaje de buen tiempo y de tormentas)
en las plataformas Pliensbachiense superior y Kimmeridgiense inferior, controlando
cambios en la re-sedimentación de granos carbonatados y siliciclásticos (ooides, granos
de cuarzo, granos esqueléticos) y fangos. El mecanismo de control ha sido
tentativamente relacionado con acuífero-eustasia en la plataforma Kimmeridgiense
inferior (condiciones climáticas greenhouse cálido), generando cambios del nivel del
mar debidos a alternancias climáticas árido-húmedo que controlaron el almacenamiento
y liberación de agua desde los acuíferos continentales al océano. En la plataforma
Pliensbachiense superior probablemente interaccionaron ambas glacio-eustasia y
acuífero-eustasia, debido a las condiciones climáticas greenhouse frío (con posible
desarrollo de casquetes polares de hielo). En la plataforma Kimmeridgiense superior–
Titoniense inferior, los ciclos climáticos orbitales causaron variaciones en la
pluviometría, y de esta manera en el aporte de siliciclásticos, pero no generaron
fluctuaciones significativas del nivel del mar debido a las condiciones climáticas
húmedas prevalecientes, que mantuvieron la saturación de las aguas subterráneas y
evitaron la acuífero-eustasia.
La distribución de los niveles hidrodinámicos y la dominancia de diferentes
procesos sedimentarios determinaron la respuesta a la señal alocíclica y su impronta a lo
largo de la plataforma. En particular, el potencial de preservación de las secuencias de
alta frecuencia inducidas por parámetros orbitales resulta de la interacción entre los
procesos internos y los cambios en la acomodación, controlando así la
producción/aporte de sedimento, la re-sedimentación y la acumulación. En ese sentido,
las áreas someras de la plataforma son más probables de registrar secuencias de menor
frecuencia (i.e. secuencias de excentricidad), mientras que las áreas de rampa media a
externa proximal son más favorables a preservar secuencias de mayor frecuencia, de
modo que su arquitectura secuencial puede reflejar secuencias de precesión y/o
excentricidad. Las tres plataformas marinas someras estudiadas muestran también la
señal autocíclica de tormentas, concurriendo e interaccionando con la señal climática
alocíclica. Se han identificado diferentes tipos de depósitos relacionados con tormentas,
cuya distribución refleja la fluctuación de los niveles hidrodinámicos asociados a
cambios del nivel del mar.
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1. Interest and objectives

1. INTEREST AND OBJECTIVES
This PhD Thesis is composed by three complementary research subjects that share
a common theme: the sedimentological and cyclostratigraphic analyses of different
shallow marine platform areas developed in the Iberian Basin during the Jurassic.
Analyzing in an isolated way the sedimentology and cyclicity of their stratigraphic
record give valuable information about the sedimentary environments and processes
acting there, and the controlling factors operating in the basin. Moreover, the
comparison between cyclic records in different sedimentary contexts with its own
peculiarities, allows evaluating more accurately the contribution of each one of those
controlling factors and the interrelation between them. In that way, recent works have
boarded similar cyclostratigraphic comparative analysis (Al-Husseini, 2018; Bádenas &
Aurell, 2018; Strasser, 2018).
For this task, three key examples of lithostratigraphic units from the Jurassic of
the Iberian Ranges (NE Spain), each one characterizing different shallow marine
platform environments, have been selected:
o Barahona Formation (late Pliensbachian bioclastic mid to proximal outer
ramp, Chapter 5).
o Ricla Member (early Kimmeridgian oolitic-siliciclastic inner to distal mid
ramp including an infralittoral prograding wedge, Chapter 6).
o Villar del Arzobispo Formation (latest Kimmeridgian–early Tithonian
carbonate-siliciclastic coastal to shallow marine domains, Chapter 7).
As it will be explained further in detail, the three selected shallow marine platform
examples share some common features in relation with their characteristics and internal
and external controlling factors, therefore reinforcing the interest of their comparison.
These common features are:
1) The platforms were developed eastwards of the Iberian Massif, facing the Tethys
Ocean, in relatively low latitudes under general greenhouse Jurassic climate
conditions, including greenhouse warm or greenhouse cold conditions.
2) Carbonate production (i.e. carbonate factory) was characterized by non-skeletal
grains and/or by skeletal debris, but there was no contribution of reef/mound
factories. There was variable siliciclastic input in the platforms, from coeval
mixed carbonate-siliciclastic to reciprocal sedimentation.
3) Wave-related sediment flows (both fair-weather and storm waves) were the
dominant processes controlling sediment redistribution.
4) The three studied successions represent basin-scale long-term regressive stages
and were developed under low to moderate basin-scale extensional tectonics.
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The ultimate objective of this PhD thesis is the comparison of the results obtained
from the sedimentological and cyclostratigraphic analyses, in order to decipher the
internal and external factors controlling sedimentation in the shallow platform areas
during the three selected time intervals. For this task, there have been pursued three
main general aims, common for the three studied Jurassic shallow marine platform
successions:
Reconstruct accurate sedimentary models of the shallow marine platform areas,
therefore improving the knowledge of the processes controlling sediment
production/input and accumulation (both carbonates and siliciclastics), and the
distribution of subenvironments. This objective has been carried out through the
detailed facies description and interpretation, i.e. facies analysis, as well as the
identification of the facies architecture in sequences of different scale, i.e.
sequence architecture, which allowed the detailed facies correlation and thus
the characterization of its lateral distribution during deposition.
Analyze and interpret the possible imprint of orbitally-driven climate cycles
(Milankovitch cycles), in the studied shallow marine sedimentary successions.
This task involves the characterization of sequences of different scale,
potentially recording a cyclic repetition in the sedimentary record; as well as
their age calibration, collecting new chemostratigraphic and biostratigraphic
data in the analyzed stratigraphic intervals when possible.
Discuss the internal and external factors controlling sediment production/input
and accumulation, as well as accommodation in the selected different cases, in
particular the role of climate and tectonics. The main point will consist on
identifying the set of different factors acting in each one of the selected
platforms and comprehend its relative contribution and influence.

In addition, each platform example includes its own specific aims of regional
interest, such as understanding the sedimentological and stratigraphic relationships of
the studied lithological units with underlying, overlying or lateral units, or providing a
more accurate stratigraphic framework for paleontological studies, and will be further
detailed in its correspondent chapters.
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2. Conceptual frame: Sedimentology & cyclostratigraphy in shallow platforms

2.1. THE MARINE CARBONATE FACTORIES
The main goal of Sedimentology is to characterize and understand the
sedimentary processes and controlling factors of different depositional systems. In
general terms, the uniformitarianism is usually invoked to achieve this task, stating that
the present is the key to the past. However, when working with marine carbonatedominated systems in particular, is essential to consider that the origin of sediments is
mainly biotically controlled or induced, being produced by carbonate factories that
change through time (James, 1979). So, the dependence and sensitivity of sediment
production and accumulation to the environmental conditions is notorious, especially to
the interaction of biological, chemical and hydrodynamic agents. Since some of those
carbonate producers are organisms that appear by ecological evolutionary processes and
eventually got extinct, they are characteristic for each certain time interval, so that, its
influence over the carbonate production do not stay invariable and neither do its
sedimentary imprint (Pomar, 2018; Fig. 2.1). Due to these particularities, it is necessary
to properly know the geological period assignment when working with marine
carbonate units.
In that sense, the three shallow marine carbonate-dominated lithostratigraphic
units selected in the present thesis belong to the Jurassic times; more concretely, they
represent a late Pliensbachian platform (Barahona Formation), an early Kimmeridgian
platform (Ricla Member) and a latest Kimmeridgian–early Tithonian platform (Villar
del Arzobispo Formation).

Fig. 2.1: Evolution through geological time of the dominant biotic carbonate factories for
different loci within the shallow marine domain. LBF: large benthic foraminifera (Pomar,
2018).
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As regards to the factors controlling sedimentary processes on marine systems,
water depth exerts a main influence on both dominated by siliciclastics either
carbonates, because it controls the distribution and intensity of physical and biological
parameters. In that way, the hydrodynamic regime is dependent to water depth, as well
as to the palaeogeography of the basin and its susceptibility to tidal and wave currents.
The evolution of the depositional water depth is determined by the relationship between
the sedimentary rates and accommodation space, which results from the triple balance
between subsidence, eustasy and sediment accumulation (Posamentier et al., 1988), and
generates different facies trends (i.e., progradational, aggradational and retrogradational
architectures). In addition, on carbonate-dominated systems, since the sediment is
produced within the basin and subordinated to biological production, it put on more
factors to be considered, related to the ecological conditions necessary for the presence
of the carbonate producer organisms, such as water transparency, oxygenation, salinity
or nutrient input. The water temperature is also a fundamental factor, determined by the
sun irradiance and the atmospheric and oceanographic heat distribution. All those
features are controlled by three major factors: climate, oceanographic circulation and
bathymetry (Wright and Burchette, 1996). It is important to notice that each biotic
carbonate factory has its own specific optimum ecological conditions which determine
its distribution and productivity, and these requirements can change through time as the
biotas evolve (Pomar and Kendall, 2008).
In general, the maximum carbonate production is related to standard salinity
waters (the average sea water salinity is 3.5%) within the light saturation zone (up to 20
m depth) and descends together along with the penetrability of the light up to 100 m
depth, where is located the base of the photic zone (Fig. 2.2; Schlager, 2005). Carbonate
production is also favoured by areas with high enough water energy to assure the
nutrient input and water oxygenation, as well as low turbidity in order to allow the
proper light penetration. As the result of the complex interaction of different controlling
factors and the distinct ecological necessities, detailed sedimentological analysis on the
stratigraphic record is required to achieve precise depositional models, able to
summarize all the ecological and physical features involved in shallow marine units.
They determine the sediment production, dispersion and accumulation in the basin, as
well as the type of fabrics.
At current times, major marine carbonate production concentrates mainly in
tropical and subtropical latitudes ranging between 30º N and S, those shallow areas
gather the conditions of maximum organic productivity; however, at higher latitudes
there can also appear cold water bioherms, although they represent a significantly lower
volume of global carbonate production (Fig. 2.3). The emplacement of carbonate
platforms is usually related with the absence or scarcity of siliciclastic input and its
orientation in regards to the oceanic currents exchanging waters and bringing nutrients
in suspension, necessary for the vital activity of carbonate producer organisms. So,
upwelling and windward facing areas favour the settling of carbonate producer
organisms (i.e. corals, sponges, calcifying molluscs and algae...).
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Fig. 2.2: Sediment production in the carbonate factory. A) Carbonate sediment productivity
regarding to depth (Pomar, 2018). B) Zonation of the water column according to the light
penetration depending on depth. C) Relative distribution of euphotic, oligophotic and aphotic
biotas. D) Distribution of carbonate producer groups of organisms according to the light
penetration (Jones et al., 2010 after Schlager, 1998 and Pomar, 2001).

Fig. 2.3: Distribution of current carbonate factories: tropical reefs (red spots) are relegated to
tropical and subtropical latitudes up to 30º N and S, cold water bioherms (blue spots) can
appear in higher latitudes with upwelling water currents (Schlager, 2005 after James, 1997 and
Van Loon, 1984).
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Carbonate rocks are formed by a wide variety of skeletal and non-skeletal grains,
as well as matrix and cements with diverse origins, and can be caused by biotic and
abiotic processes, usually both occurring at the same time (Schlager, 2003). This
complex origin of carbonate sediments makes its study a challenging work which
requires a thorough gathering of sedimentological information, considering each case
from a particular genetic approach in order to understand depositional controls and the
sensitivity factors of the system. In addition, since a number of subsurface marine
carbonate lithological units act as reservoir rocks for hydrocarbons (e.g. Smackover
Formation in the USA East Gulf, or Arab-D Formation in Arabia; Benson, 1988;
Grötsch et al., 2003), understanding the shallow marine carbonate-dominated
sedimentary systems and its controlling factors is a goal of economical interest.
The shallow marine lithostratigraphic units analyzed on this PhD thesis serve as
examples of different carbonate factories developed in greenhouse Jurassic times in
areas of relative low latitude (see Chapter 3): a pure skeletal factory mainly dominated
by bivalve and gastropod bioclasts (late Pliensbachian platform), a pure non-skeletal
factory dominated by ooids (early Kimmeridgian platform) and a mixed skeletal–nonskeletal factory displaying bioclasts, ooids, peloids and lime muds (latest
Kimmeridgian–early Tithonian platform).
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2.2. CARBONATE RAMPS: KEY ASPECTS
Even though shallow-water marine platforms only represent a small portion of the
current global oceanic sediment volume, their contribution to the geological record and
its presence on outcrop units in emerged lands is a much more important fraction of the
sedimentary record compared to deep (oceanic) sedimentary successions. They are flat
or slightly inclined (< 1º) marine surfaces attached or detached to the continent, with
variable size which can extend several kilometres, with or without a slope separating
them from deeper oceanic waters. Their sedimentary record can be characterized by
siliciclastics, carbonates or mixed sediments.
The carbonate-dominated platforms are complex sedimentary systems with a
strong dependence on multiple physical, chemical and biological factors. Thus, there is
a wide heterogeneity of carbonate platforms, which can show different responses to
variations of environmental features, according to their distinctive biotic carbonate
factories, architectural geometries and palaeoceanographic conditions (Pomar and
Kendall, 2008). Nonetheless, carbonate platforms can be classified into three main types
according to its geometry and position: carbonate ramps, flat-topped shelves or
platforms (which can be rimmed or non-rimmed) and isolated shelves or platforms (Fig.
2.4). There is also an additional type of drowned platforms. In this thesis, the focus is
set on carbonate ramps since they represent the dominant sedimentation style in the
Iberian Basin during Jurassic times (Aurell et al., 2003).

Fig. 2.4: Different types of carbonate platforms (modified from Pomar, 2001).
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Carbonate ramps were originally defined by Ahr (1973) to appoint those
platforms deepening constantly and continuously to the offshore with gentle angles not
higher than 1º. This low angle profile defines the homoclinal ramps. However, ramps
can show a distal slope break (distally steepened ramps) with higher angle tilt up to 20º
(Pomar, 2018). Carbonate ramps have certain similitude with wave-dominated
siliciclastic platforms, in the sense that the hydrodynamic regime exerts a strong control
on sedimentation processes by the means of the interaction between the seafloor and the
wave base level, so the maximum energy areas locate near the coastline and it usually
controls the facies belt distribution. In particular, carbonate ramps are divided in inner,
mid and outer ramp domains, separated by the fair-weather wave base (FWWB) and
storm wave base (SWB) respectively (Burchette and Wright, 1992; Fig. 2.5). The inner
ramp lies over the fair-weather wave base, so it is usually the highest energy area,
subjected to continuous reworking by the action of waves and currents, and able to host
shoals, sand blankets or barrier-islands, as well as to develop low energy protected
lagoons. The mid ramp domain locates between the fair-weather and storm wave bases,
occasionally affected by the storm-induced waves and currents, so energetic episodes
alternate with quiescence stages, and therefore storm-generated deposits and
sedimentary structures, such as tempestites or hummocky crossed-stratification usually
intercalate with low-energy carbonate muds. Proximal mid ramp tends to hold major
influence of storm-induced waves and unidirectional return currents than distal mid
ramp, so mid ramp usually records gradational down-dip decreasing energy conditions.
The outer ramp is characterized by fallout of clay and lime muds, although it can also
record distal tempestites related to extraordinary storms. It extends down to the
pycnocline, which marks the limit of the ramp to the offshore domain. However,
depositional processes on carbonate ramps are usually more complex than this
conceptual subdivision based on the location of hydrodynamic boundaries, as
palaeogeographic peculiarities and different features inherent to carbonate systems can
be involved, affecting the production and distribution of sediment (Pomar, 2018).

Fig. 2.5: Sedimentation domains and processes along a carbonate ramp according to the
location of hydrodynamic levels (after Burchette and Wright, 1992).
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As regards to the three examples of shallow marine platforms studied by this PhD
thesis, they all fit with the definition of carbonate ramp, representing different ramp
domains. The late Pliensbachian platform comprises the mid to proximal outer areas of
a homoclinal ramp, the early Kimmeridgian platform encompasses inner to distal mid
ramp areas, and the latest Kimmeridgian–early Tithonian platform represents the inner
areas of a homoclinal ramp ranging from coastal to shallow marine domains. So, this
work allows getting a global view embracing the whole sedimentary domains of the
carbonate ramp model.
The sea floor morphology on carbonate ramps and relative sea level variations
do not only determine the available space for sedimentary fill (i.e. physical
accommodation), but also control the distribution of energetic and ecological factors
which influence the carbonate sediment production of biotic factories (i.e. ecological
accommodation, Pomar and Kendall, 2008; Fig. 2.6). In that way, accommodation and
production are interdependent factors whose balance influences the size and efficiency
of the carbonate factories (Pomar, 2001). In the case of carbonate ramps, production
profiles vary depending on main carbonate producers; for instance, Palaeozoic ramps
were characterized by high productivity in relatively deep areas (Wright and Faulkner,
1990), whilst Jurassic ramps in the Iberian Basin concentrated maximum productivity
on the shallow areas (Bádenas and Aurell, 2001a), leading to differential carbonate
production along the ramp and resulting in decompensated sedimentary rates for
shallow and deeper domains. Carbonate factories with this kind of production profile
tend to accelerate precipitation processes in shallow areas and build up, taking the sea
level as a top boundary (Schlager, 2005). That situation favours the evolution of the
gently inclined ramps onto flat-topped shelves with a distal slope; however, this was not
the case for the Jurassic ramps in the Iberian Basin, where an important offshore
transport, sediment redistribution and deep water planktonic production compensated
the shallow carbonate production, contributing to keep the ramp geometry (Aurell et al.,
1995; Bádenas & Aurell, 2001a).
The balance between sediment input/production and transport determines the
locus of accumulation resulting in an equilibrium profile which is characteristic of each
ramp, acting as depositional surface. A particular situation of this process is the net
deposition and sediment sweeping by wave action controlling the generation of
infralittoral prograding wedges (IPW). Hernández- Molina et al. (2000) define the
IPW’s as a type of accretional lithosome, which conform a smoothing progradational
platform margin slope as response to the hydrodynamic maintenance of the ramp
equilibrium profile, promoted by basinwards sediment transport. An example of IPW is
analyzed in this thesis in terms of sedimentology and cyclostratigraphy since it is hosted
by the early Kimmeridgian platform.
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Fig. 2.6: Computer generated 3D surfaces of a carbonate ramp, indicating the carbonate
productivity according to water depth with different long-term sea level fluctuations. A) a stage
with rapid sea level rise, recording moderate productivity at reef/shoal barrier and landward
lagoons, and B) a highstand stage with slight sea level fall, favouring a pronounced reef/shoal
barrier and high productivity broad flat lagoon (Parcell, 2000).

In summary, the variable combination of different features arises the
configuration of a multiple spectrum of marine platforms with distinct physical and
ecological characteristics, as well as different susceptibility to the sedimentary
autogenic and allogenic processes, and then on different responses on their
sedimentological imprint. The stratigraphic record of carbonate platforms can reflect
changes through time affecting the different factors which determine the geometry, size
and depositional style displayed by them (climatic, biotic or tectonic; Fig. 2.7).
Particularly, carbonate ramps are very sensitive systems to sea level changes, as result
of the importance of hydrodynamic processes controlling accumulation, as well as to the
dependence displayed by the biotic carbonate producers to their distinctive ecological
conditions. Both features are strongly induced by water depth, and then on under
appropriate conditions these sedimentary systems can host outstanding records of the
cyclic sea-level fluctuations conditioning deposition, what makes them an object of
study interest for cyclostratigraphy.
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Fig. 2.7: Factors likely to affect carbonate platforms development by the means of changes
through time. (Pomar, 2001).

23

Jorge Val Muñoz - PhD Thesis

2.3. MIXED CARBONATE-SILICICLASTIC SEDIMENTATION
The sedimentary successions recorded by marine platforms can reflect carbonatedominated, siliciclastic-dominated or mixed carbonate-siliciclastic systems. The
presence of mixed carbonate-siliciclastic successions rather than pure deposits is
common within the geological record; their occurrence and cyclic arrangement of both
lithological terms are usually controlled by the joint influence of relative sea level
changes and siliciclastic availability (Mount, 1984). In the stratigraphic record, these
successions can represent coeval deposition of siliciclastic and carbonate sediments at
the same time in different areas of the marine platform; or otherwise, episodes of
reciprocal sedimentation alternating pure carbonate and siliciclastic depositional
systems (Schwarz, 2016; Fig. 2.8).

Fig. 2.8: Variability of mixed carbonate-siliciclastic successions according to their facies
distribution. A & B) Coeval sedimentation successions recording both lithological types
deposition at the same time. C & D) Reciprocal sedimentation successions characterized by
periodic alternations of the lithological types affecting the whole marine platform. OSB: onlap
shell bed; BSB: backlap shell bed (Schwarz et al., 2016).

Coeval sedimentation successions can be considered as “true” mixed systems,
since they record both lithological types deposited at the same type in the platform,
usually according to a facies belt distribution. Location of carbonate and siliciclastic
depositional areas in coeval systems usually responds to climatic controls and
distribution currents controlling the importance of siliciclastic input within the shallow
and deep areas of the platform, and therefore the gradational facies architecture type
characterizing shallowing-upward successions. So, there are two possibilities: deep
carbonates-shallow siliciclastics or deep siliciclastics-shallow carbonates. The most
common situation locates siliciclastics in nearshore areas, close to the inland source area
front, while carbonates accumulate in seaward deeper areas (Fig. 2.8A). This type of
coeval distribution is prompted by humid climates with increased siliciclastic input
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generally from fluvial flows (e.g. Belize shelf: Purdy and Gischler, 2003). The opposite
distribution is shown in mixed coeval systems with arid climate (Fig. 2.8B); little fluvial
siliciclastic input allows carbonate production in shallow nearshore areas, whereas
siliciclastic mudstones accumulate offshore by the means of suspension transports (e.g.
Persian Gulf: Park, 2011).
As regards to reciprocal sedimentation, it has been traditionally related to changes
in external factors (tectonics, eustasy, climate), inducing deposition in the same
environment of either carbonates or siliciclastics. Reciprocal sequences can reflect
transgressive siliciclastic-regressive carbonate sequences, in which siliciclastic
deposition dominates lowstand and early transgressive stages and carbonate sediments
accumulate preferentially during sea level highstand, as it is observed in tropical
carbonate-dominated shelves (e.g. Rankey et al., 1999; Fig. 2.8C). Besides, Tucker
(2003) points that siliciclastic input is usually increased during sea level falls
(regressive stages: late highstand and forced regression), and subsequent sea level rise
(transgressive and early highstand stages) causes flooding of coastal plains allowing
carbonate production and deposition, with relatively low siliciclastic input (Fig. 2.8D).
In that sense, reciprocal sedimentation successions are favoured by icehouse periods
with increased influence of sea level changes. However, carbonate-siliciclastic
reciprocal successions can also respond to variable fluvial input of siliciclastics
controlled by climatic changes in pluviometry (i.e. humid-arid cycles). In particular,
periods of low siliciclastic input related to arid conditions may involve a negative
balance with accommodation, favouring carbonate systems and transgression. During
more humid conditions, relatively high terrigenous sediment flux would produce
regressive progradational siliciclastic hemicycles (e.g. Schwarz et al., 2016).
Due to the direct influence exerted by environmental features in the configuration
and evolution of mixed systems, the analysis of low- and high-frequency rhythmical
shallow-marine carbonate-siliciclastic successions (e.g. alternating sandstone- or
carbonate-dominated successions in shallow areas, limestone-marls alternations
reflecting cyclic fluctuations in the carbonate-clay ratio in relative deeper areas) can
provide sedimentological information concerning the multiple climatic, tectonic and
ecological causes which determine the carbonate production type and the processes
supplying siliciclastic sediment into the basin, as well as the alternation of both
depositional-dominated types (Zeller et al., 2015; Schwarz et al., 2016; Schwarz et al.,
2018; Labaj and Pratt, 2016).
The stratigraphic units analyzed by this PhD thesis record variable contribution of
siliciclastic input characterizing different types of mixed carbonate-siliciclastic
sedimentation. In that sense, the results exposed in this work have allowed determining
the mixed carbonate-siliciclastic sedimentation types occurring in the studied marine
platforms: arid coeval (late Pliensbachian platform), humid coeval (early Kimmeridgian
platform) and reciprocal (latest Kimmeridgian–early Tithonian platform), as it will be
further explained in their correspondent chapters.
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2.4. CYCLOSTRATIGRAPHY OF SHALLOW MARINE SUCCESSIONS
Cyclostratigraphy is the subdiscipline of stratigraphy which studies the cyclic
stacking of beds and facies trends recording the repetition of a regular sedimentary
signal, with the objective of characterize and understand those factors controlling their
imprint, both autocyclic and allocyclic. The cyclostratigraphic analysis of marine
successions can be approached in different carbonate and siliciclastic depositional
systems, encompassing from shallow to deep domains.
Climate is the major factor controlling production and accumulation of carbonates
as well as siliciclastic input in shallow marine basins, and thus, understanding its
periodic fluctuations is a key-point to analyze cyclicity in carbonate ramps.
Schwarzacher (1947) was the first author to interpret shallow water carbonate cyclic
successions as corresponding to allocyclic sedimentological changes (i.e. caused by
external factors to the sedimentary basin, such as climatic processes) in tune with the
orbital parameters defined by Milankovitch. Those orbital cycles are able to set their
imprint within the sedimentary record and cause variations in the solar irradiance by the
means of precession of the equinoxes (around 25 ky), changes in the obliquity of the
Earth’s axis (around 40 ky) and short- and long-term variations in the eccentricity of the
elliptical translation orbit of the Earth around the Sun (around 100 and 400 ky)
(Milankovitch, 1941; Hays et al., 1976; Schwarzacher, 1993, 2000; Fig. 2.9). The
hydrosphere (including cryosphere), atmosphere and biosphere respond to these
orbitally-induced climatic fluctuations, so that the climatic signal is transferred through
complex interactions between them to the sedimentary environments, expressing
changes in depositional controlling factors, such as eustatism, water circulation patterns,
carbonate production or siliciclastic input (Strasser, 2018; Fig. 2.10). It is important to
remark that the insolation variations do not translate directly in a simple way into the
sedimentary record, but by the means of influencing climatic changes that affect the
factors controlling sedimentary processes (production, input, accumulation) and the
space for sediment accumulation (i.e. accommodation).

Fig. 2.9: Orbital cycles of
Milankovitch and its average
durations (modified from Einsele
et al., 1991).
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Fig. 2.10: Carbonate platform transect illustrating the main parameters that influence
carbonate production and accumulation, sensitive to orbitally-induced climate cycles (after
Strasser et al., 2018).

Orbitally-induced insolation changes produce glacio-eustasy, thermo-eustasy and
aquifer-eustasy variations, leading to eustatic sea level fluctuations and thereby changes
in accommodation readily recorded in shallow marine domains (Sames et al., 2002).
Climatic cycles can also control humid-arid variations which are expected to have
greater effect in middle latitudes rather than equatorial or polar latitudes, since those
areas show greater seasonality and are more susceptible to climatic changes. A
significant fact to note is that the palaeolatitude of the Iberian Plate during the periods
considered in this thesis correspond to subtropical latitudes (Pliensbachian: 30-35ºN;
Kimmeridgian: 20-25ºN; Osete et al., 2011). In fact, Matthews & Perlmutter (1994)
points to latitudes around 20º as being subjected to more pronounced insolation cycles
on the basis of the atmospheric cells and high- and low-pressure zones distribution.
The existence of different orbitally-induced cyclic parameters leads to the
generation of hierarchically stacked high-frequency sequences of different scales (e.g.
Mitchum and Van Wagoner, 1991; Strasser et al., 1999; Fischer et al., 2004). However,
the greatest difficulty found by cyclostratigraphic analysis is the difficulty of
establishing general and predictable rules for the formation of the cyclic record, because
every depositional system reacts differently to a given set of global, regional or local
factors (Einsele et al., 1991). In addition, the limitations of the sedimentary conditions
in different contexts of marine platforms (i.e. accommodation, synsedimentary tectonics
and disturbances, erosive processes, bioturbation, sedimentation rates...) and the
variable intensity of the mechanisms induced by the orbital signal determine that not all
those orbital parameters are recorded within the sedimentary succession, and even their
expression vary between different cases from well developed rhythmical alternations to
undecipherable amalgamations. In that sense, the sedimentary context and the amplitude
of sea level changes are important factors on shallow marine carbonate platforms,
determining not only water depth (hence ecological features, energy conditions and
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accommodation), but also the preservation potential of cyclic successions (Fig. 2.11).
Therefore, the cyclostratigraphic record of different shallow marine platforms, or even
its domains, is highly induced by their distinctive accumulation and preservation rates
(Strasser and Samankassou, 2003). Low accumulation rates and influence of erosive
internal processes in the shallowest areas of the ramp may lead to masked or missed
sequences, which can be well preserved in deeper areas with more favourable
conditions. The cyclostratigraphic study carried out by Bádenas and Aurell (2018) in
different Jurassic carbonate ramps inferred that shallow (inner to mid) ramp areas are
more likely to record eccentricity-related sequences, while deep (outer) ramp areas are
usually dominated by precession-related sequences and/or sub-Milankovitch
sedimentary cycles. That means a down-dip preservation trend from low-frequency to
high-frequency cycles. However, further cyclostratigraphic analysis in other greenhouse
carbonate ramps are required to get a reliable conclusion.

Fig. 2.11: Scenarios for carbonate
deposition dictated by Earth’s
orbital perturbations: A) Cyclic
platform exposure and flooding
consistent on ~25ky cycles
(precession) whose intensity is
modulated by low amplitude
~100ky
cycles
(short-term
eccentricity). B) Higher amplitude
~100ky cycles leading to the
obliteration of those ~25ky cycles,
whose signal is annulled (after
Hardie & Shinn, 1986).

It has to be considered that not all those high-frequency variations on carbonate
production rates or siliciclastic input in shallow marine systems should be directly
assigned to orbitally-induced cycles, as they can also be generated by autocyclic
mechanisms (i.e. internal cyclic patterns inherent to the depositional system; Pratt et al.,
1992; Burgess, 2006) or by other allocyclic factors, such as high-frequency
accommodation changes due to synsedimentary tectonics (Bosence et al., 2009).
Nonetheless, different allocyclic and autocyclic signals can act in parallel and overlap
themselves (Tresch and Strasser, 2011), so its identification is not always evident.
This PhD thesis shows the cyclostratigraphic analyses carried out on three shallow
marine long-term regressive successions displaying different depositional features, in
order to identify and interpret high-frequency sequences of different scale, and
therefore, discussing the possible role of climate, and its imprint on sediment input,
production and accumulation.
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3. Geological setting

3.1. GEOLOGICAL LOCATION
The Iberian Range (NE Spain), which hosts the three lithostratigraphic units
analyzed by this thesis, constitutes an intraplate chain originated by alpine compression
during Palaeogene to early Miocene, affecting the sedimentary succession previously
accumulated on the Iberian Basin (Álvaro et al., 1979; Salas et al., 2001). It is
dominated by Mesozoic outcrops with a preferential NE-SW orientation, separated by
small intra-mountainous basins filled with Cenozoic continental deposits. The Iberian
Range has been traditionally divided into major morphostructural parts: CamerosDemanda Range, Aragonese Branch, Castilian Branch, and Maestrazgo-Levantine
sector (Fig. 3.1). The successions studied presented here are located on Aragonese
Branch outcrops. Further details about the location of studied outcrops and logs are
provided on Chapter 4.

Fig. 3.1: Distribution of morphostructural parts of the Iberian Range: Cameros-Demanda
Range (NW), Aragonese Branch (Rama Aragonesa, NE), Castilian Branch (Rama Castellana,
SW) and Maestrazgo-Levantine sector (SE) (modified from Simón, 2007). The red spots mark
the approximate location of the studied outcrops.
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3.2. SEDIMENTARY CONTEXT OF THE IBERIAN BASIN

The three lithostratigraphic units studied here record three shallow marine
platforms which were developed on different geological stages of the Iberian Basin
along the Jurassic times. Thus, it is meaningful to understand the configuration and
evolution of the Iberian Basin in order to fully comprehend their chronostratigraphic
location and palaeogeographic contexts.
The development of the Iberian Basin began on the late Permian, linked to the
northeast margin of the Iberian plate and related to the progressive fragmentation of
Pangaea, influenced during the Jurassic by the spreading of the central Atlantic Ocean
and the opening of the western Tethys Ocean (Arche and López-Gómez, 1996). The
tectonic configuration of the Iberian Basin was controlled by tardi-hercynian shear
faults which reactivated as extensional faults and operated during Mesozoic. Its
evolution is divided into two major tectonic cycles, both involving a rapid tectonic
subsidence stage (syn-rift) followed by a slow thermal subsidence stage (post-rift): late
Permian–early Late Jurassic and Late Jurassic–Cretaceous major tectonic cycles (Salas
and Casas, 1993).
The syn-rift stage of the first major tectonic cycle commenced on Permian times
with the propagation of narrow isolated grabens from the SW margin unto NE (Álvaro
et al., 1987), and eventually generated an almost symmetrical basin. The Iberian Basin,
as most of western and central Europe, accumulated during the Triassic the Germanic
Trias facies succession: Buntsandstein reddish fluvial siliciclastics, Muschelkalk marine
limestones and Keuper lutites and evaporites. At the end of the Triassic, a wide shallow
marine to peritidal carbonate platform was established, covering much of the Iberian
Basin (recorded by the Imón Formation; Gómez, 1991). The main tectonic activity
occurred around the Triassic-Jurassic transition, producing cortical stretching, block
tilting and an important angular unconformity as a consequence of the break-up of the
shallow Upper Triassic platform (San Román and Aurell, 1992). Sedimentary breccias
of Cortes de Tajuña Formation (Hettangian) record the erosion of the resulting tilted
blocks and the subsequent filling of depressed areas.
The post-rift stage of the first major tectonic cycle, with slow and broad
homogeneous thermal subsidence lasted from the Sinemurian to the Oxfordian (Salas
and Casas, 1993; Capote et al., 2002) and determined that the sedimentary evolution
during Early to early Late Jurassic was controlled by sea-level changes rather than
tectonic activity (Bádenas and Aurell, 2001; Aurell et al., 2003). During the Jurassic,
wide continental areas of Western Europe were flooded by marine waters due to high
sea level induced by the warm global climate conditions assumed for this period (Price,
1999), prompting the development of epeiric shallow platforms with carbonate
sedimentation. The Iberian Basin, with a near-tropical palaeolatitude in Jurassic times
was one of those sedimentary basins; it was attached to the eastern margin of an
emerged land-mass (i.e. Iberian Massif) and occupied by a large low-angle ramp open
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eastwards to the deeper domains of the western Tethys Ocean. Even though its
deposition was carbonate-dominated, it occasionally displayed mixed carbonatesiliciclastic sedimentation, generally associated to regressive stages. The
palaeontological data also indicate that the Iberian Basin had a Boreal affinity during
Early and early Middle Jurassic, by the means of a marine connexion to the northern
domain (Braga et al., 1988; Elmi et al., 1989). The late Pliensbachian platform studied
in this thesis (Fig. 3.2 A) was developed in that context, open to the north and located at
a palaeolatitude of 30-35º N (Osete et al., 2011).
The syn-rift stage of the second major tectonic cycle occurred at basin-scale from
Kimmeridgian (Late Jurassic) to mid Albian (Early Cretaceous), and produced the
individualization of different basins in eastern Iberia (i.e. Maestrazgo and South Iberian
basins), in which sedimentation took place in separated subsiding domains or sub-basins
bounded by areas with concentration of major tardi- and post-hercynian extensional
faults (Salas and Casas, 1993). In addition, the western margin went through uplift and
emersion, producing a generalized eastward coastline regression which resulted in the
change from marine-dominated onto coastal transitional deposition. Two main rifting
episodes can be recognized: Kimmeridgian–Berriasian and Barremian–mid Albian (synrift-1 and syn-rift-2 sequences on Liesa et al., 2019). The early Kimmeridgian platform
studied in this thesis (Fig. 3.2 B) was developed in an area almost not affected by the
incipient tectonics (Aurell et al., 2010), and was characterized by a broad carbonate
ramp open eastwards to the western Tethys Ocean and located at a palaeolatitude of 2025º N (Osete et al., 2011). Furthermore, the latest Kimmeridgian–earlymost Tithonian
platform (Fig. 3.2 C) was developed during the first rifting episode in the Galve subbasin, located within the western marginal area of the Maestrazgo Basin, which resulted
from the compartmentalization of the Iberian Basin.
Late Cretaceous sedimentation was coeval to the slow thermal subsidence stage of
the post-rift stage of the second major tectonic cycle, generating a sedimentary
succession which onlaps discordantly over the previous syn-rift sequence. This
succession is characterized by the continental (fluvial, eolian) Utrillas Formation and
the overlying Upper Cretaceous marine carbonates which record a major transgression
and the setting of a broad carbonate platform.
At the end of Cretaceous times, the tectonic regime of the Iberian Basin switched
from extensional to compressional (Alpine Orogeny) due to the Europe-Africa
interaction. So that, the compressive reactivation of Mesozoic faults with NW-SE
dominant direction resulted in the tectonic inversion of the Iberian Basin, leading during
the Cenozoic to the rising of the Iberian Range (Álvaro et al., 1979). The Triassic
Keuper facies acted as a detachment level between the Palaeozoic basement and the
sedimentary cover which developed thrusts and folds. At the same time that orogenic
deformations occurred, denudation of fresh reliefs filled intra-mountainous and
marginal depressed areas, generating syn-tectonic detrital successions disposed on fan
geometry (e.g. González et al., 1991). Tectonic deformation lasted from middle Eocene
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to middle Miocene, with maximum activity on late Oligocene (Guimerà y Álvaro, 1990;
Capote et al., 2002). The current configuration of the Iberian Range results from the
Neogene post-orogenic extension and subsequent erosion stages (Simón, 1989).

Fig. 3.2 (Next page): Palaeogeographical contexts of the shallow-marine platforms studied in
this thesis. A) Late Pliensbachian platform (Barahona Formation): Iberian Basin connecting
the Tethys Ocean and Boreal Sea. B) Early Kimmeridgian platform (Ricla Member): Iberian
Basin as a ramp deepening towards the Tethys Ocean. C). Latest Kimmeridgian–early
Tithonian platform (Villar del Arzobispo Formation): Iberian Basin compartmentalized in
different basins and sub-basins. The focus here is on the Galve sub-basin (Maestrazgo Basin).
After Dercourt et al. (1993), Aurell et al. (2003), Bádenas and Aurell (2012), Armendáriz et al.
(2013), Liesa et al. (2019). Palaeolatitude data adapted from Osete et al. (2011).
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3.3. IBERIAN JURASSIC T-R CYCLES AND SEDIMENTARY SUCCESSIONS
The sedimentary succession accumulated in the Iberian Basin during the Jurassic
records widespread transgressive and regressive (T-R) events induced by regional or
global-scale sea level variations, which determined the facies distribution and presence
of stratigraphic discontinuities. In that sense, the synthetic work of Aurell et al. (2003)
identifies 3 second-order major T-R cycles for the entire Jurassic, which roughly
coincides with the Lower, Middle and Upper Jurassic successions (Fig. 3.3). The
boundaries of these cycles are related to stratigraphic gaps involving long periods of nosedimentation linked to the uppermost regressive part of the sequences. These authors
also recognize higher frequency third-order T-R facies cycles conforming the secondorder cycles, related to significant transgressive events and characterized by relative
sea-level rise followed by stillstand periods. As regards to the palaeoclimatic conditions,
the Jurassic times have been traditionally described as a typically greenhouse context
with warm and humid climate, associated to a low temperature gradient from the poles
to equator (e.g. Hallam, 1985; Valdes, 1993; Sellwood and Valdes, 2006). However,
recent reconstructions based on highly resolved proxies have disputed the idea of such a
uniform climatic period and have detected different warming and cooling events which
could have induced sea-level fluctuations (e.g. Price, 1999; Dromart et al., 2003; Dera et
al., 2011; Fig. 3.3).
The Lower Jurassic T-R cycle comprises from the uppermost Rhaetian to the
lower Aalenian. The transgressive interval controlled during most of the Sinemurian the
progressive retrogradation of the mid-outer ramp over the inner ramp deposits. The
maximum flooding is recorded in the middle Toarcian by the means of hemipelagic
marls and limestone alternation (Turmiel Formation). The regressive interval occurred
during the late Toarcian to early Aalenian, recording progressive shallowing of the
platform. Whilst Aurell et al. (2003) only identify two third-order T-R facies cycles for
the Lower Jurassic of the Iberian Basin, four third-order T-R facies cycles were defined
by Gómez and Goy (2005), each one lasting between 6 and 12 Ma (LJ-1 to LJ-4; Fig.
3.3). The cycles LJ-1 to LJ-3 compose the transgressive interval of the Lower Jurassic
second-order T-R cycle, whereas that the regressive part of cycle LJ-3 and the cycle LJ4 correspond to the regressive interval of the second-order cycle. These authors also
recognized within the cycles LJ-2 to LJ-4 seven higher-frequency facies cycles whose
lasting range between 1 and 5 Ma.
The Barahona Formation recording the Pliensbachian platform analyzed in this
thesis represents the regressive interval of the LJ3-1 T-R facies cycle identified by
Gómez and Goy (2005), which is recorded by a 10–20 m-thick succession of bioclastic
limestones with some interbedded marls (Fig. 3.4A). This regressive trend has European
extent and has been related to a notorious cooling interlude under cold greenhouse
conditions or with possible development of polar ice caps, preceding the climate
warming of the earliest Toarcian. In that sense, the latest Pliensbachian (the Boreal
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Fig. 3.3: Second-order major T-R cycles and third-order T-R facies cycles recognized by Aurell
et al. (2003) for the entire Jurassic in the Iberian Basin. The third-order T-R facies cycles
identified by Gómez & Goy (2005) for the Lower Jurassic of the Iberian Basin are also
represented. The time span of the syn-rift-1 sequence affecting the Maestrazgo Basin) is
indicated, since sedimentary controls for the Upper Jurassic are more related to tectonics
rather than eustatic changes (Liesa et al., 2019). The curve for global changes in sea water
temperature was inferred by Dera et al. (2011) on the basis of δ18O analyzed from belemnites.
The shaded boxes indicate the chronostratigraphic position of the studied platforms.
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Spinatum Zone or the equivalent Tethyan Emaciatum Zone) has been proposed as
recording one of the most prominent global climate events occurring during the Jurassic
(Price, 1999; Dera et al., 2011).
The Middle Jurassic T-R cycle spans from the middle Aalenian up to the early
Oxfordian. The lower-middle Aalenian deposits are completely or partly absent. In
particular, Fernández-López and Gómez (1990) report evidences of local emersion of
the open platform areas in the central Iberian Basin during Aalenian. The transgressive
interval of this cycle took place from the middle Aalenian to Bajocian, with major flood
at late Bajocian. The regressive stage is marked by the reduction in extension of the
open platform areas and the local progradation of oolitic and siliciclastic facies during
the Bathonian and Callovian (Aurell et al., 2003). In shallow areas (e.g. Ejulve, Obón,
Cedrillas) a sharp erosion surface appears above the Bathonian deposits, so the
Callovian and lower Oxfordian are completely absent there (Ramajo et al., 1999). In
addition, Ramajo and Aurell (1997) recognized paleokarst surfaces suggesting emersion
above the upper Callovian succession in the Ricla locality. Four third-order T-R facies
cycles were identified by Aurell et al. (2003), correlatable with other NE Iberian basins.
The Upper Jurassic T-R cycle lasts from the early Oxfordian to the late Berriasian.
The transgressive interval comprises the Oxfordian and lower Kimmeridgian,
developing open platform environments across large areas of the Iberian Basin. The
regressive interval is recorded by the upper Kimmeridgian–Berriasian succession and
involved the offlap and progradation of shallow platform facies from marginal areas of
the Iberian Basin. A widespread discontinuity appears above the lowermost Cretaceous,
around middle-late Berriasian transition, thus Berriasian is included within the Upper
Jurassic cycle. Four third-order T-R facies cycles are identified within this cycle (Aurell
and Meléndez, 1993, Aurell et al., 2003).
The Kimmeridgian stratigraphic succession in the Ricla outcrops (Fig. 3.4B)
records a third-order T-R facies cycle (cycle 3.2; Fig. 3.3) composed by two higherfrequency T-R facies cycles: Kim-1 and Kim-2 sequences (Bádenas and Aurell, 2001a).
The Kim-1 sequence is mostly early Kimmeridgian in age, its transgressive and lower
regressive parts are represented by a marl-dominated succession (Sot de Chera
Formation) grading upwards into the sandy limestones of the outer to middle ramp
Loriguilla Formation. The upper regressive stage of the Kim-1 sequence is represented
by the sudden progradation of the mid ramp oolitic-siliciclastic Ricla Member, an up to
22 m-thick wedge-shaped unit which is analyzed here in order to characterize the early
Kimmeridgian platform studied by this thesis.
Unlike the rest of the Jurassic, the sedimentary succession developed during the
upper regressive part of the Upper Jurassic T-R cycle shows greater influence of
tectonic controls rather than eustatism, since it concurs in the studied area with the onset
of the Late Jurassic–Cretaceous major tectonic cycle (Liesa et al., 2019). In that sense,
the coastal to shallow marine carbonate-siliciclastic Villar del Arzobispo Formation
(Fig. 3.4C) which characterizes the latest Kimmeridgian–early Tithonian platform of
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this thesis represents the lowermost part of the syn-rift-1 sedimentary succession
deposited on the Galve sub-basin within the Maestrazgo Basin (Aurell et al., 2016).
This unit is relatively constant in thickness in the northern and central areas of the Galve
sub-basin, around 150 m, but differential subsidence involved a thickness increase up to
250 m in southern distal localities transitional with the Penyagolosa sub-basin and a
significant thickness reduction down to 10–20 in the eastern marginal areas. As regards
to the climatic features, the early Kimmeridgian–early Tithonian interval is supposed to
have been subjected to warm temperatures, undergoing a slightly long-term warming
(Dera et al., 2011; Fig. 3.3).

Fig. 3.4: Chronostratigraphic distribution of the shallow marine lithological units analyzed in
this thesis (highlighted by the red boxes). A) Distribution of the main Lower Jurassic facies in
the northern Iberian Ranges, including the Barahona Formation (late Pliensbachian platform)
(after Aurell et al., 2003). The third-order T-R facies cycles defined by Gómez and Goy (2005)
are also shown. B) Synthetic distribution of the Kimmeridgian facies in the northern Iberian
Basin, and location of the Ricla Member (early Kimmeridgian platform) within the regressive
stage of Kim-1 sequence (modified from Aurell et al., 2010). C) Synthetic stratigraphy of the
Mesozoic succession recorded in the depocentral areas of the Galve sub-basin and location of
the Villar de Arzobispo Formation (latest Kimmeridgian–early Tithonian platform) within the
syn-rift-1 sequence (modified from Aurell et al., 2016).
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4.1. STRATIGRAPHIC AND SEDIMENTOLOGICAL ANALYSES
Three Jurassic stratigraphic units outcropping in the Iberian Ranges (Barahona
Formation, Ricla Member and Villar del Arzobispo Formation) have been analyzed in
order to characterize the sedimentological features of the shallow marine platforms
areas in which they were deposited. The bulk of the data gathering has been hold up by
fieldwork carried out across the studied outcrops (Fig. 4.1), mainly based on the
analysis and correlation of bed-by-bed stratigraphic logs and field images including
high-resolution photomosaics, satellite images and drone-made videos on selected
panoramic outcrops (See Annexe 1 for the accurate location and GPS coordinates of
logs and panoramic outcrops). Since each studied unit presents its own sedimentological
particularities and outcropping features, the methodology has been adapted to the
specific objectives chased in each case.

Fig. 4.1: Geographic location of the localities hosting the studied outcrops of the different
stratigraphic units. Blue: Barahona Formation, Green: Ricla Member, Red: Villar del
Arzobispo Formation.
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The upper Pliensbachian Barahona Formation has been studied in two
stratigraphic logs (Fig. 4.2 A) in the Lower Jurassic outcrops, near to the village of
Obón (Obón log) and between the villages of Oliete and Ariño (San Pedro log), both in
the province of Teruel. The logs are separated by a distance of around 15 km (without
restoring tectonic shortening)
The lower Kimmeridgian Ricla Member has been studied at the north of the
village of Ricla, in the province of Zaragoza, in a 4x1 km area selected due to its
exceptional outcropping conditions. It has been divided into 10 panoramic outcrops,
which are 200 to 660 m in length (Fig. 4.2 B). Outcrops 1 to 6 are located from the
proximal to the distal areas of the ramp, and are nearly down-dip oriented regarding to
the ramp slope. Outcrops 7 to 10 are perpendicular to the outcrops 1 to 6, and therefore
they are strike oriented. Fieldwork has complemented with the detailed study of highresolution continuous photomosaics and drone-made videos on these selected
panoramic outcrops (see Annexe 4).
The uppermost Kimmeridgian–early Tithonian Villar del Arzobispo Formation
has been studied in the well exposed outcrops of the Galve sub-basin through detailed
logging of six stratigraphic logs (Fig. 4.2 C), four of them located in the proximal areas
of the sub-basin around the Galve syncline (Galve-1 to 4 logs) and the other two
(Aguilar and Monteagudo logs) in the southeastern (relatively distal) areas of the subbasin and 10 and 24 km away from Galve, respectively. In these outcrops, the studied
unit has near vertical-dipping beds, and therefore drone-made high-resolution videos
and detailed aerial photographs have allowed characterizing the geometry and vertical
and lateral extension of sedimentary bodies.
The sedimentological analysis of facies has been performed through:
1) The field description of depositional features, such as bed thickness, lithology,
texture, components (type and abundance of carbonate grains), sedimentary structures
(including trace fossils and palaeocurrents measurements if possible) and the bounding
surfaces of beds. Bioturbation was assessed according to the Taylor and Goldring
(1993) bioturbation index (BI), which categorizes it from 0 to 6, where 0 indicates no
bioturbation. Palaeocurrent data were restored to the horizontal and represented using
Stereonet and RoseDiagram computer software, respectively.
2) The petrographic analysis of rock samples in polished slabs and thin sections
(32 from the Barahona Formation, 9 from the Ricla Member and 254 from the Villar del
Arzobispo Formation). For the characterization of peloids, ooids and oncoids, Flügel
(2010), Strasser (1986) and Dahanayake (1977) classifications have been respectively
followed (Fig. 4.3). The texture assignment for carbonate facies has adopted the
Dunham (1962) classification.
3) The analysis of carbonate content of mudstone to marly limestones samples (82
samples from the Villar del Arzobispo Formation), with a calcimeter that measures the
CO2 given off during the reaction of the sample with dilute hydrochloric acid.
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Fig. 4.2: A) Location of the Obón and San Pedro logs in which the upper Pliensbachian
Barahona Formation has been studied (images from Magna, Hoja nº493 (Oliete): Almela et al.,
1975; Hoja nº467 (Muniesa): Ríos et al., 1981). B) Location of the 10 panoramic outcrops
selected to study the lower Kimmeridgian Ricla Member (modified from Bádenas and Aurell,
2001a). C) Distribution of the stratigraphic logs studied to characterize the uppermost
Kimmeridgian–early Tithonian Villar del Arzobispo Formation. White: syn-rift-1 sequence
(modified from Bádenas et al., 2018).
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A particular case has been the identification of facies in the Ricla Member,
because it has been accomplished mainly on the basis of the bedding patterns and the
presence of different types of sedimentary structures and palaeocurrent trends rather
than on textural characteristics of the facies. Thus, the facies and architectural elements
(master bedding surfaces and sedimentary units) have been accurately mapped and
delimited across the panoramic outcrops, getting a 3D reconstruction of geometries.

Fig. 4.3: A) Oncoid types from the Dahanayake (1977) classification according to the internal
structure of laminae and presence of encrusting organisms. B) Ooid types from the Strasser
(1986) classification, with their environmental interpretation of relative energy and salinity.
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4.2. SEQUENTIAL ANALYSIS
The sequential analysis performed here aimed to characterize the stacking of
different scales of sedimentary sequences recorded by a succession. A sedimentary
sequence is regarded as a facies succession that represents a particular vertical trend (i.e.
deepening, shallowing, deepening-shallowing or aggradational), independently of its
scale or duration, and is usually delimited by distinct bottom and top surfaces (Strasser
et al., 1999). These sequences can reflect variations in sediment supply (both
siliciclastic and carbonate) and/or accommodation space. A priori, a sedimentary
sequence is descriptive and does not imply any interpretation in terms of
cyclostratigraphy (Strasser et al., 2018). However, the sequential analysis allows
identifying high-order or high-frequency sequences acting as elementary building
blocks that record a rhythmically repeated sedimentary signal. The concept of “highfrequency sequence” includes the 4th to 6th-order sequences sensu Vail et al. (1991) and
the parasequences and sets of parasequences of Possamentier et al. (1992), and refers to
a hierarchy of sequences of different scale in which the smaller ones (higher-order or
higher-frequency) stack into longer sequences (lower-order or lower-frequency
sequences) (Table 4.1).

Table 4.1: Age ranges for
1st to 6th-order sedimentary
sequences sensu Vail et al.
(1991) and Einsele (1992).
Terminology
after
Goldhammer et al. (1991),
and Kerans and Tinker
(1997).

In this work, the identification of high-frequency sequences has been
accomplished on the basis of the presence of sharp bedding surfaces bounding
sedimentary sets or bundles of beds, and recording omission and/or erosion, as these
sharp bedding surfaces are interpreted as reflecting sharp changes in sedimentation (e.g.,
Schwarzacher, 2000; Strasser et al., 1999, 2005; Bádenas et al., 2005). In addition, the
analysis of long-term vertical facies trends or major lithological changes along with key
stratigraphic surfaces and changes in bedding geometry have been used as the main
criteria to identify lower-frequency sequences grouping higher-frequency sequences
(Fig. 4.4). The analysis of the facies trends has also allowed interpreting the
significance of those sequences in terms of internal (sedimentological) and external
controlling factors. In that sense, determining the accurate age calibration of the
sedimentary successions, and therefore constraining the time span of the sequences has
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been required in order to assign them to specific cyclic processes. The term “cycle” is
used here to refer to different scale repetitive processes that replay in a predictable way
(e.g. climatic and eustatic changes induced by orbital parameters).
The age calibration of the recognized sedimentary sequences has been carried out
on the basis of the available biostratigraphic data (i.e. ammonite zones in the Barahona
Formation and in the Ricla Member, last occurrence of the benthic foraminifera
Alveosepta jaccardi in the Villar del Arzobispo Formation) and the chemostratigraphic
analysis of strontium stable isotopes. In that sense, the average duration of the
sequences can be roughly estimated by determining the time span of the studied
successions and considering the number of sequences therein in accordance to the
hierarchical stacking patterns (e.g. Strasser et al., 2006). The obtained average durations
for the different hierarchies of sedimentary sequences recognized in this work have been
compared with the age ranges of Milankovitch cycles in order to identify a possible
correspondence with them. Due to the uncertainties concerning the periods of the
ancient Milankovitch cycles (e.g. Waltham, 2015) and the inherent limitations of the
age calibration carried out on the studied units, the approach used here has considered
an average duration of ~400 and ~100 ky for long- and short-term eccentricity cycles,
respectively, and therefore an average 1:4 ratio of orbitally-induced sequences
(Schwarzacher, 1993; Strasser et al., 2006).

Figure 4.4: Vertical stacking of parasequences defining the vertical facies trend of lower-order
sequences (sets of parasequences) (after Van Wagoner et al., 1990).
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4.3. CHEMOSTRATIGRAPHIC ANALYSES: STABLE ISOTOPES
The chemostratigraphic analyses carried out in this study have included the
analysis of strontium stable isotopes on the selected lithostratigraphic units for age
calibration, and the analysis of oxygen and carbon stable isotopes on the Barahona
Formation for palaeoenvironmental purposes (see obtained data on Annexe 5).
The analyses of strontium stable isotopes are based on the marine 87Sr/86Sr ratio,
whose variations are induced by global major tectonic processes and show worldwide
homogeneous values for oceanic waters, characteristic of every geological period (e.g.
Elderfield, 1986; McArthur, 1994; Jones and Jenkins, 2001). Thus, analyzing nonaltered skeletal remains found as sedimentary components on rocks, and produced by
biomineralization in chemical equilibrium with ancient marine waters, provides a
valuable age calibration tool. The analyses were performed on 20 samples of belemnite
rostra and brachiopod shells (19 valid samples, since one of them was altered) for the
Barahona Formation, taken from the Obón section; and 13 oyster shells for the Villar
del Arzobispo Formation, collected through the studied logs and 1 oyster shell on the
condensed level that overlays the Ricla Member. The obtained 87Sr/86Sr curves have
been compared with the global marine 87Sr/86Sr curves developed for the Early Jurassic
and the Upper Jurassic, respectively (Gradstein et al., 2012; McArthur et al, 2012;
Wierzbowski et al., 2017) in order to discuss the best fit for age calibration.
The analyses of oxygen and carbon stable isotopes measure the fractionation and
deviation of 18O/16O and 13C/12C ratios from well-known standard values (V-SMOW for
oxygen and V-PDB for carbon) in order to determine the relative enrichment or
impoverishment of the heavy isotope (δ18O and δ13C, respectively), which allow
obtaining palaeoenvironmental information to discuss the factors controlling these
variations (e.g. Epstein et al., 1953; Kroopnick and Craig, 1972). The analysis of δ18O
allows estimating temperature and/or freshwater supply in seawater (e.g. Surge et al.,
2001; Rosales et al., 2004). The lighter 16O isotope is more susceptible to evaporate
from sea surface than 18O, causing 16O-enriched clouds which carry on shedding heavier
18
O during on-going precipitation, and leading to strongly 16O-enriched freshwater when
reach continental mass lands (Fig. 4.5 A). During icehouse periods, the 16O-enriched
continental freshwater is held on ice caps, retained from the water system, so seawater is
enriched on 18O, reflected on higher δ18O values. The absence of ice caps during
greenhouse periods returns the 16O-enriched continental freshwater to the oceans,
reducing the δ18O values of seawater (Miller et al., 1991; Fig. 4.5 B). Besides, the
analysis of δ13C allows discussing organic productivity implications, since the 12C
isotope is preferably taken during organic processes than the relatively heavier 13C
isotope. So, increased δ13C values reflect an enrichment of 13C which can be due to
higher catchment of 12C by the vital activity of organisms (e.g. Freeman et al, 1992).
Both isotopic parameters (δ18O and δ13C) are able to get recorded on the geochemical
composition of skeletal grains produced in chemical equilibrium with seawater (Figs.
4.5 C).
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Figure 4.5: A) Isotopic fractionation of δ18O due to evaporation and rainout effect controlling
the 16O enrichment for continental waters (after Hoefs, 1997; Coplen et al., 2000). B) Variation
of oceanic δ18O values for icehouse, interglacial and greenhouse periods, controlled by the
storage of δ16O-enriched continental waters within the developed ice caps. The δ18O values are
based on Miller et al. (1991). C) Example of palaeotemperature inferences of Early Jurassic
obtained from the analysis of stable isotopes of oxygen on belemnite calcite on different
European Basins, recognizing climatic events and periods (extracted from Gómez et al., 2016).
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A total of 92 samples (15 belemnite rostra, 26 brachiopod shells and 15 carbonate
internal sediment in brachiopod shells) were collected from the Obón section in order to
analyze the 18O/16O and 13C/12C ratios for the Barahona Formation (3 samples/m on
average). Carbonate of brachiopod shells, as brachiopods are benthic organisms, are
considered to be produced in equilibrium with the sea bottom water, recording their
isotopic signal (e.g. Carpenter and Lohmann, 1995; Brand et al., 2003). Belemnites
were nektonic and neritic-pelagic organisms whose rostra could reflect the isotopic
signal from near-surface open seawaters (Rexfort and Mutterlose, 2009). However,
recent studies on their ultrastructure have demonstrated that rostra were originally
highly porous and rapidly filled with syntaxial overgrowths of abiotic calcite, but it
remains uncertain whether these calcite overgrowths precipitated while the organisms
were still alive or during marine diagenesis (Hoffmann et al., 2016; Benito et al., 2016).
Finally, the carbonate sediment analyzed in brachiopods is assumed to represent a
carbonate archive of the inner water mass of the ramp, since it is composed by a mixture
of lime mud and silt-sized skeletal components transported from shallow environments
to the mid-proximal outer ramp, according to the sedimentological interpretation
deduced by this work.
As regards to the laboratory procedures, the selected samples were firstly
examined under a binocular microscope in order to identify and avoid the most
susceptible areas to diagenetic alteration (microfractures, chalky-cloudy areas and the
exterior parts in contact with sediment). In addition, the preservation degree was
evaluated with the analysis of trace elemental concentrations on selected samples, along
with thin sections subjected to petrographic and cathodoluminiscence (CL) observations
in order to characterize and detect non-luminiscent portions (Fig. 4.6), considered to be
primary biogenic calcite that is mostly diagenetically unaltered (e.g. Sælen, 1989;
Rosales et al., 2001). The CL analysis was carried out with a Technosyn Cold Cathodo
Luminoscope at IGME (Spain), under 10-12 kV beam potential, a 0.5 μA beam current
and 0.05–0.1 Torr pressure. Those calcites that appeared as non-luminiscent in CL and
that were seen as translucent under a binocular microscope were sampled and powdered
with a drill. The 87Sr/86Sr isotopes were determined with a TIMS-Phoenix thermal
ionization mass spectrometer at the CAI de Geocronología y Geoquímica Isotópica of
the Universidad Complutense de Madrid (Spain). All 87Sr/86Sr data were corrected for
possible 87Rb interferences and were normalised to a value of 0.1194 for 86Sr/88Sr.
During the period of analysis, a NBS-987 standard (87Sr/86Sr = 0.71024) was
systematically analyzed in order to detect the average deviation of the method and
correct the measured values from a possible deviation referred to the standard. Samples
for O and C isotope analyses were processed on a SIRA-II mass spectrometer at the
Servicio de Análisis de Isótopos Estables of the Universidad de Salamanca (Spain).
Carbon- and oxygen-isotope ratios are expressed in the usual δ-notation in parts per
mile (‰) relative to the Vienna Pee Dee Belemnite (V-PDB) standard. Samples were
calibrated against the internal carbonate standard EEZ-1, which had previously been
compared with the international standard NBS-19 (values of 1.95‰ and -2.20‰ for
δ13C and δ18O, respectively).
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Figure 4.6 (Previous page): Photomicrographs showing the preservation degree of belemnite
samples taken in the upper Pliensbachian Barahona Formation for stable isotopes analysis
carried out by this work. A, B): Transmitted light microscope (TL) photographs from
longitudinal sections of belemnite rostra. The belemnite rostra have a clear and translucent
appearance except in the apical line that becomes cloudy. The location of more detailed
pictures is also shown. C-C′): Detailed picture under transmitted light microscope (C) and
cathodoluminescence microscope (C′) through the apical line shown in A. The cloudy apical
line is luminescent in contrast to the rest of the belemnite rostrum, which is non-luminescent
except for small microstylolite-related diagenetically altered lines. D-D’): Detailed picture
under transmitted light microscope (D) and cathodoluminescence microscope (D’) of the
belemnite area shown in B. The well-preserved belemnite rostrum is non-luminescent. The
sediment filling the phragmocone area is orange luminescent. E-E’): Detailed picture under
transmitted light microscope (E) and cathodoluminescence microscope (E’) through the
fibrousmicrostructure of the belemnite shown in A. The belemnite is largely non-luminescent
except for the boundaries between some radial fibres, which have a cloudier appearance.
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5. BARAHONA FORMATION:
late Pliensbachian platform

5. Barahona Fm: late Pliensbachian platform

5.1. INTRODUCTION AND SPECIFIC AIMS
The Barahona Formation records the late Pliensbachian (Early Jurassic) platform
studied in this PhD thesis, which consisted in the mid to proximal outer domains of a
homoclinal bioclastic ramp.
The shallow marine carbonate facies deposited in the Iberian Basin during the
Pliensbachian record a transgressive-regressive third-order cycle which culminates in
the upper Pliensbachian with a regional-scale regression affecting Western Europe
(Aurell et al., 2003; Gómez and Goy, 2005). The causes of this regressive event can be
related to the existence of a cooling interlude, identified by some authors within the
global warm climate conditions of the Jurassic (Price, 1999; Dera et al., 2011; Fig.
5.1). In that sense, this cooling interlude (Boreal Spinatum Zone, or the equivalent
Tethyan Emaciatum Zone) has great scientific interest due to the possibility of polar
ice cap development as responsible of the late Pliensbachian regressive stage, previous
to the Toarcian warming event, as it is supported by isotopic data analyzed from other
nearby basins (e.g., Asturian Basin: Gómez et al., 2015; Basque-Cantabrian Basin:
Rosales et al., 2004; Causses Basin: Mailliot et al., 2009; Lusitanian Basin: Suan et al.,
2010; Subbetic Basin: Sandoval et al., 2012; Fig. 5.2). In the Iberian Basin, the
regressive hemicycle of the Pliensbachian T-R third-order cycle is represented by the
Barahona Formation, a 10-20 m-thick succession of bioclastic limestones with marly
intercalations and abundant fossiliferous content (mainly brachiopods, bivalves and
belemnites).
The Pliensbachian cyclostratigraphy and the oxygen and carbon isotopic signal
of the Pliensbachian-Toarcian transition in the Iberian Basin were analyzed by ComasRengifo et al. (1999) and Comas-Rengifo et al. (2010), respectively. However, these
works are focused on relatively deeper open areas (Almonacid de la Cuba sector). So,
the isotopic signal and magnitude of the cooling climatic episode in the shallow
marine areas of the Iberian Basin is an issue still to be evaluated, as well as its
influence over the possible sedimentary imprint of high-frequency sequences. It is
interesting to consider that shallow marine areas are very susceptible to highfrequency cycles during icehouse periods, since the climatically-induced sea level
fluctuations can be enhanced due to the water storing on ice caps and posterior
releasing (e.g. Sømme et al., 2009). On the other hand, a context of marine regression
subjected to storm action is usually unfavourable to the preservation of high-frequency
sequences, due to limited accommodation and frequent remobilization (e.g. Strasser et
al., 1999). In that way, the facies, sequential and chemostratigraphic analyses
performed on the Barahona Formation offer new data on this subject, and allow
discussing the factors controlling the bioclastic-dominated sedimentation and the
preservation potential of different scale high-frequency cycles on the shallow marine
areas of this late Pliensbachian platform, in a context of a regressive cooling interlude
with possible development of ice caps.
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The specific aims pursued by this research subject are the following:
Understand the palaeoenvironmental significance of facies, and reconstruct the
depositional model and sedimentary processes which characterized the late
Pliensbachian platform developed in the central part of the Iberian Basin.
Characterize the long-term regressive facies trend, as well as the presence of
different scale superimposed high-frequency deepening and/or shallowing
sequences in shallow marine areas. The potential correlation of the identified
lithostratigraphic boundaries and sedimentary sequences with those recognized by
previous authors in other sectors of the basin will be evaluated.
Improve the age calibration of the Pliensbachian–Toarcian boundary in the studied
sector, by the means of previous biostratigraphic data (ammonite zones) and newly
acquired chemostratigraphic data (stable strontium isotopes). Getting a reliable
chronostratigraphic framework will also allow evaluating the time span of the late
Pliensbachian cooling event, as well as the duration of the identified sedimentary
sequences and their possible correspondence to Milankovitch orbital cycles.
Discuss the palaeoenvironmental implications of the cooling event at the end of the
Pliensbachian, previous to the Toarcian warming event, as well as analyzing the
carbon and oxygen isotopic signal. In that sense, it will allow evaluating the
influence of these cooling conditions in shallow marine areas over the sedimentary
imprint of high-frequency climatic cycles.
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Fig. 5.1: Chemostratigraphic palaeoenvironmental proxies recorded for Pliensbachian and
Toarcian. Belemnite δ18O, δ13C, 87Sr/86Sr, and Mg/Ca data belong from several localities (i.e.,
UK, Germany, Portugal, Spain, and Bulgaria). Palaeotemperatures were obtained with the
equation of Anderson and Arthur (1983). Second order transgressive/regressive cycles are
from Hardenbol et al. (1998). Geochemical data references: 87Sr/86Sr data: Jones et al.
(1994), Hesselbo et al. (2000),McArthur et al. (2000), and Jenkyns et al. (2002). Mg/Ca data:
McArthur et al. (2000), Bailey et al. (2003), Rosales et al. (2004), and Van de Schootbrugge et
al. (2005). δ13C and δ18O data: Hesselbo et al. (2000), McArthur et al. (2000), Jenkyns et al.
(2002), Bailey et al. (2003), Rosales et al. (2004), Metodiev and Koleka-Rekalova (2006), Van
de Schootbrugge et al. (2005), and Gómez et al. (2008). Extracted from Dera et al. (2009a)

Fig. 5.2 (Next page): Curves of stable isotopes (A: δ18O; B: δ13C) from the Iberian Basin
(Almonacid de la Cuba sector: Comas-Rengifo et al., 2010), the Asturian Basin (Gómez et al.,
2015) and the Basque-Cantabrian Basin (Rosales et al., 2004; Quesada et al., 2005). The
dashed line delimits the Spinatum zone extension.
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Sedimentología y cicloestratigrafía de la Formación Barahona
(Jurásico Inferior) en la Rama Aragonesa de la Cordillera Ibérica
Sedimentology and cyclostratigraphy of the Barahona Formation (Lower Jurassic) in the Aragonese
Branch of the Iberian Range
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ABSTRACT

RESUMEN

A detailed bed-by-bed sedimentological and cyclostratigraphic
characterization of the Barahona Formation has been carried out in two
representative outcrops in the Aragonese Branch of the Iberian Range, in
order to characterize the sedimentary environment and evaluate the factors
controlling the sedimentation during the upper Pliensbachian in the Iberian
Basin. Facies range from proximal mid-ramp bioclastic packstones, distal
mid-ramp bioclastic wackestones and mudstones, to proximal outer-ramp
marly limestones and marls. Sequence analysis indicates the presence of
twelve metre-thick high-order sequences, grouped in four longer-term
sequences, which have been interpreted in terms of relative sea-level
variations controlled by climatic changes in the bands of short- and longterm eccentricity cycles. At the longer scale, the studied unit records the
regressive episode of the late Pliensbachian, and probably the initial
deepening of the Toarcian cycle.

Se realiza la caracterización sedimentológica y cicloestratigráfica capa a
capa de la Formación Barahona en dos afloramientos representativos de la
Rama Aragonesa de la Cordillera Ibérica, con objeto de proponer un modelo
de sedimentación y evaluar los factores que controlaron la sedimentación durante el Pliensbaquiense superior en la Cuenca Ibérica. Las facies representan una rampa carbonatada dominada por tormentas, desde rampa media
proximal (packstones bioclásticos) y media distal (wackestones y mudstones
bioclásticos) a rampa externa proximal (margocalizas y margas). El análisis
secuencial constata la presencia de doce secuencias de alto orden de potencia métrica, agrupadas en cuatro secuencias de mayor duración temporal. Las secuencias se atribuyen a variaciones relativas del nivel del mar inducidas por cambios climáticos asociados a ciclos orbitales de excentricidad
de corto y largo término. A mayor escala, la Fm. Barahona registra el evento
regresivo del Pliensbaquiense superior y, en su parte terminal, probablemente el inicio de la profundización del ciclo toarciense.

Key-words: Upper Pliensbachian, Iberian Basin, carbonate ramp, Barahona
Formation, high-order sequence.

Palabras clave: Pliensbaquiense superior, Cuenca Ibérica, rampa carbonatada, Formación Barahona, secuencia de alto orden.
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Introducción y objetivos
Durante el Jurásico Inferior, la Cuenca
Ibérica se encontraba formando parte del
llamado Corredor Ibérico, el cual comunicaba el Océano Tethys con el Mar Boreal al
norte. Las facies marinas depositadas durante el Pliensbaquiense en la Cuenca Ibérica registran un ciclo transgresivo-regresivo que culmina en el Pliensbaquiense Superior con una regresión representada por
la Fm. Barahona. En la Cordillera Ibérica,
esta unidad está formada por una sucesión
de 10 a 20 m de calizas bioclásticas y margas con abundantes fósiles, en la que predominan las calizas bioclásticas bioturba-

Fecha de recepción: 31 de enero de 2014
Fecha de revisión: 29 de abril de 2014
Fecha de aceptación: 30 de mayo de 2014

das, y se considera que abarca las biozonas Margaritatus y Spinatum (Aurell et al.,
2003).
El predominio de sedimentos carbonatados durante el Pliensbaquiense Superior
también se reconoce en otras cuencas del
Tethys noroccidental (p.ej., Dera et al.,
2011), donde se atribuye a una etapa regresiva ligada a un episodio frío dentro del
clima global cálido del Jurásico. Sin embargo, para la Cuenca Ibérica no existen estudios sedimentológicos capa a capa que
caractericen, a lo largo de la sucesión aparentemente monótona de la Fm. Barahona,
la evolución detallada de sus facies, en relación al evento regresivo.

Copyright© 2014 Sociedad Geológica de España / www.geogaceta.com

El objetivo fundamental de este trabajo
es realizar la caracterización y correlación
de facies y de ciclos o secuencias de alto
orden de la Fm. Barahona en sendos afloramientos de la Rama Aragonesa de la Cordillera Ibérica, para: (1) entender el significado paleoambiental de las facies integrado en un modelo de sedimentación; (2)
establecer su evolución vertical, caracterizando así tanto el evento regresivo de largo
término, como los ciclos profundizantes y/o
somerizantes de alta frecuencia sobreimpuestos; y (3) discutir los factores que controlaron la sedimentación, dentro del contexto climático frío propuesto por otros autores.
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Fig. 1.- Afloramientos de la Fm. Barahona en Obón (izquierda) y San Pedro (derecha). En ambas secciones se han indicado los límites de secuencia de alto orden (líneas negras) a techo de determinados estratos (ver números).

Fig. 1.- The studied outcrops of the Barahona Fm. in Obón (left) and San Pedro (right). High-order sequence boundaries are highlighted in both sections (black lines) on top of some beds (see numbers).

Perfiles estudiados y
metodología
El trabajo ha consistido en el levantamiento y posterior correlación de dos perfiles estratigráficos en sendos afloramientos de la Fm. Barahona (Fig. 1), representativos de la Rama Aragonesa de la Cordillera Ibérica. Se localizan en la provincia de
Teruel, uno próximo al municipio de Obón
(perfil de Obón), y otro entre Oliete y Ariño
(perfil de San Pedro), distantes entre sí 15
km (distancia sin restituir el acortamiento
tectónico). En este sector, la Fm. Barahona
muestra una potencia de 16-17 m (Fig. 2)
y en edad se considera que abarca la parte
superior de la biozona Margaritatus, la biozona Spinatum, y parte de la biozona Tenuicostatum, ya dentro del Toarciense (perfil de Obón; Mouterde et al., 1978).
El análisis sedimentológico ha comprendido el estudio en campo capa a capa
de la textura, componentes y estructuras
sedimentarias (incluida la caracterización
de trazas fósiles), que se ha completado
con la toma de muestras y su estudio en
secciones pulidas y láminas delgadas.
Para la identificación de los ciclos o secuencias de facies de corta duración temporal se aplicaron dos de los criterios desarrollados por Bádenas et al. (2012): 1) la
identificación de superficies de estratificación netas que delimitan conjuntos de
capas, potencialmente indicadoras de cambios bruscos en la sedimentación, y 2) el
análisis de tendencias verticales de la variedad e intensidad de la bioturbación,
como indicadoras de profundizaciones (decrecimiento de bioturbación) y/o somerizaciones (incremento de bioturbación).
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Análisis de facies
La Fm. Barahona es una unidad de calizas y margas dominada por granos esqueléticos. Por este motivo, la diferenciación de facies realizada ha tenido en
cuenta tanto criterios litológicos como texturales, basados éstos en la abundancia de
dos tipos de fracción esquelética: por un
lado, bioclastos de tamaño milimétrico,
fundamentalmente correspondientes a
fragmentos de bivalvos, braquiópodos, gasterópodos y equinodermos; y, por otro, fósiles completos o desarticulados, principalmente de bivalvos y braquiópodos, y en
menor proporción de equinodermos, belemnites y ammonites. Se ha reconocido un
total de 7 facies, siendo 5 correspondientes a calizas, y 2 a las litologías mixtas de
margas y margocalizas (Fig. 2).
Las facies dominantes corresponden a
calizas bioclásticas bioturbadas, dispuestas
en estratos nodulosos de potencia decimétrica. Éstas incluyen: facies no granosostenidas de mudstones (M) y wackestones
(W); facies granosostenidas por la fracción
bioclástica fina en la que flotan los fósiles
completos o desarticulados, correspondientes a packstones finos (Pf, con bioclastos redondeados de diámetro inferior a 2
mm) y gruesos (Pg, con bioclastos de diámetro medio mayor a 2 mm y menos redondeados); y, por último, una facies de
desarrollo local (2 niveles en Obón y 3 en
San Pedro) de lumaquelas (L) granosostenidas por fósiles completos de bivalvos y
braquiópodos y con matriz bioclástica. Las
facies usualmente están asociadas verticalmente, reconociéndose gradaciones de facies más gruesas a finas (Pg pasando a Pf),

o facies más a menos granosostenidas (P
cambiando a W y M). En general, la bioturbación se concentra en la parte superior de
las capas. Las facies M muestran trazas de
Planolites y Chondrites. En las facies W, Pf
y Pg, la bioturbación es más abundante y
variada, incluyendo además trazas de Rhizocorallium, Diplocraterion y Thalassinoides.
Las facies correspondientes a litologías
mixtas, p. ej., margas (Mg) y margocalizas
(Mgz), son minoritarias, ya que aparecen
como interestratos y localmente en niveles
decimétricos (especialmente en la parte
basal y superior de la unidad). La facies
Mgz muestra similar proporción de granos
esqueléticos que las calizas M-W, pero
menos bioturbación. Las facies Mg muestran escasos fósiles y poca bioturbación.
Las facies P con un mayor porcentaje
de fracción bioclástica fina, serían las facies
de mayor energía registradas. No obstante,
la presencia en éstas de matriz fangosa y
de fósiles enteros o desarticulados (es decir,
paraauctóctonos o autóctonos), así como
de abundante bioturbación, indica dominios no sometidos a agitación continua. Las
facies calcáreas más fangosas (W y M), y
mixtas (Mgz y Mg), donde la fracción bioclástica fina y el grado de bioturbación son
comparativamente menores, equivaldrían a
facies de baja energía.
Por su parte, las facies L representarían
el registro de eventos de mortandad en
masa que, como tales, tendrían reflejo en
un área relativamente extensa de la plataforma.

Análisis secuencial y correlación
En las dos secciones estudiadas de la
Fm. Barahona se ha constatado la existencia de secuencias o ciclos de escala métrica
(12 en Obón y 11 en San Pedro), que son
de tendencia vertical profundizante, somerizante o profundizante-somerizante (simétricos) (Fig. 2). Sus límites, por lo tanto, representan superficies de inundación relativas. Los depósitos asociados al intervalo
profundizante registran un descenso en el
grado de bioturbación, culminando en sedimentos poco o nada bioturbados. Los depósitos ligados al intervalo somerizante
muestran un aumento de la bioturbación
en la vertical, que puede llegar a ser de
gran intensidad.
Las secuencias identificadas en ambos
perfiles son correlacionables una a una, de
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Fig. 2.- Propuesta de correlación de facies en la Fm. Barahona entre los perfiles de Obón y San Pedro, así como de las secuencias de alto orden, profundizantes, somerizantes o profundizantes-somerizantes.

Fig. 2.- Correlation of facies and high-order sequences between the studied Obón and San Pedro logs. Deepening, shallowing or deepening-shallowing sequences have been characterized.
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Fig. 3.- Modelo de sedimentación para la Fm. Barahona (Pliensbaquiense superior), consistente en una
plataforma carbonatada de tipo rampa, y distribución de las facies en los diferentes dominios, con
sus respectivos procesos dominantes.

Fig. 3.- Reconstruction of the sedimentary environment for the upper Pliensbachian Barahona Fm., a
ramp-type carbonate platform, and distribution of facies and processes along the different domains.

modo que, junto a la presencia de las capas
guía de lumaquelas (facies L), representan
una buena herramienta de correlación de
las facies a nivel de capa (Fig. 2). Esta correlación permite constatar la relación lateral de facies de más energéticas a menos
energéticas (p. ej., Pg-Pf-W-M-Mgz-Mg).
En las secuencias 1 y 2 predominan las facies fangosas, y la componente profundizante (P a Mgz-Mg a techo), mientras que
en las secuencias 3 (simétrica) y 4 (somerizante) dominan las facies W y P, reconociéndose las facies Pg, en el perfil de Obón.
Las secuencias 5 a 7 son simétricas y dominadas por facies Pf, culminando con un
nivel continuo de facies Pg y L en la somerización de la secuencia 7. Las secuencias 8
a 10 son también simétricas y dominadas
por facies granosostenidas Pf, Pg y L. Las
secuencias 11 (simétrica) y 12 (somerizante) involucran de nuevo a facies fangosas, que son dominantes en el perfil de
Obón.
El análisis a más largo término de la
evolución de facies permite agrupar las secuencias en otras de menor orden. Se trataría de los grupos de secuencias 1-4, 5-7,
8-10 y 11-12, cada uno de los cuales culmina con depósitos gruesos Pg. A su vez,
se observa una tendencia somerizante a
más largo término, que abarca toda la formación, a excepción de las secuencias 11 y
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12, que registran una profundización
brusca y una inversión en la polaridad de
las facies.

Interpretación: modelo de
sedimentación y factores
genéticos
El modelo de sedimentación propuesto
para la Fm. Barahona en el área de estudio
se corresponde con una plataforma carbonatada de tipo rampa (Bordonaba y Aurell,
2002). Los datos del presente trabajo permiten precisar la distribución de procesos y
facies dentro de esta rampa (Fig. 3). En concreto, las facies estudiadas corresponderían
a los dominios de rampa media y de tránsito
de rampa media a externa, caracterizados
por la acumulación de depósitos bioclásticos de tormenta (facies P), gradando distalmente a sedimentos progresivamente más
fangosos (facies M-W, Mgz y Mg). Se propone la existencia de una hipotética zona
de rampa interna de alta energía, no registrada en los perfiles analizados, desde
donde la fracción bioclástica fina sería removilizada hacia dominios más distales mediante la acción de flujos densos de resaca
de tormentas. En la rampa externa dominarían los procesos de decantación.
De acuerdo a la calibración temporal de
la biozona Spinatum en el perfil de Obón,

con una duración de 1,4 Ma (Caruthers et
al., 2013), se puede calcular la duración
media de las secuencias de alto orden reconocidas. Considerando la máxima extensión propuesta de la biozona Spinatum en
el perfil de Obón (Fig. 2), ésta abarcaría 12
secuencias, con una duración media de
116.000 años. Por su parte, los grupos de
secuencias 1-4, 5-7, 8-10 y 11-12 tendrían
una duración temporal media de 350.000
años. Estos valores se aproximan a la duración de los ciclos de Milankovitch de excentricidad de rango corto y largo, respectivamente. En un contexto de clima relativamente frío y con posible desarrollo de
casquetes polares (por ejemplo, Dera et al.,
2011), ambos órdenes de secuencias se habrían generado por variaciones relativas del
nivel del mar inducidas por los cambios climáticos, que controlarían la producción somera y su resedimentación hacia las zonas
distales. A mayor escala, la Fm. Barahona
registraría tanto el evento regresivo del
Pliensbaquiense superior (incremento de
las facies Pg someras en las secuencias 1 a
10), como un evento profundizante y de
cambio de polaridad de las facies (secuencias 11 y 12), que podría corresponder al
inicio del ciclo transgresivo toarciense.
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ABSTRACT

RESUMEN

The upper Pliensbachian is represented in the Iberian Range by the bioclastic limestones of the Barahona Fm. The sedimentological analysis indicates a shallowing trend throughout the upper Pliensbachian, followed by a
deepening trend before the Pliensbachian-Toarcian boundary. In some northern areas of the Iberian Range this deepening event roughly coincides with
the boundary between the Barahona Fm and the marls and limestones of
the Turmiel Fm (Toarcian).
In the Obon area (Teruel), the age calibration of the Barahona Fm using
Sr stable isotopes has allowed us to locate accurately the PliensbachianToarcian boundary and proves that in these southern shallow areas of the
basin, the latest Pliensbachian deepening event is recorded within the Barahona Fm. These data indicates the lateral facies relationship between the
Barahona Fm and the relatively deeper facies of the Turmiel Fm, within the
Jurassic carbonate ramp deepening to the North.

El Pliensbachiense superior está representado en la Cordillera Ibérica por las
calizas bioclásticas de la Fm. Barahona. El análisis sedimentológico de estos
depósitos indica una tendencia somerizante durante la mayor parte del Plienbachiense superior, que se invierte a profundizante antes del límite
Pliensbachiense-Toarciense. En algunos sectores de la Cordillera Ibérica noroccidental dicha profundización coincide con el límite litológico entre la Fm.
Barahona y las margas y calizas de la Fm. Turmiel (Toarciense).
En el sector de Obón (Teruel), la calibración temporal mediante isótopos
estables de Sr de la Fm Barahona permite ubicar con precisión el límite Pliensbachiense-Toarciense, y demuestra que en estas zonas someras meridionales de
la cuenca el inicio de la profundización del Pliensbachiense terminal se registra
dentro de la Fm. Barahona. Estos datos reflejan la relación de cambio lateral de
facies entre la Fm. Barahona y las facies relativamente más profundas de la Fm.
Turmiel, en la rampa carbonatada jurásica con polaridad hacia el Norte.

Key-words: Upper Pliensbachian, Iberian Basin, strontium isotopes,
Barahona Formation.
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Introducción y objetivos
El Pliensbachiense superior (Jurásico Inferior) registra sucesiones dominadas por
carbonatos y tendencia regresiva en el ámbito del Tethys noroccidental. Este episodio
regresivo ha sido relacionado con la existencia de un interludio climático de enfriamiento previo a la etapa de calentamiento
del Toarciense inferior (ej., Price, 1999; Dera
et al., 2001). Diversos autores han estudiado
el registro isotópico del Pliensbachiense superior en sucesiones marinas relativamente

profundas del entorno de Iberia, para evaluar la magnitud e implicaciones de dicho
episodio de enfriamiento. Los datos de isótopos estables muestran valores de δ18O
más altos y de δ13C más bajos para la biozona Spinatum/Emanciatum del final del
Pliensbachiense, respecto a los registrados
para la biozona Tenuicostatum, del inicio
del Toarciense (ej.: Cuenca Vasco-Cantábrica: Rosales et al., 2004; Cuenca Asturiana: Gómez et al., 2015; Cuenca Lusitánica: Suan et al., 2010; Cuenca Subbética:
Sandoval et al., 2012).

Copyright© 2017 Sociedad Geológica de España / www.geogaceta.com

En la Cordillera Ibérica septentrional
(Rama Aragonesa), el episodio regresivo del
Pliensbachiense superior está representado
por la Fm. Barahona, una sucesión de 1020 m de calizas bioclásticas y margas con
abundantes bivalvos, braquiópodos y belemnites, sobre las que se disponen las margas y calizas de la Fm. Turmiel, depositadas
en relación con el episodio transgresivo que
tuvo lugar en torno al tránsito Pliensbachiense-Toarciense (Aurell et al., 2003; Gómez y Goy, 2005). Sin embargo, hasta la
fecha no se han realizado en las sucesiones
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marinas relativamente someras de la
Cuenca Ibérica estudios que evalúen la señal
isotópica del interludio de enfriamiento del
Pliensbachiense superior.
El objetivo de este trabajo es realizar la
calibración temporal mediante datos bioestratigráficos y quimioestratigráficos (isótopos
de Sr) de la biozona Spinatum y del límite
Pliensbachiense-Toarciense (límite SpinatumTenuicostatum) en el afloramiento próximo a
la localidad de Obón (Teruel; Rama Aragonesa
de la Cordillera Ibérica). La calibración cronoestratigráfica del límite entre las formaciones Barahona y Turmiel, así como de la
superficie de profundización desarrollada en
torno al límite Pliesbachiense-Toarciense arrojará argumentos para comparar la posición
estratigráfica de dichos límites litoestratigráficos y de los ciclos sedimentarios con otros
sectores de la cuenca, y aportará un marco
cronoestratigráfico más preciso para futuros
trabajos en este sector, que permitirán evaluar
la señal isotópica del episodio de enfriamiento
del Pliensbachiense superior.

Metodología y datos previos
Se ha levantado en la localidad de Obón
(Teruel) un perfil estratigráfico detallado capa
a capa desde la base de la Fm. Barahona
(Pliensbachiense superior) hasta la parte inferior de la Fm. Turmiel (Toarciense inferior),
de modo que incluya con seguridad el límite
Pliensbachiense-Toarciense. El análisis sedimentológico realizado para la Fm. Barahona
en este sector indica su depósito en los dominios de rampa media y transición media a
externa de una plataforma carbonatada de
tipo rampa (Val y Bádenas, 2014; Fig. 1A, B).
A lo largo de este perfil estratigráfico se
ha llevado a cabo el muestreo de un total de
51 rostros de belemnites y 23 muestras de
conchas de braquiópodos (3 muestras/metro
de media) de los que se seleccionaron 19
ejemplares para el análisis de los isótopos
estables de Sr y obtención de la curva 87Sr/86Sr.
Se prepararon láminas delgadas de belemnites para evaluar la posible alteración diagenética mediante el microscopio petrográfico
y bajo catodoluminiscencia, de modo que se
seleccionaron y muestrearon tan solo las porciones no luminiscentes y consideradas como
diagenéticamente inalteradas.

Calibración temporal
La distribución de biozonas de ammonites propuesta por Mouterde et al. (1978)
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para el sector de Obón localiza el límite entre las biozonas Margaritatus y Spinatum
en la parte basal de la Fm. Barahona, en
un intervalo de incertidumbre que abarca
desde el techo de la capa 2 hasta el techo
de la capa 34 diferenciadas en este trabajo,
basado en la última aparición de Protogrammoceras sp. y en la primera aparición
de Pleuroceras spinatum (Fig. 1C). El límite
entre las biozonas Spinatum y Tenuicostatum se ubica según Mouterde et al. (1978)
en la parte superior de la Fm. Barahona, en
un intervalo de incertidumbre que abarca
desde el techo de la capa 46 hasta el techo
de la capa 56 (techo de la Fm. Barahona,
ver Fig. 1C), basado en la última aparición
de Pleuroceras spinatum y en la primera
aparición de Dactylioceras semicelatum.
Para conseguir una calibración temporal
más precisa se ha realizado el análisis de
isótopos 87Sr/86Sr (Fig. 1C) obtenidos de los
rostros de belemnites y conchas de braquiópodos. La curva 87Sr/86Sr obtenida se ha comparado con la curva general de isótopos
87
Sr/86Sr para el Jurásico Inferior (Fig. 1D;
McArthur et al., 2000; Gradstein et al.,
2012), lo que ha permitido ubicar con precisión los límites inferior y superior de la biozona Spinatum. El límite inferior de Spinatum
ha podido precisarse en el techo de la capa
34 de acuerdo al valor obtenido de 87Sr/86Sr
(0.70714). La tendencia decreciente progresiva y sin saltos de los valores en la curva de
87
Sr/86Sr indica que existe un registro sedimentario completo de la biozona Spinatum
dentro de la Fm. Barahona. La curva de
87
Sr/86Sr muestra una tendencia decreciente
desde la base del perfil (valor 0.70720) hasta
el techo de esta formación (valor 0.707057).
A partir del límite entre las formaciones Barahona y Turmiel existe un cambio marcado
y brusco hacia una tendencia creciente en
los valores. Este dato confirma que el límite
Pliensbachiense-Toarciense (límite entre Spinatum y Tenuicostatum) coincide con el límite litológico Barahona-Turmiel.

Discusión
En la Rama Aragonesa de la Cordillera
Ibérica se registra un evento de profundización al final de la última biozona del Pliensbachiense (biozona Spinatum; Aurell et al.,
2003). No obstante, este evento transgresivo
no siempre coincide con el límite litológico
entre las formaciones Barahona y Turmiel
(Gómez y Goy, 2005). En el caso de Obón,
la superficie de transgresión más evidente se

encuentra en el límite entre los tramos
medio y superior de la Fm. Barahona (techo
de la capa 46, 4 m por debajo del límite
entre las formaciones Barahona y Turmiel), y
registra el paso de facies grano-sostenidas
someras a una alternancia de facies margosas y carbonatadas fangosas relativamente
más profundas (Fig. 1C; Val y Bádenas,
2014). La calibración temporal obtenida
para el perfil de Obón mediante la curva
87
Sr/86Sr confirma que el límite entre las biozonas Spinatum-Tenuicostatum (Pliensbachiense-Toarciense) es coincidente con el
límite entre las formaciones Barahona y Turmiel, y se sitúa por encima de la superficie
transgresiva. Esto se encuentra en concordancia con lo observado por Comas-Rengifo
et al. (1998) en la sección de Alfara (Valencia), donde también se registra el evento
transgresivo dentro de las calizas bioclásticas de la Fm. Barahona, y se observa que el
límite entre las facies grano-sostenidas de la
Fm. Barahona y las facies margosas y carbonatadas fangosas de la suprayacente Fm.
Sant Blai es coincidente con el límite Pliensbachiense-Toarciense.
En localidades septentrionales de la
Rama Aragonesa de la Cordillera Ibérica, representativas de dominios relativamente
más profundos de la cuenca (Almonacid de
la Cuba, Zaragoza: Comas-Rengifo et al.,
1999), el límite entre las formaciones Barahona y Turmiel coincide con la superficie
transgresiva del final de la biozona Spinatum, lo que se traduce en una posición estratigráfica más baja del límite entre las
formaciones Barahona-Turmiel (Fig. 2).
Por lo tanto, en los sectores meridionales
relativamente más someros de la cuenca, el
evento transgresivo del final de la biozona
Spinatum se registra dentro de las calizas
bioclásticas de la Fm. Barahona, situándose
la base de la Fm. Turmiel en el límite Pliensbachiense-Toarciense. Por su parte, en las
áreas septentrionales relativamente más distales, el evento transgresivo del final del
Pliensbachiense coincide con el límite entre
las formaciones Barahona y Turmiel. Esta diferente ubicación cronoestratigráfica del límite entre formaciones demuestra el paso
lateral de las facies de calizas bioclásticas
someras de la Fm. Barahona a las ritmitas
marga-caliza más profundas que conforman
la Fm. Turmiel. Esta relación lateral de facies
entre las formaciones Barahona y Turmiel
concuerda con la polaridad Norte-Sur de la
cuenca, situándose los dominios más profundos al Norte.
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Fig. 1.- A) y B) Modelo sedimentario y correlación de facies de la Fm. Barahona para el sector de Obón-San Pedro y C) su calibración temporal en Obón mediante
datos bioestratigráficos e isótopos estables de Sr. D) Curvas 87Sr/86Sr para el Pliensbachiense-Toarciense.

Fig. 1.- A) and B) Sedimentary model and facies correlation of the Barahona Fm in the Obón-San Pedro area and C) its age calibration in Obón, based on biostratigraphic data and stable Sr isotopes. D) 87Sr/86Sr curves for the Pliensbachian-Toarcian
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Fig. 2.- A) Localización de los afloramientos pliensbachienses de Obón y Almonacid de la Cuba. B) Posición cronoestratigráfica en dichos sectores de la superficie
transgresiva del final de la biozona Spinatum y del límite entre las formaciones Barahona y Turmiel.

Fig. 2.- A) Location of the Pliensbachian outcrops of Obón and Almonacid de la Cuba, B) Chronostratigraphic position of the deepening surface at the Spinatum
Zone and of the boundary between the Barahona and Turmiel formations.

Conclusiones

Agradecimientos

La calibración temporal del límite
Pliensbachiense-Toarciense en el sector de
Obón, realizada mediante el análisis de la
curva de isótopos estables de Sr obtenidos
en la Fm. Barahona y los niveles basales
de la Fm. Turmiel ha permitido ubicar con
precisión el límite Pliensbachiense-Toarciense en el límite litológico entre ambas
formaciones. La comparación con su posición en otros sectores de la cuenca (más
baja en los sectores septentrionales de la
cuenca) demuestra la relación de cambio
lateral de facies entre ambas formaciones,
en concordancia con la polaridad de la
rampa carbonatada hacia el Norte.
La calibración obtenida para la Fm. Barahona en este sector de la Cordillera Ibérica
establece un marco cronoestratigráfico más
preciso para un futuro análisis de los datos
de isótopos estables de C y O en las muestras de belemnites y braquiópodos recogidas
en este perfil. Esto permitirá obtener la
señal isotópica de las aguas superficiales y
profundas, respectivamente, para evaluar y
discutir sobre el posible registro sedimentario
del interludio de enfriamiento en las zonas
marinas someras de la Cuenca Ibérica durante el Pliensbachiense superior.
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a b s t r a c t
Deposition of regressive successions and coeval positive trend in the oxygen stable isotope record in relatively
deep marine successions of the upper Pliensbachian of western European basins have been related to a cooling
interlude within the warm greenhouse conditions of the Pliensbachian. Sedimentological, cyclostratigraphic
and chemostratigraphic analyses carried out in two upper Pliensbachian successions exposed in the Iberian
Chain (Obón and San Pedro localities, Spain) allowed the characterization of the imprint of this cooling interlude
on the relatively shallow areas of the Iberian carbonate ramp. The upper Pliensbachian succession is characterized by skeletal limestones and encompasses proximal mid-ramp to proximal outer-ramp facies, in which
resedimentation and reworking by storm-induced ﬂows controlled the accumulation of bioclastic debris. Two orders of high-frequency, metre-scale sequences have been identiﬁed: bundles of beds, and deepening-shallowing
sets of bundles. According to the age calibration (previous biostratigraphic data and new strontium isotopes
data) and correlation with nearby sections, these sequences are suggested as formed in tune with the shortterm and long-term eccentricity Milankovitch cycles. The isotopic data from brachiopod shells and belemnite rostra indicate progressively increasing δ18O and slightly decreasing δ13C trends for the uppermost Pliensbachian
Spinatum Zone, reﬂecting the inﬂuence of cooling conditions. However, facies analysis reﬂects that the expected
coeval long-term regression was interrupted by a tectonically driven transgressive event in the uppermost part of
the Spinatum Zone.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
During the Early Jurassic, sedimentation in the Iberian Basin (NE
Iberian Plate) took place in a ramp-type carbonate platform slightly
deepening to the north. This intracratonic platform acted as a seaway,
connecting the Tethys Ocean to the southeast with the Boreal
epicontinental domain to the northwest. The marine facies recorded in
the Iberian Basin during the late Pliensbachian corresponds to a
transgressive-regressive facies cycle (Aurell et al., 2003; Gómez and
Goy, 2005). The regressive hemicycle is represented by a 10–20 mthick succession of bioclastic limestones with some interbedded marls
belonging to the Barahona Formation. The most abundant bioclastic
grains found in this unit are bivalves, brachiopods and belemnites.
Deposition of limestone-dominated successions linked to a regressive stage at the end of the Pliensbachian has also been recognized in
other western European basins. This regional regressive trend has
been related to a cooling interlude that preceded the climate warming
of the earliest Toarcian (Price, 1999; Dera et al., 2011). Several authors
have studied the isotopic record of the late Pliensbachian cooling
⁎ Corresponding author.
E-mail address: jorgevalmunoz@gmail.com (J. Val).
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episode in relatively deep-water successions in western European
basins (e.g., Asturian Basin: Gómez and Goy, 2011; Gómez et al., 2015;
Basque-Cantabrian Basin: Rosales et al., 2004; Causses Basin: Mailliot
et al., 2009; Lusitanian Basin: Suan et al., 2010; Subbetic Basin:
Sandoval et al., 2012). Isotopic analyses carried out by those authors
on belemnite rostra and bulk carbonate show higher δ18O and lower
δ13C values for the latest Pliensbachian (in the Boreal Spinatum Zone,
or in the equivalent Tethyan Emaciatum Zone) than those recorded for
the early Toarcian. However, studies focusing on the sedimentary
imprint of the latest Pliensbachian cooling interlude and earliest
Toarcian warming on relatively shallow-water successions are very
scarce. The facies, sequential and chemostratigraphic analyses of the
Barahona Formation performed here offer new data on this subject,
and allow us to discuss the similarities and differences between the
sedimentary record of the latest Pliensbachian cooling episode in the
Iberian Basin and coeval deeper-water successions studied in previous
works.
This paper presents the results of a facies analysis and correlation of
high-order sequences recorded in the upper Pliensbachian Barahona
Formation carried out on two representative outcrops of the Aragonese
Branch of the Iberian Range (NE Spain). Additional information is
provided by a chemostratigraphic analysis of the C and O stable isotopes
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of the studied succession. Analysis of Sr isotopes combined to the
previously published data on the ammonite biostratigraphy, allowed
to reach a more precise age calibration of belemnite rostra and brachiopod shells. The main objectives of this work are: (1) to understand the
palaeoenvironmental signiﬁcance of facies and propose a sedimentological model for the upper Pliensbachian successions recorded in the
central part of the Iberian Basin; (2) to establish the vertical facies
trends characterizing the long-term regressive trend, as well as the
superimposed high-frequency deepening and/or shallowing sequences;
(3) to discuss the factors controlling sedimentation, including the
inﬂuence of the cold to warm climate conditions and the possible
imprint of higher-frequency climatic cycles; and (4) to compare the C
and O isotopic signal obtained in the relatively shallow studied
succession with those obtained in coeval deeper successions in nearby
basins and to discuss the signiﬁcance and extent of the controlling
factors.

2. Geological setting and studied sections
Two stratigraphic sections of the upper Pliensbachian Barahona Formation have been studied and correlated. These sections are located in
the Aragonese branch of the Iberian Chain (Teruel province, NE
Spain), one near the locality of Obón (Obón section), and the other
one between the localities of Oliete and Ariño (San Pedro section)
(Fig. 1A). The sections are 15 km apart (distance without restoring the
tectonic shortening).
The upper Pliensbachian succession in the study area represents deposition in relatively shallow domains of a large ramp-type carbonate
platform that developed in large areas of the Iberian Basin (Goy et al.,
1976; Comas-Rengifo et al., 1999; Bordonaba and Aurell, 2002). During
the Early Jurassic, this carbonate ramp was open to the north and located at a palaeolatitude of ~ 30–35° N (Osete et al., 2011) (Fig. 1B). The
platform underwent a progressive deepening from carbonate coastal

Fig. 1. A): Geographic location of the studied upper Pliensbachian Obón and San Pedro sections; the distribution of Jurassic outcrops across the Iberian Range are indicated in blue.
B): Palaeogeographical context of the Iberian Basin during the Pliensbachian-Toarcian interval. Compiled from Aurell et al. (2003) and Armendáriz et al. (2013); palaeolatitude
adapted from Osete et al. (2011). C): Chronostratigraphic distribution of the main Lower Jurassic facies across the northern Iberian Chain (Aragonese branch) indicating the studied
interval within the Barahona Formation under study (modiﬁed from Aurell et al., 2003). The transgressive-regressive third order cycles deﬁned in the Iberian Basin by Gómez and Goy
(2005) are also shown. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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environments for most of the Sinemurian to relatively deep platform facies, up to a maximum ﬂooding in the middle Toarcian (Aurell et al.,
2003). Higher-order T-R facies cycles have been deﬁned for the
Pliensbachian-Toarcian of the Iberian Basin, including the upper
Pliensbachian T-R facies cycle (Fig. 1C). This cycle ranges from the
upper part of the early Pliensbachian Davoei Zone to around the boundary of the Pliensbachian Spinatum Zone with the Toarcian Tenuicostatum
Zone (Fig. 1C; Gómez and Goy, 2005). The open-marine marldominated Cerro del Pez Formation (lower Margaritatus Zone, Stokesi
Subzone) corresponds to the transgressive hemicycle of the late
Pliensbachian T-R facies cycle. The bioclastic limestones of the Barahona
Formation (upper Margaritatus and Spinatum zones) record the regressive stage of this cycle (Fig. 1C). The upper boundary of the Barahona
Formation roughly coincides with the Pliensbachian-Toarcian boundary
and constitutes a regional transgressive surface indicated by the onset of
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the deposition of the ammonite-rich marl-limestone alternation of the
Turmiel Formation.
In the studied area, the Barahona Formation is around 18 m thick and
consists of three lithological intervals (Fig. 2A, B). The lower interval is
formed by an alternation of dm-thick bedded mud-supported limestones
and marls, in gradual transition to the underlying marly-dominated
Cerro del Pez Formation. The middle part of the Barahona Formation corresponds to dm-thick tabular, mostly grain-supported bioclastic limestones. The upper interval is composed of nodular bioclastic limestones
with intercalated marls and represents the transition to the overlying
marl-limestone alternation of the Turmiel Formation.
Previous biostratigraphy data by Mouterde et al. (1978) on the basis
of ammonite distribution are available for the Obón section, which will
be discussed below in order to precise the location of the boundaries of
the successive upper Pliensbachian ammonite biozones.

Fig. 2. Field view of the studied outcrops of the Barahona Formation in Obón (A) and San Pedro (B), showing the distribution of three main lithological intervals: a lower interval dominated
by limestone-marl alternation; a middle interval of tabular limestones; and an upper interval of nodular limestones and marls. In both sections, the presence of well-marked plane beds
allows further division of the Barahona Formation in 16 bundles of beds (B1–B16).
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3. Methods
The upper Pliensbachian Barahona Formation in the Obón and San
Pedro sections has been studied bed-by-bed in order to obtain detailed
sedimentological and chemostratigraphic data. In the Obón succession,
the studied interval has been extended up to the lowermost Toarcian
(i.e. the lowermost part of the Turmiel Formation). The ﬁeld data were
completed with the petrographic analysis of rock samples in polished
slabs and thin sections (32 samples).
3.1. Sedimentological analysis
The sedimentological analysis comprised the ﬁeld description of depositional features, such as texture, components (type and abundance
of carbonate grains), sedimentary structures (including trace fossils)
and the bounding surfaces of beds.
Bioturbation intensity was assessed according to the Taylor and
Goldring (1993) bioturbation index (BI), which categorizes it from 0
to 6, where 0 indicates no bioturbation. Moderate bioturbation was
assigned to beds with 5 to 30% of bioturbation (BI 1 to 2) including
Diplocraterion, Planolites and/or Rhizocorallium traces but still preserving sedimentary structures. Severe bioturbation was assigned to beds
with 31 to 100% of bioturbation (BI 3 to 6) including Chondrites and
Thalassinoides along with the above-mentioned traces that obliterate
sedimentary structures.
The identiﬁcation of sharp bedding surfaces bounding bundles of
beds and recording omission and/or erosion surfaces was used as
criteria for identifying high-order sedimentary sequences, as these
sharp bedding surfaces are interpreted as reﬂecting sharp changes in
sedimentation (e.g., Schwarzacher, 2000; Strasser et al., 1999, 2005;
Bádenas et al., 2005). Vertical facies trends within the deﬁned highorder sedimentary sequences were used to characterize them in terms
of deepening- and/or shallowing-upward trends when possible.
3.2. Geochemical analyses
A total of 92 samples (51 belemnite rostra, 26 samples of brachiopod
shells and 15 lime mudstone rock samples, see Table 1) were collected
throughout the Obón section for the analysis of O and C stable isotopes
(3 samples/m on average). These samples can potentially provide information on the O and C stable isotope values of habitats ranging from
neritic-pelagic (near-surface) to benthic (bottom waters) (e.g.
Wierzbowski, 2004; Wierzbowski and Joachimski, 2007; Colombié
et al., 2011; Armendáriz et al., 2012). In addition, 19 samples of
belemnite rostra and brachiopod shells were selected along the entire
Obón section for 87Sr/86Sr analysis, in order to discuss a more precise
age calibration, and other 12 belemnite and brachiopod calcites were
also analysed for major and trace element composition (Table 1). Comparison between the 87Sr/86Sr curve obtained and the global marine
87
Sr/86Sr curve developed for the Early Jurassic (Burke et al., 1982,
Jones and Jenkyns, 2001, Global Time Scale (GTS): Gradstein et al.,
2012) will provide an accurate age calibration of the studied upper
Pliensbachian successions.
Belemnite rostra, brachiopod shells and lime mudstone internal sediment in brachiopod shells were examined under a binocular microscope. Before drilling to carry out the geochemical analysis, those
areas of the belemnite rostra and brachiopod shells most susceptible
to diagenetic alteration or that appeared altered under the binocular microscope (microfractures, chalky-cloudy areas and the exterior parts in
contact with sediment) were removed with a dental drill. In addition,
thin sections of belemnites were prepared to evaluate the possible diagenetic alteration under a petrographic microscope and under
cathodoluminescence (CL) in order to select and sample the nonluminescent portions, which have traditionally been considered to be
primary biogenic calcite that is mostly diagenetically unaltered (e.g.
Sælen, 1989; Rosales et al., 2001). The CL analysis was carried out

with a Technosyn Cold Cathodo Luminoscope at IGME (Spain), under
10–12 kV beam potential, a 0.5 μA beam current and 0.05–0.1 Torr pressure. Belemnite and brachiopod calcites that appeared non-luminescent
in CL and that were seen as translucent under a binocular microscope
were powdered with a dental drill.
The elemental concentrations (Ca, Fe, Mg, Mn, Na, Sr) of belemnite
and brachiopod calcites were analysed at the IGME laboratories using
a Varian Vista MPX ICP-AES spectrometer after dissolving the carbonate
powders in 10% hydrochloric acid. The detection limits for Ca, Fe, Mg,
Mn, Na and Sr are 1000, 250, 100, 20, 100 and 10 μg/g respectively.
Samples for O and C isotope analyses were processed on a SIRA-II
mass spectrometer at the Servicio de Análisis de Isótopos Estables of
the Universidad de Salamanca (Spain). Carbon- and oxygen-isotope ratios are expressed in the usual δ-notation in parts per mile (‰) relative
to the Vienna Pee Dee Belemnite (V-PDB) standard. Samples were calibrated against the internal carbonate standard EEZ-1, which had previously been compared with the international standard NBS-19 (values of
1.95‰ and −2.20‰ for δ13C and δ18O, respectively). The 87Sr/86Sr isotopes were determined with a TIMS-Phoenix thermal ionization mass
spectrometer at the CAI de Geocronología y Geoquímica Isotópica of
the Universidad Complutense de Madrid (Spain). All 87Sr/86Sr data
were corrected for possible 87Rb interferences and were normalised to
a value of 0.1194 for 86Sr/88Sr. During the period of analysis, the NBS987 standard gave an average 87Sr/86Sr value of 0.710248 ± 0.00012
(2σ, n = 8). This value was used to correct the measured values from
a possible deviation referred to the standard. The analytical error of
the 87Sr/86Sr ratio referred to 2σ was 0.01%.

4. Facies analysis and sedimentary interpretation
4.1. Facies description
Figs. 3 and 4 include the sedimentary logs of the upper Pliensbachian
Barahona Formation in the Obón and San Pedro sections. The unit is
dominated by skeletal limestones and intercalates marls and marly
limestones in its lowermost and uppermost parts. The main components are skeletal grains that include two different size-fractions: a
ﬁne fraction formed by more or less rounded, mm-sized bioclasts
(mainly bivalves, brachiopods and echinoderms), and a coarser heterogeneous fraction composed of entire or disarticulated bivalves
(Gryphaea and Pholadomya), brachiopods (e.g. Aulacothyris, Lobothyris,
Rhynchonella, Terebratula and Zeilleria) and belemnites. On the basis of
the character of the skeletal components and the texture and lithology,
seven facies have been differentiated: marly facies (m), marlylimestone facies (mL), and limestone facies, including mudstone (M),
wackestone (W), ﬁne packstone (fP), coarse packstone (cP), and
lumachelle (L) (Fig. 5).
The limestone facies (M, W, fP, cP and L) are arranged in tabular or
nodular dm-thick beds. The grain-supported facies cP and fP are formed
by a ﬁne bioclastic fraction and scattered complete or disarticulated fossils, and are differentiated on the basis of the character of the ﬁne
bioclastic fraction. In fP this ﬁne fraction is formed by well-sorted,
rounded skeletal grains, b 2 mm in mean diameter, whereas in cP it corresponds to poorly-sorted, less rounded bioclasts, N 2 mm in mean diameter (Fig. 5C, D). Facies L is represented by dm-thick lumachelle
beds (2 lumachelle beds in Obón and 3 lumachelle beds in San Pedro:
see Figs. 3 and 4), which are almost entirely composed of complete fossils of bivalves and brachiopods surrounded by a ﬁne bioclastic matrix
(Fig. 5E). The matrix-supported facies M and W are dominated by
micrite, with variable percentages of ﬁne bioclastic fraction (poorlyrounded bioclasts b 2 mm in mean diameter). Disarticulated or entire bivalves and brachiopods are frequent in W, but scarcer in M (Fig. 5A, B).
These limestone facies show variable bioturbation, which usually concentrates at the top of the beds. Facies M has a low variety of trace fossils
(mainly Planolites traces), whereas facies W, fP and cP show more
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Table 1
Results of stable isotope, strontium isotopes, and major and trace element analyses from 89 analysed samples of the Obón section.
Sample

Bed number

Type of sample

δ13C (‰ V-PDB)

δ18O (‰ V-PDB)

87

Sr/86Sr

OB-1-BL
OB-1-BR
OB-1-RT
OB-2-BR
OB-2-RT
OB-3-BR
OB-4a-BR
OB-4a-RT
OB-4b-BR
OB-5-BL
OB-6b-BL
OB-7-BL
OB-15-BR
OB-15b-BL
OB-15c-BL
OB-16-BL
OB-16a-BR
OB-16b–BR
OB-17-BR
OB-17-RT
OB-18-BL
OB-25-BL
OB-25a-BR
OB-25a-RT
OB-26-BL
OB-26-BR
OB-26-RT
OB-27-BL
OB-27-BR
OB-27a-BR
OB-27a-RT
OB-27b-BR
OB-27b-RT
OB-34-BL
OB-36-BR
OB-36-RT
OB-36a-BL
OB-36b–BL
OB-38-BL
OB-38-BR
OB-39a-BL
OB-39a-BR
OB-39a-RT
OB-39b-BL
OB-39b-BR
OB-39c-BL
OB-39c-BR
OB-39c-RT
OB-39e-BL
OB-40a-BL
OB-40b-BL
OB-40c-BL
OB-41a-BL
OB-41b-BL
OB-41c-BL
OB-41d-BL
OB-42a-BL
OB-42b-BL
OB-43-BR
OB-43a-BL
OB-43b-BL
OB-43c-BL
OB-43d-BL
OB-43e-BL
OB-44-BR
OB-44a–BL
OB-44b–BL
OB-45-BL
OB-46a-BL
OB-46b–BL
OB-48-BR
OB-48-RT
OB-48a-BL
OB-49a-BL

1
1
1
2
2
3
4
4
4
5
6
7
15
15
15
16
16
16
17
17
18
25
25
25
26
26
26
27
27
27
27
27
27
34
36
36
36
36
38
38
39
39
39
39
39
39
39
39
39
40
40
40
41
41
41
41
42
42
43
43
43
43
43
43
44
44
44
45
46
46
48
48
48
49

Belemnite
Brachiopod
Bulk rock
Brachiopod
Bulk rock
Brachiopod
Brachiopod
Bulk rock
Brachiopod
Belemnite
Belemnite
Belemnite
Brachiopod
Belemnite
Belemnite
Belemnite
Brachiopod
Brachiopod
Brachiopod
Bulk rock
Belemnite
Belemnite
Brachiopod
Bulk rock
Belemnite
Brachiopod
Bulk rock
Belemnite
Brachiopod
Brachiopod
Bulk rock
Brachiopod
Bulk rock
Belemnite
Brachiopod
Bulk rock
Belemnite
Belemnite
Belemnite
Brachiopod
Belemnite
Brachiopod
Bulk rock
Belemnite
Brachiopod
Belemnite
Brachiopod
Bulk rock
Belemnite
Belemnite
Belemnite
Belemnite
Belemnite
Belemnite
Belemnite
Belemnite
Belemnite
Belemnite
Brachiopod
Belemnite
Belemnite
Belemnite
Belemnite
Belemnite
Brachiopod
Belemnite
Belemnite
Belemnite
Belemnite
Belemnite
Brach. (**)
Bulk rock
Belemnite
Belemnite

1.69
0.99
0.1
1.24
0.85
1.65
1.37
0.56
1.55
1.97
1.14
1.36
1.67
1.09
1.75
1.41
1.37
2.17
1.75
1.23
1.51
1.39
2.03
1.34
1.54
1.77
1.37
2.03
2.32
2.08
1.32
2.4
1.21
0.76
0.96
0.63
1.81
1.9
1
1.34
1.77
1.44
1.08
2.14
0.67
1.04
1.3
0.89
1.35
1.46
1.59
0.64
1.93
0.93
0.69
0.24
0.6
1.38
1.88
2.17
1.92
1.77
1.54
1.54
1.03
1.26
1.1
−0.25
1.46
0.49
1.11
0.41
1.14
1.23

−0.33
−2.17
−2.87
−1.65
−2.19
−1.41
−1.95
−2.2
−1.94
−0.22
−0.17
−0.81
−2.02
−0.61
−0.01
−0.85
−2.33
−1.2
−1.76
−1.74
−0.67
−0.24
−1.51
−2.09
0.16
−2.45
−2.21
0.04
−1.16
−1.83
−1.66
−1.17
−2.16
0.23
−2.17
−3.69
0.54
−0.33
−0.09
−1.34
−0.48
−1.82
−1.74
0.36
−1.58
0.13
−1.4
−1.27
0.04
0.34
0.61
0.34
0.85
−0.01
−0.03
−0.43
−0.3
0.49
−1.29
0.12
0.55
0.17
0.31
0.83
−1.62
−0.18
−0.48
0.19
0.12
0.01
−1.81
−2.99
−0.07
0.32

0.707151

Ca (μg/g)

Fe (μg/g)

Mg (μg/g)

Mn (μg/g)

Na (μg/g)

Sr (μg/g)

346652

0 (*)

2063

0.89 (*)

1509

1078

350935

600

1076

3.53 (*)

653

544

345268

228 (*)

2535

7.87 (*)

748

557

337383

0 (*)

1739

0 (*)

1500

1071

342913

0 (*)

1696

1.09 (*)

1880

1084

349388

0 (*)

2194

0 (*)

1561

1134

359938

1063

1969

18.8 (*)

578

509

378180

2117

3068

42.3

338

273

343115

0 (*)

2208

0 (*)

1787

1266

0.707251

0.707191

0.707177

0.707157

0.707144

0.707137

0.707105

0.707105

0.707107
0.707196

(continued on next page)
(continued on next page)

98

J. Val et al. / Sedimentary Geology 355 (2017) 93–113

Table 1 (continued)
Sample

Bed number

Type of sample

δ13C (‰ V-PDB)

δ18O (‰ V-PDB)

87

Sr/86Sr

OB-49c-BL
OB-53a-BL
OB-53b-BL
OB-53c-BL
OB-54-55a
OB-54-55b
OB-56a-BL
OB-56b–BL
OB-57-BL
OB-57-BR
OB-57-RT
OB-59-BR
OB-59-RT
OB-60-BR
OB-60-RT
OB-62-BL
OB-63-BR
OB-65-BL

49
53
53
53
54
54–55
56
56
57
57
57
59
59
60
60
62
63
65

Belemnite
Belemnite
Belemnite
Belemnite
Belemnite
Belemnite
Belemnite
Belemnite
Belemnite
Brachiopod
Bulk rock
Brachiopod
Bulk rock
Brachiopod
Bulk rock
Belemnite
Brachiopod
Belemnite

0.69
0.26
1.97
0.37
1.44
0.74
0.36
0.74
1.77
0.28
−0.38
1.29
−0.23
1.86
0.19
0.76
1.52
1.62

0.03
0.31
−0.49
0.42
0.81
−0.14
0.8
0.41
0.36
−1.72
−1.95
−2.02
−2.86
−1.48
−1.97
−0.47
−2.2
−0.82

0.707091

Ca (μg/g)

Fe (μg/g)

Mg (μg/g)

Mn (μg/g)

Na (μg/g)

Sr (μg/g)

342287

0 (*)

1924

0 (*)

1199

923

0.707215

368688

428

2479

25.1

1549

760

0.707230

340041

337

2413

13.4 (*)

419

414

0.707066

0.707083
0.707070
0.707066

0.707235
0.707209

(*) Values below detection limits (**) Sample considered to be altered on the basis of geochemical results.

abundant and varied bioturbation (Chondrites, Diplocraterion, Planolites,
Rhizocorallium and Thalassinoides traces). Facies L has no trace fossils.
Facies corresponding to mixed lithologies (marls: m and marly limestones: mL) form thin cm-thick (and occasionally dm-thick) beds in the
lower and upper part of the Barahona Formation. Both facies include a
similar proportion of entire or disarticulated skeletal remains than facies
M but show very scarce bioturbation. Locally, dm-thick marl beds show
a higher fossiliferous content, mainly entire brachiopods and belemnites.
The dominant limestone facies M, W, fP and cP are vertically associated within individual beds, i.e. forming vertical arrangements of
grain-supported bioclastic (fP and/or cP) levels and mud-supported
(M and/or W) levels (Fig. 6). In particular, the following vertical
arrangements of facies have been observed: a) thin levels (b 1 cm in
thickness) of facies cP intercalated in facies fP, W or M, with a sharp
ﬂat base and top, a crude ﬁning-upward trend and occasional complete
or disarticulated fossils disposed in a position of lower resistance to the
ﬂow (Fig. 6A); b) cP-fP or cP-fP-W-M vertical arrangements, with a
sharp, usually irregular erosive base and a clear ﬁning-upward trend
(Fig. 6B); and c) several grain-supported cm-thick bioclastic levels
with slightly irregular erosive bases and a crude ﬁning-upward trend
(cP or fP amalgamated levels), in which reworking by bioturbation obliterates the internal structure (Fig. 6C).
4.2. Interpretation
The limestone-dominated successions of the upper Pliensbachian
Barahona Formation represent deposition in relatively shallow areas of a
ramp-type carbonate platform open towards the north (Bordonaba and
Aurell, 2002; Aurell et al., 2003). The character of facies described here allows a more accurate sedimentary model to be obtained for these successions, ranging from proximal middle-ramp domains to proximal outerramp domains (Val and Bádenas, 2014), characterized by storm-induced
bioclastic accumulations (facies cP and fP) grading distally to progressively
muddier sediments (facies M, W, mL and m) (Fig. 7). Deposition in these
middle to outer ramp areas was characterized by the accumulation of
skeletal grains, mainly from echinoderms, bivalves, brachiopods and
belemnites, and by the absence of other types of carbonate grains.
The presence of two skeletal fractions (i.e. a ﬁne bioclastic fraction
and complete or disarticulated fossils) indicates the different origin
and reworking processes of these skeletal components. The small size
and roundness of the ﬁne bioclastic fraction suggest that these grains
would be maintly allochthonous skeletal grains that were probably broken and rounded in relatively shallow, wave-agitated areas (i.e. inner
ramp, above a fair-weather wave base). By contrast, the entire and
disarticulated fossils of bivalves, brachiopods and belemnites would

correspond to para-autochthonous skeletal grains (benthic and nektoplanktonic organisms).
The sedimentological features in facies fP and cP (grain-supported texture, dominance of allochthonous ﬁne bioclastic fraction) indicate deposition in high-energy ramp domains. However, the presence of muddy
matrix and para-autochthonous fossils, as well as the abundance of
trace fossils, reﬂects intermittent wave agitation. Therefore, these facies
were not formed in inner ramp areas subjected to constant fair-weather
wave action, but most probably in the proximal area of the middle
ramp, below the fair-weather wave base but subjected to storminduced waves and currents (Fig. 7). The allochthonous bioclastic grains
and lime mud in these facies would be resedimented from the shallower
inner-ramp areas towards distal domains by storm-induced offshoredirected return ﬂows. The coarser and less rounded allochthonous
bioclastic grains in facies cP compared to facies fP indicate a lower distance
of transport and a nearer location to the source area for the allochthonous
grains, so that deposition of cP probably took place in more proximal areas
of the middle ramp compared to fP. The presence of frequent amalgamated bioclastic cP and fP levels (see Fig. 6C) indicates deposition from successive storm-induced ﬂows carrying reworked skeletal grains away
from inner ramp areas (i.e. amalgamated tempestites typical of the proximal mid-ramp areas: Burchette and Wright, 1992).
The matrix-supported facies M and W represent lower-energy domains with an occasional record of higher-energy distal ﬂows represented by thin grain-supported cP levels with a crude ﬁning-upward
trend (see Fig. 6A). Their deposition probably took place in the distal
middle-ramp domain, where the storm-induced return ﬂows progressively lose energy, the proportion of resedimented allochthonous skeletal grains is reduced, and the bioclastic fraction is diluted in the lime
muds carried by the ﬂows (i.e. diluted tempestites). Facies W, with a
higher proportion of allochthonous skeletal grains, would be deposited
in a slightly more proximal location than facies M. The presence of cP-fPW-M levels and cP-fP levels with an erosive base and a ﬁning-upward
trend (see Fig. 6B) and thin levels of cP within fP beds (Fig. 6A) would
correspond respectively to the deposition of complete tempestites
(cP-fP-W-M) and incomplete tempestites (cP-fP).
The discrete beds with accumulations of entire para-autochthonous
fossils (mainly brachiopods and bivalves) in lumachelle facies L do not
show any evidence of storm-induced hydrodynamic accumulations.
The scarce bioturbation and absence of fossil traces in those dm-thick
levels, and their preservation in the context of a relatively high-energy
domain rule out their possible interpretation as a biostrome built
through the accumulation of several generations. More likely, facies L
can be interpreted as the record of mass-mortality events (e.g.,
Kidwell and Holland, 1991). The presence of similar number of
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Fig. 3. Sedimentological data, higher-order sequences (bundles of beds) and chemostratigraphic data in the Obón section. The data obtained for δ18O and δ13C are drawn in two different
curves (i.e. data from belemnites and from brachiopods).
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Fig. 3 (continued).

lumachelle beds correlatable in the 15 km apart studied sections, which
are intercalated in the proximal middle-ramp facies cP and fP would reﬂect that the mass-mortality events were possibly recorded in a relatively large area of the platform.

The deposition of the mixed facies m and mL is related to proximal
areas of the outer ramp, where resedimentation of the ﬁne allochthonous bioclastic fraction from shallow areas was lower and sedimentation was dominated by the settling of resedimented carbonate
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Fig. 4. Sedimentological data and higher-order high-frequency sequences (bundles of beds) in the San Pedro section.

particles and terrigenous mud and silt fraction (Fig. 7). The terrigenous
muds included in these mixed facies would be originated by river ﬂood
events or surface ﬂood plumes, and transported from the continent in
near-bottom hyperpycnal that could be dispersed seaward by storms
(e.g. Fan et al., 2004). In some cases, facies m appears as thin intercalations within limestone beds, bounding bundles of limestones beds
(see Figs. 3 and 4). These ﬁne levels probably represent episodes of
higher ﬁne terrigenous supply and/or lower carbonate resedimentation.
In the studied area, there is no record of the counterpart deeper, lower-

energy (distal outer-ramp) facies and to the shallower, higher-energy
(inner-ramp) facies.
5. High-order sequences and facies correlation
The analysis of high-frequency sequences in the Barahona Formation has been performed as a tool for the interpretation of the internal
and external factors controlling changes in relative sea-level and sedimentation patterns in the basin. The correlation of equivalent high-
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Fig. 5. A to D): Polished slabs of the different skeletal facies of the upper Pliensbachian Barahona Formation. (A): Facies M (mudstones). (B): Facies W (wackestones). (C): Facies fP (ﬁne
packstones). (D): Facies cP (coarse packstones). E): Field view of facies L (lumachelle beds).

frequency sequences in the two studied sections also provides additional data to corroborate the sedimentological interpretation of facies, i.e.
the gradual transition of facies in a ramp-type platform, from highenergy, proximal mid-ramp areas to low-energy, proximal outer-ramp
areas (i.e., the cP-fP-W-M-mL-m lateral facies transition in Fig. 7). Two
orders of high-frequency sequences: higher-order sequences (bundles
of beds) and lower-order sequences (sets of bundles) have been
recognized and correlated between the two studied sections (Fig. 8).
5.1. Bundles of beds
The higher-order sequences recognized correspond to bundles
of beds (B) bounded by prominent sharp bedding surfaces (see
Fig. 2), which represent erosion or non-sedimentation surfaces
(Schwarzacher, 2000). Sixteen dm-to m- scale bundles of beds have
been identiﬁed in both stratigraphic sections (see B1 to B16, Figs. 3
and 4). The similar number of bundles and the existence of correlatable
lumachelle key beds (facies L) support the one-to-one correlation of the
bundles deﬁned in the two sections. In addition, the similar vertical sedimentary trends and thickness of most of the equivalent bundles support this is the best-ﬁtting correlation (Fig. 8).

Sequences B1 and B2 are dominated by muddy facies. B1 has a clear
deepening-shallowing facies trend in San Pedro (with outer ramp facies
m located in its middle part), but a deepening trend in Obón, as the
shallowing part is affected by erosion at the base of B2. The step up in
the 87Sr/86Sr values obtained just below and above this surface in the
Obón section (Fig. 3) may provide further evidence for the presence of
this erosive gap (McArthur et al., 2016). B2 is a deepening-upward sequence in both sections, as indicated by the vertical facies trend from
P to mL-m facies.
Sequence B3 is dominated by facies fP with alternations of muddy facies W and M and mixed facies mL, but without any clear vertical facies
trend (i.e. aggradational facies trend). Sequence B4 is characterized by a
shallowing facies trend in both sections and includes shallower facies cP
in Obón and relatively deeper facies (m, W to fP) in San Pedro. This facies
distribution agrees with the lateral relationship of the facies in the carbonate ramp under study (see Fig. 7) and indicates that at this time,
the Obón section would be located in a shallower position compared
to San Pedro.
Sequences B5 to B10 are dominated by grain-supported facies fP. The
presence of a lumachelle key bed (facies L) in B8 and B10 provides an
additional guideline for correlation. These sequences reﬂect a
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Fig. 6. Different modes of vertical facies evolution in the bioclastic accumulation levels. A): Crude ﬁning-upward trend. B): Clear ﬁning-upward trend. C): Amalgamated levels. Facies
legend: M (mudstones); W (wackestones); fP (ﬁne packstones); cP (coarse packstones). Scale bar in cm.

homogeneous lateral distribution of grain-supported facies (aggradational facies trend) except in B5, which shows a lateral relationship of
shallow facies fP in Obón to deeper M facies in San Pedro.
Sequences B11 and B12 are dominated by grain-supported facies cP.
B11 shows the progradation of shallower facies cP dominant in Obón
over the deeper facies fP in San Pedro, supporting the deeper domains
located in the San Pedro area. Sequence B12 shows a signiﬁcantly reduced thickness in Obón compared to San Pedro (1 and 2 m, respectively) and a prominent sharp erosive surface on top in the two logged
sections (i.e., the boundary between the lower and upper Barahona Formation, see Fig. 2A, B) indicating the presence of a signiﬁcant sedimentary discontinuity (see D1 in Fig. 8).
Sequences B13 to B16 record a transgressive event in both sections
(a marly bed overlies the cP facies and D1 surface on top of B12:
Fig. 8), as well as a signiﬁcant change in facies polarity, as deeper
muddy facies predominate in Obón. The facies distribution obtained
by correlation of bundles conﬁrms this facies polarity. Sequence B13
has a vertical deepening facies trend in Obón (fP to W) but an aggradational fP facies trend in San Pedro. Sequences B14 and B15 have
shallowing facies trends in Obón, whereas in San Pedro those sequences
are composed by sets of amalgamated facies fP beds, culminating B15
with a shallow facies cP bed. Sequence B16 shows a clear shallowing facies trend in Obón, but is partially covered in San Pedro. An erosive surface (see D2 in Fig. 8) is located on top of B16 in Obón (see Fig. 2A),
which correlates with the basin-wide discontinuity surface found
around the Pliensbachian-Toarcian boundary (e.g., Gómez and Goy,

2005). As is explained below, the presence of a signiﬁcant sedimentary
hiatus at the earliest Toarcian in the Obón section is supported by biostratigraphic and chemostratigraphic data.

5.2. Sets of bundles
The analysis of long-term vertical facies trends has allowed four
deepening-shallowing lower-order sequences to be identiﬁed. These
sequences correspond to sets of bundles B1–B4, B5–B8, B9–B12, and
B13–B16 respectively, which are around 3 to 5 m in thickness (Fig. 8).
Set B1–B4 includes a deepening part recorded by bundles B1 and B2,
which are dominated by muddy facies. The facies mL bed that culminates B2 is interpreted as the maximum ﬂooding interval. The
shallowing part of the set corresponds to B3 and B4 and reﬂects the
clear progradation of shallower grain-supported facies.
Set B5–B8 is dominated by facies fP and, on the basis of the vertical
facies trend could be interpreted as a deepening-shallowing sequence
with the maximum ﬂooding interval located in B6; its shallowing part
culminates with facies cP and a correlatable continuous facies L key
bed in B8.
Set B9–B12 is dominated by grain-supported facies and has also a
deepening-shallowing evolution, with the maximum deepening interval indicated by the marly limestone bed at the top of B10. The deepening part has facies fP, and the shallowing part reﬂects the sharp
progradation of facies cP through the studied sections.
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Fig. 7. Sedimentary model proposed for the Barahona Formation, indicating the distribution of the main facies belts and sedimentary processes from proximal middle carbonate ramp to
proximal outer-ramp domains. Thin-section images in plane-polarized light of facies cP, fP and W are also included (cP: coarse packstones; fP: ﬁne packstones; W: wackestones; M:
mudstones; mL: marly limestones; m: marls).

Set B13–B16 reﬂects a major deepening episode with an important
change in facies polarity; it also records a deepening-shallowing
facies trend with its maximum ﬂooding interval in the muddy M facies
at B15.
At a larger scale, sets B1–B4 to B9–B12 represent a longer-term
shallowing facies trend. During this time interval, shallower facies
dominate in Obón compared to San Pedro, which is located in a
more northerly area (see Fig. 1). This distribution ﬁts the overall
palaeogeographical polarity of the Pliensbachian ramp, deepening to
the northwest (Bordonaba and Aurell, 2002). However, set B13–B16, located in the uppermost part of the Barahona Formation, records a sharp
deepening event and a change in facies polarity over a discontinuity surface (D1), followed by another widespread discontinuity surface (D2) at
the top of the Barahona Formation.
6. Age calibration of the Obón section
The age calibration of the Barahona Formation in the Obón section
supported by ammonite and 87Sr/86Sr isotope data has provided a trustworthy chronostratigraphic frame to calibrate the high-order sedimentary sequences and the stable O and C isotope data in the upper
Pliensbachian deposits of the northeastern Iberian Basin (Fig. 9A).
In the Obón section, Mouterde et al. (1978) located the boundary between the Margaritatus and Spinatum zones towards the lower part of
the Barahona Formation, on the basis of the last appearance of
Protogrammoceras sp. and the ﬁrst appearance of Pleuroceras spinatum.
Therefore, there was an uncertainty interval for the location of the
Margaritatus-Spinatum zone boundary, ranging from the top of our
bed 2 up to the top of bed 34 (Fig. 9A). The boundary between the
Spinatum and Tenuicostatum zones (i.e. Pliensbachian-Toarcian

boundary) was located by Mouterde et al. (1978) in the uppermost
part of the Barahona Formation on the basis of the last appearance of
Pleuroceras spinatum on bed 46 and the ﬁrst appearance of Dactylioceras
semicelatum on bed 57.Therefore, there was an uncertainty interval for
the location of the Spinatum-Tenuicostatum zone boundary from the
top of bed 46 up to the top of bed 56 (i.e. the top of the Barahona Formation: Fig. 9A). It is important to remark that Dactylioceras semicelatum
belongs to the upper Tenuicostatum Zone (i.e. Semicelatum Subzone),
so the biostratigraphic data reported by Mouterde et al. (1978) indicate
the absence of the lowermost Tenuicostatum Zone record (i.e. Mirabile
Subzone) in the Obón area.
The obtained 87Sr/86Sr curve (Fig. 9A) shows a decreasing trend from
the lowermost part of the Barahona Formation in the Margaritatus Zone
(87Sr/86Sr on average = 0.70720) up to the top of the Barahona Formation
(top of bed 56, 87Sr/86Sr = 0.70707). At the lowermost part of the Turmiel
Formation the 87Sr/86Sr curve shows a sharp change to an increasing
trend (up to 87Sr/86Sr = 0.70720 in bed 65). The comparison of this
87
Sr/86Sr curve and the Lower Jurassic global 87Sr/86Sr curve (Fig. 9B;
Gradstein et al., 2012; Ullman et al., 2013; Metodiev et al., 2014) has enabled to reduce the uncertainty interval for the Margaritatus-Spinatum
and the Spinatum-Tenuicostatum zones boundaries:
1) The Margaritatus-Spinatum boundary uncertainty interval has been
located between the top of bed 16 (87Sr/86Sr = 0.70717) and the
top of bed 34 (87Sr/86Sr = 0.70714) according to the 87Sr/86Sr values,
which ﬁt with the global 87Sr/86Sr curve (Fig. 9B: Gradstein et al.,
2012: 87Sr/86Sr = 0.70712) and the available ammonite data
(Mouterde et al., 1978). Those values are within the range deﬁned
by Ruhl et al. (2016) in UK and Portugal (Fig. 9B: 87Sr/86Sr =
0.70712 to 0.70718).
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Fig. 8. Correlation of the higher-order sequences (bundles of beds B1–B16) recognized in the Obón and San Pedro sections, which allows the lateral facies relationships to be characterized.
Four lower-order sequences (sets of bundles) have been deﬁned.
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Fig. 9. A): Age calibration proposed for the Obón section based on stable isotopic data (87Sr/86Sr curve) and previous ammonite data provided by Mouterde et al. (1978). The ﬁrst Toarcian
ammonites found in level 57 correspond to the upper Tenuicostatum (U.T.) Zone. The Pliensbachian-Toarcian boundary was located at the top of bed 56, in the boundary between the
Barahona and Turmiel formations. B): Comparison of the obtained 87Sr/86Sr data for the upper Pliensbachian– lower Toarcian of Obón with the nearby section of Almonacid de la Cuba
(Comas-Rengifo et al., 2010), the 87Sr/86Sr values through Pliensbachian and Toarcian in the Geological Time Scale of Gradstein et al. (2012) and the range of 87Sr/86Sr values given by
Ruhl et al. (2016) through Margaritatus and Spinatum zones in UK and Portugal.

2) The Spinatum-Tenuicostatum zones boundary (PliensbachianToarcian boundary) has been located at the top of bed 56 (i.e. the
lithological boundary between the Barahona and Turmiel formations: D2 surface) according to the 87Sr/86Sr value (87Sr/86Sr =
0.70707 in bed 56), which coincides with the value proposed by
the GTS (Gradstein et al., 2012). The value in marly bed 57 located
at the top of the discontinuity surface D1 (Fig. 9A) is very similar
(87Sr/86Sr = 0.707066), but the biostratigraphic data indicate that
this bed corresponds to the Semicelatum Subzone (of the upper
Tenuicostatum Zone). At any rate, 87Sr/86Sr value in bed 57 ﬁts with
the values proposed by Gradstein et al. (2012) for the upper
Tenuicostatum Zone.
3) The87Sr/86Sr values for the lowermost part of the Turmiel Formation
above bed 57 are higher than the distinctive values for the
Tenuicostatum Zone (Fig. 9B: Gradstein et al., 2012), marking a
sharp change in the curve. Those 87Sr/86Sr values ﬁt better with
those recorded for the upper Serpentinum Zone (~0.70720 standard
values according to Gradstein et al., 2012), therefore indicating the
possible existence of a hiatus or sedimentary condensation affecting
the lower Serpentinum Zone. This stratigraphic gap indicates the existence of a signiﬁcant earliest Toarcian discontinuity, located on top
of bed 57 (referred as discontinuity D3).
The age calibration proposed for Obón is also compared with the
precise age calibration obtained by Comas-Rengifo et al. (2010) after extensive ammonite biostratigraphy and 87Sr/86Sr isotope data from the

nearby Almonacid de la Cuba section (Fig. 9B). This section is located
45 km north to Obón and corresponds to a relatively deeper area of
the Iberian Basin. The 87Sr/86Sr curve in Almonacid de la Cuba obtained
for the Spinatum and Tenuicostatum zones ﬁts well the Obón data and
supports the proposed ammonite biozones distribution. It is important
to remark that whereas lowermost Tenuicostatum Zone is absent in
Obón, in Almonacid de la Cuba is well recorded with the appearance
of Dactylioceras mirabile before the subsequent appearance of
Dactylioceras semicelatum. These data indicate that the absence of a lowermost Tenuicostatum Zone record in Obón should be assigned to local
factors.
7. Analysis of carbon and oxygen stable isotopes
7.1. Degree of sample preservation
For the isotopic analyses, the degree of sample preservation was
assessed by petrographic and cathodoluminescence (CL) observations
(Fig. 10), along with analysis of elemental concentrations of selected
samples. Cathodoluminescence microscope analysis of belemnite rostra
revealed good textural preservation in the majority of the samples,
which were mainly non-luminescent (Fig. 10 D-D’), with luminescence
limited only to certain easily avoidable areas. Luminescence is restricted
to the apical canal (Fig. 10 C-C′), some radial ﬁbres (Fig. 10 E–E’), and
areas adjacent to microstylolites (Fig. 10 C-C′). Some specimens show
marked concentric rings of cloudy appearance, although most of the
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Fig. 10. Photomicrographs showing the degree of preservation of belemnite samples. A, B): Transmitted light microscope (TL) photographs from longitudinal sections of belemnite rostra.
The belemnite rostra have a clear and translucent appearance except in the apical line that becomes cloudy. The location of more detailed pictures below is also shown. C-C′): Detailed
picture under transmitted light microscope (C) and cathodoluminescence microscope (C′) through the apical line shown in A. The cloudy apical line is luminescent in contrast to the
rest of the belemnite rostrum, which is non-luminescent except for small microstylolite-related diagenetically altered lines. D-D’): Detailed picture under transmitted light microscope
(D) and cathodoluminescence microscope (D’) of the belemnite area shown in B. The well-preserved belemnite rostrum is non-luminescent. The sediment ﬁlling the phragmocone
area is orange luminescent. E-E’): Detailed picture under transmitted light microscope (E) and cathodoluminescence microscope (E’) through the ﬁbrous microstructure of the belemnite
shown in A. The belemnite is largely non-luminescent except for the boundaries between some radial ﬁbres, which have a cloudier appearance.

studied material lacks these concentric features under both petrographic and CL microscopy. In contrast, under CL the bulk carbonate sediment
is orange luminescent (Fig. 10 D-D’). Examination of brachiopod shells
(terebratulides) under a binocular microscope revealed good textural
preservation of translucent calcite.
Investigation of separate carbonate fractions (belemnites, brachiopods and their internal muddy sediment) aimed to compare further isotopic analyses derived from coeval carbonate archives that potentially

represent different water masses. By comparison with modern representatives, the brachiopod shells are considered to be secreted in equilibrium or near-equilibrium with ambient seawater (e.g. Carpenter and
Lohmann, 1995; Brand et al., 2003), therefore recording the isotopic signal of the sea bottom. On the other hand, belemnites are considered to
have been nektonic to nektobenthonic and neritic-pelagic free swimmers, probably migrating, like modern Sepia, from shallow and warmer
waters to deeper and cooler waters during seasons or ontogeny (Rexfort
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and Mutterlose, 2009). This implies that belemnites could have secreted
their rostra in a wide range of palaeoenvironments, recording a mixed
signal from bottom to near-surface waters. This style of life has been
proposed due to the scatter in the isotopic signals usually shown by belemnites (e.g. McArthur et al., 2007). Nevertheless, the fact that belemnites are common in black-shale (anoxic) deposits lacking any benthic
or nektobenthonic mode of life argues for a more nektonic style of life
in near-surface, open seawater (Rexfort and Mutterlose, 2009). In addition, recent studies on the ultrastructure of belemnites have demonstrated that belemnite rostra were originally highly porous and that
this porosity was rapidly ﬁlled with syntaxial overgrowths of abiotic calcite (Hoffmann et al., 2016; Benito et al., 2016). It remains uncertain
whether these calcite overgrowths precipitated while the organisms
were still alive or during early marine diagenesis. These ﬁndings have
increased the uncertainty about the meaning of the isotopic signal recorded by belemnites for palaeoceanographic studies. Finally, the carbonate sediment analysed in brachiopods (micritic) is assumed to be
made of a mixture of lime mud and silt-sized skeletal components
transported from shallow environments to the middle-proximal outer
carbonate ramp, according with the sedimentary processes deduced
from facies analysis. It would therefore represent a carbonate archive
of the inner water mass of the ramp. The orange luminescence of the
carbonate matrix suggests diagenesis during carbonate mineralogical
stabilization. As long as no evidence of the inﬂuence of phreatic meteoric waters has been detected in these middle- to outer-ramp environments, this diagenetic stabilization is assumed to have occurred
during early diagenesis in a closed system of marine pore waters.
The trace element analysis of selected samples (belemnite and brachiopod calcites, Table 1) shows Fe and Mn concentrations for all the
analysed belemnite rostra below the detections limits (250 μg/g and
20 μg/g respectively), and Sr values above 923 μg/g. These values are
well below the cut-off values for Fe and Mn, and above the cut-off values
for Sr, established as criteria for discriminating diagenetically altered
and non-altered belemnite samples (e.g. Rosales et al., 2001; Alberti
et al., 2012). In contrast, the trace element composition of the brachiopod calcites shows higher Fe and Mn concentrations and lower Sr concentrations than those observed for belemnites (Table 1). However, the
obtained values are in general within the range of values reported for
other brachiopod shells both modern (Morrison and Brand, 1986) and
Pliensbachian (Rosales et al., 2001), supporting also a good stage of
preservation. The only exception is the sample OB-48-BR (Table 1),
which shows very high Fe (N 2000 μg/g) and Mn (N 40 μg/g) concentrations, very low Sr (273 μg/g) concentration, and anomalous more radiogenic 87Sr/86Sr values, suggesting diagenetic alteration. This sample was
excluded for further isotopic interpretation.
7.2. Carbon and oxygen isotope trends
The C and O stable isotope records obtained from the Obón section
are represented in Figs. 3 and 9A. Two curves have been plotted for
both the C and O isotope analysis, separated into two groups of data,
i.e. those taken from belemnites, and those obtained from brachiopods
and carbonate matrix sediment, given the similar values presented by
brachiopods and carbonate internal sediment for coeval samples.
The δ18O isotope curves from belemnites and brachiopods show different value ranges. The belemnite data show higher values of δ18O
(from − 0.85‰ to 0.85‰) than those obtained from brachiopods
(− 3.69‰ to − 1.16‰). The abundance of belemnite samples allows
us to characterize a better-deﬁned δ18O trend compared to that of brachiopods, whose δ18O values are almost homogeneous and without a
clear trend. According to the proposed age calibration, the δ18O data
from belemnites indicate a progressively increasing trend from the
Margaritatus Zone (average δ18O value ≈ − 0.23‰) to the Spinatum
Zone (average δ18O value ≈ 0.25‰), which culminates at the top of
the Spinatum Zone with the highest recorded values (average values
of 0.43‰ for belemnites). For the lower Toarcian (upper

Tenuicostatum-Serpertinum zones) a decreasing trend is recorded
(average δ18O value ≈ −0.5‰).
The δ13C isotope values obtained from belemnites and brachiopods
are very similar. The δ13C values range from −0.25‰ to 2.17‰ (belemnites) and −0.38‰ to 2.40‰ (brachiopods). The δ13C curves obtained
through the Margaritatus Zone show very persistent values without
any remarkable variations (average δ13C value in belemnites ≈
1.55‰; and in brachiopods ≈ 1.45‰) and a homogeneous vertical
trend. Through the Spinatum Zone, the δ13C curves show lower average
and more scattered values (average δ13C value in belemnites ≈ 1.17‰,
and in brachiopods ≈ 0.89‰) and record a slightly decreasing trend
from the base of the Spinatum Zone (average δ13C value in belemnites
≈ 1.44‰, and in brachiopods ≈ 1.1‰), to the uppermost part of the
Spinatum Zone (average δ13C value in belemnites ≈ 0.5‰, and in brachiopods ≈ 0.25‰).The isotope data from belemnites in bed 57, overlying the Spinatum-Tenuicostatum zones boundary (D1 surface), show a
signiﬁcant leap in δ13C values (δ13C value = 1.77‰), which is not recorded in brachiopods and carbonate matrix (see Fig. 3). The lower
Toarcian succession records higher δ13C values in both belemnites and
brachiopods, and a sharp change to an increasing trend (average δ13C
value in belemnites ≈ 1.38‰; average δ13C value in brachiopods ≈
1.25‰).
8. Discussion: Controls in sedimentation
The interpretation and comparison of the data obtained from facies,
high-order sequences, and O and C stable isotope analyses allow us to
decipher controls on sedimentation, i.e. climate and internal (basinscale) factors at the late Pliensbachian-early Toarcian in the Iberian
Basin (Fig. 11).
8.1. Stable isotopes and climatic imprint
The O and C isotope curves obtained from belemnites show an increasing δ18O trend and a slightly decreasing δ13C trend through the
Spinatum Zone, and subsequent opposite trends through the early
Toarcian.
Interpreting the belemnite δ18O values in a conservative way, i.e. as
proxies for estimating seawater temperatures and/or freshwater supply
in surface or intermediate seawaters (e.g. Surge et al., 2001; Rosales
et al., 2004), the increasing δ18O trend recorded by belemnites in the
Spinatum Zone could be taken to reﬂect the cooling interlude with
polar ice cap formation proposed for this time interval (Price, 1999;
Dera et al., 2009b, 2011, and references therein). However, this is not
observed in the signal from brachiopods, which present lower δ18O
values and do not show any signiﬁcant vertical trend. These differences
could be explained by a combined effect of cooler climate and semiarid
conditions, which may have ampliﬁed the 18O enrichment in the sea
surface. In the context of the relatively shallow areas within the epeiric
platform that developed in the Iberian Basin, with a presumably reduced seawater exchange with open oceanic waters, the δ18O belemnite
signal would provide a more accurate record of these climate conditions
(i.e. cooling and dry, semiarid conditions) than the δ18O brachiopod signal. On the basis of a compilation of clay minerals data from several basins in Western Europe, Dera et al. (2009a) propose a distribution of
palaeoclimatic belts in which the Iberian Basin would be located in a
semiarid climatic belt during the Pliensbachian, therefore supporting
the occurrence of dry conditions with a restricted input of freshwater
in this basin. However, the palaeolatitude assumed by Dera et al.
(2009a) (~ 25°N) do not match with the values given by Osete et al.
(2011) (~30–35°N). Although the palaeogeographic position proposed
for the Iberian Basin is located near tropical latitudes, the observed fossil
assemblages are characteristic of cool waters (foramol assemblage:
molluscs, brachiopods, echinoderms, etc.) as opposed to corals or
sponges, which are characteristic of tropical warm waters (Lees, 1975).
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Fig. 11. Summary of the sedimentology, cyclostratigraphy and chemostratigraphy in the Obón section, with the interpretation of the main sedimentary stages and controlling factors at the
late Pliensbachian-earliest Toarcian time span (U.T.: upper Tenuicostatum Zone).

As regards the δ13C record, the slightly decreasing trend of the δ13C
values recorded in both belemnites and brachiopods in conjunction
with an increasing δ18O trend would be related with an intense organic
matter oxidation releasing 12C to the oceanic reservoir, which in the
context of non-stratiﬁed waters favoured by the proposed cooling episode would allow the upwelling of deposited organic carbon and oxic
conditions (Bordenave, 1993).
The obtained isotope values suggest a relatively cold climate period
for the Spinatum Zone recorded in the Iberian Basin, consistent with the
data from other basins (e.g., Asturian Basin: Gómez and Goy, 2011;
Gómez et al., 2015; Basque-Cantabrian Basin: Rosales et al., 2004;
Causses Basin: Mailliot et al., 2009; Lusitanian Basin: Suan et al.,
2010). A comparison with previous stable isotope analyses in the relatively deeper section in the Iberian area (Almonacid de la Cuba section:
Comas-Rengifo et al., 2010) and the nearby Asturian (Gómez and Goy,

2011) and Basque-Cantabrian basins (Rosales et al., 2004; Quesada
et al., 2005) indicates similar isotope values for Spinatum Zone
(Fig.12), ranging between −0.5‰ to 2.5‰ for δ18O and −0.5‰ to 2‰
for δ13C, and displaying coeval increasing and decreasing trends
respectively.
Concerning the earliest Toarcian, its sedimentary record in the studied area is limited due to sedimentary hiatuses found in the lower
Tenuicostatum Zone and in the lower Serpentinum Zone, related to the
sedimentary discontinuities D2 and D3, respectively. The sedimentary
hiatus observed in the lowermost Toarcian, following the uppermost
Pliensbachian cooling interlude, is coherent with the presence of hiatus
or condensation levels described for warming episodes following
cooling intervals (Morard et al., 2003). The lower values and general decreasing trend in δ18O obtained in the early Toarcian could be indicative
of the warming climate interval in the Serpentinum Zone reported by
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Fig. 12. Comparison of the stable isotopic curves (A: δ18O; B: δ13C) obtained from belemnite rostra in Obón (this work) with the nearby section of Almonacid de la Cuba (Comas-Rengifo
et al., 2010), the Asturian Basin (Gómez et al., 2015) and the Basque-Cantabrian Basin (Rosales et al., 2004; Quesada et al., 2005). The dashed line delimits the Spinatum zone extension.

several authors for the Iberian Basin (Gómez and Goy, 2011) and other
nearby basins in Spain and Western Europe (McArthur et al., 2000; Röhl
et al., 2001; Jenkyns, 2003; Rosales et al., 2004; Metodiev and
Koleva-Rekalova, 2008; Dera et al., 2009b, 2011; Suan et al., 2010). It
is important to notice that obtained δ18O value corresponding to
upper Tenuicostatum Zone is similar to those recorded in the underlying
levels of the upper Spinatum (uppermost Pliensbachian), while obtained Serpentinum data show the lowest values, in concordance to the
warming episode span time.
The early Toarcian warming event has been widely recognized at a
global scale (e.g. Dera et al., 2011; Holz, 2015), associated with a
major extinction among marine genera and species at the
Tenuicostatum-Serpentinum zones boundary (Gómez and Goy, 2011;
Caruthers et al., 2013), which has been related to the volcanic activity
of the Karoo-Ferrar continental ﬂood basalts dated to 183 ± 2 Ma
(Palfy and Smith, 2000). In the context of an epeiric platform located
in a semiarid climate belt, the isotope record of this warming episode
would be diminished by the excess of evaporation that tends to increase
the δ18O of seawater, as recorded by the only slightly decreasing δ18O
values observed during the early Toarcian in Obón. The incomplete sedimentary record in the Obón section and the scarcity of isotope data do
not allow discussing in further depth the imprint of the Toarcian
warming event in the studied relatively shallow ramp areas in the Iberian Basin.

In some deeper-water successions around the world the early
Toarcian warming event records widespread marine anoxia, which led
to high rates of organic carbon preservation on the sea bottom and
gave rise to the synchronous deposition of black-shale facies (i.e. the
early Toarcian oceanic anoxic event; Jenkyns, 1988). In the relatively
shallow marine domains of the Iberian Basin represented by the section
studied at Obón, black-shale deposits are not recorded.
8.2. Long-term facies evolution and signiﬁcance of the major discontinuities
The late Pliensbachian cooling event proposed by different authors
to be linked with polar ice cap formation at high latitudes (Bailey
et al., 2003; Rosales et al., 2004; Mailliot et al., 2009; Suan et al., 2010;
Gómez and Goy, 2011; Sandoval et al., 2012; Gómez et al., 2015)
would result in sea-level fall and the widespread setting of upper
Pliensbachian regressive successions as recorded in the Iberian Basin
in the grain-supported bioclastic limestones of the Barahona Formation.
The facies and high-order sequences recorded in the study area reﬂect a long-term shallowing trend from Margaritatus Zone, up to the
middle part of the Spinatum Zone (Fig. 11)), with the relatively deeper
domains located in the more northern areas (San Pedro section; see
Fig. 8).
However, even though the whole Spinatum Zone records the cooling
episode (increasing δ18O values), the shallowing-upward trend

J. Val et al. / Sedimentary Geology 355 (2017) 93–113

potentially linked to this cooling is interrupted within the upper
Spinatum Zone by the discontinuity D1 related to a signiﬁcant ﬂooding
event and facies polarity change, with the deeper facies located in the
southern locality of Obón (see also Fig. 8). However, this sedimentary
change does not have any coeval change in isotope trends (Fig. 11).
So, this event can thus be taken to reﬂect regional (basin-scale) tectonic
factors, probably due to differential subsidence recorded in other areas
of the Iberian Basin (Gómez and Goy, 2000), rather than a climate
control.
The discontinuity D1 has also been recognized in the relatively
deeper section of Almonacid de la Cuba (Comas-Rengifo et al., 1999)
where the associated intra-Spinatum transgressive event (ApyrenymHawkerense subzones boundary) represents the lithological boundary
between Barahona Formation and the deeper facies (i.e., matrixsupported limestones and marls) of the overlying Turmiel Formation.
In Obón, the lithological boundary between the Barahona and Turmiel
formations is located above the transgressive episode coinciding with
the Pliensbachian-Toarcian boundary (Fig. 11). Therefore, the different
chronostratigraphic position of the lithological boundary corroborates
the lateral facies relationship in concordance with the ramp polarity
(i.e. deeper domains to the North). In addition, a T-R facies cycle boundary coeval to the D1 discontinuity deﬁned in Obón was proposed in the
nearby Basque-Cantabrian Basin (Fig. 13; Quesada et al., 2005).
D1 and D2 discontinuity surfaces bound the deepening-shallowing
sequence B13-B16 (Fig. 11). The discontinuity D2 found located at the
Pliensbachian-Toarcian boundary is time-equivalent to that was proposed to have a widespread signiﬁcance at the third-order scale across
the Iberian Basin (Fig. 13; boundary between T-R LJ3–2 and LJ3–3 sequences of Gómez and Goy, 2005). Therefore, in the shallow domains
of the Iberian Basin (i.e. Obón section) the identiﬁed intra-Spinatum surface D1 and Pliensbachian-Toarcian discontinuity D2 have coeval discontinuity surfaces at basin-scale. However, the reported data
indicates the local tectonic inﬂuence for the development of the intraSpinatum discontinuity D1, whereas the discontinuity D2 found at the
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Pliensbachian-Toarcian boundary would have a basin wide signiﬁcance
as a T-R sequence boundary (Fig. 13; boundary between T-R LJ3–2 and
LJ3–3 sequences of Gómez and Goy, 2005).
The discontinuity surface D3 identiﬁed in Obón within the upper
Tenuicostatum Zone can be tentatively related with the upper boundary
of the LJ3–2 third-order sequence deﬁned in the Iberian Basin (Fig. 13;
Gómez and Goy, 2005). Following this correlation, the sedimentary condensation and/or hiatus found at the lower Serpentinum Zone is likely to
be related to the widespread ﬂooding event occurring all across the Iberian Basin at the onset of the LJ3–3 sequence (see also Gómez and Goy,
2000).
8.3. Possible imprint of the late Pliensbachian orbital eccentricity cycles
In Obon, the long-term shallowing stage located from the upper
Margaritatus Zone up to the intra-Spinatum discontinuity D1 includes
12 higher-order sequences (bundles B1–B12), which are in turn arranged in 3 lower-order deepening-shallowing sequences (sets B1-B4,
B5-B8 and B9-B12; Fig. 13). The interval located between discontinuities D1 and D2, in the upper part of the Spinatum Zone includes 4
high-order sequences (bundles B13 to B16), which are grouped in a
lower-order deepening-shallowing sequence (set of bundles B13–
B16). The deﬁned high-frequency sequences were satisfactorily correlated between the two 15-km distant studied sections (Fig. 8). The possible orbital inﬂuence in the origin of these sequences is discussed here
considering the possible correlation to other upper Pliensbachian
successions.
In the nearby section of Almonacid de la Cuba sedimentological and
sequential work performed by Comas-Rengifo et al. (1999) resulted in
the identiﬁcation of 5 sets of sequences in the upper Pliensbachian (L,
M, N, O and P; Fig. 13). The precise ammonite biostratigraphy allowed
the assignment of sets of sequences L and M to the Margaritatus Zone,
set N to Margaritatus and Spinatum zone transition, and sets O and P
to the Spinatum Zone. These sets of sequences are comparable in

Fig. 13. Proposed correlation of the major discontinuities (D1, D2 and D3, see Fig. 11) recognized in the Obón section with the boundaries of the third order cycles deﬁned for the Iberian
Basin (Gómez and Goy, 2005) and the Basque-Cantabrian Basin (Quesada et al., 2005). The four sets of bundles recognized in Obón have been tentatively correlated to the four sets of
sequences (M–P) identiﬁed in the Almonacid de Cuba section by Comas-Rengifo et al. (1999). It is suggested that these four sets may be time-equivalent to the 400ky cycles deﬁned
by Ruhl et al. (2016) for the upper Margaritatus and Spinatum zones.
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terms of thickness, lithology and vertical facies evolution to the sets of
bundles deﬁned in Obón.
Considering the age calibration proposed for the Obón section
(Fig. 11), a tentative correlation with the Almonacid de la Cuba is proposed (Fig. 13). Accordingly, the lower set B1–B4 would correspond to
set of sequences M in the upper Margaritatus Zone, whereas sets B5B8, B9-B12 and B13–B16 would correlate with sets of sequences N, O
and P developed during the entire Spinatum Zone.
It is interesting to notice that Ruhl et al. (2016) proposed the existence of 3 long-term (c. 400 ky) eccentricity cycles for the Spinatum
Zone (Fig. 13).The temporal calibration for the Spinatum Zone (1.4 M,
Gradstein et al., 2012) ﬁts well this recent proposal by Ruhl et al.
(2016). Therefore, the 3 deﬁned sets of bundles in the Spinatum Zone
in Obón and 3 sets of sequences in Almonacid de la Cuba would be
assigned to c. 400 ky eccentricity cycles. In addition, the sets of bundles
identiﬁed in Obón are each one composed by 4 bundles, which could be
assigned to short-term eccentricity Milankovitch cycles (i.e., the 100 ky
cycle). It is therefore suggested that the bundles and sets of bundles deﬁned in the Obón-San Pedro section were inﬂuenced by the short- and
long-term eccentricity cycle respectively.
In the context of a storm-dominated carbonate ramp and cool climate (with the probable formation of polar ice caps), the recorded
high-frequency sequences in the Spinatum Zone, would be probably
linked to climate-induced sea-level oscillations controlling carbonate
production (benthic factory) and resedimentation towards the distal
areas. Similar climate control on carbonate production and
resedimentation has been proposed for Milankovitch-scale high-order
sequences recognized in other storm-dominated carbonate (distal middle to outer) ramp deposits of the lower Pliensbachian (Sequero et al., in
press) and upper Kimmeridgian (Bádenas et al., 2005; Colombié et al.,
2014) of the Iberian Basin. In the studied case, the possible climatedriven high-frequency cycles (bundles and sets of bundles) have been
recognized in relatively shallow (middle ramp to proximal outer
ramp) deposits, a platform zone where the obliteration of the climate
signal in the sedimentary record due to the imprint of the hydrodinamic
agents would be expected. However, this was not the case of the studied
ramp deposits, where the boundaries of both bundles and sets of bundles are prominent bedding surfaces, probably linked to a sharp decrease in carbonate production and resedimentation. However, these
hydrodinamic agents actually obliterate the expected facies trends
(i.e., transgressive-regressive) in the case of bundles (c.100 ky cycles),
as reﬂected by the record of erosive events detected at bed scale within
the identiﬁed bundles (see Fig. 6C).
9. Conclusions
The late Pliensbachian cooling event (Spinatum Zone) has been detected for ﬁrst time in the relatively shallow carbonate ramp successions
(proximal middle to proximal outer domains) in the Iberian Basin. The
mid-ramp domain is characterized by the widespread presence of skeletal grain-supported facies, a result of both in situ production and the
resedimentation generated after the episodic inﬂuence of storminduced waves. These facies grade distally to the proximal outer-ramp
domain to progressively muddier sediments.
The cooling climate episode, which lasted through the Margaritatus
p.p. Zone and the entire Spinatum Zone, is indicated by the increasing
δ18O values in belemnites. However, the facies and cyclostratigraphic
analyses reﬂect a long-term regressive facies trend lasting through the
Margaritatus p.p. and the upper Spinatum zones, followed by a sharp
transgressive event at the end of the Spinatum Zone. The abrupt facies
deepening is coeval to a change in the polarity of the carbonate ramp.
Therefore, the recorded sedimentary trends do not exactly match with
the cooling episode, reﬂecting the tectonic imprint in the upper part of
the Spinatum Zone in the studied area. The recorded discrepancy between the facies trend and the climate-induced sea-level drop linked
to the late Pliensbachian cooling event contrasts with the ﬁtting

between regression and cooling described in coeval deeper marine successions in other basins in the western Tethys. Therefore, a cooling climate episode is not always recorded as a purely shallowing facies
succession, because regional or global tectonics can also control the sedimentary evolution.
The cyclostratigraphic analysis resulted in the identiﬁcation of two
orders of high-order sequences (bundles and sets of bundles), which
were probably originated by sea-level variations induced by climatic
changes in tune with the short- and long- term eccentricity
Milankovitch cycles respectively. In the cold climatic context, these
eustatic cycles controlled shallow production and its resedimentation
towards distal zones. Even in the context of a relatively shallow
storm-dominated carbonate ramp, internal factors such as reduced sedimentary rates, resedimentation and reworking, amalgamation of beds,
and erosion by storm-induced currents the sedimentary signal of the
climatic cycles was not completely disturbed.
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5. Barahona Fm: late Pliensbachian platform

5.5. SUMMARY OF RESULTS AND WAY FORWARD
•

Facies analysis of the Barahona Formation in the Obón and San Pedro sector has
allowed proposing a sedimentary model for the late Pliensbachian platform
developed in the central part of the Iberian Basin. This sedimentary model includes
from proximal mid ramp to proximal outer domains of a bioclastic stormdominated homoclinal ramp with a typical facies belt distribution controlled by the
hydrodynamic regime (i.e. relative position of fair-weather and storm wave bases).

•

The mid ramp domain is characterized by skeletal facies (mainly brachiopods,
bivalves and echinoderms) arranged in dm-thick beds with clear or crude finingupward trends to amalgamated levels, which have been interpreted as complete,
incomplete and amalgamated tempestites, respectively. These accumulations were
generated by in situ production and re-sedimentation of bioclastic grains and lime
muds by storm-induced return currents. Storm flows progressively lose energy
towards distal areas, so bioclastic fraction was diluted in the lime muds carried by
the flows. In that way, grain-supported facies are dominant on the proximal midramp and grade into mud-supported facies towards distal mid-ramp.

•

The reconstruction of the depositional model locates the mixed carbonatesiliciclastic facies (i.e. marly limestones and marls) in the proximal outer ramp,
distally related to the carbonate facies which dominate in proximal areas.
Siliciclastic input preferentially recorded offshore, probably because it was diluted
in proximal areas due to relatively higher carbonate accumulation. This distribution
fits with coeval mixed sedimentation developed under arid climate conditions, and
characterized by limited fluvial influence carrying seawards siliciclastic mud and
silt fraction by the means of suspension transport, in a similar way to that observed
on current Persian Gulf (e.g. Tucker, 2003; Park, 2011). In that sense,
palaeoclimatic reconstruction by Dera et al. (2009a) on the basis of clay minerals
data compilation also supports the occurrence of cooling and dry climate conditions
with restricted freshwater input for the Iberian Basin during the Pliensbachian.

•

The Pliensbachian–Toarcian boundary has been situated coincident with the
lithological boundary between the Barahona and Turmiel formations (in the Obón
sector) on the basis of biostratigraphic and stable strontium isotopic data (87Sr/86Sr).
The isotopic signal obtained from belemnites (i.e. isotopic signal from surface and
intermediate seawaters) indicates a progressively increasing trend on δ18O and
slightly decreasing δ13C values through the Spinatum Zone up to the Pliensbachian–
Toarcian boundary. However, as regards to the isotopic signal from brachiopods
(i.e. seabottom waters), although δ13C values are similar, the δ18O values are lower
and do not show any significant trend. The differences between shallow and deep
δ18O signal have been interpreted as reflecting the combined effect of the cooling
interlude episode and semiarid conditions. In these conditions, the overall 18O/16O
fractionation is expected to be reduced, which may have relatively amplified the
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O enrichment in the sea surface compared to deep waters (Cappa et al., 2003),
enhancing thus the isotopic signal of belemnites, and therefore they provide a more
accurate record of these cooling and dry climate conditions. Because of the stormcontrolled nature of the processes acting in the ramp and causing agitation,
seawater stratification must be discarded as explanation.
•

The obtained isotopic data suggest a relatively cold and dry climatic period in the
Iberian Basin for the Spinatum Zone, with reduced organic productivity and/or
intense organic matter oxidation releasing 12C to the oceanic reservoir, coherent
with the proposal of possible development of polar ice caps (Price, 1999) and in a
similar tendency to that observed in other Western Europe basins (e.g., Asturian
Basin: Gómez and Goy, 2011; Gómez et al., 2015; Basque-Cantabrian Basin:
Rosales et al., 2004; Causses Basin: Mailliot et al., 2009; Lusitanian Basin: Suan et
al., 2010). Despite the relatively low latitude of the Iberian Basin during the
Pliensbachian, the relatively cool conditions would explain the predominance of
heterotrophic organisms (brachiopods and bivalves) in the studied platform, instead
of autotrophic organisms (e.g. corals, algae) typical of warmer areas.

•

The upper part of the Barahona Formation shows an intra- Spinatum Zone
sedimentary discontinuity accompanied by transgression and change in facies
polarity. This event has not any coeval change on the trend of the isotopic curve,
which keeps recording the cooling signal, so climatic control has to be discarded
and is more likely related to regional tectonic factors. In that way, it has to be
remarked that a climatic cooling episode is not always recorded by a pure
regressive facies succession, since other factors can also be involved, and the upper
Pliensbachian succession is a fine example.

•

The cyclostratigraphic analysis has leaded to the identification of two orders of
high-order sequences showing a 1:4 ratio (16 higher-frequency and 4 lowerfrequency sequences). The age calibration carried out by this work supports its
assignment to the short- and long-term eccentricity Milankovitch cycles,
respectively. These climatic changes would induce sea level variations, and
therefore fluctuations of the fair-weather and storm wave bases determining the
hydrodynamic regime, and then on re-sedimentation of the skeletal and muddy
fractions towards distal areas. It is remarkable to notice the imprint of orbitallyinduced short- and long-term eccentricity cycles in a shallow context of low
accumulation rate subjected to storm action. This situation is typically unfavourable
for the preservation of high-frequency sequences due to the incidence of resedimentation and erosive processes (e.g. Strasser et al., 1999). Preservation of
eccentricity-related sequences could also be favoured by the cold climatic context,
since it is usually related to more intense climate-induced sea level fluctuations
(e.g. Sømme et al., 2009), and therefore enhancing its sedimentary signal.
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•

The comparison with deeper localities of the basin (i.e. Almonacid de la Cuba:
Comas-Rengifo, 1999) shows the one-to-one correlation of the lower-frequency
sequences interpreted as being controlled by long-term eccentricity. In that sense,
this equivalence between the shallow and deep areas serves as an evidence to
support the basin-scale magnitude of these sequences, reinforcing its interpretation
as controlled by orbitally-induced climate fluctuations. The intra- Spinatum Zone
discontinuity is also identified in this relatively deeper zone, corresponding there to
the lithological boundary between the Barahona and Turmiel formations, which
shows a lower chronostratigraphic position, thus supporting a lateral relationship
between both units, in concordance with the carbonate ramp polarity.

Way forward
The shallower inner ramp areas of the late Pliensbachian platform have not been
identified in the present work, since they are not recorded in the studied sector. The
theoretical inner ramp domain of this platform would be supposed to include a higher
energy facies belt maybe hosting bioclastic shoals, and supplying much of the
allochthonous skeletal grains re-sedimented by the storm flows towards the distal
domains. To solve this question a sedimentological study of other shallow localities of
the Iberian Basin, susceptible to have recorded and preserved that sedimentary domain
is required.
Further sedimentological and cyclostratigraphic analysis of the Barahona
Formation in the Almonacid de la Cuba sector will allow evaluating or rejecting the
possible imprint of the short eccentricity sequences in those deeper areas of the ramp.
This work has demonstrated the record of the long eccentricity cycles in both shallow
and deep areas, but until now, the sedimentary imprint of short eccentricity cycles has
only been identified in the relatively shallow areas of the Obón-San Pedro sector. The
analysis of an outer ramp succession would be also interesting in order to check the
possible preferential record of precession-related sequences in these deep environments
as has been proposed for ramp-type platform by Bádenas and Aurell (2018).
Even though this work has taken data from the overlying Turmiel Formation, a
further research on the Toarcian cyclostratigraphy and its isotopic signal would be
interesting in order to evaluate the effect of the Toarcian warming event (McArthur et
al., 2000; Rosales et al., 2004; Gómez and Goy, 2011) on the sequence architecture,
since it would allow fully comprehending the interaction between high-frequency cycles
and the imprint of climate changes occurring during latemost Early Jurassic on Western
Iberia. However, this task is complicated in the studied area, due to the limited record
with sedimentary hiatuses in the Toarcian lower Tenuicostatum Zone and in the lower
Serpentinum Zone related to discontinuities.
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6.1. INTRODUCTION AND SPECIFIC AIMS
The Ricla Member records the early Kimmeridgian (Late Jurassic) platform
studied in this PhD thesis, which consisted in the inner to distal mid domains of a
steepened oolitic-siliciclastic ramp, hosting an infralittoral prograding wedge.
The stratigraphic succession recorded in the Iberian Basin during the
Kimmeridgian is assumed to represent sedimentation on a carbonate ramp subjected to
frequent storm action, causing an important offshore transport which contributed to kept
up the gently slope, compensating the differential carbonate production rates for shallow
and deep domains (Aurell et al., 1995; Bádenas & Aurell, 2001b; Aurell et al., 2003).
The Ricla Member is a prograding oolitic-siliciclastic sand complex which was
developed around wave-base level during the regressive stage of the Kim-1 sequence
(Fig. 3.4). As it is further discussed within the following scientific paper, the Ricla
Member can be defined as an infralittoral prograding wedge sensu Hernandez-Molina et
al. (2000), whose sedimentary architecture records the lateral and vertical stacking of
cross-bedded deposits bounded by different hierarchy sharp surfaces. The infralittoral
prograding wedges consist on sand-sized accumulations characterized by basinward
progradation below the wave-base level (e.g. Pomar and Tropeano, 2001; Lobo et al.,
2004; Fernandez-Salas et al., 2009; Pomar et al., 2015; Andrieu et al., 2017, Figs. 6.1
and 6.2). They are produced by avalanching processes usually controlled by seaward
sediment swept as effect of storm-generated longshore and downwelling currents, and
include topset, foreset and bottomset parts (Hernandez-Molina et al., 2000). The topset
is the shallow, gently sloping platform area, generally < 0.3°, the foreset is the steeper
sloping transition to deeper waters, and the bottomset is the reduction in slope angle that
grades into the basin floor (Steel and Olsen, 2002; Johannessen and Steel, 2005).
The excellent outcropping conditions of this sedimentary unit in the Ricla sector
are highly appropriate to analyze its internal distribution of sedimentary heterogeneities
and master bedding surfaces in terms of cyclostratigraphy; since it allows characterizing
its sequence architecture and evaluating the possible response of the controlling
processes to high-frequency allocyclic changes. In addition, it is important to remark its
potential interest as a well-exposed outcrop analogue for similar age prograding grainsupported units acting as hydrocarbon reservoirs in the subsurface (e.g. Pomar &
Kendall, 2008; Westphal et al., 2010; San Miguel et al., 2013). A better understanding
of the facies distribution, the presence of master bedding surfaces and the stacking
patterns allows getting some hydrocarbon exploration implications, such as to infer
lithologies in seismic lines and predict the presence and disposition of architectural
heterogeneities between wells (e.g. Kleipool et al., 2015).
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The specific aims pursued by this research subject are the following:
Reconstruct the depositional model and the sedimentary processes which controlled
the accumulation of the prograding oolitic-siliciclastic sand-wedge which
characterizes the early Kimmeridgian platform developed in the shallow marine
areas of the central Iberian Basin.
Characterize the distribution of the facies heterogeneities and different scale masterbedding surfaces displayed along the prograding sand-wedge, and understand their
sedimentological significance in terms of sequence architecture, discussing their
assignment to allocyclic or autocyclic processes.
Evaluate the possible imprint of cyclic environmental changes which determine the
sequence architecture, evaluating the competence of a prograding mixed ooliticsiliciclastic sand-wedge to record high-frequency climatic cycles, and the
interference of the allocyclic orbitally-induced signal with the autocyclic processes
controlling the sand complex migration.

Fig. 6.1: Bathymetric map of the inner continental shelf of the Carchuna area (Alboran Sea, SE
Spain). The black dashed lines mark the offlap breaks of infralittoral prograding wedge
Holocene deposits. Extracted from Fernández-Salas et al. (2009).
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Fig. 6.2: A) Conceptual model for infralittoral prograding wedges: grain-dominated carbonate
sediments are mostly produced above the wave-base, and swept seawards by the action of
storm-induced longshore and downwelling currents. They accumulate below the wave-base by
the means of avalanching processes; generating grain-dominated slope deposits which
prograde on basinal muds. B) Depositional model of the oolitic Pozuel Formation, interpreted
by Pomar et al. (2015) as hosting an infralittoral prograding wedge. Its chronostratigraphic
position is similar to the Ricla Member, at the upper regressive part of the Kim-1 sequence, but
it is located in a southern locality of the Iberian Basin. The facies indentified from LF4-1 to LF1
are similar to those observed by this work in the Ricla Member. Extracted from Pomar et al.
(2015).
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A detailed facies and sequential architectural analysis has been carried out along the wedge-shaped shallow
marine cross-bedded oolitic-siliciclastic Ricla Member (Kimmeridgian, Northern Iberian Basin). The obtained
results are based on ﬁeldwork along the 4 × 1 km continuous outcrops with the use of high-resolution photomosaics and drone-made videos, which have led to a precise and extensive facies reconstruction. Three main
facies that are laterally related (A to B to C) in down-dip direction have been diﬀerentiated, which correspond to
the topset, foreset and bottomset parts of a sloping depositional surface. Sedimentation was controlled by
sweeping drift and downwelling storm-induced currents causing avalanching processes, with the deep action of
oscillatory currents. The sedimentary architecture consists in 5 successive units composed by several sub-units,
arranged according to diﬀerent stacking patterns, which reﬂect the sedimentary response to wave-base oscillations superimposed to the regressive part of a third-order transgressive-regressive cycle. The sedimentological
features indicate that this unit, which has been previously interpreted as a dune complex ﬁt with an infralittoral
prograding wedge model, as it is observed in geographically close and stratigraphically similar units. The Ricla
Member is therefore regarded as an example of a well-exposed grain-supported unit with broad potential application to other prograding grain-dominated lithosomes that do not conform to the traditional sand shoal
model.

1. Introduction
Reconstructing the sedimentary architecture and facies heterogeneities from the analysis of well-exposed grain-supported prograding
units provides valuable information for comparison with subsurface
analogous hydrocarbon reservoirs. Upper Jurassic outcropping analogues are of particular interest to further understand signiﬁcant hydrocarbon reservoirs, such as those found in the Smackover Formation in
the USA Gulf Coast or the Arab-D Formation in Arabia (e.g., Benson,
1988; Grötsch et al., 2003; San Miguel et al., 2013). Detailed outcrop
analysis is required to achieve precise understanding about the sedimentary architecture of prograding units. Recognition of new stratigraphic details can improve the interpretation of carbonate lithosomes
and may trigger new exploration opportunities in reservoirs, promoting
more realistic models for characterization of inter-well heterogeneities
(Pomar et al., 2015). In particular, Kleipool et al. (2015, 2016) remark
the potential use of the well-exposed Kimmeridgian (Upper Jurassic)
mixed oolitic-siliciclastic sand complex of Ricla Member (Iberian Basin,
NE Spain) studied in the present work, as a reference analogue for reservoirs developed in prograding carbonate ramps.

∗

The architecture and facies distribution on sedimentary units is related to the sedimentary processes as well as to their response to sealevel ﬂuctuations and tectonics (e.g., Schlager, 2005). Sediment production and distribution by hydrodynamic factors are essential sedimentary processes in carbonate ramps. Carbonate sand-shoal deposits
are usually found in epeiric platforms and shallow domains of carbonate ramps, located around or above wave base level (e.g. Tucker,
1985; Tucker and Wright, 1990). Sand-sized deposits can also form
signiﬁcant accumulations characterized by the basinward progradation
in subtidal domains located below wave base forming infralittoral
prograding wedges (e.g. Pomar and Tropeano, 2001; Lobo et al., 2004;
Fernandez-Salas et al., 2009; Pomar et al., 2015; Andrieu et al., 2017).
These sand bodies are the result of avalanching processes below the
wave base level of sediment swept seaward from the shallow domains
by the combined eﬀect of storm-generated longshore and downwelling
currents (Hernandez-Molina et al., 2000).
The Ricla Member (Iberian Basin, NE Spain) is an outstanding example of a prograding oolitic-siliciclastic sand complex developed
around wave-base in the shallow areas of the Kimmeridgian carbonate
ramp (Bádenas and Aurell, 2001a). This unit is exposed in diﬀerent dip
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the new ﬁnding of Crussoliceras sp. (lower Kimmeridgian, divisum Zone)
in a burrowed sandy limestone level located c. 10 m below the studied
Ricla Member. The Ricla Member is bounded on top by a sharp sedimentary discontinuity that corresponds to the boundary between the
Kim-1 and Kim-2 sequences. This discontinuity is a cemented and ferruginous ﬂat surface with occasional borings, without evidence for
subaerial exposure (Bádenas and Aurell, 2001a). Above this discontinuity a major deepening event at the onset of the deposition of the
Kim-2 sequence resulted in the formation of a condensed limestone
level rich in poorly sorted irregular oncoids and varied skeletal grains
including corals, which can be traced all across the Ricla outcrop. This
condensed oncolitic-rich level is in turn overlain by middle ramp coralline limestones grading distally to lime mudstone dominated successions (i.e., Torrecilla and upper Loriguilla formations, respectively;
Bádenas et al.,2005).
Previous analysis of the Ricla Member by Bádenas and Aurell
(2001a) showed the overall lithofacies distribution and the sedimentary
architecture within this oolitic-siliciclastic sand-wedge complex
(Fig. 1D). The reconstruction of the sedimentary architecture of the
Ricla Member is improved here by the detailed analysis of a 4 × 1 km
outcropping area located in the northern and thicker part of the Ricla
Member. In general terms, these deposits are characterized by an initial
shallowing-upward stage of prograding siliciclastic lobes and channels,
represented by cross-bedded and channelled oolitic-bioclastic sandstones and micro-conglomeratic beds at its lowermost part (Fig. 1D).
Above these levels, there was a sharp progradation of large-scale foreset
oolitic-sandy grainstones passing down-dip to sandy-oolitic and skeletal
grainstones (Bádenas and Aurell, 2001a). The basal cross-bedded and
channelled oolitic-bioclastic sandstones have been used as a datum in
the present work (called here basal unit).

to strike-oriented sections along a 6 km long transect, forming a wedgeshaped unit, up to 22 m-thick in the most proximal (northern) outcrop
area and pinching out basinward (to the south), down to 5 m-thick on
distal localities. The 6 km-long continuous exposures with nearly undeformed and uncovered clear panoramic outcrops, allow studying the
facies heterogeneities and lateral and vertical distribution of this crossbedded oolitic-siliciclastic sand complex.
The proposed aims of this work are the following: (1) to get a precise facies reconstruction of the Ricla oolitic-siliciclastic sand-wedge
complex and its heterogeneities, across a selected 4 × 1 km (down-dip
to strike) square area; (2) to understand how those sedimentary facies
are inter-related and arranged into architectural elements along the
whole sedimentary unit; (3) to complete and improve the knowledge of
the depositional mechanisms controlling the architecture of the prograding sand-wedge complex in a regressive context, and in particular
the eﬀect of the high-frequency wave-base oscillations in the resultant
sedimentary architecture.
2. Geological setting
The dominant greenhouse climate conditions during the Jurassic,
and its associated high sea-level, caused the ﬂooding of wide continental areas, giving rise to shallow epeiric seas in Western Europe
(Jenkyns, 1996). That was the case of the Iberian Basin, where extensive carbonate ramps were developed during the Jurassic (Fig. 1A).
The development of carbonate ramps is usually linked to those platforms in which the sedimentary rates are similar for shallow and deeper
domains, favouring the construction of the ramp geometry instead of
distal slope platform or barrier platform morphology (Wright and
Faulkner, 1990). However, the shallow ramp developed in the Iberian
Basin at around 20-25° N palaeolatitude (Osete et al., 2011) during
Kimmeridgian (Fig. 1A) is a remarkable example in which the gently
inclined geometry is kept up in spite of diﬀerential carbonate production rates. The production was dominantly located in the shallow areas,
mainly controlled by phototrophic organisms (coral patch reefs) and
ooid generation. The lack of signiﬁcant deeper production was compensated by an important oﬀshore transport associated to storm return
currents, which reworked a signiﬁcant bulk of sediment from the high
productivity shallow areas to the deeper domains and balanced its sedimentary rates (Aurell et al., 1998; Bádenas and Aurell, 2001a). The
eﬀect of tides and fair-weather waves was probably limited in the
shallow area of the ramp due to the dissipation of its energy along its
wide extension (Tucker and Wright, 1990), but the absence of protective barriers determined the susceptibility to the action of storms and
hurricanes (Aigner, 1985), so deposition was mainly dominated by the
return currents associated to storms and hurricanes (Bádenas and
Aurell, 2008).
The Jurassic outcrops located north of Ricla (Iberian Range, NE
Spain) expose the proximal areas of the low-angle Kimmeridgian ramp.
The shallow-water oolitic-siliciclastic Ricla Member studied here was
developed in the northern Iberian Basin, south of the Ebro Massif
(Fig. 1B), and facing both hurricanes pathways and winter storms
(Marsaglia and Klein, 1983; Price et al., 1995; Bádenas and Aurell,
2001b).
The Kimmeridgian stratigraphic succession in the northern Iberian
Basin (Fig. 1C) comprises two transgressive-regressive (third-order)
Kim-1 and Kim-2 sequences (Bádenas and Aurell, 2001a; Aurell et al.,
2003). The Kim-1 sequence is mostly early Kimmeridgian in age. In the
Ricla outcrops, the transgressive and lower regressive part of the Kim-1
sequence is represented by a marl-dominated succession (Sot de Chera
Formation) grading upwards into the well-bedded burrowed sandy
limestones of the lower Loriguilla Formation, interpreted as outer to
middle ramp deposits. The upper regressive stage of the Kim-1 sequence
is represented by the sudden progradation of the mid ramp Ricla ooliticsiliciclastic Member occurring around the lower–upper Kimmeridgian
boundary (Bádenas and Aurell, 2001a). This assignment is supported by

3. Methods
The exceptional outcrop conditions of the Kimmeridgian succession
in the Ricla area have allowed carrying out a widespread ﬁeldwork and
the physical tracing along the whole sand-wedge Ricla Member to get
sedimentological data and to identify their architectural elements.
The whole 4 × 1 km outcropping area selected is located in the
northern part of the Ricla outcrops, and has been divided into 10 panoramic outcrop views, which are 200 m–660 m in length (Fig. 2A).
Outcrops 1 to 6 are located successively, from the proximal (north) to
the distal (south) areas, and are nearly down-dip oriented regarding to
the ramp slope. Outcrops 7 to 10 are perpendicular to the outcrops 1 to
6, and therefore they are oblique and strike oriented with respect to the
ramp slope. Fieldwork has been supplemented by detailed study using
high-resolution continuous photomosaics and drone-made videos on
those selected panoramic outcrops in order to accurately map and delimit facies and architectural elements (master bedding surfaces and
sedimentary units), getting a precise analysis of geometries in a 3D
reconstruction. In addition, palaeocurrents and minimum lateral extension of each sedimentary unit have been measured to characterize
the setting-up patterns for each successive building stage and the variations in migration trends.
The identiﬁcation of facies has been accomplished on the basis of
the bedding patterns and the presence of diﬀerent types of sedimentary
structures, characterizing depositional features. The textural characteristics have not been used as a key criterion for facies diﬀerentiation. Nevertheless, the petrographic analysis of rock samples in polished
slabs and thin sections has allowed identifying diﬀerent lithofacies attending to the texture and components (mainly siliciclastic and carbonate grains), and these aspects have been taken into account for the
reconstruction of the sedimentary model. Bioturbation intensity has
been characterized using the bioturbation index (BI) deﬁned by Taylor
and Goldring (1993).
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Fig. 1. A): Palaeogeographical context of the Iberian Basin in Western Europe during Kimmeridgian (modiﬁed from Dercourt et al., 1993; palaeolatitude adapted
from Osete et al., 2011). B): Geographic location of the studied Kimmeridgian Ricla outcrops within the main Iberian Basin facies belts (modiﬁed from Bádenas and
Aurell, 2012). C): Synthetic chronostratigraphic distribution of the Kimmeridgian facies in the northern Iberian Basin, including the span of the transgressiveregressive Kim-1 and Kim-2 sequences (modiﬁed from Aurell et al., 2010). The bold box indicates the stratigraphic location of the studied Ricla Member within the
regressive stage of Kim-1 sequence. D): General previous data of the Ricla Member lithofacies distribution according to Bádenas and Aurell (2001a). The bold box
indicates the range studied here in detail.

4. Results

Facies B comprises 0.5 to 4 m-thick sets of planar cross-stratiﬁcation
with sigmoidal to wedge geometry (Fig. 3B). Individual sets include
dm-thick foreset beds with internal lamination parallel to foreset tops,
which show unidirectional down-dip 10˚average inclinations. Set
boundaries are either non-erosive or erosive surfaces with similar or
less inclination than foreset beds. Sets usually display an oﬄap stacking
(i.e. in down-dip direction) and high-angle cross-bedded foresets in
proximal localities, give way to less inclined beds that distally interconnect with facies C. Sparse escape traces are present (BI: 0–1).
Facies C consists of dm-thick tabular beds with frequent hummocky
cross stratiﬁcation (HCS, with decimetre to metre-scale wavelength;
Fig. 3C) and unidirectional (down-dip) planar cross-lamination. Beds of
facies C distally wedge and interﬁnger with muddier deposits, including
lime mudstone levels and burrowed marls. The bioturbation index is
low to moderate (BI: 2–3). The identiﬁed trace fossils include

4.1. Facies types
The sedimentological analysis in the Ricla area has allowed identifying a set of facies types on the basis of bedding patterns and sedimentary structures. Three main facies that are laterally related (A to B
to C) in down-dip direction have been diﬀerentiated and mapped along
the selected outcrops (Fig. 2B). There is also an occasional facies D
occurring in the northern sector (see outcrop 1 in Fig. 2B).
Facies A is mainly composed by dm-to m-thick tabular beds including dm-thick sets of bidirectional planar cross-stratiﬁcation
(Fig. 3A; see palaeocurrent data in section 4.2). Set boundaries are ﬂat
erosive surfaces, dipping less than 1–3°. Bioturbation is low and locally
present on beds tops (BI: 0–1), including Asterosoma traces.
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Fig. 2. A): Aerial view and distribution of the uppermost Kimmeridgian Ricla Member outcrops (modiﬁed from Bádenas and Aurell, 2001a). The location of the ten
panoramic outcrop views selected to study is also indicated and they are named. B): Reconstruction of the Ricla Member sedimentary architecture consistent on ﬁve
prograding units, by the correlation of 10 selected panoramic outcrops, in which the facies distribution and sharp bounding surfaces have been mapped. The basal
sand-dominated unit has been considered as a previous detrital episode and is used here as a datum.

Fig. 3. Field view of the diﬀerent facies identiﬁed for
the uppermost Kimmeridgian Ricla Member. A):
Facies A (topset: bidirectional dm-thick cross-bedded
sets). B): Facies B (foreset: unidirectional m-thick
planar cross-bedded sets). C): Facies C (bottomset:
unidirectional cross-laminated beds with hummocky
cross stratiﬁcation). D): Facies D (tabular bed of
poorly sorted sandstone to micro-conglomerate).
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Fig. 4. Thin-section images in petrographic microscope with plane-polarized light of the diﬀerent lithofacies composing the Ricla Member deposits. A): oolitic
grainstone. B): oolitic-sandy grainstone. C): oolitic sandstone in proximal localities. D-E): oolitic sandstone in distal localities. F): heterometric micro-conglomerate.

4.2. Facies architecture

Asterosoma, Diplocraterion, Planolites and Skolithos.
Facies A, B and C do not have signiﬁcant diﬀerences in lithofacies.
They correspond to grainstones with variable proportions of quartz
grains and ooids, and occasional bioclasts (echinoids, bivalves, gastropods, brachiopods, corals and serpulids). Textures can vary between
individual beds and even within beds, from oolitic grainstones
(Fig. 4A), oolitic-sandy grainstones (Fig. 4B) to oolitic sandstones
(Fig. 4C). The ooids are spherical to slightly ovoidal and generally well
sorted, with diameter usually ranging from 0.5 mm to 1 mm. Quartz
grains generally form the ooid nuclei, and the ooid cortices have ﬁne
concentric ﬁbrous-radial laminae or alternating ﬁbrous-radial and micritic laminae (i.e. type 3 and mixed type 1–3 of Strasser, 1986, respectively). Cements are equigranular and probably recrystallized,
without evidence of vadose conditions. The siliciclastic fraction is
composed by sub-angular, ﬁne to medium sand-sized quartz grains. In
the southern area, sand-sized quartz grains and quartzite pebbles are
more frequent, and the dominant lithofacies are oolitic-sandy grainstones, oolitic sandstones (Fig. 4D and E) and heterometric microconglomerates (Fig. 4F).
Facies D corresponds to a tabular level with basal erosive surface
and diﬀuse parallel lamination (Fig. 3D). It consists of poorly sorted
sandstones to micro-conglomerates composed by sub-angular coarse
sand quartz grains and quartzite pebbles, bioclasts (mainly oyster shells
and echinoids) and lime mudstone rip-up clasts.

The continuous exposure of the Ricla outcrops has allowed reconstructing the facies architecture within the sand-wedge prograding
Ricla Member. According to facies stacking pattern, presence of sharp
bounding surfaces and palaeocurrent average values, ﬁve successive
prograding units have been identiﬁed here overlying the basal sanddominated unit used as a datum (units 1–5, Figs. 2B and 5). Unit
boundaries represent sharp discontinuity surfaces that can be traced
across the outcrop. These units are composed by sub-units bounded by
slightly oblique down-slope dipping sharp surfaces (Figs. 2B, 6 and 7).
Unit 1 is 8 m-thick in the northern sector (see outcrops 1 and 7–9,
Fig. 2B) and suddenly wedges in down-dip direction (between outcrops
1 and 2, see also outcrop 9, Fig. 2B). This abrupt wedging allows delimiting the southern limit of the unit and its minimum lateral extent
(around 700 m, Fig. 5). Unit 1 is mainly formed by oolitic-siliciclastic
large-scale foreset beds (facies B) with southwest-directed palaeocurrents (average value of 200°; Fig. 5) and minor proportion of dm-thick
sets of cross-stratiﬁed facies A and tabular HCS facies C. The analysis of
the facies distribution in outcrops 1 and 7–9 reﬂects a lateral A-BeC
facies relationship in accordance with the palaeocurrent (southwest)
direction (Figs. 2B and 6); in the northeast outcrops 7–9 the unit is
formed by large-scale foreset facies B and discrete occurrence of sets of
cross-stratiﬁed facies A on top, whereas towards the southwest (outcrop
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Fig. 5. Distribution of palaeocurrent data taken from diﬀerent measuring stations along the Ricla Member, indicating its belonging to the ﬁve successive units. The
dot line marks the inferred minimum extension of each prograding unit front, together with its mean palaeocurrent trend.

unit is dominated by the large-scale foreset facies B, with southeast
palaeocurrents (average palaeocurrent values of 160°), which reﬂect an
eastwards palaeocurrent deviation in comparison to the previous units
(Fig. 5). The unit is formed by successive 700 m-long sub-units with
oﬄap arrangement formed by facies A (see outcrops 2 and 3, Fig. 2B),
passing down-dip to large-scale foreset facies B and distally to tabular
HCS facies C with interbedded marls and lime mudstone beds (see
lower part of the outcrops 4 and 5, Fig. 2B).
Units 4 and 5 are two sigmoidal units stacked in oﬄap and downstepping architecture, with reduced thickness compared to the previous
units. Unit 4 progressively thins southwards from 9 m in outcrop 5
down to 4 m in outcrop 6 (Fig. 2B). Its basal boundary with Unit 3 is
erosive, as it is reﬂected by the presence at the lowermost part of Unit 4
of a lenticular conglomeratic deposit including lime mudstone intraclasts, derived from the erosion of muddy facies of Unit 3 (see outcrop 5 in Fig. 2B). Unit 5 thickens progressively through outcrop 6 up to
4.5 m-thick to the south (Fig. 2B). Both units are mainly formed by lowangle oﬄapping to downstepping sub-units of facies B with southeast
palaeocurrents (average values of 120˚-130°, Fig. 5), and local presence
of bidirectional cross-stratiﬁed facies A. Both units have lower ooliticdominated sub-units and upper siliciclastic-dominated sub-units
(Fig. 8). The bounding surfaces of sub-units are usually burrowed and
encrusted.

1) the unit also includes a 2.5 m thick lowermost sub-unit composed of
tabular HCS facies C (Figs. 2B and 6). The mapping of facies in outcrop
1 also reveals that the upper part of Unit 1 is formed by the oﬄap
stacking of up to 4 m-thick and ca. 600 m-long sigmoidal sub-units,
composed of large-scale foreset facies B. This facies occasionally pass
down-dip to tabular HCS facies C or with downlap contact with the
underlying lowermost sub-unit composed by vertically stacked tabular
beds of HCS facies C (Fig. 6).
Unit 2 is a sigmoidal unit vertically and laterally stacked over Unit 1
(Fig. 2B). In the northern outcrops 1 and 7–8 it has homogeneous
thickness of 10 m (Fig. 6). Towards the southwest (outcrop 2) it sudden
increases in thickness up to 17.5 m, downlapping the underlying sharp
wedging of Unit 1 and the basal (datum) unit (Fig. 7). Further southwards it gradually wedges through outcrop 3, thus reﬂecting its
southern limit and its maximum lateral extension (at least 1700 m,
Fig. 5). In the northern outcrops 1 and 7–8, the base of Unit 2 is marked
by an extensive decimetric tabular level of micro-conglomerates (facies
D) covering the top of previous Unit 1 (Figs. 2B and 6). Unit 2 is formed
by cross-stratiﬁed facies A (with northeast-southwest bidirectional palaeocurrents: Fig. 5), large-scale foreset facies B (with southwest to
south migration, average values of 190˚-200°: Fig. 5) and tabular HCS
facies C. The analysis of the facies distribution clearly reﬂects the lateral
A-BeC facies change towards the palaeocurrent (southwest and south)
direction, which can also be mapped at outcrop scale (Fig. 2B). Accordingly, in northern outcrop 7, the unit is almost exclusively formed
by tabular cosets of cross-stratiﬁed facies A. Towards the south and
southwest (outcrops 1 and 8–10) the unit is formed by oﬄapping subunits encompassing facies A, B and C, and locally showing down-slope
shingling conﬁguration (e.g. outcrop 1 in Fig. 6). Further to the south
(outcrop 2, Fig. 7), Unit 2 has a downlap architecture and is exclusively
formed by successive (and progressively thinner) 400 m-long sub-units
of cross-stratiﬁed facies B arranged with down-slope shingling to oﬄap
stacking (Fig. 7).
Unit 3 is an up to 17 m-thick and 1600 m-long sigmoidal unit that is
stacked in oﬄap respect to Unit 2 (see outcrops 2 to 5 in Fig. 2B). This

5. Signiﬁcance of the facies types
The stacking of laterally-related A, B and C facies observed here
(Fig. 9A) at unit and sub-unit scale represent the successive depositional
parts around and within a sloping depositional surface in which topset,
foreset and bottomset parts have been identiﬁed (Fig. 9B). This kind of
sedimentary architecture is widely known as clinoform in the sense of
Mitchum (1977), after Rich (1951) who ﬁrstly deﬁned this term for the
inclined strata surfaces (i.e. the foreset itself).
Topset facies A is characterized by dm-thick sets of planar crossstratiﬁcation with bidirectional palaeocurrents. The horizontal
118

Marine and Petroleum Geology 96 (2018) 113–127

J. Val et al.

Fig. 6. Panoramic view of the outcrop 1, which includes Unit 1 and the lower part of Unit 2, its facies distribution and architecture are indicated. Unit 1 shows a
lower part with distal facies C and an upper part formed by oﬄap stacked sub-units with sets dominated by facies B. Unit 2 in outcrop 1 is located over a facies D bed
and is composed by oﬄapping sub-units with sets encompassing facies A, B and C, locally showing down-slope shingling conﬁguration. The boxes A, B and C
represent detailed windows focusing close into the outcrop.

et al., 1998; Bádenas and Aurell, 2001a).
Foreset facies B records the unidirectional basinwards migration,
which has been previously related to the action of episodic storm-induced return ﬂows (Bádenas and Aurell, 2001a). Further analysis carried out in this work indicates that large-scale foreset facies B correspond to the down-slope avalanching accumulation along a slightly
inclined surface below the mean wave base, controlled by the sweeping
action of storm-induced downwelling currents (Fig. 9B and C). The
growth of this deposit was intermittent, and accretion stages alternated
with non-sedimentation and even erosion, as it is indicated by diﬀerent
sets characterized by parallel foreset beds and separated by oblique
sharp interruption surfaces (erosive and non-erosive set boundaries).
Erosive set boundaries cut the previous cross-strata and are likely to be
generated by higher energy events (similar to that observed in tidal
dunes by Olariu et al., 2012). Non-erosive set boundaries are parallel to
the previous cross-strata, and posterior cross-strata are arranged concordant over the surface, thus reﬂecting episodes of non-sedimentation

geometry or slight down-slope inclination of the surfaces bounding the
sets (< 3°: Fig. 9A)suggest deposition in a ﬂat topography to low-angle
sea-bottom located inshore of the high-angle slope of the clinothem
represented by the accumulation of large-scale foreset facies B. Comparison of palaeocurrent direction of facies A and its down-dip related
foreset facies B (e.g. Unit 2, Fig. 5), reﬂects that direction of the smallscale bedforms found in facies A was oblique to the prograding migration of facies B. Facies A has been assigned to the inﬂuence of
sweeping and longshore drift in the lower shoreface area, caused by
feeder currents of the rip circuit induced by the incidence of storms and
its return ﬂows. The observed bidirectional nature of these longshore
currents can be explained by the variation of the impact point and incidence angle of the storm-induced currents (Bowman et al., 1992;
MacMahan et al., 2006; Castelle et al., 2016). An alternative explanation of tide-induced currents controlling bedform migration cannot be
ruled out. However, evidences for tidal inﬂuence in the interior shallow
domain of the Kimmeridgian epeiric platform are scarce (e.g., Aurell
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Fig. 7. Panoramic view of the outcrop 2, which includes the upper part of Unit 2, its facies distribution and architecture are indicated. Unit 2 in outcrop 2 shows
downlap architecture and is exclusively formed by facies B arranged in down-slope shingling stacking to oﬄap stacking sub-units. The boxes A, B and C represent
detailed windows focusing close into the outcrop.

As regards to the lithofacies and texture of facies A, B and C, the
presence of ﬁbrous-radial ooids indicates high-energy shallow domains
with normal salinity (Strasser, 1986). Thus, ooids generation could be
settled in the inner topset domain as well as in more proximal areas
aﬀected by wave action or even tidal inﬂuence, from where ooids
would be mobilized, as observed in modern analogues of Bahamas tidedominated shoals and wave-dominated systems (Rankey and Reeder,
2011; Rankey, 2014). The alternation of ooid-dominated to siliciclasticdominated lithofacies even at bed scale would most likely record variations in the terrigenous sediment supply and heterolithic segregation,
such as observed in other mixed deposits alternating carbonate and
siliciclastic fractions (Chiarella and Longhitano, 2012). There is not
enough evidence to solve if siliciclastics were brought into the system
by littoral drift or direct ﬂuvial input. Nevertheless, sub-angular quartz
grains in the ooid nuclei and in the siliciclastic fraction indicate reduced
reworking and the proximity of the continental source-area, probably
from the Ebro Massif located northwards to the study area (Bádenas and

and reactivation. Therefore, the dip angle of foresets varies throughout
deposition (around a mean of 10°) as the successive avalanching and/or
erosional stages controlled by the wave oscillations, deﬁne the topography for next avalanching deposits.
Bottomset tabular facies C indicate a nearly ﬂat topography at the
toe of the clinoform. The cross-laminated structures with unidirectional
palaeocurrents represent the migration of small-scale bedforms induced
by the bottomset currents distally to the foreset slope. Presence of
hummocky cross stratiﬁcation also records the occasional reworking by
oscillatory ﬂows induced by exceptional storms, as observed in modern
analogues (Hernández-Molina et al., 2000). The interﬁngered marly
and lime mudstone deposits reﬂect alternating periods of agitation and
quiescence with lime mud settling from suspension.
The lateral relation between topset and foreset parts is usually
convex-shaped, while the union between foreset and bottomset parts
shows a concave-shaped dip angle reduction, as commonly observed in
clinoformed depositional models (Steel and Olsen, 2002).
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Fig. 8. Panoramic view of the outcrop 6, which includes Units 4 and 5, its architecture and the distribution of oolitic- and siliciclastic-dominated intervals are
indicated. Units 4 and 5 show downstepping architecture, and are formed by oﬄapping sub-units dominated by facies B with detrital increasing to the top. The boxes
A and B represent detailed windows focusing close into the outcrop.

integrated relationship between accommodation changes, sediment
supply, hydrodynamics and previous topography (Driscoll and Karner,
1999; Puig et al., 2007). The detailed analysis of the facies distribution
performed in the Ricla Member reveals a complex internal architecture
of facies and, thus, of hydrodynamic processes and physical accommodation controlling the sedimentary evolution.
The overall sedimentary architecture of the Ricla Member reﬂects
that accommodation space was largely exceeded by sediment supply,
causing the basinwards migration of deposition, which generated a
gentle sloping surface (Walsh et al., 2004). The Ricla Member as a
whole corresponds to a sand-wedge deposit developed in a long-term
regressive context, as the dominant prograding and oﬄapping geometries indicate (Bádenas and Aurell, 2001a). In addition, in order to
explain the internal architecture of the Ricla Member is necessary to
invoke the presence of a higher-order oscillatory signal superimposed to
this long-term regressive trend (Fig. 10). Sedimentary evolution and
stacking patterns of diﬀerent units within this sand-wedge reﬂects the

Aurell, 2001b).
Facies D, locally recorded at the base of Unit 2 in the northern sector
(Fig. 2B) is unrelated with the lateral relationship between the facies A,
B and C. Bad sorting, reduced thickness, heterogeneous nature of siliciclastic to carbonate grains (skeletal grains, intraclasts) and the sharp
erosive base indicate that this facies correspond to a lag deposit. This
deposit could be a tempestite deposit at the toe of the bottomset originated by an exceptional storm event (Myrow and Southard, 1996) or
related to the transgressive event developed over a ravinement erosion
surface from dynamic condensation (Swift, 1968; Allen and
Posamentier, 1999; Cattaneo and Steel, 2003).

6. Discussion
6.1. Facies architecture: response to wave-base oscillations
The architecture of shallow marine prograding units results from the
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Fig. 9. A): Outcrop window extracted from
outcrop 1, which shows the A-BeC facies
sigmoidal lateral relationship as it is displayed in the outcrops. B): Sedimentary
model proposed for the uppermost
Kimmeridgian Ricla Member in the Iberian
Basin, consistent in a clinoformed gentle
slope with diﬀerentiated topset, foreset and
bottomset parts, the main sedimentary
structures and dominant palaeocurrents in
each part are also indicated. C):
Depositional evolutionary model of the
Ricla infralittoral prograding wedge
throughout successive stages of avalanching
and wave oscillation. Slope dip angle of the
foreset beds varies in accordance to the
physical accommodation.

stage of rapid creation of accommodation previous to the facies B
progradation, favouring the setting of relatively deep depositional
conditions compared with the underlaying sand-dominated deposits
(i.e. basal unit).
Unit 2 records at its lower part an initial stage of creation of accommodation that allowed its vertical stacking over Unit 1. The
widespread presence at the lowermost part of Unit 2 of the conglomeratic deposit which can be interpreted as a transgressive lag (i.e.,
Facies D), gives support to the existence of this initial sea-level rise
event, which caused subaqueous erosion and reworking (Allen and
Posamentier, 1999; Cattaneo and Steel, 2003). This initial stage of accommodation gain was lately compensated by the sediment supply, as it
is indicated by the overall prograding oﬄap geometries observed in
most of Unit 2. The extensive down-slope shingling stacked sub-unit in
the top of outcrop 1 marks the highest position reached by the wavebase according to the sedimentary record of this unit, and it is followed
by a still-stand stage represented by the oﬄap stacked sub-units in
outcrop 2.
The oﬄap stacking of the Unit 3 and its prograding sub-units indicates a stage of still-stand wave-base. However, at the end of the
deposition of Unit 3 there are evidences of accommodation loss and
even submarine erosion, which are most likely related to a stage of a
high-frequency sea-level fall and related lowering of the wave base.

alternation of accumulation processes together with episodes of erosion
caused by diﬀerent nature factors. Foreset surfaces and set boundaries
can be considered as autogenic, as they reﬂect accretional and erosional
stages due to variations in the energetic conditions, while successive
sub-unit and unit boundaries would indicate allogenic changes in the
equilibrium proﬁle of the wave-base. The storm-controlled nature of
this depositional model would determine a strong dependency on the
frequency and intensity of storms, aﬀecting the rate between deposition
and erosion. Therefore, variations in the available accommodation
space would be controlled by wave-base oscillations driven by the
short-term climate variation (Hampson and Storms, 2003; Storms and
Hampson, 2005). So, each one of the 5 recognized units reﬂect the
sedimentary response of the depositional system to wave-base oscillations superimposed to the regressive stage of the third-order Kim-1
sequence (Hunt and Tucker, 1992, 1995; Aurell et al., 1998). These
oscillations could be probably driven with climate controlled fourth- or
ﬁfth-order sea-level variations, although the absence of precise chronostratigraphic data does not allow a reliable age calibration.
Unit 1 represents a rapid lateral accretion of the prograding wedge
during a still-stand wave-base stage, as indicated by the oﬄaping
geometry of the successive sub-units (see outcrops 1 and 7–9). In addition, outcrop 1 includes a lower sub-unit composed by vertically
stacked tabular beds of HCS facies C, which would reﬂect and initial
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Fig. 10. Evolutionary reconstruction of the Ricla Member building up and interpretation of the high-frequency wave-base oscillations superimposed to the regressive
stage of the third-order Kim-1 T-R sequence, controlling the facies distribution and sedimentary architecture of each unit within the Ricla Member. The facies
mapping and mean palaeocurrent data for each unit are also indicated.

Accordingly, the wave-base reached the sea ﬂoor, causing widespread
erosion and generation of intraclasts that were eventually incorporated
in the lowermost levels of the overlying Unit 4. In particular, at the
lower part of Unit 4 there is a lenticular conglomeratic deposit with
abundant intraclasts (see section 4.2), which was probably caused by an
extraordinary storm event. The presence of this lenticular deposit reinforces the interpretation of wave-base falling after Unit 3 deposition.
The overall geometry of units 4 and 5 reveals the existence of two
consecutive high-frequency cycles of still-stand and falling stages of
wave-base superimposed to the forced regressive stage that took place
at the end of third-order Kim-1 sequence (Aurell et al., 1998; Bádenas
and Aurell, 2001b). The general downstepping pattern observed in the
low angle prograding sub-units indicates a progressive loss of the
available accommodation. The siliciclastic dominance at the upper part
of units 4 and 5 ﬁts with a forced regression context with reduced net
carbonate production and increased detrital sediment supply
(Catuneanu et al., 2011). However, the absence of signiﬁcant erosion or
evidences of subaereal exposure on top of the downlapping units 4 and
5 reﬂects that the carbonate ramp was never exposed before the basinwide deepening event that took place at the onset of the Kim-2 sequence deposition (Bádenas and Aurell, 2001a).
High-frequency stages of wave-base oscillations, both linked to
variations in the energetic storm conditions (i.e. accretional and erosional stages) and to those related with relative sea-level variations, had
a major control on the observed stacking of units 1–5 and their internal
sedimentary architecture. The erosive bounding surfaces that appear
within these units (i.e. set boundaries, sub-unit boundaries) usually cut
the upper part of underlying sets, so topset facies A are frequently

reduced or absent. Accordingly, foreset facies B dominates most of the
sub-units. The local preservation of topset facies A (mostly in units 2
and 3) can be attributed to stages with high wave-base and more accommodation space compared with units 4 and 5 (Steel and Olsen,
2002; Helland-Hansen and Hampson, 2009). However, in general, accommodation space was limited and the topset area acted as a by-pass
area with erosion and/or non-sedimentation (Kohsiek and Terwindt,
1981).
The local preservation of bottomset facies C in the distal part of the
units and sub-units is closely related with the occurrence of tangencial
wedging (lower part of units 2 and 3). Tangencial wedging architecture
with well-developed clinoformed facies distribution A-BeC and distal
accumulation of marly and lime mudstone deposits is likely to be favoured during accommodation gain stages (i.e. high wave-base) and/or
when sediment supply is low (Mitchum et al., 1977; Pomar et al.,
2015). Otherwise, stages of low wave-base with increased storm intensity and/or higher sediment supply would produce downlap architecture with reduced or absent accumulation of bottomset facies C. It is
remarkable to notice that downlap-dominated units in Ricla show
higher occurrence of erosive set boundaries and reduced or absent
topset facies A, which has been interpreted here as reﬂecting higherenergy conditions during stages of wave-base fall.
6.2. Progradation of units: the shift of the sand-wedge migration
During the Late Jurassic, the carbonate ramp developed in the
Iberian Basin was oriented with the deeper domains towards the
southeast (Bádenas and Aurell, 2001b). However, palaeocurrent data of
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Fig. 10. (continued)

6.3. Regional and conceptual implications

the older units (units 1 & 2) recorded at the onset of Ricla Member
progradation indicate a southwest direction (Figs. 5 and 10). These
values could either be explained by 1) the presence of possible local
palaeogeographic irregularities and/or 2) the action of the Ekman effect, so migration would be deﬂected clockwise with respect to the
storm return currents (Warren, 1976). That ﬁts with what is observed in
similar Holocene sedimentary bodies at 25-30 m-depth, such as those
found in Holocene sediments of the SW and SE Spanish coast, which
show oblique sediment transport not directly seawards (Lobo et al.,
2005; Fernández-Salas et al., 2009). In addition, average palaeocurrent
values display an overall southwards migration which progressively
shifts from southwest (units 1–2) to southeast (units 3–5) dominant
values, indicating a gradual and continuous eastwards deﬂection of the
sand-wedge progradation (Figs. 5 and 10). This progressive deviation
against what would be expected by the Ekman Eﬀect, together with the
lax arrangement of the most distal units and its foreset angle loss could
reﬂect that successive units were accumulated taking the available
accommodation space left by previous units (Posamentier et al., 1988;
Posamentier and Allen, 1993). The wave-base fall during the forced
regressive stage would accentuate this eﬀect, as it is recorded by greater
deﬂection shown by units 4 and 5. Those architectural implications are
less marked in the stacking of Unit 2 over Unit 1, due to an increase of
physical accommodation caused by wave-base rise as indicated by the
aggrading pattern showed by Unit 2 facies architecture.

The planar cross-stratiﬁcation dominating the Ricla Member has
previously been interpreted as generated by basinward migration of
straight-crest bedforms (i.e. dunes) in a sand-shoal complex in shallow
conditions near the wave base, controlled by storm return currents
(Bádenas and Aurell, 2001a). Further analysis exposed in this work
show that sedimentary features in the Ricla Member points to a slightly
sloping depositional surface in which topset, foreset and bottomset
parts can be recognized, and ﬁt properly with an infralittoral prograding wedge, deposited below the wave base by sediment swept
oﬀshore from shallow water environments by wave action (sensu
Hernandez-Molina et al., 2000). Shallow domains of wave-dominated
coasts during sea level highstands usually record stronger currents and
higher littoral washing, which can lead to the development of these
sedimentary bodies. In addition, the existence of a conﬁned shallow
coast, supported by the restricted lateral extension of the Ricla Member
would favour the inﬂuence of storm-induced currents as it is observed
by some authors (e.g. Morton, 2002). The longshore rip currents recorded in the topset part by facies A would supply the sediment from
the shallow areas, but the progradation of the Ricla infralittoral prograding wedge was mainly controlled by avalanching processes produced by downwelling storm-induced return currents, since the accretion of cross-beds represent the main horizontal sediment accumulation
(Allen, 1968; Kohsiek and Terwindt, 1981; Bádenas and Aurell, 2001a).
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Fig. 11. Comparison of the sedimentary architecture shown by the Ricla Member in this work and an extract of the seismic stratigraphy interpretation of a Holocene
infralittoral prograding wedge in the Gulf of Cádiz (Lobo et al., 2005). It has been redrawn form their Fig. 8B to the same scale as the Ricla example.

remain in doubt, since no shallower deposits are recorded in the exposed areas. This absence could be due to the posterior erosive action.
Nonetheless, the top of Ricla Member does not show evidence of subaerial exposure. More likely, it can be explained as resulted by nondeposition stages, as sedimentation was controlled by physical accommodation. The presence of a cemented and ferruginous ﬂat surface in
the top of units 2 and 3 could therefore reﬂect the development of a
shallow-water pavement with conditions of sediment by-pass (Purser,
1969), acting as a foreshore area proximally related to the sand-wedge
facies.
Infralittoral prograding wedges require a wave-dominated sedimentary environment for developing, which ﬁts with the sedimentary
model proposed for the Kimmeridgian ramp by previous regional works
(Bádenas and Aurell, 2001a, 2001b). However, modern wave-dominated oolitic systems are not developed as infralittoral prograding
wedges but peloid-ooid-skeletal sheets or shoal complexes. Current
carbonate production zones, such as those observed in Bahamas (Hine
et al., 1981; Rankey et al., 2009; Rankey, 2014) are located in ﬂat
platforms which are mostly leewards oriented, controlled by fair
weather waves with relatively quieter energy conditions in comparison
to those controlling sedimentation in Ricla.

Observations in modern analogues from the SE Atlantic Spain coast
(Gulf of Cádiz) and SW Mediterranean Sea show a < 1° seaﬂoor morphology and identify a ∼3° slope break located 20-35 m-depth which
coincides with the mean level of storm wave-base (Hernandez-Molina
et al., 2000, Fernandez-Salas et al., 2003; Chiocci et al., 2004; Lobo
et al., 2004, 2005). Fig. 11 show the comparison of a part of the Holocene infralittoral prograding wedge in the Gulf of Cádiz (Lobo et al.,
2005) that allows recognizing their similar sedimentary architecture.
Nevertheless, both examples have diﬀerent nature of sediments and
probably time duration. The sedimentary record in those Holocene
analogues consists on siliciclastic deposits, not mixed oolitic-siliciclastic
nature as shown in Ricla.
An infralittoral prograding wedge has been previously described in
a southern locality of the Iberian Basin, with a similar stratigraphic
position at the upper regressive part of the Kim-1 sequence (i.e., Pozuel
Formation, Pomar et al., 2015). The dip angle in foreset beds of Pozuel
Formation ranges between 5° and 10°, which are similar to 10° average
values recorded in foreset facies B in Ricla, in same range as those
observed in Holocene deposits by Lobo et al. (2005). However, infralittoral prograding wedges can have a very variable dip of clinobeds (up
to 20°; e.g. Andrieu et al., 2017). As indicated in Fig. 9C, higher angle
clinobeds can be recorded in Ricla (up to 15°). These slightly more
inclined cross-bedded beds suggest the presence there of a gentle breakslope, as a result of the inherited topography from the previous foresets,
sub-units and units. The inherited topography would favour the development of a more pronounced wedge-shaped deposit, so sets get less
inclined in the southern distal areas as the topography ﬂattens. The
internal structure and architecture of Holocene infralittoral prograding
wedges in south Spain coast is also complex owing to a lateral accumulation of individual prograding wedges and adaptation to previous
deposits (Lobo et al., 2005; Fernández-Salas et al., 2009).
The infralittoral prograding wedge model described by HernandezMolina et al. (2000) indicates the presence of foreset beds downlapping
over ﬁner-grained oﬀshore deposits, and in turn, overlained by shoreface deposits. The Ricla Member, as well as Pozuel Formation (Pomar
et al., 2015), show a distal interﬁngered relation of bottomset facies C
with marly and lime mudstone distal deposits, corresponding to the
oﬀshore domain. As regards to the innermost areas located near the
shoreline, the depositional model for Pozuel Fm considers a calm restricted domain with microbial and metazoan mounds developed
landwards of the subtidal prograding slope (Pomar et al., 2015). In
what concerns the Ricla Member, those proximal environments located
landwards of the sand-wedge (i.e. upper shoreface and foreshore)

7. Conclusions
Three facies types (Facies A, B and C) composed by variable proportion of ooids and siliciclastic detritical grains have been recognized
within a progrational wedge-shaped shallow marine unit (Ricla
Member, Kimmeridgian, northern Iberian Basin). These three facies are
laterally related and organized into sigmoidal-shaped sets, which deﬁne
a clinoformed depositional model and correspond respectively to the
topset, foreset and bottomset parts. The topset part (Facies A) was
dominated by the action of bidirectional longshore rip storm-induced
currents which swept the sediment together with downwelling currents
basinwards. Those currents controlled avalanching processes along the
foreset part (Facies B) and deﬁned the main accumulation and seaward
prograding migration. The bottomset part (Facies C) was aﬀected by
alternating periods of agitation and quiescence, and occasionally oscillatory ﬂows at the toe of the clinoform caused reworking on these
distal sediments. All those sedimentological features together support
the interpretation of the Ricla Member as an infralittoral prograding
wedge.
The signiﬁcance of these facies heterogeneities and master bedding
distribution have been attributed as a sedimentary response to the
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mixed eﬀect of autogenic (avalanching processes) and allogenic (wavebase oscillations) signal controlling the equilibrium proﬁle during the
long-term regressive stage of the Kim-1 sequence.
Five successive units have been identiﬁed on the basis of stacking
patterns and facies distribution. Those units are internally arranged in
sub-units and sets, and reﬂect the evolutionary stages of the Ricla infralittoral prograding wedge during still-stand and forced regression as
well as a progressive deviation in the migration trends which could
indicate that each unit was accommodated over the space left by previous ones.
The better knowledge about the Ricla Member infralittoral prograding wedge exposed in this work oﬀers a well-understood continuous outcropping example that can be used to understand other similar grain-supported deposits. As already underlined in Pomar et al.
(2015), the infralittoral wedge model has a broad potential application
to other prograding grain-dominated lithosomes that do not conform to
the traditional sand shoal model, being some of them signiﬁcant hydrocarbon reservoirs.
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6.3. SUMMARY OF RESULTS AND WAY FORWARD
•

The sedimentological analysis of the Ricla Member has allowed reconstructing the
facies transition from shallow to relatively deeper areas of the platform developed
at the end of the early Kimmeridgian in the central Iberian Basin. The proposed
sedimentary model comprises from inner to distal mid ramp domains of a mixed
carbonate-siliciclastic ramp, in which an infralittoral prograding wedge (IPW) was
developed around the wave base.

•

The facies have been characterized on the basis of bedding patterns and
sedimentary structures. Its lateral arrangement defines a clinoform depositional
surface sensu Mitchum (1977) with topset, foreset and bottomset parts. The topset
part had a flat to low-angle topography and was dominated by the sweeping action
of bidirectional longshore drift related to the feeder currents of the rip circuit, which
was induced by the incidence of storms and its return flows, causing unidirectional
downwelling currents carrying the sediment basinwards. The downwelling currents
controlled avalanching processes along the slightly inclined foreset part (10º
average), located below the wave base and hosting the main sediment
accumulation. The bottomset part had a nearly flat topography at the toe of the
clinoform complex; it was affected by alternating periods of agitation and
quiescence, and occasionally oscillatory flows causing reworking on these distal
sediments.

•

The lithology is mainly characterized by mixed deposits with variable proportion of
ooids and sand-sized quartz grains. The depositional model shows that bottomset
beds distally interfinger with lime mudstones and marls. So, carbonates generated
in shallow areas (i.e. ooids in the topset) and accumulated in the foreset and
proximal part of the bottomset, whereas in deeper areas carbonate mud
predominated; coarse siliciclastics (i.e. sub-angular quartz grains) accumulated in
shallow areas, where they mixed with carbonates, usually appearing quartz grains
as ooid nuclei. Siliciclastic fine-sized fraction accumulates offshore coeval with
carbonate mud. This distribution points out to humid coeval mixed sedimentation,
in which increased siliciclastic input is brought by frequent fluvial flows (e.g.
Belize shelf: Purdy and Gischler, 2003), and therefore variations at detailed scale of
oolitic/siliciclastic sediment proportions reflect changes in pluviometry.

•

The overall sedimentary architecture reflects that accommodation space in the early
Kimmeridgian platform was largely exceeded by sediment supply, causing the
progradation during still-stand and forced regression. As regards to the sequence
architecture, the studied deposit has been divided into five prograding units on the
basis of facies stacking pattern, presence of sharp bounding surfaces and
palaeocurrent average values. They show a progressive deviation in the migration
trends which could indicate that each unit was accommodated over the space left by
previous ones. The units are internally arranged in sub-units bounded by slightly
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oblique down-slope dipping sharp surfaces, and sets characterized by parallel
foreset beds separated by oblique sharp interruption surfaces (erosive and nonerosive).
•

As regards to the age calibration, Crussoliceras sp. (lower Kimmeridgian, divisum
Zone) occurs around 10 m below the Ricla Member. In addition, a newly acquired
stable strontium isotopic datum (87Sr/86Sr = 0.706964) has been taken in an oyster
shell from the basal condensed level of Kim-2 sequence, coherent with late
Kimmeridgian values (Wierzbowski et al., 2017). So, the boundary between lower–
upper Kimmeridgian is assumed to be located near the sharp sedimentary
discontinuity on top of the Ricla Member and that marks the Kim-1 and Kim-2
sequences boundary. However, there is not enough data to accurately estimate the
time span of the Ricla Member.

•

The sedimentological significance of different scale sequences (i.e. units, sub-units
and sets) shows the simultaneous influence in sedimentation of both allocyclic and
autocylic factors. The units and sub-units have been interpreted as reflecting wave
base oscillations changing the equilibrium profile and affecting the rate between
deposition and erosion. These fluctuations could be probably driven by climate
controlled fourth- or fifth-order sea level changes superimposed to the regressive
stage of the third-order Kim-1 sequence. However, the absence of precise
chronostratigraphic data prevents a reliable age assignment. On the other hand,
foreset surfaces and sets can be considered as autogenic since they reflect
accretional and erosional stages due to variations in the energetic conditions,
inherent to the sedimentary system, i.e. avalanching processes linked to the
migration. In that way, the growth of the IPW was intermittent, and accretion stages
alternated with non-sedimentation and even erosion stages.

•

According to the sequence architecture, is important to notice that the foreset part
of the IPW is more sensitive to record and preserve high-frequency sedimentary
changes than the topset part, constantly subjected to reworking processes, and the
bottomset part where sedimentation rates were significantly lower and favoured
amalgamation of beds. In that sense, Fernández-Salas et al. (2009) states that
preservation potential of current IPW is much higher than that observed for
prograding coastal plain and nearshore deposits, since it remains out of reach of
small sea level fluctuations.

•

Assigning palaeobathymetric values when working with carbonate ramps is a
delicate task, since they mainly refer to the relative position of energetic levels
which are determined by different palaeogeographic and climatic factors. However,
it is interesting comparing current similar IPW’s. In that sense, those identified by
Lobo et al. (2005) in the Gulf of Cadiz (SW Spain) are located at 25-30 m-depth,
and Fernández-Salas et al. (2009) in the Alboran Sea (western Mediterranean Sea,
SE Spain) locate the topset and bottomset parts at 15-20 and 35-40 m-depth,
respectively.
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Way forward
The absence of enough chronostratigrahic data has prevented getting a reliable age
calibration of the studied Ricla Member. Further palaeontological prospection should be
done in order to find any characteristic ammonite or non-diagenetically altered calcitic
shells (brachiopods, belemnites, oysters) for 87Sr/86Sr isotopic analysis. Improving the
age calibration is a pending key-task necessary to confirm the assignment of units to
orbitally-induced high-frequency cycles.
An accurate age calibration would also allow discussing the climatic signal of the
changes in pluviometry which controlled the variable proportion of ooids and quartz
grains displayed by the sedimentary sets. This task would require a more detailed
mapping of the distribution of both lithologies across the outcrops.
The detailed reconstruction of the Ricla Member infralittoral prograding wedge in
terms of sequence architecture offers a well-understood continuous outcropping
example, whose comparison with other similar grain-supported deposits can allow
understanding them, especially since it can be used for the characterization of Upper
Jurassic units which act as hydrocarbon reservoirs in the subsurface. These
interpretations about internal distribution of sedimentary heterogeneities and master
bedding surfaces have a potential application to hydrocarbon exploration and
interpretation of seismic lines. A more specialized study would be required, integrating
these results on sequence architecture with the petrophysical work of Kleipool et al.,
(2015) carried out in these Ricla Member outcrops.
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7. VILLAR DEL ARZOBISPO FORMATION:
latest Kimmeridgian-early Tithonian platform

7. Villar del Arzobispo Fm: latest Kimmeridgian-early Tithonian platform

7.1. INTRODUCTION AND SPECIFIC AIMS
The Villar del Arzobispo Formation records in the Galve sub-basin the latest
Kimmeridgian–early Tithonian (Late Jurassic) platform studied in this PhD thesis,
which consisted in the inner domains (coastal to shallow marine) of a homoclinal mixed
carbonate-siliciclastic ramp.
The Kimmeridgian-mid Albian rifting phase which caused the fracturing of the
Iberian Basin resulted in the individualization of the South Iberian and Maestrazgo
basins, and leaded to sedimentation within compartmentalized rapidly subsiding
sedimentary troughs (Liesa et al., 2019). The Galve sub-basin is one of the seven main
sub-basins which were formed within the Maestrazgo Basin as the effect of faulting and
block tilting, together with the Penyagolosa, Salzedella, Morella, Perelló, Aliaga and
Oliete sub-basins (Salas and Guimerà, 1996). The Villar del Arzobispo Formation in the
Galve sub-basin is formed by alternating carbonate and siliciclastic deposits, whose
controlling mechanisms could be either related to tectonic pulses or cyclic patterns of
the climatic signal. Thus, the main interest of this research subject lies in determining
the contribution of each one of those controlling factors in a transitional shallow domain
influenced by incipient tectonics, as well as evaluating the record of high-frequency
cycles in this specific context.
In addition, the Upper Jurassic–Lower Cretaceous outcrops in the Galve sub-basin have
palaeontological importance since they hold significant Mesozoic vertebrate skeletal

remains (i.e. Galvesaurus herreroi and Aragosaurus ischiaticus, first dinosaur ever
defined in Spain; Sanz et al., 1987; Canudo et al., 2012; Royo-Torres et al., 2014) and
trackways (e.g. Perez-Lorente et al., 1997; Castanera et al., 2011). The age assignment
and lithostratigraphic division of the syn-rift-1 sedimentary has been reviewed over the
last years. Recent work by Aurell et al. (2016) divides in the Galve sub-basin the
classical Villar del Arzobispo Formation defined by Mas et al. (1984) into Villar del
Arzobispo, Aguilar del Alfambra and Galve formations on the basis of significant
lithological changes combined with the presence of basinwide unconformities
controlled by extensional tectonics. In that way, the first two units would belong to the
latest Kimmeridgian to mid-Berriasian, whilst the Galve Formation time span is most
probably constrained from the late Berriasian to early Valanginian. However, this
lithostratigraphic division has been questioned by other recent works that defend the
wholeness of this sedimentary sequence as a Kimmeridgian-Tithonian unit without
reaching Cretaceous record (Campos-Soto et al., 2017; Santos et al., 2018). The present
work refers the Villar del Arzobispo Formation sensu Aurell et al. (2016), i.e. the
“lower” part of the classical Villar del Arzobispo Formation defined by Mas et al.
(1984), and provides new key data that has also been incorporated in the recent review
by Aurell et al. (2019b) that aimed to clarify the chronostratigraphy of the
Kimmeridgian-lower Valanginian successions of the Galve sub-basin (Fig. 7.1).
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The specific aims pursued by this research subject are the following:
Understand the palaeoenvironmental significance of the coastal to shallow marine
carbonate and siliciclastic facies, reconstructing the depositional model and
sedimentary processes which characterized the latest Kimmeridgian–early Tithonian
platform developed in the Galve sub-basin.
Analyze the different controlling factors, as well as their influence and interaction,
leading to the evolution from predominant reciprocal sedimentation in the lower part
of the unit to a mixed carbonate-siliciclastic system in the upper part.
Provide new biostratigraphic and chemostratigraphic data which allow improving the
age calibration of the Jurassic-Cretaceous transition in the Galve sub-basin within the
Maestrazgo Basin, as well as report new evidences to discuss the chronostratigraphic
distribution of this time interval.
Analyze the sequence architecture, in order to identify different scale high-frequency
sequences, that together along with the obtained age calibration allows discussing
their correspondence to Milankovitch orbital cycles and therefore evaluating the
climatic signal in a coastal–shallow marine transitional environment characterized by
the alternation of carbonate and siliciclastic sediments in a context of active
tectonics.

Fig. 7.1 (Next page): A) Chronostratigraphic distribution of the Jurassic–Cretaceous transition
in the Morella and Galve sub-basins. Modified from Aurell et al. (2016). Sea level curve curve
and absolute ages according to Haq (2014). B) Overall facies and thickness distribution in the
Aguilar del Alframbra, Galve and Castellar formations across a NNW–SSE transect in the
Galve sub-basin. Extracted from Aurell et al. (2016)
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7. Villar del Arzobispo Fm: latest Kimmeridgian-early Tithonian platform
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Significado de las discordancias de finales del Jurásico registradas
en el sector central de la Subcuenca de Galve
(Aguilar del Alfambra, Teruel)
Meaning of the latest Jurassic angular unconformities recorded in the central Galve Subbasin
(Aguilar del Alfambra, NE Spain)
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ABSTRACT

RESUMEN

This work presents the study of an outcrop in the Galve Subbasin where two
angular unconformities (D1 and D2) within the Upper Jurassic have been
recognized. They are in relation to the activity of synsedimentary normal faults. The
D1 angular unconformity, with a very local development, is located at the upper
part of the Villar del Arzobispo Formation, and it did not represent a significant
sedimentary change within the unit. The D2 angular unconformity, of greater
extension, represents the sedimentary contact of this unit with the recently defined
Aguilar del Alfambra Formation (mid-Tithonian to mid-Berriasian in age age). It
supposed and important change in the sedimentary evolution on a regional scale.
The spatial development of the angular unconformities has been related with the
imprint of the extensional tectonics on the local and regional sedimentary evolution
of the subbasin. The D2 unconformity and the important sedimentary change
associated with it support the separation of both units within the originally defined
Villar del Arzobispo Formation.

Este trabajo presenta el estudio de un afloramiento en la Subcuenca
de Galve donde se han reconocido dos discordancias angulares (D1 y D2)
en el Jurásico Superior, en relación con la actividad de fallas normales
sinsedimentarias. D1, de desarrollo local, se encuentra en la parte alta de
la Formación Villar del Arzobispo y no tuvo asociado un cambio sedimentario significativo en la unidad. D2, de mayor extensión, representa el
contacto de esta unidad con la Formación Aguilar del Alfambra suprayacente (parte media del Titoniense a Berriasiense medio) y supuso un
importante cambio en la evolución sedimentaria a escala regional. El
desarrollo espacial de las discordancias ha sido relacionado con la
impronta que la tectónica extensional tuvo en la evolución sedimentaria
local y regional de la subcuenca. La discordancia D2 y el importante cambio sedimentario asociado apoyan la separación de ambas unidades
dentro de la Formación Villar del Arzobispo originalmente definida.

Key-words: synrift sequence, Upper Jurassic, normal fault, angular
unconformity, sedimentary evolution, Galve Subbasin.
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Introducción
La Cuenca del Maestrazgo se desarrolló al
este de Iberia durante el rift del Jurásico Superior-–Cretácico Inferior. Su relleno sedimentario
se divide en dos grandes unidades o secuencias
synrift, limitadas por una discordancia erosiva
desarrollada al final del Berriasiense (Mas et al.,
2004; Liesa et al., 2019). La secuencia synrift
inferior, de edad Kimmeridgiense-Berriasiense,
tiene un registro particular en los diferentes dominios sedimentarios o subcuencas en los que
se divide la Cuenca del Maestrazgo, entre las
que se incluye la Subcuenca de Galve (Fig. 1A

y B). En esta subcuenca se han reconocido recientemente tres unidades con marcadas diferencias litológicas (Aurell et al., 2016): las
formaciones Villar del Arzobispo, Aguilar del Alfambra y Galve. Estas formaciones presentan
importantes variaciones de espesor (Fig. 1C) y,
en determinados afloramientos,están limitadas por discordancias erosivas de bajo ángulo
(García-Penas y Aurell, 2017). Las dos primeras formaciones surgen de la división de la
Formación Villar del Arzobispo definida inicialmente por Mas et al. (1984). Hay que notar
que esta nueva propuesta de división litoestratigráfica ha sido cuestionada en trabajos

Copyright© 2019 Sociedad Geológica de España / www.geogaceta.com

recientes (Campos-Soto et al., 2017; Santos
et al., 2018).
El objeto del presente estudio es aportar
nuevos datos acerca de la evolución tectosedimentaria de la Subcuenca de Galve al final
del Jurásico, a partir de la caracterización de
una serie de discordancias erosivas de bajo ángulo existentes en torno al límite entre las formaciones Villar del Arzobispo y Aguilar del
Alfambra y su relación con la actividad de fallas
normales sinsedimentarias.
Se ha estudiado un afloramiento continuo
expuesto al oeste de la localidad de Aguilar del
Alfambra (Teruel), en la parte central de la Sub-
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cuenca de Galve (Fig. 1B y C), a partir de observaciones sobre el terreno y del análisis de
imágenes aéreas tomadas con dron y de ortoimágenes. El área de estudio se sitúa en el
flanco sur subvertical del antinclinal ENE-OSO
de Aguilar del Alfambra (Liesa, 2011). Dicha
disposición facilita que la imagen en cartografía permita observar la geometría original en
corte de las capas, discordancias y fallas normales sin sedimentarias (Fig. 2).

Estratigrafía
La Formación Villar del Arzobispo tiene 155
m de espesor en el corte del cañón del río Alfambra, y en ella se diferencian cuatro secuencias (S1 a S4) de espesor variable (de 25 a 60
m; Figs. 2 y 3). Cada una de ellas está formada
por un intervalo inferior dominado por calizas
marinas someras (peloidales, bioclásticas y localmente oolíticas) y un intervalo superior lutítico con intercalaciones de areniscas con
frecuentes estratificaciones cruzadas, que se
han relacionado con la instalación de sistemas
deltaicos dominados por el oleaje (Val et al.,
2019). En la Subcuenca de Galve, los niveles
carbonatados de la secuencia S1 contienen Alveosepta jaccardi, por lo que la parte inferior
de esta formación pertenece todavía al Kimmeridgiense (Val et al., 2019).
La Formación Aguilar del Alfambra, en su
localidad tipo, tiene 240 m de espesor. La unidad incluye una gran variedad de facies siliciclásticas, carbonatadas y mixtas, depositadas
en una llanura de mareas abierta dominada
por el oleaje (Bádenas et al., 2018). Su depósito tuvo lugar desde la parte media del Titoniense hasta la parte inicial del Berriasiense

Fig. 1.- A) Paleogeografía del noreste de Iberia en torno al tránsito Jurásico-Cretácico. B) Distribución
de los afloramientos del tránsito Jurásico-Cretácico en la Subcuenca de Galve y extremo norte de la
Subcuenca de Penyagolosa. C) Distribución de las unidades del Kimmeridgiense superior–Barremiense
inferior y las principales fallas en la Subcuenca de Galve (realizado a partir de Aurell et al., 2016 y
Liesa et al., 2019). Ver figura en color en la web.

Fig. 1.- A) Paleogeography of the NE of Iberia during the Jurassic-Cretaceous transition. B) Distribution
of the outcrops of the Jurassic-Cretaceous transition in the Galve Subbasin and the northernmost
part of the PenyagolosaSubbasin. C) Cross-section reconstruction showing the distribution of the
upper Kimmerdidgian-lower Barremian and major faults in the Galve Subbasin (made from Aurell et
al., 2016 and Liesa et al., 2019). See color figure in the web.

(Fig. 1C), si bien la posición del límite JurásicoCretácico es imprecisa (Aurell et al., 2016).
En Aguilar del Alfambra, la Formación Galve
está ausente, de modo que la Formación El Castellar (de edad Hauteriviense terminal-Barremiense basal) se apoya directamente sobre la
Formación Aguilar del Alfambra (Figs. 1C y 2).

Relaciones tectónicasedimentación
En torno al límite entre las formaciones Villar del Arzobispo y Aguilar del Alfambra se han
cartografiado dos discordancias (D1 y D2), cuya
génesis se relaciona con la actividad de dos fa-

Fig. 2.- Ortoimagen y cartografía del afloramiento localizado al oeste de Aguilar del Alfambra. En la Formación Villar del Arzobispo se han diferenciado seis tramos
cartográficos (1–6) y las secuencias S1 a S4. Se muestran asimismo las discordancias D1 y D2 y las fallas normales 1 y 2. Ver figura en color en la web.

Fig. 2.- Ortoimage and geological map of the outcrop located westward of Aguilar de Alfambra locality. Six cartographical units (1–6) and four sequences (S1 to S4) have
been distinguished in the Villar del Arzobispo Fm. The D1 and D2 angular unconformities and the normal faults 1 and 2 are also shown. See color figure in the web.
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llas normales (fallas 1 y 2). En el esquema cartográfico de la figura 2 se han diferenciado los
límites de seis tramos cartográficos sucesivos
(1–6), incluidos dentro de las cuatro secuencias
(S1–S4) diferenciadas en la Formación Villar del
Arzobispo.
Hacia el oeste, se reconoce una falla normal
(falla 1, Fig. 2), que en origen tenía una dirección
NNW-SSE y moderado buzamiento (40º) al
oeste. En el bloque oeste (hundido) de esta falla,
la Formación Villar del Arzobispo registra de
forma continua las secuencias S1 a S4 (tramos
1–6; corte del río Alfambra). En contraste, en el
bloque este (entre las fallas 1 y 2) se ha reconocido una discordancia erosiva local (D1), que
hace que la secuencia S4 (tramo 6) se apoye directamente sobre las calizas de la parte inferior
de la secuencia S3 (tramo 4). La falla tiene asociados pliegues de arrastre en ambos bloques y
también desplaza con salto normal la unidad 6
y, quizás, la discordancia basal de la Formación
Aguilar del Alfambra (D2).
Al este, la discordancia D2 fosiliza otra falla
normal (falla 2) de dirección original similar a
la anterior pero con buzamiento hacia el oeste
más suave (10-35º según los tramos) (Figs. 2 y
3). La actividad sinsedimentaria previa de esta
falla normal hace que la Formación Aguilar del
Alfambra se apoye bien sobre la secuencia S3
(tramo 5) o sobre la secuencia S4 (tramo 6) de
la Formación Villar del Arzobispo, en función
de si se encuentra sobre su bloque levantado
(al este) o hundido (al oeste). A diferencia del
resto de tramos, donde aún se conserva un
salto normal, el tramo 1 muestra, sin embargo,
un salto inverso para la falla (Fig. 2).

dido bajo la discordancia D2, de mayor desarrollo, que se localiza en el límite entre las formaciones Villar del Arzobispo y Aguilar del
Alfambra y fosiliza fallas menores activas en
etapas anteriores.
El afloramiento también permite ver la impronta de la compresión alpina, que además
del plegamiento y verticalización de las capas
(Fig. 3), produjo una ligera reactivación con
movimiento inverso de la falla 1 (Fig. 2).

Evolución tectosedimentaria

Discusión

A partir de los datos obtenidos, se ha reconstruido la evolución tectosedimentaria para
el final del Jurásico en el sector de Aguilar del
Alfambra que incluye dos estadios (Fig. 4).
Primero, tras el depósito de la secuencia
S3 (tramo 5) de la Formación Villar del Arzobispo, actuó la falla normal 1. En su bloque este
levantado se produjo la erosión de la unidad 5
en sus proximidades, excepto en la zona más
próxima a la falla donde el pliegue de arrastre
permitió su conservación parcial. Este proceso
determinó el desarrollo de la superficie de discordancia local D1.
Posteriormente, tras el depósito de la Formación Villar del Arzobispo (tramo 6, S4) se genera una falla normal (falla 2), de menor
buzamiento, en el bloque inferior de la primera.
La actividad de esta falla determina la conservación de la secuencia S4 en su bloque hun-

Los datos aportados permiten conocer de
forma más precisa los estadios más tempranos
del proceso de rift que originó la Subcuenca de
Galve a finales del Jurásico. En particular, es interesante notar que la actividad de fallas normales se dio en etapas sucesivas, con la
formación de discordancias erosivas con distinto
desarrollo. Unas veces son muy locales (D1), ya
que están asociadas a los efectos que produce
el movimiento de fallas individuales en el relieve
de su entorno. En este caso, los sedimentos
infra- y supra-discordancia suelen ser muy parecidos, de modo que no se producen apenas
cambios en la evolución sedimentaria general.
Otras veces, las discordancias tienen un mayor
desarrollo espacial (D2), fosilizan un mayor número de fallas, y marcan un cambio importante
en el medio sedimentario, que se traducen en
diferencias litológicas significativas.
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Fig. 3.- Imagen aérea (tomada con dron) del afloramiento estudiado (con capas subverticales), donde
se muestran las discordancias D1 y D2, la falla 2 y la distribución de las secuencias S1 a S4 diferenciadas dentro de la Formación Villar del Arzobispo. Ver figura en color en la web.

Fig. 3.- Aerial image (taken with a dron) of the studied outcrop (beds are subvertical), showing the
D1 and D2 angular unconformities, the fault 2, and the distribution of the S1 to S4 sequences distinguished within the Villar del Arzobispo Fm. See color figure in the web.

La evolución tectosedimentaria de las
cuencas del este de Iberia en torno al tránsito Jurásico-Cretácico es compleja. Debido
a la actividad irregular y discontinua en el
tiempo de las fallas normales, el momento
de formación de estas cuencas no fue sincrónica (Mas et al., 2004). En el depocentro
de la cuenca del Maestrazgo, la individualización de la Subcuenca de La Salzedella
tuvo lugar en el inicio del Kimmeridgiense,
mientras que la individualización de la Subcuenca de Galve empezó al final del
Kimmeridgiense, tras el depósito de la Formación Higueruelas. En esta etapa debió
también iniciarse el levantamiento del Alto
de Teruel-Valencia y, con ello, la separación
del otro gran dominio sedimentario del este
de Iberia, la Cuenca Sur-Ibérica (Liesa et al.,
2018). La actividad tectónica hacia la parte
media del Titoniense que dio lugar a las discordancias caracterizadas en este trabajo,
parece tener una extensión más local, ya
que ha sido citada tan solo en el entorno
de la Subcuenca de Galve (Aurell et al.,
2016; García-Penas y Aurell, 2017; Liesa et
al., 2019). Esta etapa de reactivación tectónica implicó ciertos cambios en la
configuración de la cuenca, que propiciaron
el tránsito de un sistema de sedimentación
con instalación episódica de deltas dominados por el oleaje (Formación Villar del
Arzobispo; Val et al., 2019) a otro con se-
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Fig. 4.- Interpretación de la evolución tectosedimentaria durante el depósito de la Formación Villar del
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Fig. 4.- Interpretation of the tectono sedimentary evolution during the deposition of the Villar del Arzobispo Fm. and the beginning of the Aguilar del Alfambra Fm. See color figure in the web.
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Aguilar del Alfambra ha sido relacionada con
la actividad de fallas normales. El desarrollo de
estas discordancias, especialmente la que limita ambas formaciones (D2), tiene asociada
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Penyagolosa.
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Abstract
The sedimentological analysis of the uppermost Kimmeridgian to lower Tithonian Villar del Arzobispo Formation (Galve
sub-basin, NE Spain) has allowed characterizing different carbonate, mixed and siliciclastic facies deposited in coastal to
shallow marine areas. Its age calibration has been specified on the basis of new biostratigraphic and chemostratigraphic
data. Four successive sequences (30–80 m thick) characterized by the relative dominance of carbonate and siliciclastic facies
reflect a sedimentary change from reciprocal to mixed carbonate–siliciclastic sedimentation. Sequences 1 and 2 are reciprocal sedimentation cycles from carbonate-dominated (muddy coastal plain-carbonate lagoon) to siliciclastic coasts (muddy
coastal plain-wave dominated delta). Sequence S3 is also reciprocal, from a mixed carbonate–siliciclastic coastal plain-lagoon
at the lower part to a wave-dominated delta on top. A mixed carbonate–siliciclastic coastal plain-lagoon characterizes the
entire sequence 4. Climate and tectonics controlled carbonate deposition and siliciclastic supply. Reciprocal sedimentation
in sequences 1–3 was controlled by orbitally-driven climate changes (from arid to humid conditions) on the age range of
long-term eccentricity cycles. A greater imprint of extensional synsedimentary tectonics at the upper part of sequence 3 and
during sequence 4 is thought to be the main factor producing the gradual opening of the sub-basin to the wave influence and
a more continuous siliciclastic supply, then controlling the change from reciprocal to mixed sedimentation and obliterating
the possible imprint of orbitally-induced climatic changes.
Keywords Carbonate–siliciclastic · Coastal transition · Sequences · Synsedimentary tectonics · Upper Jurassic · Galve
sub-basin
Resumen
El análisis sedimentológico de la Formación Villar del Arzobispo (sub-cuenca de Galve, NE España), de edad Kimmerid
giense superior a Titoniense inferior ha permitido caracterizar diferentes facies carbonatadas, mixtas y siliciclásticas depositadas en áreas costeras a marinas someras. Su calibración temporal ha sido especificada aportando nuevos datos bioestratigráficos y quimioestratigráficos. Cuatro secuencias sucesivas (de 30 a 80 m de espesor) caracterizadas por el dominio relativo
de facies carbonatadas y siliciclásticas reflejan un cambio desde sedimentación recíproca a mixta carbonatada-siliciclástica.
Las secuencias 1 y 2 son ciclos de sedimentación recíproca con depósitos carbonatados (llanura costera-laguna carbonatadas)
y siliciclásticos (llanura costera a delta dominado por oleaje). La secuencia 3 es también recíproca, registrando una llanura
costera-laguna somera mixta carbonatada-siliciclástica en su parte inferior, y un delta dominado por oleaje en la superior. La
secuencia 4 está caracterizada por una llanura costera-laguna somera mixta carbonatada-siliciclástica. El clima y la tectónica
controlaron la sedimentación carbonatada y los aportes siliciclásticos. Cambios climáticos (condiciones áridas a húmedas)
inducidos por factores orbitales controlaron la sedimentación recíproca en las secuencias 1 a 3. La mayor influencia de la
actividad tectónica extensiva sinsedimentaria en la parte superior de la secuencia 3 y durante la secuencia 4 se ha propuesto
como el factor principal que produjo una apertura gradual de la sub-cuenca a la influencia del oleaje y un aporte siliciclástico
más continuo, controlando el cambio de sedimentación recíproca a mixta y obliterando el posible registro de los cambios
climáticos orbitales.
Extended author information available on the last page of the article
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Superior · Sub-cuenca de Galve

1 Introduction
Transitional coastal environments usually show complex
sedimentary conditions, including tidal, fluvial and wave
processes, leading to the development of either carbonate-dominated, siliciclastic-dominated or mixed carbonate–siliciclastic systems (e.g. Davis 1978; Bádenas et al.
2018). In the stratigraphic record, mixed carbonate–siliciclastic successions can represent coeval deposition of carbonate and siliciclastic sediment, i.e. “true” mixed systems
(Mount 1984; Goldhammer 2003), or otherwise, reflect
episodes of reciprocal sedimentation with alternating pure
carbonate and siliciclastic depositional systems (Van Siclen
1958, Schwarz et al. 2016).
Reciprocal carbonate–siliciclastic sequences have been
traditionally linked to changes in external factors (tectonics,
eustasy, climate) favouring deposition in the same depositional environment of either carbonates or siliciclastics (e.g.
Schwarz et al. 2016). In particular, reciprocal sedimentation
has been related to relative sea-level changes (Van Siclen
1958), reflecting either: (1) transgressive carbonate–regressive siliciclastic sequences in which carbonate sediments
accumulated during transgressive or early highstand stages
with relatively low siliciclastic input, whereas siliciclastics
deposited during the regressive stages, both late highstand
and forced regression (e.g. Catuneanu et al. 2011); or (2)
transgressive siliciclastic–regressive carbonate sequences, in
which carbonate sediments preferentially accumulated during sea level highstands. Climatic fluctuations or tectonic
pulses can also control the episodic variations in terrigenous supply. In particular, periods of low siliciclastic input
related to arid conditions, may involve a negative balance
with accommodation and favouring carbonate systems and
transgression. During more humid conditions relatively high
terrigenous sediment flux would produce regressive progradational siliciclastic hemicycles (Schwarz et al. 2016).
In ancient examples, the analysis of continuous outcrops
provides strong arguments to demonstrate that frequently
carbonate–siliciclastic sequences are actually formed
by reciprocal sedimentation (e.g. Cambrian of northern
Greenland: Ineson and Surlyk 2000; Devonian of Western
Australia: Southgate et al. 1993; Carboniferous of England: Tucker 2003; Permian of Texas: Saller et al. 1999;
Valanginian of Argentina: Schwarz et al. 2016; Cenozoic of
Gulf of Papua: Davies et al. 1989). In the uppermost Jurassic deposits recorded in the Galve sub-basin studied in this
work (Villar del Arzobispo Formation, Teruel province, NE
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Spain; Fig. 1), alternating successions dominated either by
carbonates or siliciclastics can be traced across continuous outcrops. A significant bulk of the data presented here
derives from the Galve syncline, a large N–S trending alpine
structure which offers continuous and unvegetated outcrops
of the thick Upper Jurassic–Lower Cretaceous succession
that characterizes the Galve sub-basin. Galve is a classical locality in the study of Mesozoic vertebrates due to the
abundance of vertebrate fossil sites in different geological
formations (e.g. Ruiz-Omeñaca et al. 2004; Canudo et al.
2012). Among them, the Villar del Arzobispo Formation
stands out by its dinosaur record with several sites with
osteological and footprint remains preserved (Canudo et al.
2005; Castanera et al. 2011). Despite this paleontological
interest, there are not detailed sedimentological studies carried out in the Villar del Arzobispo Formation in the Galve
sub-basin. A fluvial-dominated delta front in a bay with local
tidal influence was proposed in an early work (Galve locality, Díaz-Molina and Yébenes 1987). In the neighbouring
Penyagolosa sub-basin (Fig. 1a, b), the unit has been interpreted as representing either a tidal flat (Cedrillas locality;
Meléndez et al. 1979) or as an inner carbonate platform,
which episodically underwent subaerial exposure and siliciclastic input from the emergent areas (Cedrillas-Castellar
localities, “lower” Villar del Arzobispo Formation, CamposSoto et al. 2017). Nonetheless, the mechanisms controlling
balance and alternation between the carbonate production
and detrital supply in the Villar del Arzobispo Formation
have not been studied yet.
The sedimentological analysis of the Villar del Arzobispo
Formation in the Galve sub-basin performed in this work
aims: (1) to understand the palaeoenvironmental significance
of coastal to shallow marine carbonate and siliciclastic facies
and to provide precise sedimentological models demonstrating the evolution from predominant reciprocal sedimentation to a mixed carbonate–siliciclastic system; (2) to analyse
the sedimentary stages and influence and interaction of the
different controlling factors in the observed reciprocal to
mixed carbonate–siliciclastic sedimentation; and (3) to discuss significance of obtained data for the knowledge of the
long term transition from shallow carbonate platform to carbonate–siliciclastic coastal environments in the Galve subbasin during the latest Jurassic. The reported data provide a
well-known example relevant for further understanding of
the mechanisms controlling the sedimentary and sequential architecture of coastal to shallow carbonate–siliciclastic
successions.
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Fig. 1  a Location of the Galve sub-basin within the westernmost part
of the Maestrazgo Basin (NE Spain). The South Iberian Basin, physically individualized by the Teruel–Valencia High is also indicated. b
Distribution of sedimentary domains in the Maestrazgo Basin around
the Kimmeridgian–Tithonian transition. c Synthetic stratigraphy
of the Mesozoic succession recorded in the depocentral areas of the

Galve sub-basin. The studied Villar de Arzobispo Formation is indicated in light grey. d Geological map of the Galve Sub-basin. The
location of the stratigraphic logs presented in this work is indicated
by a star. For the legend of colours, see the synthetic stratigraphy in
c Adapted from Aurell et al. (2016), Liesa et al. (2018) and Bádenas
et al. (2018)

2 Geological setting

relatively broad homogeneous subsidence (e.g. Aurell et al.
2003). During the Late Jurassic–Early Cretaceous (Kimmeridgian–mid-Albian), a rifting phase, associated to the
double influence of the spreading of the central Atlantic

Carbonate ramp-type platforms covered wide areas of
eastern Iberia during most of the Jurassic, a period with
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and the westward propagation of the Tethys affected the
northeastern part of the Iberian Plate (e.g. Salas et al. 2001;
Liesa et al. 2018). This rifting episode involved a generalized eastwards coastline regression (Aurell et al. 1994) and
resulted in the individualization of the South Iberian and the
Maestrazgo basins in eastern Iberia (Fig. 1a). Sedimentation
in these basins occurred in separated subsiding domains or
sub-basins bounded by areas with a concentration of major
extensional faults, including the Galve sub-basin, in the
western marginal area of the Maestrazgo Basin. Around the
Jurassic–Cretaceous transition, this sedimentary domain was
located in a low-latitude warm and arid climate belt (Föllmi
2012; Hay and Floegel 2012).
The Galve sub-basin constitutes a NNW–SSE oriented
trench, 40 km-long and up to 20 km in width, bounded by
extensional faults at the north and west, and by a sedimentary threshold at the east (Fig. 1b). The development of the
Galve sub-basin took place after the sharp increase of the
extensional tectonics that started at the end of the Kimmeridgian (Salas et al. 2001; Aurell et al. 2016; Liesa et al. 2018).
The stratigraphy of the units recorded in the Galve sub-basin
is summarized in Fig. 1c. The sedimentary succession is
divided in pre-rift, syn-rift and post-rift units in relation to
the Late Jurassic–Early Cretaceous rifting stage. The pre-rift
succession consists on Upper Triassic mudstones with gypsum (Keuper Facies) followed by 400–600 m thick Jurassic
platform carbonates (Hettangian–Kimmeridgian; e.g. Aurell
et al. 2003). The overlying syn-rift succession was divided
into two syn-rift sequences separated by a stratigraphic
gap that comprises most of the Valanginian and Hauterivian (Liesa et al. 2006, 2018; Aurell et al. 2016): the Kimmeridgian to Berriasian Syn-rift-1 sequence is represented
by up to 700 m thick coastal and continental facies (Villar
del Arzobispo, Aguilar del Alfambra and Galve formations;
Aurell et al. 2016); the Syn-rift-2 Barremian to mid-Albian
sequence is more than 1000 m in thickness in the depocentral areas and includes a large variety of continental, coastal
to shallow marine carbonates and siliciclastics (e.g. Vennin
and Aurell 2001; Meléndez et al. 2009; Bover-Arnal et al.
2016). The post-rift sequence encompasses Albian continental sandstones and Upper Cretaceous shallow marine carbonates. The overlying Cenozoic terrigenous and lacustrine
deposits are coeval with the Alpine inversion of the basin.
In this work we present a detailed facies and architectural
analysis of the coastal to shallow marine carbonate–siliciclastic successions of the Villar del Arzobispo Formation
in the Galve sub-basin, deposited during the initial stage of
rifting recorded around the Kimmeridgian–Tithonian transition. This syn-rift succession corresponds to Unit 2 in the
pioneer stratigraphic work by Díaz-Molina et al. (1984) in
Galve locality (Teruel province). The geological mapping
around the Teruel area extended the use of term Villar del
Arzobispo Formation (defined in South Iberian Basin by
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Mas et al. 1984) to the Tithonian–Berriasian sedimentary
succession exposed in the western part of the Maestrazgo
Basin (Hernández et al. 1985). The use of this formation
was eventually adopted in the geological and paleontological regional studies carried out around Galve (e.g. Aurell
et al. 1994; Ruiz-Omeñaca et al. 2004; Cobos et al. 2010;
Cuenca-Bescós et al. 2011). Further analysis on the tectosedimentary evolution of the Syn-rift-1 Tithonian–Berriasian sequence in the Galve sub-basin allowed identifying
three units with particular lithologies bounded by regional
low-angle unconformities: Villar del Arzobispo, Aguilar del
Alfambra and Galve formations (Aurell et al. 2016; Fig. 1c).
The Villar del Arzobispo Formation is considered in this
paper in the sense of Aurell et al. (2016), and such as, refers
exclusively to the lower part of the former “Villar del Arzobispo Formation” defined by Mas et al. (1984).
The thickness of the Villar del Arzobispo Formation is
relatively constant around 150 m in the northern and central areas of the Galve sub-basin. Nevertheless, differential
subsidence across the sub-basin involved both a thickness
increase up to 250 m in southern distal localities close to the
Penyagolosa sub-basin, and a significant thickness reduction to 10–20 m in the eastern marginal sub-basin areas (i.e.
Aliaga–Miravete area, see Aurell et al. 2016; Fig. 1d). The
unit conformably overlies the pre-rift shallow marine carbonates (Higueruelas Formation; Fig. 1c). The age of this
lithostratigraphic boundary is located within the upper part
of the Kimmeridgian, as it is indicated by the presence of
the benthic foraminifer Alveosepta jaccardi both in the upper
part of the Higueruelas Formation and in the lower part of
the Villar del Arzobispo Formation (see Campos-Soto et al.
2017 in Penyagolosa sub-basin). In addition, new biostratigraphic and strontium data provided by this work indicate
that in the Galve sub-basin, the Villar del Arzobispo Formation spans from the latest Kimmeridgian to the early Tithonian (see Sect. 7).The upper boundary of the Villar del Arzobispo Formation with the overlying Aguilar del Alfambra
Formation is a prominent unconformity (frequently underlined by a low-angle erosive surface) that can be traced at
sub-basin scale (Aurell et al. 2016, 2019; García-Penas and
Aurell 2017; Bádenas et al. 2018).
The overall facies distribution in the Maestrazgo
Basin around the Kimmeridgian–Tithonian transition is
approached in Fig. 1b. The western marginal coastal to shallow marine areas of the Maestrazgo Basin (including the
studied Galve sub-basin and the north of Penyagolosa subbasin) had large siliciclastic influence, whereas in northern
and eastern areas carbonate deposition dominated (Bovalar
and Talaies formations, Aurell et al. 1994; Salas et al. 2001;
Bádenas et al. 2004). The central and southeastern parts of
the basin were characterized by deposition of open marine
mud-supported carbonates (upper Loriguilla, Polpís and Mas
d’Ascla formations; Salzedella and Morella sub-basins). The
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occasional presence of ammonites recorded in the upper part
of these successions allowed the identification of the uppermost Kimmeridgian and lowermost Tithonian Beckeri and
Hybonotum zones both in the Morella sub-basin (CalandaMas de las Matas area; Geyer and Pelleduhn 1979; Atrops
and Meléndez 1984) and in the Salzedella sub-basin (Salzedella section, Mas d’Ascla Formation: Aurell et al. 1994).

3 Methods
The study of the uppermost Jurassic Villar del Arzobispo
Formation in the Galve sub-basin has been accomplished
through detailed logging of six stratigraphic sections
(Fig. 1d), four of them located in the proximal areas of the
sub-basin around the Galve syncline (Galve-1 to 4 logs)
and the other two (Aguilar and Monteagudo logs) in the
southeastern (relatively distal) areas of the sub-basin, 10 and
24 km away from Galve, respectively. Galve-1 to 3 logs are
1 km from each other, whereas Galve-4 log is located 2 km
to the East (Fig. 1d). The continuous and near vertically-dipping strata of the Upper Jurassic outcrops in Galve provides

Fig. 2  Aerial view of the Villar del Arzobispo Formation throughout the Galve Syncline outcrops; the location of the Galve 1–4 logs
is indicated (yellow lines), as well as the areas where the siliciclas-

a cross-sectional view of the succession that has allowed the
physical tracing of the deposits in the field (Fig. 2). In addition, drone-made high-resolution videos and detailed aerial
photographs have allowed characterizing the geometry and
vertical and lateral extension of sedimentary bodies.
The sedimentological analysis comprises the field
description of depositional features, such as bed thickness
and geometry, lithologies, texture, components (type and
abundance), bioturbation intensity (bioturbation index, BI,
according to Taylor and Goldring (1993)) and sedimentary
structures (including palaeocurrent measurements). The field
data were completed with the petrographic analysis of 254
rock samples in polished slabs and 112 thin sections. For the
identification of peloids, ooids and oncoids, Flügel (2010),
Strasser (1986) and Dahanayake (1977) classifications have
been followed. The micropaleontological and carbonate content of 83 mudstone samples were also analysed by sieving
and with a calcimeter that measures the CO2 given off during
the reaction of the rock sample with dilute hydrochloric acid.
In addition, 13 oyster shells were collected for the analysis
of Sr stable isotopes. The 87Sr/86Sr isotopes were determined
with a TIMS-Phoenix thermal ionization mass spectrometer

tic deposits have been characterized and described in Fig. 12 (blue
boxes). The physical tracing of sequences S1–S4 is marked
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at the CAI Geocronología y Geoquímica Isotópica of the
Universidad Complutense de Madrid (Spain). All 87Sr/86Sr
data were corrected for possible 87Rb interferences and were
normalised to a value of 0.1194 for 86Sr/88Sr in order to
correct possible mass-fractionation. During the period of
analysis, the NBS-987 standard gave an average 87Sr/86Sr
value of 0.710246 ± 0.000014 (2σ, n = 9). This value was
used to correct the measured values from a possible deviation referred to the standard. The analytical error of the
87
Sr/86Sr ratio referred to 2σ was 0.01%. The comparison
between the obtained 87Sr/86Sr curve and the global marine
87
Sr/86Sr curve defined for the Late Jurassic (McArthur et al.
2012; Wierzbowski et al. 2017) together with biostratigraphy data have allowed a more precise age calibration of the
studied unit.

4 Facies description
4.1 Overall facies architecture
The stratigraphic logs and facies distribution of the Villar
del Arzobispo Formation in the six studied stratigraphic
logs are shown in Figs. 3, 4, 5, 6, 7 and 8. The base of the
logs corresponds to the lower boundary of the unit, which
is a sharp change in lithology and stratal geometry from the
m-scale limestone packages of the underlying Higueruelas
Formation to irregular dm-thick limestone and siliciclastic
mudstone beds. The top of the logs is marked by the subbasin wide discontinuity (locally a low-angle unconformity)
with the Aguilar del Alfambra Formation. The thickness of
the studied unit is around 150 m in the proximal (i.e. Galve
syncline logs; Figs. 3, 4, 5, 6) to central areas (Aguilar log;
Fig. 7), whereas is 220 m in the southern more distal log
(Monteagudo; Fig. 8) located in the transitional area with
the Penyagolosa sub-basin (Fig. 1b, d).
Two main facies types, carbonate (facies 1–7) and siliciclastic (facies 9–13), and one mixed carbonate–siliciclastic
facies (8), have been differentiated in the Villar del Arzobispo Formation. Their overall vertical distribution along
the stratigraphic logs reflects an alternation of both facies
types, which define four carbonate–siliciclastic sequences
(S1–S4; 30–80 m thick), some of them including 2 or 3
carbonate–siliciclastic parasequences (1.1–1.3 and 2.1–2.3;
10–30 m thick). The successive sequences include carbonate-dominated facies at the base (limestones with grey to
ochre lutites and marl intercalations) passing upwards to
siliciclastic-dominated deposits (red lutites and sandstones).
Sequences S1–S4 and their parasequences are present in all
the logs with continuous boundaries at outcrop scale and
coherent facies features and thickness, so that a one-to-one
correlation of them can be assumed between the studied sections (Fig. 9). Their lateral correlation has been confirmed
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by physical tracing and mapping between the logs of the
Galve syncline (Fig. 2).

4.2 Carbonate facies
Carbonate facies are arranged in dm- to m-thick tabular and
irregular beds, their dominant textures are packstone–grainstone (mainly peloids, bioclasts and ooids), and have a low
to moderate content of quartz grains. Based on texture and
proportion of main components, seven carbonate facies have
been differentiated (Facies 1–7, Fig. 10; Table 1).
Facies 1 (micritized peloidal–bioclastic packstones,
Fig. 10a) includes peloids and bioclasts and sparse oncoids,
with a variable proportion of silt-sized quartz grains. The
peloids are irregular in shape and 50–300 µm in diameter
and mainly correspond to micritized skeletal grains and
moldic grains, and to lithic peloids (i.e. fragments of lithified carbonate mud; more frequent in S3 and S4). Dominant
bioclasts are disarticulated bivalves, gastropods and ostracods, and occasional serpulids, characean algae (oogonia
and stems) and foraminifera (lituolids and textularids, usually with micritic envelopes (i.e. cortoids). The oncoids (up
to 0.5 cm in diameter) correspond to types II and IVs, the
later being asymmetric microbial growths developed on
bivalves. Ferruginous type 4 ooids (< 0.5 mm in diameter)
and vertebrate skeletal remains (turtle plates and dinosaur
bones) are locally present. Bioturbation is low (BI 2; 6–30%
of sediment affected).
Facies 2 (peloidal grainstones, Fig. 10b) is composed
almost exclusively by well-sorted (0.1 mm in diameter),
subspherical lithic peloids and a moderate proportion (up
to 20%) of silt-sized quartz grains. Sparse disarticulated
bivalves, ostracods and characean oogonia have been also
recognized. Parallel lamination and elongated fenestral
pores, 0.5 mm thick and several mm long filled by sparitic
cements are usually present.
Facies 3 (bioclastic–peloidal wackestone–packstones,
Figs. 10c, d) is mainly formed by bioclasts and peloids and
can contain up to 20% of fine sand-sized quartz grains. Main
bioclasts are disarticulated to entire gastropods, bivalves and
lituolids. Miliolids, textularids, echinoderms, ostracods and
serpulids occur occasionally. Peloids (moldic peloids and
micritized skeletal grains) are subspherical in shape and
50–500 µm in diameter. The facies shows diffuse parallel
lamination and high degree of bioturbation (BI 4; 61–90% of
sediment affected), including Skolithos-like vertical galleries
affecting the top of beds.
Facies 4 (bioclastic–peloidal packstone–grainstones,
Fig. 10e) is formed by bioclasts and peloids with up to 10%
of siliciclastic fraction and sporadic ooids (Table 1). The
dominant bioclasts are mainly fragmented, rounded and
partly micritized bivalves, and gastropods and foraminifera
(mainly miliolids and lituolids). Echinoderms, ostracods,
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Fig. 3  Vertical distribution of facies and sequences in Galve-1 stratigraphic log

serpulids, textularids and dasycladacea algae are present in
minor proportion. Peloids (micritized skeletal grains and
lithic peloids) are subspherical to elongate in shape and
50 µm to 1 mm in diameter. Ferruginous fibrous-radial ooids

(type 4) are also present. Elongated components can be oriented defining a diffuse parallel lamination. Bioturbation is
moderate with Skolithos-like vertical galleries affecting the
top of beds (BI 3; 31–60% of sediment affected).
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Fig. 4  Vertical distribution of facies and sequences in Galve-2 stratigraphic log (for legend of facies see Fig. 3). CaCO3 contents of mudstone samples are also included. Field images at the top right corner

correspond from top of sequence S1 to the lower part of sequence S3.
Notice predominance of carbonates at the lower part of S2 and of silciclastics at its upper part

Facies 5 (bioturbated mudstone–wackestones, Fig. 10f)
contains scattered and fragmented bioclasts of bivalves,
gastropods, echinoderms, ostracods and serpulids, and
peloids (micritized bioclast fragments, less than 50 µm in
size). It can also include ferruginous oncoids and ooids
(types 3 and 4) and a moderate proportion of siliciclastic

fraction up to 20%. Bioturbation is very intense (BI 5;
91–99% of sediment affected), with crosscutting galleries
filled by muddy sediment with silt-size quartz grains and
bioclast fragments.
Facies 6 (bioclastic–oolitic packstone–grainstones,
Fig. 10g) includes bioclasts and ooids and minor presence

13

Journal of Iberian Geology

Fig. 5  Vertical distribution of facies and sequences in Galve-3 stratigraphic log (for legend of facies see Fig. 3). The CaCO3 contents of mudstone samples are also included. See sequence distribution in the field image
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Fig. 6  Vertical distribution of facies and sequences in Galve-4 stratigraphic log (for legend of facies see Fig. 3). See distribution of sequences S1
and S2 in the field image

of peloids. Bioclasts are mainly disarticulated bivalves
with micritic envelopes, gastropods and miliolids, and very
local echinoderms, serpulids, lituolids, textularids and
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dasycladaceae algae. Ooids have radial-fibrous laminae
and silt-sized quartz grains in the nuclei, and corresponds
to type 4 ooids (50– 400 µm in size) and less abundant
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Fig. 7  Vertical distribution of facies and sequences in Aguilar stratigraphic log (for legend of facies see Fig. 3). See sequence distribution in the
field image

type 3 ooids (< 1 mm in diameter). Peloids are subspherical micritized bioclasts, less than 1 mm in size. Siliciclastic fraction is variable up to 10% and mainly consists of

sub-angular silt-sized quartz grains. Cross lamination is
usually present and bioturbation index is low (BI 2), with
sparse galleries and escape structures.
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Fig. 8  Vertical distribution of facies and sequences in Monteagudo stratigraphic log (for legend of facies see Fig. 3). See in the aerial view the
distribution of sequences

Facies 7 (oolitic grainstones, Fig. 10h) is characterized
by dominant fibrous-radial type 3 ooids (0.5–1 mm in size,
with small skeletal fragments and silt-size quartz grains in
the nuclei), and less abundant micritic type 1 and fibrousradial type 4 ooids. There are also occasional peloids and
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micritized and rounded bioclasts, mainly of bivalves, gastropods, echinoderms, bryozoans, miliolids and lituolids.
The siliciclastic fraction is scarce. The facies is arranged
in dm-thick beds with cross-bedding.

Journal of Iberian Geology

Fig. 9  Correlation panel between the six stratigraphic logs. Boundaries between sequences have been considered as isochronous. Sequences S1–
S4 and parasequences are also indicated, as well as the assignment to the three depositional models defined in this work
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Fig. 10  Thin-section images in petrographic microscope with planepolarized light of carbonate facies 1–7. a Facies 1, micritized peloidal–bioclastic packstone. b Facies 2, peloidal grainstone. c, d Facies
3, bioclastic–wackestone–packstone; d includes a transversal section
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of Alveosepta jaccardi. e Facies 4, bioclastic–peloidal packstone–
grainstone. f Facies 5, bioturbated mudstone–wackestone. g Facies 6,
bioclastic–peloidal packstone–grainstone. h Facies 7, oolitic grainstone
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Table 1  Distribution and relative abundance of skeletal and non-skeletal components in carbonate facies 1–7 identified in this work

4.3 Mixed and siliciclastic facies
On the basis of grain size, stratification and sedimentary
structures one mixed carbonate–siliciclastic facies (facies
8) and five siliciclastic facies (facies 9–13) have been differentiated (Figs. 11, 12).
Facies 8 (grey to ochre marls, lutites and sandy levels,
Fig. 11A, B) is a mixed facies mainly formed by massive
grey to ochre marls to lutites (i.e. 5–60% C
 aCO3) arranged
in 0.5–5 m-thick beds usually with decreasing carbonate
content. Scarce ostracods, miliolids, lituolids, textularids,
occasional crocodyliform teeth and indeterminate small
bone fragments are also present. The muddy beds can also
include discrete intercalations of cm-thick and discontinuous
fine sandstone beds and cm- to dm-thick marly limestone
beds locally with dinosaur tracks (e.g. El Cantalar tracksite,
Pérez-Lorente and Ortega 2003), mudcracks and rhizocretions (Galve logs; Fig. 11B).
Facies 9 (tabular laminated sandstones, Fig. 11C) is
formed by grey to ochre fine and medium sandstones composed by quartz and feldspar grains with variable roundness
and sparse muscovite. They are arranged in cm- to dm-thick
tabular beds with usual parallel or near-parallel lamination,
overlaid occasionally by dm-thick beds with cross-bedding.
Thalassinoides-like traces are locally present.

Facies 10 (reddish-facies 10a to ochre-facies 10b lutites,
Fig. 11D) is arranged in m-thick beds. It has from 0 to
15% carbonate content and occasional ostracods. Locally,
it includes intercalations of cm-thick discontinuous fine to
medium sandstone beds with trough cross-lamination. Reddish lutites have local small bone fragments and dinosaur
tracks (preserved as natural casts in overlaying sandstone
packages of facies 11).
Facies 11 (channelized red sandstones, Fig. 11D, E) is
formed by red, medium to coarse sandstones composed by
quartz and feldspar grains that arranged in dm- to m-thick
lenticular packages with concave-up bases and flat tops. The
lateral extension of the packages ranges from 10 to 100 m
and their internal architecture is characterized by laterallyaccreted foreset beds (Fig. 11E) passing laterally to trough
cross-bedded sets. Occasional dm-thick tabular beds locate
on the top. Vertebrate bones, bioturbation and dinosaur natural casts at the base of the packages are locally present.
Facies 12 (cross-bedded ochre sandstones, Fig. 12) is
formed by medium to coarse sandstones with quartz and
feldspar grains and muscovite, which are arranged in sigmoidal-shape packages up to 10 m-thick and 100 m in lateral extension (Fig. 12A). From base to top, the packages
include dm- to m-thick sets of trough cross-bedding with
erosive bases associated to conglomeratic levels bearing
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Fig. 11  Field images of the mixed carbonate–siliciclastic facies 8 and
siliciclastic facies 9–13. A Facies 8, grey marls and lutites (a) below
a bioturbated limestone bed of facies 6 (b). B Facies 8, marly limestone levels with root traces (a), a dinosaur trackway (b) and mudcracks (b-c). C Facies 9, tabular laminated sandstones with parallel
lamination (a) and planar cross-stratification (b). D Facies 10, reddish
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to ochre lutites (a) and facies 11, channelized red sandstones deposits
(b). E Facies 11, channelized red sandstones showing lateral accretion
(a) and channel filling deposits (b). Facies 13, lenticular sandstones
with trough cross-stratification (F) and hummocky cross-stratification
(G)
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Fig. 12  Field images of the cross-bedded ochre sandstones of facies
12. See Fig. 2 for the location of these outcrops. A Aerial view of the
Galve-1 area showing the vertical stacking of successive packages of
facies 12. B Trough cross-stratified sandstones and incised conglomeratic erosive lags on the base of the upper part of S3 in Galve-1; the

red box shows a more detailed view of the conglomerates. C Facies
12 succession in the upper part of S3 in Galve-3, with trough crossstratification at the lower part (a), followed by planar cross-stratification (b) and low-angle cross-lamination on the top (c). D Detail image
of the low-angle cross-lamination sandstones on the top of Galve-1

micritic intraclasts (Fig. 12B), followed by a stacking of
m-thick sets of planar cross-bedding (Fig. 12B, C). Usually,
the topmost part of the packages includes fine to medium
sandstones with low-angle cross-bedding and occasional
dinosaur footprints (Fig. 12D). Vertebrate bones and turtle
plates are also present. Palaeocurrent measurements will be
shown in Sect. 5.

Facies 13 (lenticular cross-bedded sandstones, Fig. 11F,
G) is formed by ochre medium to coarse sandstones with
quartz and feldspar grains, which are arranged in dm-thick
lenticular beds, 10–100 m in lateral extension. They show
typically trough cross-bedding and occasional hummocky
cross-stratification, and less frequent oscillatory ripples
and convolute lamination. The palaeontological content is
scarce (bivalves) and bioturbation is locally present (Diplocraterion and Rhizocorallium).
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5 Facies interpretation: depositional models
Correlation of logs has allowed deciphering the lateral
and vertical distribution of carbonate, mixed and siliciclastic facies throughout the successive sequences and
parasequences (Fig. 9). On the basis of facies types’ dominance and distribution, three depositional models have
been defined: carbonate-dominated model, mixed carbonate–siliciclastic model and siliciclastic-dominated model
(Fig. 13).

5.1 Carbonate‑dominated model
This model represents carbonate deposition in a lagoonal
domain (Fig. 13a), recorded by the carbonate intervals
of sequences S1 and S2 and their parasequences (Fig. 9).
They are characterized by carbonate facies 1–4 and 6,
intercalating muddy mixed facies 8 and occasional tabular sandstones (facies 9). The carbonate facies show a
preferential lateral and vertical distribution: peloidal and
bioclastic facies 1–4 dominate in proximal localities (i.e.
Galve logs) and change laterally towards the southern (distal) localities (Aguilar and Monteagudo) to oolitic-bearing
facies 6 and 7.
The assemblage of skeletal components in peloidal–bioclastic facies 1 (mainly bivalves and gastropods,
with characean algae, ostracods and limited foraminifera), their high-degree of micritization, together with a
relatively moderate proportion of siliciclastic fraction,
indicate deposition in low-energy restricted marshy areas
above or near the sea-level, but with occasional energetic
conditions, as it is suggested by the presence of lithic
peloids and type III and IVs oncoids (i.e. asymmetric
microbial growths). The laterally related lithic peloidal
grainstones (facies 2), with episodic subaerial exposure
(fenestral porosity) and presence of ostracods, bivalves
and occasional characean algae, reflects deposition in this
transitional area, with influence of high energy tide or
storm induced currents.
Facies 1 and 2 are laterally related towards distal areas
to lagoonal facies 3, 4 and 6 (Fig. 9). This lateral relationship reflects a proximal–distal transition from peloidal- to
oolitic-dominated facies, as well as from wackestone to
grainstone textures, indicating a lateral change to relatively
more open marine and energetic conditions. In particular, facies 3 (bioclastic–peloidal wackestone–packstone),
with abundance of gastropods, poorly reworked bivalves
and micritized peloids, as well as frequent bioturbation (Fig. 14a) corresponds to restricted lagoon deposits. More fragmented and rounded bioclasts in facies 4
(bioclastic–peloidal packstone–grainstones) and 6 (bioclastic–oolitic packstone–grainstones) indicate relatively
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higher energy. Presence of type 4 ooids and protooids in
facies 4, which are dominant in facies 6 support restricted
conditions with occasional agitation episodes (Strasser
1986).
The oolitic grainstones of facies 7 represent relatively
higher energy marine deposits. The dominance of type 3
ooids with fibrous-radial laminae around quartz and bioclastic nuclei (mainly foraminifera), indicates frequent agitation
(Strasser 1986), compared with the lateral facies 4 and 6.
Geometry and thickness of beds (tabular dm-thick beds) and
local presence of cross-bedding (Fig. 14b) suggest that this
facies represents washover deposits in relation with distal
oolitic shoals or sand blankets not recorded in the study area.
These deposits accumulated locally on the marshy areas, as
it is indicated by their intercalation and lateral relationship
with facies 8 (e.g. S2 in Fig. 9).
Variable input of siliciclastic mud and sand in the marshy
and lagoonal areas is recorded by mixed muddy facies 8
and the content of quartz grains within the carbonate facies.
Sandy discontinuous levels within facies 8 and locally intercalated tabular beds of sandstone facies 9 reflect pulses of
siliciclastic input. Mixed facies 8 is laterally related in shallower areas to facies 1 and 2 (Fig. 9, 13) and tend to locate
on top of the carbonate dominated intervals.

5.2 Mixed carbonate–siliciclastic model
By contrast to the carbonate intervals of sequences S1
and S2, the facies distribution recorded by the carbonate
interval of sequence S3 and the whole sequence S4 reflect
mixed sedimentation in which carbonate facies (1, 5 and
6) and mixed and siliciclastic facies (8, 9 and 13) alternate
and change laterally (Fig. 9). These deposits represent a
coastal domain with increased siliciclastic supply than
that inferred for the carbonate-dominated model, but not
high enough to completely obliterate the carbonate factory
(Fig. 13b).
In particular, this depositional model encompasses similar restricted marshy areas to that of carbonate-dominated
model, with deposition of mixed muddy sediments (facies
8) and lateral peloidal–bioclastic facies 1 (Fig. 13b). However, in this model, peloidal facies includes bioclastic accumulation levels (Fig. 14c) and greater abundance of lithic
peloids, suggesting episodic relatively more energetic conditions. Marginal lagoonal areas were the site of deposition of
bioturbated mudstone–wackestone facies 5, while bioclastic–oolitic facies 6 were deposited in relatively distal areas
(Fig. 13b; see S3 and S4 in Fig. 9).
Muddy texture, scarcity of skeletal components and very
intense bioturbation in facies 5 suggest more restricted conditions (compared with lagoonal facies 3 and 4 in the carbonate-dominated model), most probably due to a higher terrigenous supply, whilst bioclastic–oolitic facies 6 developed
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Fig. 13  Conceptual and not to scale depositional models for the carbonate–siliciclastic successions of the Villar del Arzobispo Formation in the
Galve sub-basin. a Carbonate-dominated model. b Mixed carbonate–siliciclastic model. c Siliciclastic-dominated model. See explanation in text

in distal areas indicates relatively greater agitation. Both
facies 5 and 6 include micritized grains, protooids and type
4 ooids, reinforcing their lateral coexistence reflected by

log correlation (Fig. 9). Facies 6 includes accumulations of
type 1 and 3 ooids, resedimented from probable distal oolitic
shoals or blankets by storms.
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Fig. 14  Field detailed images. a Vertical trace fossils displayed by
facies 3 (lagoonal bioturbated limestones). b Planar cross-bedding of
facies 7 (oolitic grainstones). c Bioclastic accumulation level within
restricted lagoon facies 1 in sequence S4. d Vertebrate osteological
remains at the base of a facies 11 (channelized sandstones). e Back-

shore deposits formed by grey marls, lutites and laminated sandstones, on top of upper shoreface deposits (facies 12). f Convolute
lamination (facies 12, sequence S4, Galve-2 log), probably associated
to synsedimentary tectonic activity

The siliciclastic deposits coeval with carbonates are
represented by facies 9 and 13. Facies 9 (tabular laminated
sandstones with parallel laminated beds and cross-bedding on top) probably represents sandstone lobes or sheet
spread from emerged areas along the lagoon. Lenticular

sandstone packages of facies 13 with trough cross-bedding
and occasional hummocky cross-stratification and oscillatory ripples that are encased in muddy facies 8 (see S3
and S4 in Fig. 9), indicate probable reworking of sandy
sediment by storms.
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5.3 Siliciclastic‑dominated model
The siliciclastic-dominated model is represented by the
siliciclastic intervals of sequences S1, S2 and S3, and their
parasequences (Figs. 9, 13). This model represents stages
with high siliciclastic supply and much diminished or absent
carbonate sedimentation. It is characterized by sandstone
deposits (facies 11, 12 and 13) and reddish to ochre lutites
(facies 10). Very sparse levels of marsh carbonate and mixed
facies 1 and 8 are also present. The lateral relation of facies
along the sub-basin from proximal (Galve) to distal localities (e.g. parasequence S2.3 in Fig. 9) and the palaeocurrent
analysis allow reconstructing the sedimentary model and
main depositional processes (Fig. 13c).
The most proximal sandstone deposits recorded are represented by the lenticular channelized red sandstones of
facies 11, which are laterally related with the red lutites of
facies 10. The sandstone packages represent lateral migration of fluvial channels across an emerged lutitic coastal
plain (facies 10a). Oxidized reddish tonalities in facies 10a
and vertebrate osteological remains (Fig. 14d) and foot print
casts reinforce this interpretation. Lateral migration of fluvial channels is indicated by lateral-accreted foreset beds,
whereas tabular beds observed at the top of some packages
correspond to crevasse-splay deposits (e.g. Walker 1984).
The cross-bedded ochre sandstones of facies 12 appears
distally to facies 11 (see top of S2 and S3 in Fig. 9) and conform 10 m-thick sigmoidal-shape packages up to 100 m in
lateral extension. Coastal cross-stratified m-scale sandstone
packages typically correspond either to the development of
aeolian coastal dunes or a wave-dominated shoreface system
(e.g. Hunter 1977; Niedoroda et al. 1984). In the case studied
here, the lateral relationship of facies and the vertical succession of sedimentary structures indicate sandstones of facies
12 represents a wave-dominated delta (sensu Bhattacharya
and Walker 1992). In this model, the lower–upper shoreface
transition records trough cross-bedded sets with evidences of
rip channels and conglomeratic lags at their base, followed
by planar cross-bedded sets characterizing the upper shoreface, as it is observed in facies 12 (Fig. 12B, C). The sediment would be probably supplied from the emerged lands to
the coastal area by distributary channels recorded by facies
11. Wave action and longshore currents redistribute sandsize sediment, controlling the palaeocurrents and migration
trends (Bhattacharya and Giosan 2003), as it is further discussed in Sect. 6. Low-angle cross-bedded sandstones at the
top of the packages represent accumulation in foreshore subenvironments. Intercalated discrete levels of muddy facies 8
and tabular laminated sandstones (facies 9), are interpreted
as small marsh ponds in the backshore (Fig. 14e).
The most distal sandstone bodies are recorded by facies
13, as it is indicated by log correlation (Fig. 9). Its arrangement in lenticular trough cross-bedded beds with occasional

hummocky cross-stratification is similar to distal lower
shoreface deposits in wave-dominates deltas observed by
Bhattacharya and Walker (1992), which are affected by
storms and oscillatory currents.
Sandstone packages of facies 12 and 13 pass laterally or
are encased in ochre lutites (facies 10b in Figs. 9, 13c). This
facies 10b is recording lower shoreface deposits and prodelta
terrigenous silts and very fine sands.

6 Sedimentary evolution
6.1 Sequence S1: reciprocal sedimentation
from a carbonate lagoon to a siliciclastic coastal
plain
Thickness of sequence S1, from 40 m-thick in the Galve
and Aguilar logs up to 54 m-thick in the Monteagudo log
indicates a very homogeneous subsidence rate in the studied area (Fig. 9). This sequence reflects the vertical change
from the carbonate-dominated model (muddy coastal plainlagoonal carbonates) to the muddy coastal plain with fluvial
channels of the siliciclastic-dominated model. The carbonate and siliciclastic facies of the two models are not laterally related, reflecting a reciprocal sedimentation. The two
defined parasequences (1.1 and 1.2) reproduce at small scale
the same vertical reciprocal sedimentation (Figs. 9, 13). The
siliciclastic deposits are thicker in parasequence S1.2 and
characterize the upper siliciclastic-dominated system of
long-term sequence S1. The fluvial channels (channelized
red sandstones of facies 11) mainly appear in the proximal
areas recorded in Galve (Fig. 9). Few available palaeocurrent
measurements indicate that lateral accretion was to the north
to northwest with a deviation within a range of 90º (Fig. 15).
Therefore, channel direction was east to northeast, so more
or less perpendicular to the inferred coastline.

6.2 Sequence S2: reciprocal sedimentation
from a carbonate lagoon to a coastal‑delta plain
Sequence S2 is the thickest sequence, ranging between 60
and 65 m in the Galve and Aguilar logs up to 85 m in Monteagudo. The vertical facies trend shown by S2 is similar to
that of S1 with reciprocal sedimentation from the carbonate-dominated model to the siliciclastic-dominated model
(from coastal plain muds to wave-dominated delta facies:
Figs. 9, 13). The three higher-order parasequences (2.1,
2.2 and 2.3) reflect also reciprocal sedimentation (Fig. 9).
Higher dominance of oolitic-bearing facies 6 and 7 compared to S1 suggests relatively more energetic and open
conditions within the carbonate lagoon (Fig. 13a). Presence of glauconite grains at the topmost limestone beds of
the carbonate intervals indicate low rates of sedimentation
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6.3 Sequence S3: mixed carbonate–siliciclastic
lagoon to wave‑dominated delta

Fig. 15  Distribution of palaeocurrent measurements taken from the
different logs, indicating its facies assignation and location within
the Galve sub-basin. The coastline has been inferred according to
general orientation of the sub-basin and is coherent with the parallel
migration showed by the longshore-reworked shoreface sandstones of
wave-dominated delta in S3, and the perpendicular migration of the
foreshore sandstones

(Hower 1961; Van Houten and Purucker 1984) just previous to the siliciclastic-dominated intervals.
In parasequences 2.1 and 2.2, the siliciclastic-dominated intervals record the muddy coastal plain and fluvial
deposits, similar to that observed in S1 (Fig. 9). However, in parasequence S2.3, the siliciclastic-dominated
interval is very thick compared to that of 2.1 and 2.2, and
includes the whole siliciclastic system, from coastal plain
muds with fluvial channels to delta facies (Figs. 9, 13).
This interval characterizes the upper siliciclastic-dominated system of long-term sequence S2. Lutitic coastal
plain (facies 10a) and fluvial channels (facies 11) dominate in the proximal Galve area, whereas lower shoreface
and prodelta deposits (facies 13 and 10b), and localized
shoreface cross-bedded facies 12 are present in Aguilar
and Monteagudo (Fig. 9). The paleocurrents of the shoreface sandstones recorded in Aguilar (Fig. 15) are to the
northeast, i.e. perpendicular to the inferred coastline of the
western margin of the Galve sub-basin, since this sequence
does not display evidence of long-shore currents, they
would indicate that the proximal parts of the deltaic system were probably located westward to Aguilar.
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Sequence S3 records variable thickness in the proximal
Galve logs (30–42 m), 30 m in Aguilar and 45 m in Monteagudo (Fig. 9). Thickness variation in Galve would reflect
certain differential subsidence, but more probably differential compaction, as the thinner log of Galve-4 is almost
completely dominated by lutites. The lower interval of S3 is
represented by the mixed carbonate–siliciclastic model and
the upper interval encompasses the wave-dominated delta
facies of the siliciclastic model (Figs. 9, 13). Although the
lower interval shows coeval siliciclastic and carbonate deposition in coastal and lagoonal areas, the whole facies distribution along S3 can be described as reflecting reciprocal
sedimentation, due to the sharp change to wave-dominated
delta facies.
The lower interval is formed by carbonate lagoon facies
5, 6 and 7, coexisting with sandstone deposits (i.e. proximal sandstones of facies 9 and lower shoreface facies 13;
Fig. 13b). A certain greater influence of storms compared
with previous sequences can be deduced according to frequent bioclastic and oolitic accumulation levels in facies 5
and 6 and accumulation of sandstones.
The upper siliciclastic interval records in all logs the
dominance of coastal to shallow marine siliciclastic facies
12 and 13 along with facies 10b (Fig. 9). A wave-dominated deltaic system was well established in the proximal
Galve area, characterized by sigmoidal packages of crossbedded sandstones (facies 12) representing the upper shoreface–foreshore sub-environments of successive prograding
beach units, and laterally in distal areas lower shoreface and
prodelta muds and sandstones (facies 10b and 13; Figs. 9,
13c). The obtained palaeocurrent measurements in the delta
facies 12 in Galve (Fig. 15) indicate a northwest–southeast
migration trend for the shoreface deposits, i.e. paralel to
the inferred coastline at the western margin of the Galve
sub-basin, and a northeast trend (basin-dip migration) for
foreshore facies, i.e. perpendicular to the inferred coastline (Fig. 15). The palaeocurrent data suggest the action of
longshore currents reworking the sediment along the coastline, a usual process of wave-dominated deltas. Although
wave-influenced deltas reflecting longshore action are usually recorded by asymmetric and slightly arcuate deposits
(Coleman and Wright 1975), the delta system of Galve corresponds to a symmetric wave-influenced delta without a
preferential direction of sand accumulation. According to
Bhattacharya and Walker (1992), this type of delta is developed when net one-directional longshore sediment transport
is small and sandbodies are equally distributed on both sides
of the mouth bar. Those deposits are developed from sand
reworked as barrier bars from the mouth bar and attached
through a tip to the mainland (Vaidyanadhan and Rao 1979;
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Bellotti et al. 1995). Modern examples of symmetric waveinfluenced deltas, such as the Ebro Delta (NE Spain; Maldonado 1975; Canicio and Ibanez 1999) or the Rosetta lobe
of the Nile Delta (Sestini 1989; Fanos et al. 1995) show
beach ridges on both sides, although its development is not
exactly equal and can enclose lagoons in one of the sides,
alike the backshore deposits recorded here (see Sect. 5.3).
The setting of a mixed carbonate–siliciclastic coastal
environment (lower interval of S3) with evidences of greater
siliciclastic input and storm influence compared to S1 and
S2, and of a well-developed wave-dominated delta (upper
interval of S3), point to an opening of both systems to waves
and storms and higher terrigenous supply. Both facts could
be explained in the context of the increasing extensional tectonics associated to an intermediante stage of the Kimmeridgian–Berriasian rifting Sequence 1 (e.g. Liesa et al. 2018),
which could have favoured the orientation of the basin to the
winds and storms and the increase of the siliciclastic supply
compared to previous siliciclastic episodes.

6.4 Sequence S4: mixed carbonate–siliciclastic
lagoon previous to a wave‑tidal influenced
coastal plain
Log correlation of sequence S4 displays its progressive
thickening trend towards distal areas, from 6 m in the
proximal Galve-1–3 logs, to 12 m in Galve-4 log and up
to 30 m in Aguilar and Monteagudo logs (Fig. 9). Overall offlap geometry can be deduced from log correlation.
These features are likely to be related to the synsedimentary
uplift of the proximal northern areas of the Galve sub-basin.
These observations fit well with the increasing influence of
the synsedimentary tectonic activity during deposition of
S4 described in detail in Aurell et al. (2019) and indicated
by the low-angle angular unconformity between the studied Villar del Arzobispo Formation and the overlain Aguilar del Alfambra Formation in Galve (Aurell et al. 2016;
García-Penas and Aurell 2017). Convoluted levels recorded
in Galve-2 log are local evidences of the tectonic activity
during deposition (Fig. 14f).
This sequence is characterized by the mixed carbonate–siliciclastic depositional model (Fig. 13b) and represents the re-establishment of a restricted lagoon with high
siliciclastic input, mainly dominated by carbonate facies 1
and 5, and very local presence of bioclastic-oolitic facies 6.
Besides, the proximal areas in Galve are characterized by
a 3 m-thick package of structureless sandstones of facies
9 with abundant Thalassinoides traces, suggesting a continuous reworking under shallow conditions. In addition,
some carbonate and siliciclastic levels show storm-related
structures (i.e. bioclastic accumulation levels and hummocky
cross-stratification, Fig. 11g). Thus, the sedimentological
succession is likely to reflect a transition to the sedimentary

Fig. 16  Age calibration proposed for the Villar del Arzobispo Formation on the basis of stable isotopic data (87Sr/86Sr) taken from oyster
shells, and its comparison with the global curve for the Upper Jurassic after Wierzbowski et al. (2017). The Kimmeridgian–Tithonian
boundary has been located in the S1–S2 limit on the basis of the last
occurrence of the benthic foraminifer Alveosepta jaccardi in the carbonate levels found in the lower and middle part of S1

open coastal conditions of the wave-dominated open-coast
tidal flat recorded by the overlying Aguilar del Alfambra
Formation (Bádenas et al. 2018).

7 Age calibration of the studied unit
and sequences
The age of the Villar del Arzobispo Formation in the Galve
sub-basin has been discussed recently, being assigned either
to the middle part of the Tithonian (Aurell et al. 2016) or to
the late Kimmeridgian (Campos-Soto et al. 2017; the “lower
Villar del Arzobispo”, equivalent to the studied interval). In
this work we report on the widespread presence of benthic
foraminifer Alveosepta jaccardi in sequence S1 across the
Galve sub-basin (see its record in logs of Figs. 3, 4, 5, 6,
7, 8). This foraminifer extends up to Kimmeridgian–Tithonian boundary (e.g. Bassoullet 1997). On the basis of the
last occurrence of Alveosepta jaccardi in sequence S1, but
its absence in the overlain sequences S2, S3 and S4 (that
have similar carbonate facies), we assume that S1 would
correspond to late Kimmeridgian, and that the Kimmeridgian–Tithonian boundary would be approximately located at
the S1–S2 boundary.
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In order to get a more precise age calibration, biostratigraphy data based on foraminifera have been completed with
87
Sr/86Sr isotope values taken from oyster shells along the
studied logs (see OS1 to OS13 samples in Figs. 3, 4, 5, 6,
7, 8) and compared together with the curve defined for the
Upper Jurassic by Wierzbowski et al. (2017) after Gradstein
et al. (2012) (Fig. 16). The obtained 87Sr/86Sr values show a
slightly increasing trend across the Villar del Arzobispo Formation from average 0.7070 up to 0.70703 values, which fit
with those recorded from the upper part of beckeri ammonite
zone (upper Kimmeridgian) to the top of hybonotum ammonite zone (lower Tithonian). Samples 4, 5, 12 and 13 with
abnormally high values have been considered as non-reliable
and probably reflect a relatively more radiogenic isotopic
signal linked to freshwater input (Bryant et al. 1995), in the
context of the recorded coastal domains.
Strontium data indicate that the time span of the Villar del Arzobispo Formation is 1.5 Ma, from 152.5 up to
151 Ma. According to this time span and assuming that each
sequence S1–S4 has a similar duration, the estimated duration of each sequence is around 375 ky, in the age range of
the orbital long-term eccentricity cycles (c. 400 ky).

8 Discussion: factors controlling reciprocal
sedimentation
The vertical facies trend shown by the Villar del Arzobispo
Formation define long-term alternations (sequences S1–S4)
between carbonate- and siliciclastic-dominated successions
in a shallow marine to coastal environment. Short-term alternations (parasequences) have also been recorded in S1 and
S2.
The nature of the sedimentary environments recorded in
the sequences varies throughout time. S1 and S2 (and their
parasequences) characterize a reciprocal sedimentation in
which the lower carbonate interval of sequences and parasequences is represented by the carbonate-dominated model
with very limited siliciclastic input (muddy coastal plain
to lagoonal carbonates, Fig. 13a), and the upper part corresponds to the siliciclastic-dominated model (coastal-delta
plain Fig. 13c). The lateral continuity at sub-basin scale of
sequences S1 and S2 and their parasequences reinforces
the interpretation of a reciprocal sedimentation caused by
factors which operated at least at sub-basin scale (Wilson
1967).
A significant change in the sedimentary environments is
recorded in S3 and S4. S3 reflects a reciprocal sedimentation
from a mixed carbonate–siliciclastic coastal plain-lagoon
to a siliciclastic-dominated coast (wave-dominated delta)
(Fig. 13b, c). However, S4 represents pure coeval sedimentation in the mixed carbonate–siliciclastic coastal plain lagoon
(Fig. 13b). Thus, the long-term sedimentary evolution of
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the Villar del Arzobispo Formation shows that reciprocal
deposition of carbonates and siliciclastic at the lower part
of the unit, gradually evolved to mixed depositional systems
in which carbonates and siliciclastics accumulated coevally.
The significance of carbonate–siliciclastic alternations
recorded in S1 to S3 can be approached according to the
traditional assignment of reciprocal sequences to trangressive–regressive sea-level variations (Van Siclen 1958), with
transgressive intervals favouring carbonate production in
shallow marine areas (Tucker 2003). However, in the studied case, sea-level changes do not seem to play a major role
because there is not a significant variation of depositional
depth between carbonate- and siliciclastic-dominated intervals of sequences, as both record deposition in transitional
environments. Therefore, the dominant factor controlling
the development of the siliciclastic coastal areas (emerged
coastal plain to deltaic domain) in the upper part of the
sequences and parasequences is likely to be the episodic
increase of siliciclastic supply into the basin able to cancel
the carbonate production (Mount 1984; Doyle and Roberts
1988).
The sequences showing reciprocal (carbonate to siliciclastic) sedimentation, i.e. S1–S3, have homogeneous thicknesses along the sub-basin, which allows ruling out the
dominance of tectonic control rejuvenating source areas and
increasing the input of siliciclastics. More likely, they can be
assigned to orbitally-induced climatic fluctuations (i.e. from
arid to humid periods), in the range of the long-term eccentricity cycles (c. 400 ky) taking into account the estimated
average duration for each sequence. In the reciprocal open
marine high-frequency Valanginian sequences of the Neuquén Basin analysed by Schwarz et al. (2016), the periods
of low siliciclastic influx were related to extreme arid conditions, developing a negative balance with accommodation
and prompting carbonate systems and transgression. During
more humid conditions, relatively high terrigenous sediment
flux temporally overcame long-term accommodation, producing the regressive siliciclastic hemicycles.
The sedimentary change observed in the upper part of
the Villar del Arzobispo Formation (development of mixed
carbonate–siliciclastic coastal plain-lagoon in S3 and S4)
reflects the possible increasing influence of tectonics, that
is also indicated by the variation of thickness in S4 and in
the evidences of reactivation of the synsedimentary tectonic activity around the boundary between the S3 and S4
sequences (Aurell et al. 2019). The development of mixed
carbonate–siliciclastic coastal plain-lagoon in the lower part
of reciprocal sequence S3 would in part reflect a tectonicdriven higher input of siliciclastics coeval with the climatecontrolled (arid) stage of the sequence. However, the coeval
influence and balance of tectonics vs. climate is more difficult to decipher in the case of sequence S4, as a “true”
mixed system (carbonate–siliciclastic coastal plain-lagoon)
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instead of reciprocal sedimentation was recorded during the
entire sequence S4.
The interpretation of factors controlling coeval sedimentation of coastal carbonates and siliciclastics in S4 is also
complicated due the absence of modern counterparts of that
kind of sedimentary systems. Present depositional systems
recording coeval mixed carbonate–siliciclastic sedimentation
usually consist of facies belts, but not uniform in all cases.
The most common situation locates siliciclastic facies in the
nearshore areas, associated with the fluvial input, whereas
carbonates accumulate in deeper zones (e.g. Belize shelf:
Purdy and Gischler 2003). However, the opposite distribution is shown in arid systems with little fluvial input, such as
the Persian Gulf (Park 2010), where siliciclastic mudstones
accumulate offshore and carbonate production is located in
nearshore areas. The coeval mixed deposits recorded here
by S4 do not show a clear facies belt distribution (Figs. 9,
13b), but siliciclastic and carbonate interfingered deposits.
The sedimentological features observed in S4 (e.g. thickness variation, offlap geometry, convolute levels of possible
seismic origin) suggest that the upper part of the Villar del
Arzobispo Formation was influenced by regional tectonic
activity related to an intermediate stage of the Kimmeridgian–Berriasian rifting Sequence 1 recorded at basin scale
(Liesa et al. 2006, 2018; Aurell et al. 2019). The siliciclastic source area was probably located in the northwestern
threshold area, made up of Paleozoic reliefs of the Iberian
Massif (Fig. 1a; Liesa et al. 2018). The increase of differential tectonics, with the resultant erosion would involve a
more continuous siliciclastic supply to the sub-basin capable of obliterating the possible influence of climate-driven
changes in terrigenous supply, and producing the change
from reciprocal (S3) to coeval sedimentation (S4). The transitional character of the lower interval of S3 (similar mixed
system than in S4) suggests the gradual increase of tectonics
towards the upper part of the formation unto overcome the
influence of orbital-driven climate changes. Furthermore,
the wave-dominated nature of the deltaic system developed
in the upper parts of S2 and S3 fits with a tectonic opening
of the basin, that would be greater in S4, and that later on
would control the transition to the wave-dominated opencoast tidal flat recorded in the overlying Aguilar del Alfambra Formation (Bádenas et al. 2018).

9 Conclusions
The coastal marine carbonate–siliciclastic sedimentary succession of the Upper Jurassic Villar del Arzobispo Formation recorded in the Galve sub-basin (NE Spain) has been
analyzed to characterize its sedimentary environments and
sequential organization. According to the lateral facies

relationship, three depositional models have been defined:
a carbonate-dominated model (muddy coastal plain to
lagoonal carbonates), a mixed carbonate–siliciclastic model
(mixed coastal plain-lagoon) and siliciclastic-dominated
model (muddy coastal plain to wave-dominated delta).
Four decametre-scale sequences (S1–S4) some of them
composed by higher-frequency parasequences, have been
identified. S1 and S2 show reciprocal sedimentation from
the carbonate-dominated model at their lower part to the
siliciclastic-dominated model at their upper part. S3 is also
reciprocal, including the mixed carbonate–siliciclastic model
at its lower part, and the siliciclastic-dominated model in
the upper part. S4 is entirely composed of facies belonging to the mixed system. These reciprocal sequences have
been interpreted to be mainly controlled by orbitally-induced
climatic oscillations controlling the intensity of siliciclastic
input.
The age of the Villar del Arzobispo Formation in the
Galve sub-basin has been appointed as being uppermost
Kimmeridgian–lower Tithonian, on the basis of last occurrence of benthic foraminifera Alveosepta jaccardi at its
lower part (S1) and chemostratigraphic analysis of 87Sr/86Sr
stable isotopes along the studied logs. Age calibration based
on new data has allowed determining the time span of the
unit as 1.5 Ma, and thus supporting the interpretation of
sequences S1–S4 as generated by climate changes driven by
orbital cycles within the age range of long-term eccentricity
cycles.
The siliciclastic- and carbonate-dominated models correspond to coastal to shallow marine environments with
similar palaeobathimetry range, so that the climatic-induced
sea-level variations would not be the main factor controlling the sequential architecture of the recorded reciprocal
cycles, but most probably the climatic fluctuations from arid
to humid periods controlling pluviometry and siliciclastic
input to the sub-basin.
The shifting from reciprocal (S1 and S2) to coeval mixed
sedimentation (S3 and S4) was probably caused by a tectonically-derived siliciclastic input increase which gradually
obliterated the sedimentary imprint of the orbitally-induced
climatic changes giving rise the reciprocal sequences.
Besides, the tectonic opening of the basin increased the
storm and wave influence, favouring the settling of a wavedominated deltaic system and mixed carbonate–siliciclastic
coastal areas in the upper part of the unit.
Therefore, the Upper Jurassic Villar del Arzobispo Formation in the Galve sub-basin provides a well-exposed fine
example to understand coastal to shallow marine carbonate–siliciclastic successions, and the influence and interaction of climate and tectonics controlling their character and
sequential architecture.
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7. Villar del Arzobispo Fm: latest Kimmeridgian-early Tithonian platform

7.4. SUMMARY OF RESULTS AND WAY FORWARD
•

The sedimentological analysis of the Villar del Arzobispo Formation has allowed
understanding the sedimentary significance of the carbonate-siliciclastic succession
that characterizes coastal to shallow marine environments developed from the latest
Kimmeridgian to early Tithonian in the Galve sub-basin. The recognized facies and
their vertical and lateral relationships reflect the successive alternation of three
different depositional models of coastal to shallow marine inner ramp domains: a
carbonate-dominated model (muddy coastal plain to lagoonal carbonates), a
siliciclastic-dominated model (muddy coastal plain to wave-dominated delta), and a
mixed carbonate-siliciclastic model (mixed coastal plain to lagoon).

•

The cyclostratigraphic analysis has allowed identifying four sequences, some of
them composed by high-frequency parasequences, on the basis of vertical
alternation of the three depositional models. Sequences 1 and 2 show a reciprocal
sedimentation including the development of the carbonate-dominated model at their
lower part and the siliciclastic-dominated model at their upper part. However, the
lower part of Sequence 3 shows the mixed carbonate-siliciclastic model (i.e. coeval
sedimentation of carbonates and siliciclastics), which change to the siliciclasticdominated model at the upper part. All Sequence 4 is formed by coeval
sedimentation of the mixed carbonate-siliciclastic model.

•

This work has provided new data for discussing the age calibration of the Villar del
Arzobispo Formation in the Galve sub-basin. In particular, a latest Kimmeridgian–
early Tithonian age is proposed on the basis of last occurrence of benthic
foraminifera Alveosepta jaccardi at the lower part of the unit and on values of
stable strontium isotopic data (87Sr/86Sr) from oyster shells.

•

The age calibration of sequences supports its interpretation as generated by
orbitally-induced climate fluctuations within the age range of long-term eccentricity
cycles (around 400 ky). In that sense, reciprocal sedimentation was controlled by
climatic changes in pluviometry, and then on the fluvial input carrying siliciclastic
sediment. The shifting from reciprocal to coeval sedimentation al the upper part of
the unit was probably caused by tectonically-derived siliciclastic input increased at
the end of Late Jurassic times, which gradually obliterated the sedimentary imprint
of the orbitally-induced cycles.

•

This work has characterized two angular unconformities, related to synsedimentary
fault activity, in the upper part of the Villar del Arzobispo Formation in the Aguilar
del Alfambra locality. These new data support the lithological separation of the
Villar del Arzobispo and Aguilar del Alfambra formations, since this extensional
activity reflects a change in the sedimentary evolution at regional scale. These
evidences also support the interpretation of tectonic activity inducing the coeval
sedimentation at the upper part of the Villar del Arzobispo Formation.
159
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Way forward
Although, the cyclostratigraphic significance of the four identified sequences has
been related to long-term eccentricity, the parasequences which compose the lower
sequences still remains unexplained. In that sense, further sedimentological analysis
with new sedimentary logs in other localities could be useful, in order to detect subtle
facies heterogeneities able to characterize higher-frequency cycles and assign them to
allocyclic (climate) controlling factors.
This work has only focused on the sedimentology and cyclostratigraphy of the
Galve sub-basin. It would be interesting to enlarge this research to the Villar del
Arzobispo Formation outcrops from the nearby sub-basins of the Maestrazgo Basin or
even the South Iberian Basin (i.e. Valencia sub-basin), in order to: 1) identify the lateral
continuity of the four sequences identified here; 2) evaluate the possible record of the
evolutionary trend from reciprocal to coeval sedimentation which characterizes the
Galve sub-basin; 3) characterize possible lateral (along strike) variations in the coastalshallow marine environments; 4) obtain more data to evaluate the role of climate and
tectonics in the observed facies and sequence evolution.
An interesting aspect to be developed is the multidisciplinary analysis of facies
and fossil record of vertebrates (including osteological and footprint remains) in the
studied unit, to analyze palaeoenvironmental and taphonomical aspects, such as the
relationship of sub-environments and fossil preservation.
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8. DISCUSSION: comparative analysis of cyclic
sedimentary imprint in shallow platforms

8. Discussion

8.1. EUSTATIC FLUCTUATIONS DURING GREENHOUSE PERIODS
High-frequency sequences reflecting eustatic fluctuations are usually related to
icehouse periods, when orbitally-driven insolation variations control the storing and
releasing of water within the ice caps and then determine glacio-eustatic changes (e.g.
Sømme et al., 2009; Steffen et al., 2010). However, the existence of low-amplitude
eustatic changes during greenhouse periods is also recognized within the sedimentary
record of shallow marine platforms (e.g. Jacobs and Sahagian, 1993; Gale et al., 2002;
Haq, 2014). The influence of extensive ice caps storing water away from the ocean
cannot be invoked in greenhouse periods, so there must be alternative mechanisms
controlling eustatic fluctuations. Thermal expansion/contraction of the oceanic water
masses must also be avoided as explanation, because even though it can force sea level
changes (Cazenave and Llovel, 2010; Church et al., 2010), their amplitude is not high
enough to generate significant fluctuations, and its contribution is more likely consistent
on modulation (0.7 m rise for 1ºC ocean water warming, according to Conrad, 2013).
Hay and Leslie (1990) suggested that in absence of ice caps, sea level changes
could also be induced by the resultant balance between water storing and releasing from
continental aquifers, changing the ocean water volume. They estimated the capacity of
present day active subsurface aquifers around ~25·106 km3, only referring to those
aquifers located within the upper 1 km of continents, thus avoiding permanently
saturated aquifers below sea level, which cannot be emptied and do not intervene in this
mechanism. This volume of pore space could largely contain the amount of water
necessary for a 10–40 m sea level change (10–20 ·106 km3 according to Wendler and
Wendler, 2016). During greenhouse periods, polar and alpine rainfall is not stored in ice
caps and the ground porosity is not locked by permafrost either overlying ice caps, so it
translates into a high runoff which contributes to charge the aquifers with groundwater.
Even though the water exchange from aquifers to oceans is a dynamic and constant
process, the variable intensity and frequency of rainfall determine the balance or
imbalance between water storing (by precipitation) and releasing (Fig. 8.1). Thus,
aquifer-eustasy is a climatically controlled mechanism: arid stages with diminished
rainfall cannot compensate the steady releasing of groundwater from the aquifers to the
ocean favouring sea level rise, whilst humid stages with enhanced rainfall lead to the
filling of the aquifers up to its maximum capacity causing sea level fall. These processes
can record cyclic third- and fourth-order sea level changes in tune with orbital cycles,
by the means of orbitally-driven arid-humid climatic alternations in a greenhouse
context (Sames et al., 2016). In addition, Wendler and Wendler (2016) state that during
the icehouse periods aquifer-eustasy also remains active, but as a background process
due to the dominant effect of the glacio-eustasy. However, there are some complexities
to consider, such as the on-going deceleration of the aquifer discharge and the isostatic
effect of decompaction.
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Fig. 8.1: Aquifer-eustasy as proposed by Hay and Leslie (1990) to explain sea level fluctuations
during greenhouse periods without ice cover. A) Stages with homogeneous pluviometry, in

which the water reloading of aquifers and releasing to ocean perform a balanced
exchange, show a steady sea level. On the contrary, unbalanced stages are related to
sea level fluctuations: B) Diminished rainfall during arid stages is not enough to sustain
the volume of the groundwater stored within the aquifer’s porosity, whilst the ongoing
and constant emptying to the ocean leads to sea level rise and transgression. C)
Enhanced rainfall during humid stages produces the filling of the aquifers up to its
maximum capacity, so groundwater do not return to the ocean in the same quantity that
is being removed, causing sea level fall and regression.
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The cooling interlude suggested for the late Pliensbachian platform occurred
during a greenhouse cold period, when the possible development of ice caps would be
ephemeral due to the warm climate conditions which characterize the Lower Jurassic,
and its presence would be limited to polar and alpine regions (Price, 1999, Holz, 2015).
Nonetheless, the interplay of both glacio-eustasy and aquifer-eustasy was probably
acting in that case. As regards to the early Kimmeridgian and the latest Kimmeridgian–
early Tithonian platforms, they represent deposition under greenhouse warm climate
conditions and could record dominant aquifer-eustasy. However, in the case of the
latest Kimmeridgian–early Tithonian platform, the high-frequency sequences record
alternating dominant carbonate production vs. siliciclastic sedimentation and were not
coeval with significant changes in water depth, so that climate fluctuations were most
probably translated in changing siliciclastic input to the coastal-shallow marine domain
and therefore, the role of aquifer-eustasy in this time interval is more open to
discussion.
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8.2. SEDIMENTARY IMPRINT OF ORBITALLY-INDUCED CYCLES
The sedimentological and cyclostratigraphic analyses of three Jurassic
lithological units has allowed characterizing different contexts of shallow marine
platforms, with distinct carbonate factories and variable siliciclastic input, in which
sediment production and accumulation was sensitive to sea level fluctuations and/or
climatic variations. Thus, orbitally-induced cycles controlling the climatic signal
exerted an important influence on the resultant facies architecture, which has revealed
the imprint of different scale high-frequency sequences. The following Table 8.1
synthesizes the features that characterize each one of the shallow marine platforms
studied in this PhD thesis.

Table 8.1: Synthesis of the different features shown by the selected stratigraphic units from the
Iberian Ranges, which characterize the three Jurassic platforms studied in this thesis.

The assignment of the recognized high-frequency cycles to particular orbitallydriven cycles has required getting an accurate age calibration of each sedimentary
succession in order to approximately constrain the time span represented by the cyclic
sequences, and therefore compare them with the age ranges of the orbital cycles. In that
sense, the overall duration of the late Pliensbachian and the latest Kimmeridgian–early
Tithonian platforms has been estimated on 1.6 and 1.5 Ma respectively (see Chapters 5
and 7). However, because of the lack of an accurate age calibration of the Ricla
Member, it remains uncertain the assignment to orbital cycles of the wave base
fluctuations interpreted as the main factor controlling the sequence architecture of the
early Kimmeridgian platform (see Chapter 6). Nevertheless, newly acquired data allow
approaching the time span of the lower Kimmeridgian Ricla Member (Fig. 8.2): the
occurrence of Crussoliceras sp. around 10 m below the Ricla Member, and the 87Sr/86Sr
datum taken on the overlying basal beds of the Torrecilla Formation ( which is coherent
with upper Kimmeridgian values: Aurell et al., 2019b in review). Therefore, the Ricla
Member would be probably constrained within the upper part of the divisum Zone
(lower Kimmeridgian), whose total duration is around 0.37 Ma (Wierzbowski et al.,
2017; Fig. 8.2).
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Fig. 8.2: Age calibration proposing a possible time span for the Ricla Member, integrating the
newly acquired biostratigrahic and chemostratigraphic data. Time assignment for ammonite
zonez follow Wierzbowski et al. (2017).

Late Pliensbachian platform
The upper Pliensbachian Barahona Formation records two different orders of
high-frequency cycles (Figs. 8.3A, 8.4A): sixteen higher-frequency sequences (so-called
bundles B1 to B16, 1 m-thick in average) and four lower-frequency sequences (socalled sets of bundles B1-B4 to B13-B16, 4–5 m-thick in average). The higherfrequency sequences (bundles) are characterized by sharp bounding surfaces reflecting
non-sedimentation and/or erosion, and encompass a variable number of beds with intrabed erosive surfaces (i.e. base of tempestites). The lower-frequency sequences are sets
of four bundles bounded by prominent sharp surfaces and have deepening-shallowing or
shallowing-upward vertical facies trends. In accordance with the storm-controlled
depositional model reconstructed for this platform, these high-frequency sequences have
been interpreted as generated by climatic changes determining the hydrodynamic
regime which controlled re-sedimentation of the skeletal and muddy fractions towards
distal areas. According to the age calibration of the Barahona Formation (~1.6 Ma) and
the number of sequences therein, bundles have been assigned to represent the allocyclic
signal of short eccentricity cycles, and sets of bundles represent long eccentricity cycles.
Thus, in the late Pliensbachian platform, short eccentricity exerted an influence on the
occurrence and intensity of the storm processes, since short eccentricity-related
sequences (bundles) are recording cyclic variations on shallow carbonate production
and re-sedimentation. On the other hand, long eccentricity would induce more
pronounced sea level variations, and therefore vertical oscillations of the hydrodynamic
levels (i.e. fair-weather and storm wave bases) defining the distribution of sedimentary
processes through the carbonate ramp, thus leading to the resulting vertical facies
trends. In a similar sense, Long (2007) stated for Ordovician–early Silurian successions
that storm frequency changes related to eccentricity cycles reflect variations in the
intensity and position of storm belts, controlled by concurrent eustatic sea level
fluctuations.
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Fig. 8.3: Synthesis of the different high-frequency sequences identified in the three studied
shallow marine platforms whose environmental reconstructions have been included. SS: Sea
surface, FWWB: Fair-weather wave base, SWB: Storm wave base, MWB: Mean wave base.
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Fig. 8.4 (Previous page): Field images comparing the sedimentary imprint of the orbitallydriven climatic cycles in the resultant sequence architecture of the studied platforms. A) Metrescale bundles and sets of bundles in the upper Pliensbachian Barahona Formation, recording
short and long eccentricity cycles which controlled sea level fluctuations and changes in the
hydrodynamic regime of the ramp. B) Prograding units and sub-units in the lower
Kimmeridgian Ricla Member, reflecting wave base oscillations which could be respectively
assessed to precession and sub-Milankovitch orbital variations within a short eccentricity cycle.
C) Decametre-scale parasequences and sequences in the uppermost Kimmeridgian–lower
Tithonian Villar del Arzobispo Formation, reflecting the alternation of depositional models by
the means of different proportion of carbonate and siliciclastic lithologies, resulting from
changes in pluviometry, controlled by short and long eccentricity cycles under a context of
increasing tectonic influence.

More speculative would be the assignment to precession cycles of the beds
composing each bundle. Beds can be interpreted as sequences in themselves, since they
show persistent dm-scale thickness patterns, and the surfaces which define them can
also be assumed as representing variations on shallow carbonate production and resedimentation in a similar way than the bundles recording short eccentricity, although
with a less potent signal in this case (e.g. Tucker et al., 2009). The number of beds
preserved within each bundle when they are not characterized by amalgamated
tempestites varies around 3–6 in average (Table 8.2). Even though there is not a clear
1:5 ratio, this hypothesis cannot be completely ruled out, since in a regressive context of
a shallow storm-dominated platform information can be missed due to destructive
processes (i.e. the erosive action of storms) and low accumulation rates can lead to the
blending of several cycles expressing as one (e.g. Strasser, 2015). In that sense, it could
be explained that 1 m-thick bundles B6 and B7 only show 2 beds in Obón log and 1 bed
in San Pedro log, even though they do not show amalgamated but preserved tempestites.

Table 8.2: Number of preserved beds recognized within each bundle in the studied logs. The
bundles composed by amalgamated tempestites have been indicated.
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Early Kimmeridgian platform
The sequence architecture of the 4 km-long transect of the Ricla Member
infralittoral prograding wedge (IPW) is characterized by a hierarchy of different master
bedding surfaces (Figs. 8.3B and 8.4B). These surfaces bound different scale
sedimentary lithosomes, which some of them have been interpreted as climaticallycontrolled allocyclic high-frequency cycles (so-called units and sub-units). There have
been identified a set of five prograding units (Units 1 to 5) ranging between 4.5 to 17.5
m of maximum vertical thickness and bounded by near horizontal sharp surfaces, which
are internally arranged in a variable number of sub-units bounded by slightly oblique
down-slope dipping sharp surfaces. The sedimentological analysis performed here
deduced that units and sub-units were generated by wave base oscillations, maybe
related to concurrent sea level variations. In that sense, Pomar and Tropeano (2001)
stated the genetic link between the internal architecture of IPW’s and changes in the
base level. According to the proposed depositional model, these oscillations changed the
equilibrium profile, determining the accommodation space and the intensity of
sweeping action on the topset area which provided sediment to the foreset by
avalanching processes, and therefore they affected the rate between deposition and
erosion.
In spite of their interpretation as being climatically controlled, these highfrequency sequences (set of units, units and sub-units) have not been yet assigned to
specific orbitally-induced cycles, due to the poor age control. However, it can be
discussed considering that the Ricla Member, as previously stated, is comprised within
the upper part of the divisum Zone whose total duration is around 0.37 Ma. Thus, the
identified five successive units in the Ricla Member cannot be assigned to short
eccentricity cycles (~100 ky), since it would imply at least a 0.5 Ma time span for the
Ricla Member. An alternative interpretation is that each one of the five units represent
precession cycles (~20 ky / sequence) within a short eccentricity cycle (~100 ky / set of
units), which would involve a well-fitting age calibration of the Ricla Member at the
upper part of the ~0.37 Ma divisum Zone. However, the overall duration of the Ricla
Member could be larger that ~0.1 Ma, because deposition of older units northwards to
the characterized units 1–5 cannot be ruled out either confirmed, due to the absence of
outcrops by erosion. Nevertheless, southwards and eastwards of the studied area, the
available data indicate the absence of younger units. The Ricla Member outcrops extend
2 km to the south beyond the studied area up to the Ricla village (Fig. 8.5). Here, the
Ricla Member shows the vertical stacking of two coarsening-upward packages of
sandy-oolitic grainstones, tentatively assigned to units 4 and 5 based on their stretching
geometry to distal areas, their migration trends, and physical tracing. The Ricla Member
is absent in outcrops of Ricla’s train station and in those of Calatorao village ~4 km
eastwards of Ricla (Bádenas and Aurell, 2001a).
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Fig. 8.5: Aerial view of the entire Ricla outcrops, with the studied area delimited within the
square. Southernmost outcrop of the Ricla Member shows the vertical stacking of two packages
equivalent to units 4 and 5.

In that way, precession cycles would have induced wave base oscillations in the
early Kimmeridgian platform, probably associated to eustatic changes, and controlled
evolutionary stages of the prograding depositional surface by the means of the
successive stacking of units. On the other hand, sub-units have also been interpreted as
reflecting allocyclic wave base oscillations since they record facies retrogradation and
minor-scale changes of the equilibrium profile. Because of its relatively higher
occurrence, they would be induced by climatic oscillations within sub-orbital age range,
maybe related to millennial-scale variations in solar activity (e.g. Erick and Hinnov,
2007), recorded in the platform due to the notorious sensitivity of the IPW depositional
system to low-amplitude perturbations of the hydrodynamic horizon (e.g. Andrieu et al.,
2017). In that sense, the works analyzing the internal architecture shown by current IPW
from the Gulf of Cadiz (SW Iberia; Lobo et al., 2005) and Alboran Sea (SE Iberia;
Fernández-Salas et al., 2009) identify hierarchical patterns which reflect subMilankovitch scale climatic fluctuations (Fig. 8.6). In a similar way, the sub-units
identified in the Ricla Member could correspond to the sedimentary response of the
clinoform depositional surface to climatic higher-frequency signal.
As regards to the mechanism translating the climatic signal into the sedimentary
record, in case that the wave base fluctuations were related to concurrent sea level
changes, is important to notice the greenhouse warm climate conditions at the end of the
early Kimmeridgian (Zuo et al., 2019), so glacio-eustasy is not possible. Nonetheless,
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Fig. 8.6: Hierarchy of architectural elements identified by Lobo et al. (2005) within the
Holocene infralittoral prograding wedge from the Gulf of Cadiz, which have been interpreted
as generated by different scale sub-Milankovitch climate fluctuations. A) Major-scale
sequences. B) Middle-scale sequences. C) Minor-scale sequences. Extracted from FernándezSalas et al. (2009).

the aquifer-eustasy would be probably involved controlling the amount of oceanic water
and thus sea level fluctuations (e.g. Sames et al., 2016). Since arid stages dominated by
groundwater release are related to higher sea level, and humid stages dominated by
aquifer recharge are related to lower sea level (Wendler and Wendler, 2016), the
transgressive-regressive sequence architecture of the Ricla Member could correspond to
an arid-humid short eccentricity-related cycle with an arid-dominated first stage
recorded by the transgressive-dominated units 1 and 2, and a humid-dominated later
stage recorded by the regressive-dominated units 3 to 5. In that sense, the higherfrequency wave base fluctuations recorded by the units of the Ricla Member would
reflect five precession-related arid-humid climatic oscillations modulated by the
superimposed arid-humid short eccentricity cycle (Fig. 8.7). Besides, units 4 and 5 do
clearly show a vertical distribution of lithological terms from oolitic-dominated subunits at base to siliciclastic-dominated sub-units at top, characteristic of an arid to
humid climate evolution (see field picture of outcrop 6 in Annexe 4).
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Fig. 8.7: Interpretation of the wave base oscillations curve inferred by the sedimentological and
cyclostratigraphic analyses of the high-frequency sequences (units) composing the Ricla
Member, in terms of arid-humid climatic variations, assuming their origin as generated by
aquifer-eustasy. The time span indicated in the figure is discussed in this chapter.

Latest Kimmeridgian–early Tithonian platform
The uppermost Kimmeridgian–lower Tithonian Villar del Arzobispo Formation in
the Galve sub-basin records four high-frequency sequences (Figs. 8.3C, 8.4C),
recognized by the vertical dominance and distribution of carbonate, siliciclastic and
mixed facies (so-called sequences S1 to S4). Sequences S1 to S3 are 40–60 m-thick in
average, up to 80 m in distal localities in transition to the Penyagolosa sub-basin.
However, S4 shows thickness reduction from 6 m-thick in proximal to 30 m in distal
localities. These sequences are continuous at sub-basin scale and reflect an alternation
of the carbonate-dominated, siliciclastic-dominated and mixed carbonate-siliciclastic
depositional models. Therefore, they have been interpreted as generated by climatic
variations controlling arid-humid cycles in pluviometry, and then on the intensity of
siliciclastic input in the platform determining the dominance of either or another
depositional model. These sequences have been assigned as controlled by long-term
eccentricity cycles, according to the age calibration of the Villar del Arzobispo
Formation (~1.5 Ma) and their number therein. In addition, sequences S1 and S2 are
respectively composed by 2 and 3 parasequences (so-called parasequences 1.1 to 2.3),
which also show a similar alternation between carbonate- and siliciclastic-dominated
depositional models than that observed for the sequences. Following the same
reasoning, these parasequences would record a higher-frequency climatic signal, which
could correspond to short eccentricity cycles not completely recorded, since they do not
reflect the expected 1:4 ratio.
Thus, in the latest Kimmeridgian–early Tithonian platform, the climatic signal of
long eccentricity cycles induced arid-humid alternations which determined fluvial input
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of siliciclastics; so, sedimentation during humid periods records increased siliciclastic
input, and it diminished during the arid periods empowering carbonate deposition. Short
eccentricity-related parasequences were partly recorded probably because that the
humid stages of the lower-frequency sequences (long eccentricity-related) were more
significant and the associated siliciclastic input tended to obliterate their sedimentary
signal. In addition, tectonic external factors also affected the sedimentary imprint of the
orbitally-induced climatic cycles in this platform, as it is deduced by the long term
increase of siliciclastics in the arid-dominated hemicycles (Fig. 8.8). Because of the
concurrence with an intermediate stage of the Kimmeridgian–Berriasian rifting stage
(Liesa et al., 2019), the consequent revitalization and erosion of siliciclastic source
emerged areas caused that the reciprocal carbonate sedimentation in the lower part of
the sequences gradually changed to coeval mixed sedimentation, finally overcoming the
sedimentary influence of both orbitally-driven climate changes.
In this case, humid-arid climate variations do not seem to be associated to aquifereustasy, since deposition took place in coastal to shallow marine domains without
noticeable sea level changes. This persistent situation could be explained by the
predominant humid conditions of Iberia during the Tithonian (Sellwood and Valdes,
2008; Wierzbowski et al., 2013), which would induce permanently saturated aquifers
with reduced active porosity. So, surfeit rainfall during humid stages would not be
significantly stored in aquifers because of their lack of available capacity, and it
thoroughly contributed to higher surface runoff, favouring the increased supply of
fluvial siliciclastics. In that climatic framework, the humid-arid cycles would be
expressed as humid-more humid variations in so much as there would not occur purely
arid stages neither the emptying of the aquifers.

Fig. 8.8 (Next page): Interplay of different scale orbitally-driven humid-arid climate cycles and
external tectonic factors in the sedimentary record of the latest Kimmeridgian–early Tithonian
platform. Long eccentricity cycles display a clear sedimentary imprint (sequences), whilst
higher-frequency short eccentricity cycles (parasequences) are overcame when concurs with
increased siliciclastic input and their imprint is limited. The gradual ongoing of tectonics
induced the shifting from reciprocal to coeval sedimentation.
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8.3. AUTOCYCLIC SIGNAL OF STORM-RELATED DEPOSITS
The sedimentological analyses of the three studied platforms define shallow
domains that were susceptible to the action of waves and associated flows controlling
sediment redistribution, and therefore the occurrence of storms exerted a noticeable
influence within their sedimentary record. Due to the high-energy nature of storm
events, their autocyclic signal is both erosive and depositional, but its depositional
phase is usually variable from basin to basin, even from bed to bed (Myrow and
Southard, 1996).
Homoclinal ramps are propitious to record storm action and accumulation of
storm-related sediment sheets, due to their favourable flat surface (e.g. Tucker and
Wright, 1990). Frequent storm beds (in particular tempestites) are recorded through the
late Pliensbachian platform, characterized as centimetre-scale levels with clear and
crude fining-upward trends with erosive bases (i.e. complete and incomplete
tempestites). Their appearance varies through the ramp domains according to the
distribution of the energy conditions, so tempestites from the proximal areas of the mid
ramp appear as decimetre-scale amalgamated deposits (Fig. 8.9A), whilst in deeper
areas of the mid ramp they show a more preserved character (Fig. 8.9B), which
progressively grades in the distal mid ramp to fine bioclastic levels alternating within
muddier sediments while flows lose energy (i.e. distal tempestites; Fig. 8.9C). Stormrelated coarse-grained accumulations are also recorded in the latest Kimmeridgian–early
Tithonian platform, although their occurrence is diverse but scarce: sandstone packages
with hummocky cross-stratification of facies 13, washover oolitic grainstones of facies
7, and bioclastic and oolitic accumulation levels within facies 5 and 6 (Fig. 8.10). Even
though both platforms are consistent on homoclinal ramps, the influence of storms is
quite different between them because both examples represent different areas of the
ramp with different imprint of storms, i.e. middle to outer ramp in the late Plienbachian
ramp, and shallower areas of the ramp in the latest Kimmeridgian–early Tithonian
platform (lagoonal areas in the carbonate and mixed models; lower shoreface deposits in
the siliciclastic model). In the late Pliensbachian platform, energetic storm-induced
return flows controlled the re-sedimentation of bioclastic sediment from shallower areas
towards the offshore. In the latest Kimmeridgian–early Tithonian platform storms
produced both the onshore accumulation of oolitic washover deposits and bioclastic
accumulations in the lagoonal areas, as well as the storm-related reworking of sandstone
beds in lower shoreface areas generating hummocky cross-stratification. Besides, the
progressive opening of the platform associated to the extensional tectonics is evidenced
in the Villar del Arzobispo Formation by a relatively greater influence of storms in its
upper part. In addition, the opening to waves and storms is also suggested by the setting
of a wave-dominated deltaic system sensu Bhattacharya and Walker (1992) controlled
by the action of longshore currents.
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Fig. 8.9: Sedimentary imprint of storm flows through the late Pliensbachian platform. A)
Amalgamated tempestites in the proximal areas of the mid ramp, erosive internal surfaces can
be inferred and are marked by dashed lines. B) Complete tempestites with erosive base and
centimetre-scale fining-upward trend developed in the middle areas of the mid ramp. C) Diluted
tempestites in the distal areas of the mid ramp, characterized by the stacking of sporadic crude
accumulation levels within muddier sediment, and disrupted by bioturbation.

Fig.
8.10:
Stormrelated accumulations
of ooids and bioclasts
within the muddier
sediments
of
the
bioturbated mudstonewackestones (facies 5)
in
the
latest
Kimmeridgian–early
Tithonian platform.
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Moreover, the early Kimmeridgian platform has been interpreted as a ramp
hosting an infralittoral prograding wedge around the wave base. The reconstructed
depositional model defines a clear dependence to storm events, as they determined the
avalanching processes which controlled deposition and progradation. However, the
sedimentary processes performed by the storms through the ramp are not homogeneous
due to the morphologic particularities of the clinoform depositional surface. The topset
part, located around or above the mean wave base records deposition, but was
dominated by the erosive action of intermittent storms, by the means of being subjected
to the sweeping action of storm-induced longshore and rip currents, which carried the
sediment basinwards causing downwelling flows. Swift and Thorne (1991) suggest that
sediment aggradation occurs in the topset areas until reaching the base level (or shelf
equilibrium profile), where waves stir and move it. In that sense, topset deposits are
likely to be preserved during relative sea level rise (and associated base level rise), as it
is observed in units 1 and 2. The foreset part, on the other hand, records both the erosive
and depositional action of the storm-induced currents. The downwelling currents
carrying the sediment swept from the topset produced down-slope avalanching
processes and sedimentation in this slightly inclined depositional surface, generating a
succession of sets composed by parallel foreset beds, and separated by oblique sharp
interruption surfaces which indicate non-sedimentation and/ or erosion (Fig. 8.11). In
that way, they reflect autogenic variations in the energetic conditions, inherent to the
sedimentary system, such as changes in the magnitude and/or direction of storms (e.g.
Lobo et al., 2005), causing accretion stages which alternate with non-sedimentation or
erosive stages. By last, the intense erosive action of storm events is not recorded in the
deeper bottomset part, and the storm influence is only recorded by sediment reworking
and presence of hummocky cross-stratification which suggests alternating periods of
agitation and quiescence. Nevertheless, even though the bottomset part is dominated by
decantation of lime muds, it can accumulate the fine fraction of the sediment carried by

Fig. 8.11: Unit 2 of the Ricla Member displaying the foreset part. Non-erosive set boundaries
(a) are parallel to the previous foreset beds, and posterior foreset beds are arranged
concordant over the surface, reflecting non-sedimentation and reactivation. Erosive set
boundaries (b) cut the previous foreset beds, and are likely to be generated by higher energy
events preceding the deposition of the posterior foreset beds.
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higher-energy storm-induced downwelling currents. The development of the stormcontrolled IPW in the early Kimmeridgian platform was probably favoured by the
location of the ramp facing hurricanes pathways and winter storms (Bádenas and Aurell,
2001b following palaeoclimate reconstructions by Marsaglia and Klein, 1983), as well
as the slightly steepened geometry of the ramp, which allowed the physical
accommodation and accumulation below the mean wave base, contributing to preserve
the autocyclic signal of the storm-induced downwelling currents (i.e. foreset beds and
sets; e.g. Hernández-Molina et al., 2000; Lobo et al., 2005).
To sum up, different autocyclic storm-related deposits (i.e. tempestites, washover
deposits, hummocky cross-stratification and avalanching foresets) are displayed by the
three studied platforms, and the storm-related flows were coeval with the orbitallyinduced cycles. Because of the dependence of these autogenic processes to the
hydrodynamic horizons location, they were also influenced by the sea level and wave
base fluctuations, in particular in mid ramp areas (i.e. in the late Pliensbachian and early
Kimmeridgian platforms). The mid ramp domain, which locates between fair-weather
wave base and storm wave base, is the most sensitive area of the ramp to wave base
fluctuations and also the area of most accumulation/preservation of storm-related
deposits. In that way, distribution and intensity of storm-related autocyclic processes is
closely interrelated to the allocyclic climatic signal, since their occurrence oscillates
together along with the shifting of sedimentary domains distribution. On the other hand,
storm-related deposits were less abundant in the latest Kimmeridgian–early Tithonian
platform, because their deposition mostly occurred in shallow lagoons and lower
shoreface. In this platform, allocyclic climatic changes did not cause any noticeable
variation in sea level either hydrodynamic horizons position; however, storm influence
was gradually increased by tectonic factors opening the basin to less protected
conditions.
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8.4. VARIABLE RECORD OF SEQUENCES VS INTERNAL FACTORS
As explained above, the imprint of different scale high-frequency sequences
vary between the three studied platforms, so that some sequences are assuredly
recorded, whilst the sedimentary imprint of others is only inferred or absent (Fig. 8.12).
The variable record of orbitally-controlled high-frequency sequences in greenhouse
marine ramps has been assessed by Bádenas and Aurell (2018) as related to down-dip
trend preservation potential, in which lower-frequency short- and long-term
eccentricity-related high-frequency sequences are preferably recorded on shallow areas,
and higher-frequency precession-related high-frequency sequences tend to be preserved
on relatively deeper areas (Fig. 8.13). According to these authors, the mid to outer ramp
domain has the highest preservation potential of orbitally-driven high-frequency
sequences, recording both precession- and/or eccentricity-related high-frequency
sequences. They relate this preservation trend as the result of the interplay between
accommodation changes (long- and short-term changes) and internal processes
controlling sediment production and accumulation. In that sense, different accumulation
rates (more strictly preservation rates: Strasser and Samakassou, 2003) seem to exert a
key control on the sedimentary imprint of the allocyclic climatic signal.

Fig. 8.12: Ranges of vertical thicknesses shown by the orbitally-induced high-frequency
sequences (HFSs): precession and short- and long-term eccentricity, in the three studied
platforms. The accumulation rates (without decompaction) are also indicated. For the early
Kimmeridgian platform, due to its prograding nature, the progradation rate instead of
accumulation rate is indicated.
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eccentricity and precession-related
precession
Fig. 8.13: Distribution of the preservation potential of eccentricityhigh-frequency
frequency sequences through the different domains of marine ramps. The preservation of
short eccentricity- and precession-related
precession related sequences within a long eccentricity-related
eccentricity
sequence
depends on the interaction between accommodation changes and internal processes. Extracted
from Bádenas and Aurell (2018).

The late Pliensbachian succession, which was deposited in mid to outer ramp
domains under regressive conditions, shows the record of both shortshort and long-term
eccentricity-related high-frequency
frequency sequences in a context of low accumulation rate (~1
cm/ky),, but not a clear record of precession-related
precession
high-frequency
frequency sequences.
sequences This
situation fits with the proposal of Bádenas
Bádenas and Aurell (2018) of variable preservation
depending on accommodation
dation changes: precession-related
precession related sequences reflecting
variations in carbonate re-sedimentation
sedimentation are more likely recorded during transgressive
stages than during regressive stages. This fact occurs because the seaward shift of the
carbonate factory during accommodation loss stages entails an increase in resedimentation, so only those omission surfaces linked to precession cycles modulated
by eccentricity would be recorded. In case of attributing the beds to precession cycles,
three scales of orbitally-induced
induced high-frequency
high frequency sequences would be recorded in this
platform, fitting with the favourable preservation conditions of the mid to outer ramp
sedimentary domain.. The variable number
number of beds displayed by each bundle (short(short
eccentricity-related
related sequence;
sequence Table 8.2)) does not seem to correlate with the
transgressive or regressive nature of its position within the correspondent set of bundles
(long eccentricity-related
related sequence);
sequence) this fact could be explained by the persevering
regressive conditions characterizing the Barahona Formation. More likely, the number
of beds seems to be relatedd to the depositional domain within the ramp. As explained
before, the proximal areas of the mid ramp are characterized in this platform by
amalgamated tempestites, suggesting frequent storm-induced
storm induced reworking which would
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obliterate the precession cycles due to the associated erosion (i.e. missed cycles due to
internal processes), so those bundles developed there tend to include a lower number of
beds. However, the number of beds displayed by bundles from distal areas of the mid
ramp seems more feasible to represent the 1:5 ratio, and could correspond to the
precession signal. This variable record of the high-frequency sequences through the
ramp could be due to the decreasing influence in depth of the storm-induced reworking
processes, and thus better preservation conditions.
As regards to the high-frequency sequences of the early Kimmeridgian platform,
they have been interpreted as recording possible precession and sub-Milankovitch
climate cycles, as well as defining a short-term eccentricity cycle. Assuming an overall
duration of the Ricla Member of ~0.1 Ma, the average progradation rate of the IPW can
be estimated around ~6 cm/year. The sedimentary response of this platform, ranging
from inner to distal mid ramp domains, has to be analyzed aside because of its particular
prograding character; so it is not possible to carry out a reliable comparison with the
accumulation rates of the other two studied platforms. The recording of higherfrequency sub-Milankovitch and precession-related sequences (sub-units and units,
respectively) could have been favoured by deposition below the mean wave base level.
In that sense, the preservation potential of both high-frequency sequences is greater in
the foreset part, whilst the topset (distal inner ramp) is constantly subjected to internal
reworking processes which frequently erase the cyclostratigraphic signal, thus
supporting the dependence of the imprint potential to the hydrodynamic context.
However, the bottomset part represents deposition on distal mid ramp domain, more
protected from reworking but with lower accumulation rates compared to the foreset
part (the main area of deposition of the IPW), so that it is expected a poor imprint of the
higher-frequency climate-related sequences. In that sense, the recording of orbitallyinduced cycles varies through the platform depending on the sensitivity and the
preservation potential of the depositional system.
The latest Kimmeridgian–early Tithonian platform does not show any noticeable
accommodation changes, since the orbitally-induced climatic cycles controlled
variations in the siliciclastic supply instead of sea level fluctuations. In that transitional
coastal to shallow ramp domain, long eccentricity-related high-frequency sequences are
recorded, and short eccentricity-related high-frequency sequences can be inferred.
These results are coherent with the preservation of only eccentricity-related highfrequency sequences in shallow ramp proposed by Bádenas and Aurell (2018).
However, it is important to notice that accommodation changes controlling variations in
carbonate production, erosion and re-sedimentation (Fig. 8.13) cannot be invoked in this
case, but changes in siliciclastic input associated to pluviometry variations. Even though
the high accumulation rate calculated for this platform (10-14 cm/ky), the higherfrequency precession cycles did not translate in the sedimentary record. In this case, the
lack of imprint of precession cycles is probably related to the more potent lowerfrequency eccentricity signal obscuring it, as well as to the hydrodynamic factors
occurring in the shallow context of lagoon and wave-dominated delta.
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9. CONCLUSIONS
•

This PhD thesis shows the results of a sedimentological and cyclostratigraphic
study of three examples of carbonate ramps developed in the central areas of the
Iberian Basin during the Jurassic, under general greenhouse climate conditions. The
sedimentological analyses have allowed characterizing: 1) the late Pliensbachian
bioclastic storm-dominated homoclinal ramp ranging from proximal mid ramp to
proximal outer ramp domains (Barahona Formation), 2) the early Kimmeridgian
mixed carbonate-siliciclastic ramp comprising from inner to distal mid ramp
domains and hosting an infralittoral prograding wedge (Ricla Member), 3) the latest
Kimmeridgian–early Tithonian coastal domains to shallow marine platform with an
alternating development of carbonate lagoons, wave-dominated delta systems and
mixed carbonate-siliciclastic shallow areas (Villar del Arzobispo Formation).

•

The analysis of their sequence architecture together with the age calibration of the
studied lithological units have allowed recognizing orbitally-controlled highfrequency sequences of different scale: 1) the late Pliensbachian platform assuredly
records four long eccentricity-related sequences (sets of bundles, 4–5 m-thick in
average), and sixteen short ecentricity-related sequences (bundles, 1 m-thick in
average), being the assignment of each individual bed to precession cycles open to
discussion, 2) the entire IPW of the early Kimmeridgian platform represented by
the Ricla Member could correspond to a short eccentricity-related cycle, formed by
five precession-related sequences (units, 4.5–17.5 m of maximum vertical
thickness), in turn formed by possible sub-Milankovitch-related sequences (subunits), 3) the latest Kimmeridgian–early Tithonian platform records four clear long
eccentricity-related sequences (40–60 m-thick in average up to 80 m in distal areas)
and some preserved short eccentricity-related sequences (parasequences, 15–20 mthick in average).

•

Orbitally-controlled climate variations translated into the sedimentary systems
differently in the three platforms depending on the type of depositional system and
climatic context: 1) in the late Pliensbachian (greenhouse cold, mid to outer ramp)
and the early Kimmeridgian (greenhouse warm, inner to mid ramp) platforms,
orbitally-controlled climate cycles caused fluctuations in sea level and
hydrodynamic horizons, and then on re-sedimentation of carbonate and siliciclastic
grains (ooids, quartz grains, skeletal grains) and muds. Aquifer-eustasy has been
invoked in the early Kimmeridgian platform as generating wave base changes by
the means of arid-humid alternations controlling storing and release of continental
water, whilst in the late Pliensbachian platform both glacio-eustasy and aquifereustasy were probably interplaying; 2) in the latest Kimmeridgian–early Tithonian
platform (greenhouse warm, coastal-shallow platform), orbitally-controlled cycles
caused variations in pluviometry, and therefore in siliciclastic input but not
significant sea level fluctuations, since the prevalent humid climate conditions kept
groundwater saturation and avoided the aquifer-eustasy. In addition, the
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sedimentary signal of the eccentricity cycles was gradually overcome by tectonicdriven siliciclastic input increase.
•

Both allocyclic and autocyclic signals concur and interplay in the three studied
shallow marine platforms: 1) in the late Pliensbachian and early Kimmeridgian
platforms, with deposition around the mid ramp domain, the distribution of stormrelated autocyclic deposits reflects the fluctuation of hydrodynamic levels
associated to sea level changes. Besides, the record of the allocyclic signal was
modified by the effect of internal processes caused by storm reworking; 2) in the
latest Kimmeridgian–early Tithonian platform, storm-related deposits are varied but
less abundant due to deposition in shallow lagoons and lower shoreface. Since
allocyclic climatic changes did not cause noticeable sea level variations in this
platform, hydrodynamic horizons determining storm influence remained steady.
Nevertheless, the progressive tectonic opening of the basin to less protected
conditions gradually increased the storm influence.

•

The distribution of the hydrodynamic levels and the dominance of different
sedimentary processes determine the sedimentological response through the
platform for a same allocyclic signal and their imprint. In particular, the
preservation potential of orbitally-related high-frequency sequences results from the
interaction between internal processes and accommodation changes, controlling resedimentation and accumulation. In that sense, shallow areas of the platform are
more likely to record lower-frequency sequences (i.e. eccentricity-related
sequences), whilst the mid ramp–proximal outer ramp areas are more favourable to
preserve higher-frequency sequences, so its sequence architecture can reflect
precession and/or eccentricity sequences. In addition, depositional systems such as
infralittoral prograding wedges (IPW), with exceptional preservation conditions
below the wave base, could potentially preserve the sedimentary imprint of subMilankovitch scale climate oscillations.
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CONCLUSIONES
•

Esta tesis doctoral presenta los resultados del estudio sedimentológico y
cicloestratigráfico de tres ejemplos de rampas carbonatadas desarrolladas en las
áreas centrales de la Cuenca Ibérica durante el Jurásico, bajo condiciones climáticas
generales de tipo greenhouse. Los análisis sedimentológicos han permitido
caracterizar: 1) una rampa bioclástica homoclinal dominada por tormentas, de edad
Pliensbachiense superior, que abarca desde los dominios de rampa media proximal
a rampa externa proximal (Formación Barahona), 2) una rampa mixta carbonatadasiliciclástica, de edad Kimmeridgiense inferior, que comprende desde los dominios
de rampa interna a rampa media distal y alberga un prisma infralitoral progradante
(Miembro Ricla), 3) una plataforma marina somera de edad Kimmeridgiense
superior–Titoniense inferior que incluye desde los dominios costeros, con
desarrollo alternante de lagoones carbonatados, sistemas deltaicos dominados por el
oleaje y áreas someras mixtas carbonatadas-siliciclásticas (Formación Villar del
Arzobispo).

•

El análisis de sus arquitecturas secuenciales junto con la calibración temporal de las
unidades litológicas estudiadas ha permitido reconocer diferentes escalas de
secuencias orbitales de alta frecuencia: 1) la plataforma Pliensbachiense superior
registra cuatro secuencias de excentricidad de largo término (sets of bundles, 4–5 m
de espesor en promedio), y dieciséis secuencias de excentricidad de corto término
(bundles, 1 m de espesor en promedio), estando abierta a discusión la atribución a
ciclos de precesión de las capas individuales decimétricas, 2) el prisma infralitoral
progradante (infralittoral prograding wedge, IPW) de la plataforma
Kimmeridgiense inferior podría corresponder a un ciclo de excentricidad de corto
término, formado por cinco secuencias de precesión (unidades, 4’5–17’5 m de
espesor vertical máximo), registrando a su vez posibles secuencias de duración
inferior a las variaciones de Milankovitch (sub-unidades), 3) la plataforma
Kimmeridgiense superior–Titoniense inferior registra cuatro secuencias
de
excentricidad de largo término (40–60 m de espesor en promedio hasta 80 m en
zonas distales) y algunas secuencias de excentricidad de corto término preservadas
(parasecuencias, 15–20 m de espesor en promedio).

•

Los ciclos climáticos inducidos por cambios orbitales se tradujeron en los sistemas
sedimentarios de manera diferente en las tres plataformas, dependiendo del tipo de
sistema deposicional y del contexto climático: 1) en las plataformas
Pliensbachiense superior (greenhouse frío, rampa media a externa) y
Kimmeridgiense inferior (greenhouse cálido, rampa interna a media), los ciclos
climáticos orbitales causaron fluctuaciones en el nivel del mar y en los horizontes
hidrodinámicos, y de esa manera también en los procesos de re-sedimentación de
granos carbonatados y siliciclásticos (ooides, granos de cuarzo, granos
esqueléticos) y fangos. La acuífero-eustasia ha sido apelada en la plataforma
Kimmeridgiense inferior como responsable de generar los cambios en el nivel de
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base del oleaje por medio de alternancias árido-húmedo controlando el
almacenamiento y descarga de agua continental, mientras que en la plataforma
Pliensbachiense superior probablemente interaccionaron ambas glacio-eustasia y
acuífero-eustasia, 2) en la plataforma Kimmeridgiense superior–Titoniense inferior
(greenhouse cálido, dominios costero a marino somero), los ciclos climáticos
orbitales causaron variaciones en la pluviometría, y de esta manera en el aporte de
siliciclásticos, pero no generaron fluctuaciones significativas del nivel del mar
debido a las condiciones climáticas húmedas prevalecientes, que mantuvieron la
saturación de las aguas subterráneas y evitaron la acuífero-eustasia. Además, la
señal sedimentaria de los ciclos de excentricidad fue gradualmente superada por un
aumento de aportes siliciclásticos inducido por la tectónica.
•

Ambas señales alocíclica y autocíclica concurren e interaccionan en las tres
plataformas marinas someras estudiadas: 1) en las plataformas Pliensbachiense
superior y Kimmeridgiense inferior, con sedimentación alrededor de la rampa
media, la distribución de depósitos autocíclicos relacionados con tormentas refleja
la fluctuación de los niveles hidrodinámicos, asociada a cambios del nivel del mar.
Además, el registro de la señal alocíclica fue modificado por el efecto de procesos
internos causados por el retrabajamiento de las tormentas; 2) en la plataforma
Kimmeridgiense superior–Titoniense inferior, los depósitos relacionados con
tormentas son variados pero menos abundantes, debido a la sedimentación en
lagoones someros y en el shoreface inferior. Puesto que los cambios climáticos
alocíclicos no causaron variaciones perceptibles en el nivel del mar en esta
plataforma, los horizontes hidrodinámicos que determinan la influencia de las
tormentas se mantuvieron estables. No obstante, la progresiva apertura tectónica de
la cuenca a condiciones menos protegidas incrementó gradualmente la influencia de
las tormentas.

•

La distribución de los niveles hidrodinámicos y la dominancia de diferentes
procesos sedimentarios determinan la respuesta sedimentológica a lo largo de la
plataforma para una misma señal alocíclica, así como su impronta. En particular, el
potencial de preservación de las secuencias orbitales de alta frecuencia resulta de la
interacción entre los procesos internos y los cambios en la acomodación,
controlando la re-sedimentación y acumulación. En ese sentido, las áreas someras
de la plataforma son más probables de registrar secuencias de menor frecuencia (i.e.
secuencias de excentricidad), mientras que las áreas de rampa media a externa
proximal son más favorables a preservar secuencias de mayor frecuencia, de modo
que su arquitectura secuencial puede reflejar secuencias de precesión y/o
excentricidad. Además, los sistemas deposicionales como los primas infralitorales
progradantes (IPW), con excepcionales condiciones de preservación bajo el nivel
de base del oleaje, podrían preservar potencialmente la impronta sedimentaria de
oscilaciones climáticas por debajo de la escala temporal de Milankovitch.
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Annexe 1: Logs locations

BARAHONA FM (upper Pliensbachian)

GPS coordinates of the top
and base of the sections
logged
for
the
upper
Pliensbachian
Barahona
Formation: Obón (left) and
San Pedro (bottom).
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RICLA MB (lower Kimmeridgian)

GPS coordinates of the lower
Kimmeridgian Ricla Member
panoramic outcrops 1 to 10,
analyzed by the means of highhigh
resolution photomosaics, dronedrone
made videos and fieldwork
physical tracing.
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Annexe 1: Logs locations

VILLAR DEL ARZOBISPO FM (uppermost Kimmeridgian–lower
Kimmeridgian lower Tithonian)

GPS coordinates of the top and base of the Galve-1
Galve to Galve-44 sections logged for the
uppermost Kimmeridgian – lower Tithonian Villar del Arzobispo Formation.
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GPS coordinates of the top and base of the Aguilar (top) and Monteagudo (bottom)
sections logged for the uppermost Kimmeridgian – lower Tithonian Villar del
Arzobispo Formation.
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Annexe 2: Sample pictures

BARAHONA FM (upper Pliensbachian)
The following images include, with their correspondent sample’s reference, some of the
petrographic thin sections and polished slabs used in this work to characterize the
different facies of the Barahona Formation (upper Pliensbachian). The colour codes for
facies are the same shown in the figures of correspondent scientific papers.
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RICLA MB (lower Kimmeridgian)
The following images include, with their correspondent sample’s reference, some of the
petrographic thin sections used in this work to characterize the lithology displayed by
the sedimentary units which compose the Ricla Member (lower Kimmeridgian).
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VILLAR DEL ARZOBISPO FM (uppermost Kimmeridgian–lower Tithonian)
The following images include, with their correspondent sample’s reference, some of the
petrographic thin sections and polished slabs used in this work to characterize the different
facies of the Villar del Arzobispo Formation (uppermost Kimmeridgian–lower Tithonian).
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Annexe 3: Field pictures

BARAHONA FM (upper Pliensbachian)

Lumachelle bed (facies L) in the Obón log, interpreted as representing a mass-mortality event, and used
for stratigraphic correlation. It is formed by accumulations of entire para-autochtonous fossils, mainly
bivalves (bv) and brachiopods (br) within a fine bioclastic matrix.

Field appearance of discontinuity D1 in an outcrop located close to the San Pedro log. Some HFSs
(bundles of beds B10 to B12) have been indicated. The transgressive interval overlying D1 is partly
eroded and covered there.
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RICLA MB (lower Kimmeridgian)

Bidirectional planar cross-lamination on facies A at the upper part of Unit 3 in outcrop 2.

Vertical stacking of cross-bedded foreset (facies B) over the cross-laminated beds with hummocky cross
stratification and marls of the bottomset (facies C) at the lower part of Unit 2 in outcrop 1. White line
delimits approximately the transition between both facies types.
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Close view of the distal bottomset
facies C, showing hummocky
cross-stratification and
marly
deposits. Pictures were taken on
Unit 2 in outcrop 1.

The Unit 3 includes micritic limestone beds at their distal part. The
occurrence of micritic intraclasts in a lenticular conglomeratic
deposit on the base of Unit 4 is an evidence of the erosive nature
of the boundary between both units.
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Asterosoma fossil traces occurring on the top of topset facies A beds.

Unknown fossil traces occurring on the top of bottomset facies C beds, which may correspond to escape
traces.
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Panoramic view of the foreset facies B of Unit 2 in outcrop 2. The Ricla Member overlies the Loriguilla
Formation and shows progradation over a basal unit composed by cross-bedded and channelled ooliticbioclastic sandstones. Black lines mark sub-units recognized within Unit 2.

Close view of the foreset facies B of Unit
4 over the microconglomeratic deposits of
the basal unit in outcrop 6.
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Appearance of the cemented and ferruginous flat surface at the top of the Ricla Member (i.e. discontinuity
between Kim-1 and Kim-2 sequences), which is preserved in the northern units 2 and 3. In the northeastern area of outcrop 1, this surface shows local bores filled with marine sediment (three upper
pictures). This early lithified surface could reflect the development of a shallow-water pavement with
subjected to sediment by-pass.
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VILLAR DEL ARZOBISPO FM (uppermost Kimmeridgian–lower Tithonian)
Sequence 1

Field appearance of the upper part of S1 in Galve-3 section. The siliciclastic-dominated depositional
model is characterized in proximal areas by lenticular channelized red sandstones (f11) laterally related to
coastal plain red lutites (f10a). It is common the presence of grey marls and lutites (f8) developed on
sparse marshes.

The top of S1 in the proximal logs of the Galve locality is marked by the presence of a decimetre-scale
conglomerate level.

239

Jorge Val Muñoz - PhD Thesis

Sequence 2

Field appearance of the channelized red sandstones facies 11 at the upper part of parasequence 2.1 in
Galve-1 log showing lateral accretion (a) and channel filling deposits (b). See the hammer for the scale.

Natural casts of a theropod dinosaur
trackway, preserved at the base of a
facies 11 channelized red sandstones
package in the outcrops between
Galve-1
and
Galve-2
logs
(parasequence 2.3).
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Bioclastic accumulation of gastropods at the lower part of parasequence 2.2, which could reflect a massmortality or a tempestite event event, since it is correlatable between the logs of Galve, left: Galve-1 log,
right: Galve-2 log.

Parasequences 2.2 and 2.3 in the Galve-2 log, showing the carbonate-dominated depositional model (a) in
their lower parts, and the siliciclastic-dominated depositional model (b) in their upper parts.
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Sequence 3

The tabular laminated sandstones of facies 9 occasionally show parallel or near-parallel laminated beds
(a) overlaid by dm-scale cross-bedded beds (b). This vertical relationship has been interpreted as
reflecting progradation of siliciclastic lobes controlling the input in the lagoon, which tends to flatten
distally. Picture taken in the outcrops between Galve-1 and Galve-2 logs, see the hammer for the scale.

Turtle plates can be found within the deltaic cross-bedded ochre sandstones of facies 12.
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Field image of the cross-bedded ochre sandstones of facies 12 in Galve-2 log, displaying trough crossstratification at its lower part (a), overlaid by planar cross-bedded stratification (b).

Low-angle cross-bedded fine to medium sandstones, usually appearing at the top of deltaic-related facies
12 packages have been interpreted as reflecting accumulation in foreshore sub-environment.
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Sequence 4

Diplocraterion (left) and Rhizocorallium (right) fossil traces displayed by facies 13 and facies 5
respectively in the Aguilar section.

The cross-bedded sandstones of facies 13 are characterized by showing trough cross-bedding (right) and
occasional hummocky cross-stratification (left). Pictures taken from the Aguilar section.

Field appearance of upper S3 and S4 in Galve-2 log. a: deltaic cross-bedded ochre sandstones, b: lower
shoreface/prodelta reddish to ochre lutites, c: two continuous beds of micritized peloidal-bioclastic
packstones, d: continuous structure-less sandstone package with Thalassinoides traces.
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Annexe 4: High-resolution photomosaics

BARAHONA FM (upper Pliensbachian)
Field picture of the Barahona Formation outcrops (Obón and San Pedro) showing
the distribution of high-frequency sequences. The stratigraphic position for the beds and
sedimentary discontinuities referred on the logs is also indicated here. The location of
the lumachelle beds used for correlation has been shadowed in yellow.
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RICLA MB (lower Kimmeridgian)
The following images show the high-resolution photomosaics which were analyzed by
this work in the panoramic outcrops of the Ricla Member, together with drone-made videos, in
order to characterize their stratigraphic and sequence architecture. Some close up capture
images are indicated within each photomosaic. See Annexe 1 for the geo-location and relative
orientation of each panoramic outcrop.

Outcrop 1 (North)
N

S

A
Unit 2

Unit 1

B
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C

D

E

Outcrop 1 (South)
Unit 2

Unit 1
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Outcrop 2 (from North)
N

S

Unit 2

Unit 2

Unit 3
Unit 2
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Outcrop 2 (from South)

Unit 2
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Outcrops 5 and 6 (aerial view): mapping of units
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Outcrop 6
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Unit 2

Outcrop 7

Unit 1
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Outcrop 8

Unit 1
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Outcrop 9

Outcrop 9 is physically traceable in the
field, showing the distal wedging of Unit 1.
Thus, Unit 2 gets direct contact with the
top of the Loriguilla Formation. This
observation is a key-evidence
evidence in order to
understand the sedimentary architecture
in the eroded area between outcrops 1
and 2.
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VILLAR DEL ARZOBISPO FORMATION (upper Kimmeridgian–
lower Tithonian)
The following images show the aerial view and mapping of the identified sequences and
parasequences in the outcrops of the Villar del Arzobispo Formation through the Galve-1 and
Galve-2 logs, as well as some referred drone-made close-up captures. These drone-made
images are focused on the lithological distribution and geometries shown by sequences S3 and
S4. See Annexe 1 for the geo-location of Galve-1 and Galve-2 logs.
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Annexe 5: Chemostratigraphic data

The following tables gather the chemostratigraphic data which have been obtained
by the analyses carried out by this work, and whose interpretations support the research
exposed by this PhD Thesis.

Top: Location and results of stable strontium isotopes analyzed on 13 samples from
the Villar del Arzobispo Formation (uppermost Kimmeridgian–lowermost Tithonian)
and 1 sample from the Ricla Member (lower Kimmeridgian).

Next pages: Results of stable isotope, strontium isotopes, and major and trace element
analyses from 89 analysed samples of the Barahona Formation (upper Pliensbachian) on
the Obón section.
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