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ABSTRACT 

This PhD Thesis is focused on the characterization of the facies evolution of the Upper Jurassic 

(uppermost Kimmeridgian) shallow carbonate ramp deposits of the Higueruelas Formation that 

developed in the north-central part of the Iberian Basin (NE Spain). The main objectives are: 1) to 

reconstruct accurate sedimentary ramp models, showing the along-strike and down-dip distribution 

of the different components and facies, and 2) to unravel the factors controlling the facies distribution 

and sedimentary evolution of the platform. The unit has been studied in a 20 x 30 km area located 

south of the city of Zaragoza (NE Spain), through extensive field analysis on 35 closely-spaced 

sedimentary logs, including facies mapping in continuous outcrops, and the recognition of 

continuous, km-scale well-marked sedimentary discontinuities for log correlation. Additionally, 

stable isotope analyses have been performed with two purposes: 1) strontium isotope analyses in 

combination with biostratigraphic data from key marker lituolids, to obtain the age calibration of the 

Higueruelas Formation in the study area; and 2) carbon and oxygen stable isotope analyses, to 

evaluate if these data are reflecting palaeoenvironmental conditions or the influence of post-

depositional diagenetic processes. 

In the study area, the Higueruelas Formation is latest Kimmeridgian (i.e. upper eudoxus and 

beckeri zones) in age, and has 40 to 80 m in thickness. The unit is characterized by a wide variety of 

facies and components, in particular non-skeletal grains. Analysis of the lateral and vertical facies 

relationships within the nine high-frequency sequences identified in the unit, allowed the 

reconstruction of the transition from inner-ramp subenvironments (i.e. intertidal, lagoon, backshoal, 

shoal-sand blanket) to the mid-ramp foreshoal and offshore domains. Two ramp models are proposed 

for the sequences 1-4 and 5-9, respectively. The oncolitic-peloidal-oolitic-dominated ramp 

(sequences 1 to 4) includes a peloidal intertidal belt, a low-energy oncolitic sheltered lagoon with a 

mosaic of stromatoporoid carpets, and peloidal-oolitic backshoal, shoal-sand blanket and foreshoal 

areas with along-strike oncolitic-dominated carbonates and local intertidal patches, as well as 

washover deposits and stromatoporoid carpets in the backshoal domain. These inner-ramp domains 

grade offshore into mid-ramp peloidal-bioclastic packstones to mudstones with mosaics of chaetetid-

stromatoporoid-coral buildups, surrounded by oncolitic-stromatoporoid facies. The oolitic-peloidal-

dominated ramp (sequences 5 to 9) is, in turn, characterized by a wide restricted peloidal-bioclastic-

oolitic lagoon without stromatoporoid carpets, grading into a backshoal area dominated by peloids 

and storm-related intraclastic-peloidal deposits. Oncolitic-dominated facies are mostly constrained to 

some areas of the backshoal and foreshoal domains. 

The distribution and abundance of the different types of oncoids present on the oncolitic-peloidal-

oolitic-dominated ramp is examined in detail. Six types of oncoids are recorded, based on the 

internal structure of the cortex. Type I oncoids are well rounded and micrite-dominated, and occur in 

all the subenvironments in low proportions. Type II oncoids, with rounded morphology, are also 

micrite-dominated but with discontinuous organism-bearing laminae of mostly Bacinella irregularis, 

and are ubiquitous in the oncolitic-dominated shoal-sand blankets. Type III oncoids are irregular to 

well rounded, and show alternating micritic and organism-bearing laminae of mostly Bacinella 

irregularis-Lithocodium aggregatum association. Two varieties are distinguished: type IIIa oncoids 

(micritic and organism-bearing laminae of similar thickness) characterize the oncolitic backshoal and 

foreshoal domains, particularly abundant in the latter; type IIIb oncoids (with thinner micritic 

laminae) form in the sheltered lagoon. Type IV oncoids are irregular and microbial-dominated, and 

encompass type IVa oncoids (Bacinella-Lithocodium meshworks), which occur abundantly in the 

lagoon; and less abundant type IVb oncoids (continuous organism-bearing laminae of Lithocodium), 

which are found in the mid-ramp domain. 
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The combined role of external and internal factors controlled the along-strike and down-dip facies 

heterogeneities and the sedimentary evolution of the carbonate ramp. In the oncolitic-peloidal-oolitic

-dominated ramp, low siliciclastic input and low-energy conditions in the inner ramp due to the 

barrier effect of the shoal-sand blankets, favoured the development of a low-energy sheltered lagoon, 

where large and irregular microbial-dominated type IIIb and IVa oncoids generated. Alternating 

higher- and lower-energy conditions in the backshoal and foreshoal domains determined the along-

strike lateral variation from peloidal-oolitic to oncolitic-dominated facies, with the predominance of 

micrite-microbial-dominated type IIIa oncoids particularly in the foreshoal domain. The along-strike 

lateral variation to oncolitic-dominated facies within the shoal body reveals an irregular depositional 

topography for this facies belt, where small and well-rounded micrite-dominated type II oncoids 

occurred in possible depressions/protected areas. Regarding the stromatoporoid-bearing facies, the 

higher tolerance of stromatoporoids to water energy enabled their colonization from lagoon to 

backshoal domains with a patchy distribution, in contrast to the chaetetid-stromatoporoid-coral 

buildups which grew offshore below the fair-weather wave base in specific areas of the proximal 

middle ramp. The transition to the oolitic-peloidal-dominated ramp is determined by the long-term 

fall in relative sea level occurring at the end of the Jurassic at basin scale, leading to more restricted 

conditions and an increase of the siliciclastic input in proximal domains, combined with an increment 

in water energy (i.e. storm-related beds). 

The outcrop characterization of the lateral and vertical facies distribution in the Higueruelas 

Formation presented in this Thesis, helps to better understand and predict the interwell-scale internal 

facies heterogeneities in carbonate reservoirs of similar age and composition. In particular, the 

Higueruelas Formation reveals a complex stratigraphic facies architecture, where the dimension of 

the sedimentary (facies) bodies is highly variable, showing from tens of km to hundreds of m in 

lateral extent (e.g. shoal-sand blanket or stromatoporoid-rich facies, respectively), but only from few 

dm to several m in thickness. The observed complex facies architecture is determined by the 

combined effect of the depositional facies heterogeneities (and their complex controlling factors), 

and the reduced accommodation space created by both the long-term regional fall in relative sea level 

and the higher-order sea-level fluctuations (i.e. high-frequency sequences), probably induced by short

-eccentricity climate variations. However, carbon and oxygen stable isotope analyses performed in 

two selected sections did not provide criteria for further palaeoenvironmental interpretations, but in 

turn highlighted the strong influence of the diagenesis on the isotopic composition, in particular two 

distinctive diagenetic imprints related to the different post-depositional diagenetic evolution of the 

unit in each selected sector (i.e. burial vs meteoric alteration), and a possible link between the facies 

type and the magnitude of diagenetic alteration. 
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RESUMEN 

Esta tesis doctoral se centra en la caracterización de la evolución de facies de los depósitos de 

rampa carbonatada somera de la Formación Higueruelas, de edad Jurásico Superior (Kimmeridgiense 

superior), y cuyo depósito tuvo lugar en la zona marginal situada al norte de la Cuenca Ibérica 

(noreste de España). Los principales objetivos son: 1) la reconstrucción precisa de modelos de rampa, 

mostrando la distribución de los diferentes componentes y facies tanto en una dirección perpendicular 

a la línea de pendiente (along strike) como pendiente abajo (down dip), y 2) la determinación de los 

factores que han controlado dicha distribución de facies y la evolución sedimentaria de la plataforma. 

La unidad ha sido estudiada en un área de 20 x 30 km situada al sur de la ciudad de Zaragoza (noreste 

de España). Para ello se ha realizado el análisis exhaustivo de 35 perfiles sedimentarios cercanos 

entre sí, incluyendo la cartografía de facies en afloramientos continuos y la identificación de 

discontinuidades sedimentarias bien marcadas, continuas a escala kilométrica, para la correlación de 

los perfiles. De manera adicional, se han llevado a cabo análisis de isótopos estables: 1) análisis de 

isótopos de estroncio en combinación con datos bioestratigráficos de lituólidos clave, para determinar 

la edad de la Formación Higueruelas en el área de estudio, y 2) isótopos estables de carbono y 

oxígeno, para evaluar si estos datos isotópicos están reflejando las condiciones paleoambientales o 

bien la influencia de los procesos diagenéticos post-deposicionales. 

En el área de estudio, la Formación Higueruelas se ha datado como Kimmeridgiense superior (i.e. 

la parte superior de la biozona eudoxus y la biozona beckeri), y presenta entre 40 a 80 m de espesor. 

Esta unidad se caracteriza por mostrar una gran variedad de facies y componentes, en particular 

granos no esqueletales. El análisis de las relaciones laterales y verticales de las facies establecidas en 

las nueve secuencias de alto orden identificadas en la unidad, permitió la reconstrucción de varios 

subambientes de rampa interna (i.e. intermareal, lagoon, backshoal, shoal-sand blanket) que dan paso 

lateralmente a dominios de rampa media de foreshoal y offshore. Se han propuesto dos modelos de 

rampa para las secuencias 1 a 4 y para las secuencias 5 a 9. La rampa dominada por oncoides, 

peloides y ooides (secuencias 1 a 4) incluye un cinturón intermareal dominado por peloides, un 

lagoon protegido de baja energía con predominio de oncoides que desarrolla mosaicos de praderas 

de estromatopóridos, y zonas de backshoal, shoal-sand blanket y foreshoal dominadas por peloides y 

ooides. Los dominios de backshoal a foreshoal dominados por peloides y ooides dan paso 

lateralmente (along strike) a carbonatos dominados por oncoides, así como el desarrollo de parches 

locales intermareales, y depósitos de washover y praderas de estromatopóridos en la zona de 

backshoal. Los dominios de rampa media presentan facies packstone a mudstone de peloides y 

bioclastos, y el desarrollo de bioconstrucciones dominadas por chaetétidos, estromatopóridos y 

corales que dan paso lateralmente a facies de mezcla de oncoides y estromatopóridos, mostrando una 

distribución en mosaico. En cambio, la rampa dominada por ooides y peloides (secuencias 5 a 9) se 

caracteriza por el desarrollo de un amplio lagoon restringido dominado por peloides, ooides y 

bioclastos, con ausencia de estromatopóridos, que da paso a una zona de backshoal dominada por 

depósitos intraclásticos y peloidales relacionados con tormentas. Las facies oncolíticas quedan 

reducidas fundamentalmente a algunas zonas de los dominios del backshoal y del foreshoal. 

Se ha examinado en detalle la distribución y abundancia de los diferentes tipos de oncoides 

presentes en la rampa dominada por oncoides, peloides y ooides, donde se han reconocido seis tipos 

en base a la estructura interna de la corteza. Los oncoides de tipo I son aquellos que presentan un 

buen redondeamiento y están dominados por micrita, encontrándose en escasa proporción en todos 

los subambientes. Los oncoides de tipo II, de morfología redondeada, muestran también predominio 

de micrita, pero en este caso incorporando laminaciones microbiales discontinuas, principalmente de 

Bacinella irregularis, y predominan en los shoal-sand blankets oncolíticos. Los oncoides de tipo III 

muestran una morfología irregular a bien redondeada, y se caracterizan por presentar una alternancia 

de láminas micríticas y microbiales, principalmente de la asociación Bacinella irregularis-
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Lithocodium aggregatum. Estos oncoides se subdividen en dos tipos: los oncoides de tipo IIIa 

(ambas laminaciones presentan el mismo espesor) que caracterizan los dominios de backshoal y 

foreshoal oncolíticos, particularmente este último, y los oncoides de tipo IIIb (con laminaciones 

micríticas de menor espesor) que se forman en el lagoon protegido. Los oncoides de tipo IV, de 

morfología irregular, son aquellos dominados por crecimientos microbiales, y comprenden los de tipo 

IVa (entramado de Bacinella-Lithocodium) que predominan en el lagoon y, en menor abundancia, los 

oncoides de tipo IVb (laminaciones microbiales continuas de Lithocodium) que aparecen en la zona 

de rampa media. 

La acción combinada de una serie de factores, tanto externos como internos a la rampa, 

controlaron las heterogeneidades de las facies de la plataforma (along strike y down dip), así como su 

evolución sedimentaria. En la rampa dominada por oncoides, peloides y ooides, existe un bajo aporte 

de terrígenos y unas condiciones de baja energía en la zona interna de dicha rampa, en este último 

caso debido al efecto barrera de los shoal-sand blankets. Estas condiciones favorecieron el desarrollo 

de un lagoon protegido de baja energía, donde se generaron oncoides microbiales de tipo IIIb y IVa 

de gran tamaño y morfología irregular. La alternancia de condiciones más y menos energéticas en los 

dominios de backshoal y foreshoal dieron lugar a cambios laterales (along strike) de facies peloidales 

y oolíticas a facies oncolíticas, donde los oncoides microbiales-micríticos de tipo IIIa predominan 

particularmente en el dominio de foreshoal. En los shoal-sand blankets, la variación lateral (along 

strike) de facies peloidales y oolíticas a facies oncolíticas revela una topografía deposicional 

irregular para este cinturón de facies, donde la existencia de posibles zonas deprimidas o protegidas 

permitió el desarrollo de los oncoides micríticos de tipo II. En cuanto a las facies que contienen 

estromatopóridos, la adaptabilidad de dichos organismos a condiciones energéticas variables permitió 

que éstos pudiesen colonizar desde el dominio del lagoon hasta el backshoal con una distribución en 

mosaico, al contrario que las bioconstrucciones dominadas por chaetétidos, estromatopóridos y 

corales que sólo pudieron desarrollarse en zonas específicas de la rampa media proximal, por debajo 

del nivel de base del oleaje de buen tiempo. Finalmente, la transición a la rampa dominada por ooides 

y peloides estuvo marcada por una caída relativa prolongada del nivel del mar que ocurrió a escala 

de cuenca al final del Jurásico, que dio lugar a condiciones más restringidas y a un aumento del 

aporte siliciclástico en dominios proximales, combinado con un incremento en la energía del agua 

(i.e. capas de tormenta). 

La caracterización de la distribución de facies en la lateral y vertical en los afloramientos de la 

Formación Higueruelas llevada a cabo en esta tesis, ayuda a comprender mejor y a predecir las 

heterogeneidades internas de facies entre perfiles/sondeos separados varios kilómetros entre sí en 

reservorios carbonatados de edad y composición similar. En particular, la Formación Higueruelas 

revela una arquitectura de facies compleja, donde la dimension de los cuerpos sedimentarios (facies) 

es muy variable: desde decenas de kilómetros hasta centenares de metros de extensión lateral (como 

es el caso de los shoal-sand blankets o las facies ricas en estromatopóridos, respectivamente), pero 

sólo desde pocos decímetros hasta varios metros de espesor en la vertical. Esta compleja arquitectura 

sedimentaria es el resultado de las heterogeneidades de facies descritas en el medio de depósito (y los 

complejos factores que las controlan), y de una reducción del espacio de acomodación originada tanto 

por el contexto regresivo prolongado a escala de cuenca como por variaciones relativas del nivel del 

mar de alto orden (i.e. secuencias de alto orden), estas últimas probablemente relacionadas con ciclos 

de excentricidad de corto término. Sin embargo, los análisis de isótopos estables de carbono y 

oxígeno, realizados en dos secciones seleccionadas, no aportaron criterios para profundizar en las 

interpretaciones paleoambientales, pero en cambio destacaron la fuerte influencia de la diagénesis en 

la composición isotópica. En concreto, dichos análisis revelaron dos patrones distintivos en la 

impronta diagenética, que están en relación con la diferente evolución diagenética post-deposicional 

de la unidad en cada sector seleccionado (diagénesis meteórica o por enterramiento), así como un 

posible vínculo entre el tipo de facies y la magnitud de la alteración diagenética. 
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1.1. INTEREST AND OBJECTIVES 

This PhD Thesis is focused on the facies analysis of the Oncolitic limestones of the Higueruelas 

Formation (formally defined by Gómez and Goy, 1979), after the study of a set of well-exposed 

outcrops located south of the city of Zaragoza (NE Spain). 

The studied Higueruelas Fm represents deposition in the shallow areas of a wide carbonate ramp 

that developed in the north-central part of the Iberian Basin during the latest Kimmeridgian (Late 

Jurassic). The characterization of the internal facies architecture in ancient shallow carbonate ramp 

successions is a difficult task which requires a control of the lateral (both along-strike and down-dip 

directions) and vertical facies relationships as detail as possible, because of the multiple 

palaeoenvironmental factors controlling the spatial facies distribution and sedimentary evolution of 

the platform (e.g. Burchette and Wright, 1992; Bádenas and Aurell, 2010; Bádenas et al., 2010; 

Pomar, 2018). In fact, as reported in other ancient and modern shallow carbonate platforms (e.g. 

Strasser and Védrine, 2009; Bádenas et al., 2010; Rankey, 2016), as a result of the several controlling 

factors, complex patterns of depositional subenvironments can occur in specific areas of the 

carbonate ramp (i.e. facies mosaics), thus resulting in complex internal facies distributions. 

In this PhD Thesis, the characterization of the uppermost Kimmeridgian shallow carbonate ramp 

succession has been performed by investigating the lateral (along strike and down dip) and vertical 

facies heterogeneities of the Higueruelas Fm outcropping in an area of 20 x 30 km in extent. This 

characterization has followed two specific aims: 

 Reconstructing accurate sedimentary models for these shallow domains of the carbonate 

ramp, showing the along-strike and down-dip distribution of the different components and 

facies which constitute the depositional subenvironments, therefore improving the 

knowledge of the palaeoenvironmental processes controlling carbonate production and 

accumulation. This reconstruction has been performed at different outcropping scales, 

considering the variable complexity in the internal facies heterogeneities documented by 

previous works in specific sectors of the platform (e.g. Ipas, 2003; Ipas et al., 2004). This 

objective has been carried out through the detailed facies description and interpretation in 

numerous closely-spaced sedimentary logs, whose correlation allowed the characterization of 

the lateral and vertical facies relationships. 
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 Analysing the different types of oncoids recognized in the Higueruelas Fm, since their wide 

variability in size, shape and internal structure provides valuable information about the 

physico-chemical parameters of the depositional subenvironment in which they formed, as 

reported in previous works (e.g. Dahanayake et al., 1985; Tucker and Wright, 1990; Flügel, 

2004; Védrine et al., 2007; Bádenas and Aurell, 2010). This task has involved the evaluation 

of the petrographic characteristics of the different types of oncoids as well as their 

distribution across the shallow carbonate ramp, and therefore obtaining a classification 

following previous nomenclatures (i.e. Dahanayake, 1977). 

In addition, this sedimentological characterization of the Higueruelas Fm is complemented by 

stable isotope analyses with two purposes: 

 Obtaining the age calibration of the Higueruelas Fm in the study area, in order to contribute to 

provide an updated chronostratigraphic distribution of the sedimentary successions deposited 

during the Kimmeridgian-Berriasian in the central part of the Iberian Basin. This purpose has 

been accomplished by the combination of strontium isotope analyses performed in thick 

calcitic bivalve and brachiopod shells collected from selected intervals, combined with 

biostratigraphic data from larger benthic foraminifera (i.e. lituolids). 

 Evaluating if the carbon and oxygen stable isotope analyses performed on these shallow-

marine carbonates are reflecting palaeoenvironmental conditions or the influence of post-

depositional diagenetic processes. Two sections have been selected for this purpose, 

representing sedimentation in the proximal and relatively distal areas of the carbonate ramp. 

The along-strike and down-dip facies distribution revealed in the carbonate ramp models obtained 

in this Thesis, can be applied to the interpretation of shallow carbonate platforms showing similar 

components. In particular, this sedimentological analysis has important implications in reservoir 

characterization, as the Higueruelas Fm is considered as potential analogue of well-known Middle-

East hydrocarbon carbonate reservoirs of similar age and composition, as it is the case of the upper 

Kimmeridgian shallow carbonate ramp deposits of the Arab-D Formation in Saudi Arabia (Al-

Awwad and Collins, 2013). Because of the limited knowledge provided by subsurface data, outcrop 

analogue studies become essential for predictability of the facies architecture at interwell scale, and 

particularly the lateral (along strike and down dip) and vertical characterization of facies 

heterogeneities performed in this Thesis, can provide the key guidelines concerning the interpretation 

of facies distributions and factors controlling the stratigraphic facies architecture in carbonate 

reservoirs. On the other hand, the results concerning the carbon and oxygen stable isotope 

composition recorded in the Higueruelas Fm, provide interesting insights for interpreting such 

isotopic signatures in ancient shallow-marine carbonate successions. 
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1.2. OUTLINE OF THE THESIS 

This PhD Thesis includes 9 chapters. After this brief introduction (Chapter 1), Chapter 2 

comprises an overview based on the published information, concerning the sediment production in 

carbonate platforms, their geometry, and factors controlling carbonate accumulation, accommodation 

and sequence development. A review of the previous information available for the studied carbonate 

ramp is also provided, indicating which aspects of this carbonate ramp are already known versus 

those characteristics that are still to be known, both regarding the facies distribution on the platform 

and the facies architecture of the unit. Chapter 3 describes the different methodologies used in this 

work. Chapter 4 explains the geological and stratigraphic context of the studied outcrops, including 

an updated chronostratigraphic review for the Late Jurassic-Early Cretaceous in central areas of the 

Iberian Basin presented as a peer-reviewed scientific paper (Aurell et al., 2019b), in which part of the 

results of this PhD Thesis (i.e. biostratigraphic and strontium isotope data performed on the 

Higueruelas Fm) have been included. 

The main contributions of the Thesis are presented in chapters 5 to 7, being those of the chapters 5 

and 6 following the results presented in 4 peer-reviewed scientific papers: 

 Reconstructing the along-strike and down-dip distribution of the different facies types 

constituting the shallow domains of the carbonate ramp, and so as the factors controlling 

the facies distribution and the sedimentary evolution of the platform. These results are 

presented in Chapter 5, based on Sequero et al. (2018) and Sequero et al. (2019b). 

 Characterization of the factors controlling the distribution of the different types of oncoids 

recorded in the Higueruelas Fm. A revised classification for marine carbonate oncoids of 

that reported by Dahanayake (1977) is provided in this work, based on their petrographic 

features and distribution along these shallow domains of the platform. These results are 

presented in Chapter 6, based on Sequero et al. (2019a) and Sequero et al. (2020). 

 Evaluating if the carbon and oxygen stable isotope analyses performed on these shallow-

marine carbonates are reflecting palaeoenvironmental conditions or the influence of post-

depositional diagenetic processes. These results are presented in Chapter 7, which 

constitute a draft of a scientific paper which will be sent for revision and possible 

publication on a SCI international journal. 

Chapter 8 includes a summary of the results obtained in this Thesis, together with a comparative 

analysis with similar carbonate ramp systems concerning the spatial facies arrangement and 

stratigraphic architecture, and proposals for the forward stepping on further investigations. Final 

concluding remarks of Chapter 9 synthesize the key results obtained in this Thesis. 

Four Annexes are attached at the end of the manuscript. Annexe 1 contains the database of the 

sedimentological work, including field pictures of the Higueruelas Fm in each studied sector, detailed 

sedimentological information of the studied logs, the mapping of facies, units and key surfaces in 

continuous outcrops, and the location of the collected samples for petrographic descriptions. Annexe 

2 illustrates macro-scale polished slabs and microphotographs under binocular microscope in thin 

sections for all the facies defined in this work. Annexe 3 shows petrographic and 

cathodoluminescence characteristics of the selected samples for the carbon and oxygen stable isotope 
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 analyses. Finally, Annexe 4 includes tables gathering the chemostratigraphic data from the stable 

isotope analyses. 
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2.1. SEDIMENT PRODUCTION IN CARBONATE PLATFORMS 

2.1.1. Carbonate factories 

Understanding the shallow-marine carbonate sedimentation from coastal settings to open shelves 

has been one of the key targets in Sedimentology through decades, as regards the complex factors 

involved in the precipitation and generation of carbonate sediments, both carbonate mud, skeletal and 

non-skeletal grains and bioconstructions. Mechanisms involved in carbonate precipitation are divided 

into abiotic, biotically induced (mainly microbial precipitates) and biotically controlled (skeletal), in 

some cases occurring simultaneously (Schlager, 2003). Therefore, organism communities living in 

carbonate systems play an essential role in carbonate production, so that there is a link between the 

specific palaeoenvironmental conditions required for the suitable development of biota and carbonate 

production. 

Modern carbonate platform systems such as the Bahamas, South China Sea, eastern Red Sea, 

South Florida or Western and Southern Australia have been examined by many authors (e.g. 

Ginsburg, 1956, 1975; Shinn et al., 1969; Logan et al., 1970; James and Bone, 1994; Rankey, 2004, 

2016; Rankey and Reeder, 2010; James et al., 2013; Purkis et al., 2015), in order to improve the 

knowledge about the ecological parameters involved in biotically induced and biotically controlled 

carbonate sedimentation and their distribution, which can be applied to the geological record by 

associating the observed sedimentary features (Purkis et al., 2015). However, numerous studies on 

ancient carbonate settings show that characteristics of carbonate factories have varied through space 

and time, from the Precambrian to present (e.g. Walsh, 1996; Taylor and Allison, 1998; Kiessling et 

al., 2000, 2003; Pomar, 2018) (Fig. 2.1). Thus, compiling information of past carbonate platforms 

from the geological record is essential to comprehend their characteristics and evolution. 

Carbonate production depends, among other factors, on the characteristics of the biota 

community, which strongly influences the type and amount of carbonate production. In addition, the 

evolution of carbonate-producing organisms throughout the Phanerozoic is another factor that 

determines the amount and spatial distribution of carbonate productivity, which therefore influences 

the depositional architecture of carbonate platforms (e.g. predominance of crinoids and bryozoans 

during the Early Carboniferous, in contrast to the prolific contribution of reefs at Jurassic times; e.g. 

Chatellier, 1988; Aurell et al., 1995; Brandley and Krause, 1997; Kiessling et al., 2000, 2003). This 

situation differs from siliciclastic-dominated shelves, where sediment production and accumulation 
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have a predominant hydrodynamic control. Furthermore, carbonate sedimentation can occur at 

variable production rates in localized areas, in contrast to siliciclastic systems where detrital sediment 

comes from external sources, which in some cases are situated far apart from the depositional sites 

(Wright and Burgess, 2005). 

Carbonate sedimentation in shallow-marine domains is classified in terms of carbonate factories. 

The carbonate factory is defined as a high-productivity area with a limited lateral extent, which is 

characterized on the basis of the ecosystem, in-situ sedimentation and early modification of the 

sediment (e.g. Schlager, 2000; 2003; Wright and Burgess, 2005; Pomar and Hallock, 2008; James 

and Jones, 2015; Michel et al., 2019). Schlager (2000, 2003) defined three types of benthic carbonate 

factories (Fig. 2.2a): the tropical factory (T-factory), where precipitation occurs through biota living 

in the photic zone (both photoautotroph organisms and those living in symbiosis with them); the cool

-water factory (C-factory), with heterotrophic carbonate-producing organisms; and the mud-mound 

factory (M-factory), where carbonate production is biotically induced by microbial activity (e.g. 

Betzler et al., 1997; Schlager, 2000, 2003; Pomar and Hallock, 2008). Following the Schlager’s 

classification, Reijmer (2014) included a fourth category of carbonate factory, i.e. the cold-water 

coral reefs (first described by Teichert, 1958), which share characteristics with the T-factory 

regarding the type of dominant skeletal builder (i.e. scleractinian corals), and with the C-factory in 

the carbonate production mode. 

Optimum carbonate productivity associated to these carbonate factories depends of different 

factors, according to the type of biota community (Fig. 2.2b). For the T-factory, light and 

temperature are the main controlling factors, so that high production rates locate in shallow warm 

waters (e.g. Wilson, 1975; Schlager, 2005), particularly those areas of the photic zone above 20 m 

Fig. 2.1. Contribution of calcareous marine organisms to carbonate sedimentation through time; P: 

Palaeozoic; M: Mesozoic; C: Cenozoic (extracted from Hanken et al., 2015 after Wilkinson, 1979). 
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deep with normal salinity (mean value of 3.5 ppt), and decrease along the water column until the base 

of the photic zone (around 100 m in depth). The specific ecological requirements of certain 

photoautotroph organisms may in turn constrain the range of maximum carbonate precipitation, such 

as zooxanthellate corals, which are well developed in seawaters warmer than 18ºC (Veron, 1995; 

Kleypas et al., 1999), or even the extinct stromatoporoids, which better proliferated under moderate 

Fig. 2.2. a) Types of carbonate factories regarding their precipitation modes. b) Production rates for the 

different types of carbonate factories and depth distribution (a, b: extracted from Reijmer, 2014 after Schlager, 

2003). c) Global distribution of modern carbonate factories (extracted from Michel et al., 2019). 
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 high-energy conditions in detriment of corals (e.g. Leinfelder et al., 2005). At present times, T-

factories are situated between 30ºN and 30ºS (Fig. 2.2c), in areas without large terrigenous input. In 

this regard, the excess of nutrients derives in negative consequences for carbonate productivity, 

particularly for those organisms which require oligotrophic conditions to thrive (e.g. sponges, corals, 

green algae), or even originates blooms of planktonic species that may inhibit the light penetration in 

the photic zone (e.g. Michel et al., 2019). Detrital input in shallow areas can also affect to the 

substrate characteristics, and so as the capability of benthic communities for colonizing the seafloor. 

Carbonate production for the other factories extends hundreds of metres, as their biota 

communities are largely light-independent (Fig. 2.2b). Low-temperature waters and nutrients 

availability are the main factors controlling carbonate production of the C-factory (e.g. Reijmer, 

2014), and so as for the cold-water corals system, with higher carbonate production rates in water 

temperatures lower than 10ºC. Accordingly, the C-water factory is situated at higher latitudes than 

the T-factory, northward 30ºN and southward 30ºS, but also in upwelling areas or in cooler deep 

waters below the thermocline (Fig. 2.2c). The M-mound factory was well developed during the late 

Proterozoic and Palaeozoic, for example forming shallow-water stromatolites and mound buildups in 

deep waters (e.g. Lees and Miller, 1995; Wendt et al., 1997). At present times, microbially induced 

carbonate precipitation includes for example shallow-water stromatolites and peritidal carbonates 

(biochemical factory in Michel et al., 2019; Fig. 2.2c). 

 

2.1.2. The Higueruelas Formation: a tropical factory dominated by non-skeletal grains 

The latest Kimmeridgian shallow carbonate ramp represented by the Higueruelas Fm in the 

northern Iberian Basin, located at tropical latitudes (30-35ºN) under greenhouse conditions (Fig. 2.3), 

and was characterized by a T-factory as indicated by the association of light-dependent fossil 

organisms. The most common skeletal carbonate grains identified by previous authors (e.g. Aurell 

and Meléndez, 1987; Aurell, 1990; Ipas et al., 2004) in these shallow-marine deposits are dasyclad 

green algae, benthic foraminifera (mainly miliolids, lituolids and textulariids), bivalves, brachiopods, 

gastropods, echinoderms, serpulids, stromatoporoids, chaetetids and corals, as well as several 

encrusting organisms (mainly Cayeuxia-Ortonella and Bacinella irregularis). 

Analysis of the abundance and distribution of these skeletal components provides information 

about the characteristics of the depositional subenvironments (Fig. 2.4). Dasyclad green algae are 

representative of well-oxygenated and protected normal-marine waters, i.e. sheltered lagoons (Flügel, 

1977), and commonly appear in association with a high diversity of skeletal grains (e.g. Colombié 

and Strasser, 2005; Védrine and Strasser, 2009; Bádenas and Aurell, 2010; Al-Awwad and Collins, 

2013; Alnazghah et al., 2013). Similar to dasyclad green algae, the occurrence of encrusting 

organisms such as Cayeuxia-Ortonella or Bacinella irregularis, which are attributed to the group of 

cyanobacteria (Leinfelder et al., 1993; Dupraz and Strasser, 1999), thrive under normal-marine 

waters in moderate- to low-energy subenvironments, both in protected lagoons or in open-marine 

settings, in some cases as part of reefal microbial crusts (e.g. Dahanayake, 1978; Schmid, 1996; 

Shiraishi and Kano, 2004; Védrine et al., 2007; Bádenas and Aurell, 2010; Rameil et al., 2010). The 

record of benthic foraminifera is another key palaeoenvironmental indicator, being miliolids and 

textulariids a frequent association in inner shallow waters, whereas lituolids show a wider 

distribution (e.g. Flügel, 1977; Pélissié et al., 1984; Hughes, 2004, 2005; Rameil, 2005; Reolid et al., 

2008). In addition, certain specimens of these benthic foraminifera are diagnostic for a particular 

subenvironment, as explained in Chapter 5. Bivalves, brachiopods, echinoderms, gastropods and 
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serpulids have a wide distribution on these shallow domains, although they are generally more 

abundant in open-marine settings, excepting bivalves, gastropods and serpulids, which can also 

tolerate more restricted conditions (i.e. restricted lagoons; e.g. James and Dalrymple, 2010; Fig. 2.4). 

Regarding the stromatoporoids, chaetetids and corals, these organisms were the predominant reef 

builders during the Late Jurassic, together with siliceous sponges and microbial communities (e.g. 

Leinfelder et al., 1994; Schmid, 1996; Leinfelder, 2001; Olivier et al., 2011; Alnazghah et al., 2013; 

Pomar and Haq, 2016; Tomás et al., 2019). They can be arranged in a variety of structures according 

to the characteristics of the environment (e.g. wave energy, substrate stability, sedimentation rates), 

from rigid frameworks (e.g. reef barriers, mounds) to meadows in protected inner platform domains 

Fig. 2.3. a) Global palaeogeographic map for the Late Jurassic (150 Ma) with the location of the climatic 

bands. The red star indicates the location of Iberia (modified from Rees et al., 2000 and Scotese, 2014). b) 

Palaeogeography of western Tethys during the late Kimmeridgian and location of the Iberian Basin (IB) 

(modified from Dercourt et al., 1993). 
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(e.g. Leinfelder, 1993; Kiessling and Flügel, 2002; Leinfelder et al., 2005; Kiessling, 2009; Al-

Awwad and Collins, 2013). In the Higueruelas Fm, up to 8 m-high bioconstructions of 

stromatoporoids, chaetetids and corals have been described in relatively distal areas of the carbonate 

platform (e.g. Aurell and Meléndez, 1987; Ipas, 2003; Bádenas and Aurell, 2003; Ipas et al., 2004). 

Corals are the predominant reef-builder component, with microbial crusts and encrusting organisms 

(mainly cyanobacteria) constituting the rigid frame. However, these reefal structures are scarce 

within the Higueruelas Fm. Stromatoporoids, chaetetids and corals are also reported in shallower and 

protected domains of this platform (i.e. lagoon), including stromatoporoids as main component, 

forming dm- to m-thick bioherms with a limited lateral extent (Aurell and Meléndez, 1987; Ipas, 

2003; Ipas et al., 2004; Aurell et al., 2012). The common presence of stromatoporoids in lagoonal 

settings has been highlighted by several authors (e.g. Flügel, 1974; Turnsek et al., 1981; Leinfelder et 

al., 2005), being the predominance of stromatoporoids over corals result of their capability to thrive 

under moderate water-energy and oligotrophic conditions (e.g. Leinfelder et al., 2005). 

Despite of the wide variability of carbonate-producing organisms recognized in the Higueruelas 

Fm, the most significant contribution to carbonate sedimentation corresponds to non-skeletal grains. 

The most common are oncoids, ooids, peloids and in minor proportion intraclasts and aggregate 

grains. Analysis of these non-skeletal grains can provide valuable information about 

palaeoenvironmental conditions. Particularly oncoids and ooids can record a wide spectrum of sizes, 

shapes and internal structures that chiefly reflect the characteristics of the depositional environment 

in which they formed (e.g. Peryt, 1981; Strasser, 1986; Flügel, 2004; Shi and Chen, 2006; Bádenas 

and Aurell, 2010; Olivier et al., 2011). 

Fig. 2.4. Distribution of some carbonate-producing organisms according to salinity (extracted from James 

and Dalrymple, 2010). Light-red colour in cyanobacteria refers to distribution of Bacinella irregularis and 

Cayeuxia-Ortonella. 
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Oncoids are one of the main non-skeletal components of the Higueruelas Fm, and in fact this 

type of grain is included in the formal definition of the unit (i.e. Oncolitic limestones of the 

Higueruelas Fm; Gómez and Goy, 1979). Oncoids are traditionally described as coated grains larger 

than 2 mm in diameter, constituted by irregular or concentric laminae surrounding a skeletal or non-

skeletal nucleus (e.g. Tucker and Wright, 1990; Flügel, 2004; Zhang et al., 2015). Oncoids can have a 

wide variability in size, shape and internal structure, being these parameters controlled by many 

different biological and physical factors (e.g. Dahanayake, 1978; Flügel, 2004; Védrine et al., 2007; 

Olivier et al., 2011). The nomenclature proposed for marine oncoids by Dahanayake (1977) is based 

on the internal characteristics of the cortex, in particular on the proportion of two types of laminae, 

i.e. micritic and organism-bearing laminae, the latter constituted by different types of encrusting 

microorganisms (mainly cyanobacteria). In particular, Dahanayake (1977) recognized four types of 

oncoids (Fig. 2.5a): spherical to elliptical type I oncoids, smaller in size (< 10 mm in diameter), 

showing concentric micritic laminae; elliptical type II oncoids (0.5–3 cm in size), constituted by 

micritic laminae with discontinuous organism-bearing laminae; spherical to subspherical type III 

oncoids (1–3 cm in size), with alternating micritic and organism-bearing laminae; and irregular type 

IV oncoids (< 4 cm in size), entirely composed by a microbial meshwork (without lamination), with a 

simple nucleus (IVS) or integrating several oncoids in the structure (IVC). These types of oncoids are 

related to a particular hydrodynamic regime, hence being useful in palaeoenvironmental 

interpretations (Dahanayake, 1978): rounded morphology and well-defined micritic laminae (i.e. type 

I and II oncoids) are indicative of turbulent waters, whereas lower-energy conditions are suitable for 

microbial encrustations and the generation of irregular shapes (i.e. type III and IV oncoids). In 

addition, the analysis of the light-dependent micro-encruster association in the organism-bearing 

laminae or the microbial meshwork provides information about the palaeoecological conditions (e.g. 

water transparency, salinity). In the Higueruelas Fm, the four types of oncoids described above have 

been recognized in previous works (Ipas, 2003; Bádenas and Aurell, 2003; Ipas et al., 2004), ranging 

from few millimetres to up to 9 cm in diameter. The most common micro-encruster organisms 

identified are Bacinella irregularis and Lithocodium aggregatum, also Thaumatoporella 

parvovesiculifera and occasionally Girvanella, indicating well-oxygenated, shallow normal-marine 

waters and oligotrophic conditions (e.g. Leinfelder et al., 1993). 

Ooids are spher ical to elliptical coated grains generally lower  than 2 mm in diameter , 

composed by concentric micritic and/or sparitic laminae forming on a nucleus of variable nature 

(Flügel, 1982; Strasser, 1986; Tucker and Wright, 1990). Ooids are characteristic of shallow-water 

domains, and display different internal compositions related to the characteristics of the depositional 

environment. For shallow-marine environments, Strasser (1986) proposes a classification of ooids in 

five types based on the type of cortex, which are indicative of variable energy and salinity conditions 

(Fig. 2.5b). Micrite-dominated type 1 and 2 ooids, the latter representing a transitional mode to 

micritic type I oncoids, are constituted by concentric or irregular thin micritic laminae, respectively. 

Type 1 ooids represent deposition in high-energy domains (i.e. sand bars), whereas type 2 ooids form 

in low-energy lagoons, both under normal-marine water conditions. The fibrous-radial type 3 and 4 

ooids are constituted by thin (type 3) and thicker (type 4) concentric sparitic laminae, and represent 

deposition in moderate- to relatively high-energy conditions (sand bars to lagoon), under normal to 

relatively fluctuating salinity. Finally, the fibrous-radial type 5 ooids, composed by a single thick 

sparitic laminae, represent deposition under calm conditions and fluctuating salinity. In the 

Higueruelas Fm, mainly type 3 and 4 ooids have been documented in previous works (Ipas, 2003; 

Ipas et al., 2004). They are less abundant than oncoids and peloids, and record deposition from high-

energy shoals (type 3 ooids) to restricted lagoon in inner domains (type 4 ooids). 
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Fig. 2.5. a) Different types of marine oncoids sensu Dahanayake (1977) classification according to the 

internal structure of the cortex (i.e. type of laminae and presence of encrusting organisms). Lm: micritic 

laminae; Lo: organism-bearing laminae; Lg: discontinuous organism-bearing laminae; B: bioclast; M: 

micrite; O: oncoid. b) Classification of ooids sensu Strasser (1986) nomenclature, including their 

palaeoenvironmental interpretation (water energy, salinity and depositional environment). 
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Peloids are defined as rounded to well-rounded micritic grains less than 600 µm in diameter, 

without internal structure. The origin of peloids is variable, distinguishing from biogenic peloids (i.e. 

fecal pellets, microbial peloids), peloids formed by micritization of other components (e.g. bioclasts; 

also called bahamite peloids, locally with relicts of the primary microstructure), or those which derive 

from reworking of carbonate mud sediments (i.e. lithic peloids) (Fig. 2.6) (Tucker and Wright, 1990; 

Flügel, 2004). Peloids, together with oncoids, have been described as the most significant non-

skeletal grains in the Higueruelas Fm, even constituting in some cases the total rock volume (Ipas, 

2003; Ipas et al., 2004). Lithic and microbial peloids are the main types recognized (locally fecal 

pellets), showing well-rounded shapes and 100 µm in mean diameter (microbial peloids) or variable 

sizes and shapes (lithic peloids, 0.5–1 mm in size). 

Intraclasts consist of fragments of consolidate and/or  cemented sediment which has been 

eroded and redeposited, showing variable shapes and sizes (Folk, 1959). They are commonly found 

in shallow-marine environments, but can also be transported offshore. The generation of intraclasts 

can be associated to high-current velocities (i.e. storms), which rework and redistribute cemented 

sediment fragments from different subenvironments; other processes such as bioturbation, desiccation 

of carbonate muds in supratidal environments, brecciation and resedimentation of cemented subtidal 

sediments within the vadose zone, or local sliding (seismic events), can contribute to intraclast 

generation (e.g. Folk, 1959; Ainardi and Champetier, 1976; Leinfelder, 1987; Whisonant, 1987; 

Flügel, 2004). Aggregate grains are in turn produced by cementation of grains by microbial filaments, 

encrusting organisms (e.g. foraminifera, calcareous algae, serpulids) and aragonite or Mg-calcite 

carbonate cements (Winland and Matthews, 1974; Tucker and Wright, 1990; Flügel, 2004), being 

indicative of low to moderate water-energy conditions. Both intraclasts and aggregate grains have 

Fig. 2.6. Different types of peloids according to their origin (modified from Rameil, 2005 after Tucker 

and Wright, 1990). 
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been recognized in the Higueruelas Fm. Intraclasts are a usual component in these shallow-marine 

deposits, but generally representing a less significant proportion of the total volume of the non-

skeletal components recorded. They have been attributed to fragments of mud- to grain-supported 

sediment (Ipas, 2003). Presence of aggregate grains is occasional. 

In this Thesis, the detailed analysis of the types and distribution of both skeletal and non-skeletal 

carbonate components recorded in the Higueruelas Fm, has provided key information about the 

lateral and vertical extent of the sedimentary bodies, in particular of the grain-supported sedimentary 

bodies dominated by non-skeletal grains, and of their palaeoenvironmental factors. This has potential 

interest for certain subsurface hydrocarbon reservoirs (e.g. the Arab-D Formation in Persian Gulf, or 

the Smackover Formation in the USA East Gulf; Benson, 1988; Grötsch et al., 2003). These 

carbonate systems represent shallow platform domains, which record a wide range of carbonate 

grains, including groups of non-skeletal, grain-supported facies of particular interest due to their high 

interparticle porosity associated (e.g. Wender et al., 1998; Grötsch et al., 2003; Hughes, 2004; 

Lindsay et al., 2006). According to similarities in age and composition, the characterization of the 

dimension of the different types of non-skeletal, grain-supported sedimentary bodies in the shallow-

carbonate ramp successions of the Higueruelas Fm, would provide a potential sedimentary analogue 

for the Upper Jurassic Arab-D Formation, the major hydrocarbon carbonate reservoir in the Middle 

East (Grötsch et al., 2003; Al-Awwad and Collins, 2013). 
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2.2. GEOMETRY OF CARBONATE PLATFORMS 

2.2.1. Types of carbonate platform profiles 

During the Mesozoic, volume of carbonate sedimentation on carbonate platforms was higher than 

present, due to the larger extension of platforms linked to high sea level in the Mesozoic greenhouse 

world. Consequently, the contribution of these ancient shallow-marine deposits to the geological 

record is notorious, representing thick outcropping stratigraphic successions. A wide spectrum of 

types of carbonate platforms with different depositional profiles occurred in ancient marine 

environments. Most of these carbonate platform types have analogues in present times, so some of 

the processes controlling the ancient counterparts can be inferred from the observation of present 

examples. However, this comparison has to be done with caution, taking into account the differences 

in biological and geological factors. 

According to morphological characteristics (i.e. size, depositional profile or attachment-

detachment to landmass), three main types of carbonate platforms are distinguished: carbonate ramps, 

flat-topped shelves (rimmed or non-rimmed) and isolated platforms (Pomar, 2001a; Fig. 2.7). 

Regarding the carbonate ramps and flat-topped shelves, one of the key factors controlling the 

geometry is the hydrodynamic regime governing dispersal of sediments (Fig. 2.8) (Pomar, 2001a; 

Pomar and Kendall, 2008), which in turn also depends on the characteristics of the carbonate grains 

Fig. 2.7. Types of carbonate platforms (extracted from Val, 2019 after Pomar, 2001a). 
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 (size, relative density, shape), framework building or syn-depositional cementation (Ginsburg and 

Lowenstam, 1958; Pomar and Kendall, 2008). Regarding rimmed and isolated shelves, carbonate 

production rates much higher in shallow-water settings compared to deeper domains are responsible 

for the characteristic steepened-margin geometry (e.g. Schlager, 1981; Kendall and Schlager, 1981; 

Bosence et al., 1994; Aurell et al., 1998). On one hand, this significant difference in carbonate 

production can derive from the enhanced capacity of carbonate-producing organisms to build up the 

base level (in particular, above the shelf equilibrium profile defined by Swift and Thorne, 1991; 

Pomar and Kendall, 2008), generating a depositional relief in the shallow-water high-energy zone 

(e.g. the Llucmajor reef of Mallorca, in the western Mediterranean; Pomar and Ward, 1994, 1999; 

Bosence et al., 1994; Pomar and Kendall, 2008) (Fig. 2.8). These biogenic frameworks can resist the 

erosion of waves and storms, whereas uncemented finer-grained sediment is in turn shed off the reef 

and accumulated in the backreef area or down dip the platform (Li et al., 1997; Pomar, 2001a). On the 

other hand, the steepened-margin geometry that characterizes rimmed and isolated shelves can also be 

originated by the formation of sand shoal bodies in the high-energy domain, commonly associated to 

reefal structures conforming the barrier (e.g. oolitic sand belts from the Late Tithonian-Valanginian 

carbonate rimmed shelf in NW Sicily; Basilone and Sulli, 2016). 

Flat-topped non-rimmed shelves (or open shelves; Fig. 2.8) generate when the carbonate system is 

dominated by large (gravel-sized) skeletons produced by soft-substrate dwelling metazoans, living in 

the euphotic high-energy zone, which can remain in-situ on the platform top and/or be accumulated 

by waves and storms. Hydrodynamic baffling and wave-energy dissipation at the platform margin 

exerted by these skeletons favour the generation of a flatter platform top, also determining the 

characteristics of the sediment accumulated in the inner platform (Pomar, 2001a; Pomar and Kendall, 

2008). Examples of this type of carbonate platforms are recorded in the Late Cretaceous in the 

southern Central Pyrenees of Spain, where rudists and corals build a storm-wave resistant rim, or the 

Middle Miocene in the Mut basin of south-central Turkey, with corals constituting discrete bioherms 

in association with red algae and microbial crusts (e.g. Bassant, 1999; Bassant et al., 2005; Pomar et 

al., 2005; Pomar and Kendall, 2008). 

Carbonate ramps are originally defined as platforms with a low-angle depositional profile (< 1º), 

which does not show a slope break from the shallow areas to the oceanic domains (Ahr, 1973) (Fig. 

2.8). Ramp geometries can be the result of less strongly differentiated carbonate production rates 

between the shallower areas and deeper domains (see production curves in Fig. 2.8), or the result of 

contrasting carbonate production rates and/or intense redistribution. In particular, contrasting 

carbonate production rates between shallow waters (high productivity) and deep waters, and coeval 

offshore transport of fine-grained sediment from shallow-water domains, have been highlighted by 

several authors as responsible for the existence and maintenance of ramp geometry through time (e.g. 

Aigner, 1985; Einsele, 1985; Burchette and Wright, 1992; Aurell et al., 1995, 1998; Bádenas, 1999; 

Bádenas and Aurell, 2001b). This is the case of the Late Jurassic carbonate platforms developed in 

northeastern Iberia (Aurell et al., 1995), some of them dominated by oolitic shoals and coral patch 

reefs in their shallow domains. Offshore resedimentation by waves and storms on these carbonate 

ramps was controlled by their windward orientation with respect to the winter winds and hurricanes 

(Bádenas and Aurell, 2001b, based on circulation model simulations of Marsaglia and Klein, 1983; 

Price et al., 1995), and is evidenced by the occurrence of storm beds in mid-ramp settings (e.g. 

Bádenas et al., 2005). In addition, ramp geometries have been also described for cool-water carbonate 

systems, as a result of the increased carbonate production rate from inshore to offshore areas (e.g. 

high crinoidal production in deeper domains in Early Carboniferous carbonate systems: Wright and 

Faulkner, 1990; or bryozoan-dominated communities in the Eocene to Miocene high-energy ramp of 

southern Australia: James and Bone, 1994). 
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Several classifications have been proposed for carbonate ramps, including homoclinal and distally

-steepened ramps (e.g. Read, 1985; Handford and Loucks, 1993) (Fig. 2.8). In homoclinal ramps, the 

low-angle depositional profile derives from the homogeneous accumulation of the sediment, which 

can be the result of resedimentation from high-productivity shallow-water domains (e.g. Jurassic 

carbonate ramps of northeastern Iberia; Aurell et al., 1998; Bádenas and Aurell, 2001b), or in-situ 

offshore production and accumulation (e.g. Early Carboniferous carbonate ramps; e.g. Wright and 

Faulkner, 1990). Distally-steepened ramps are in turn formed when an increased sediment 

accumulation occurs at certain water depths, due to both in-situ carbonate production and ex-situ 

accumulation of fine sediment being swept from shallower areas (e.g. Late Miocene carbonate 

platform in the Balearic Islands of Spain; Pomar, 2001b; Pomar et al., 2002, 2004; Pomar and 

Kendall, 2008). 

Fig. 2.8. Depositional profiles for carbonate platforms in response to carbonate production and dispersal 

modes. Part of the finer-grained carbonate sediment which is produced in shallower areas is removed by 

erosion and accumulated down dip (“ex-situ” accumulation). Coarser sediment in agitated zones can 

instead be accumulated in-situ and build a depositional relief above the “theorical” shelf equilibrium 

profile (i.e. terrigenous system equilibrium profile) (modified from Pomar and Kendall, 2008). m: mud; s: 

silt; S: sand; g: gravel; b: boulder; F: framestone. 
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Depositional domains on a carbonate ramp are defined according to the influence exerted by wave 

energy and currents on the seafloor, reflecting a strong hydrodynamic control (similar to wave-

dominated siliciclastic systems). In ramps, the hydrodynamic regime controls both carbonate 

production, redistribution and accumulation. Accordingly, fair-weather wave base (FWWB) and the 

storm wave base (SWB) delimit three main domains in carbonate ramps (Fig. 2.9; Burchette and 

Wright, 1992): inner- mid- and outer-ramp domains. The inner ramp corresponds to those areas 

situated above the FWWB, which represent the more agitated areas (i.e. continuous action of waves 

and currents), so usually include shoals, sand-blankets or barrier-islands. These high-energy belts can 

protect lagoons and low-energy coasts (e.g. tidal flats, low-energy beaches, etc). The mid-ramp 

domain is situated between the FWWB and SWB, and represents the ramp area that only undergoes 

high-energy conditions during storms, due to the action of storm-related waves and currents. As a 

result, this domain is characterized by alternating storm-generated deposits (tempestites, some of 

them with preserved hummocky cross-stratification) and low-energy (fair weather) mud-dominated 

sediments (e.g. Bádenas and Aurell, 2001b; Pérez-López and Pérez-Valera, 2012). A down-dip 

gradation of frequency, thickness and grain size of storm-related deposits is usually recorded from 

proximal to distal mid-ramp domains (e.g. Bádenas and Aurell, 2001b). Finally, the outer-ramp 

domain, which extents up to the pycnocline, usually records lime mud (commonly pelagic and/or 

derived from shallow areas) and clay, and occasional distal tempestites during exceptional storms 

(e.g. Burchette and Wright, 1992; Mohseni and Al-Aasm, 2004). 

Fig. 2.9. Depositional domains and sedimentary processes of a carbonate ramp in relation to the position 

of the hydrodynamic levels (after Burchette and Wright, 1992). SL: sea level; FWWB: fair-weather wave 

base; SWB: storm wave base; PC: pycnocline. 

2.2.2. The Higueruelas Formation: the shallow domains of a ramp-type platform 

In the study area, the Higueruelas Fm represents the shallow-carbonate succession of the latest 

Kimmeridgian carbonate ramp developed in the north-central part of the Iberian Basin (e.g. Aurell et 

al., 2003, 2010, 2012). Stratigraphic and sedimentological analyses have been performed in the 

Higueruelas Fm over the last decades (Gómez, 1979; Aurell and Meléndez, 1986, 1987; Ipas, 2003; 

Bádenas and Aurell, 2003; Ipas et al., 2004). The palaeoenvironmental reconstruction represented in 

Ipas (2003) is shown in Fig. 2.10. The inner-ramp areas include a peloidal-oolitic-bioclastic restricted 

lagoon, oolitic and peloidal bars with bioclasts, and a protected lagoon characterized by peloidal, 
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oncolitic and bioclastic facies with calcareous algae and stromatoporoid-rich patches. In the proximal 

mid-ramp, a high-energy oncolitic-dominated belt allowed the generation of this protected lagoon. 

Offshore, intraclastic-peloidal grain-supported facies grade down dip into open-marine mud-

supported deposits with the local development of coral-stromatoporoid-microbial buildups. 

The previous palaeoenvironmental reconstructions of the latest Kimmeridgian ramp were based 

on the analysis of a limited number of widely-spaced outcrops of the Higueruelas Fm, with an 

average separation distance of tens of kilometres. However, due to the fact that shallow-water ramp 

domains are usually characterized by complex facies heterogeneities, their sedimentological 

characterization requires a control of the lateral and vertical facies relationships as detailed as 

possible, in both strike and down-dip directions (e.g. Bádenas and Aurell, 2010; Bádenas et al., 

2010). Accordingly, in order to improve the knowledge about the sedimentological characterization 

of this latest Kimmeridgian shallow carbonate ramp, the stratigraphic and sedimentological study 

performed in this Thesis has included the detailed analysis of the Higueruelas Fm in numerous 

closely-spaced logs (mean distance between logs of 5 km) and facies mapping in selected continuous 

outcrops when possible. This analysis has allowed to further determining both the strike- and down-

dip distribution of the different types of components and facies identified in these deposits, and 

factors controlling this facies distribution and the sedimentary evolution of the platform. 

Fig. 2.10. Sedimentary model for the latest Kimmeridgian shallow carbonate ramp proposed by Ipas 

(2003). Main skeletal and non-skeletal components for each subenvironment are indicated. 
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 2.3. CARBONATE ACCUMULATION, ACCOMMODATION AND SEQUENCE 

DEVELOPMENT 

2.3.1. Stratigraphic facies architecture 

The sedimentary evolution of ancient carbonate platforms is recorded in the vertical and lateral 

stacking of facies, and is the response of the depositional system through time to external factors 

(tectonics and climate). These factors ultimately control the accommodation space, changes in 

carbonate accumulation and variations in sedimentary production – even in the carbonate factory 

type – and redistribution, due for instance to changes in palaeoceanographic conditions influencing 

the hydrodynamic processes that redistribute the sediments (e.g. Vail et al., 1991; Posamentier and 

James, 1993; Pomar and Kendall, 2008). To unravel the facies stacking and deduce the controlling 

processes, there are different approaches depending on the scales of the studied successions: for 

example, sequence stratigraphy, analysis and correlation of high-frequency depositional sequences, 

and 2D and 3D computer modelling to reproduce the stratigraphic architecture (filling the gaps in 

areas without outcrop control) and to quantify the factors controlling the origin and evolution of 

carbonate production and accumulation (e.g. Aurell et al., 1995, 1998). 

In marine sedimentary systems, the accommodation space is defined as the space available for 

sediment accumulation below the sea level (e.g. Jervey, 1988), although in detail wave or tide energy 

levels have also a strong control on sedimentation (i.e. hydrodynamic levels; e.g. Pomar and Kendall, 

2008; Pomar and Haq, 2016). The accommodation space is in turn controlled by the combined effect 

of tectonics (i.e. subsidence/uplift of the seafloor) and eustacy (controlled by climate). Because of the 

difficulties in interpreting the tectonic vs eustatic origin of accommodation variations in the 

sedimentary record, the term “variation in relative sea level” is usually used (e.g. Kendall and 

Schlager, 1981). In addition, throughout deposition, the accommodation space is not only controlled 

by relative sea-level variations, but also by the amount of sediment accumulated. 

Climate and tectonics are also prime controls on sediment accumulation. As shown above, 

carbonate production is directly influenced by the ecological requirements of the carbonate factory 

(i.e. water transparency, nutrients, temperature, salinity, etc), which are ultimately linked to climate 

and tectonics (e.g. palaeoceanography, global temperature gradients, ocean and atmospheric 

chemistry; e.g. Pomar and Kendall, 2008; Pomar and Haq, 2016). In addition, sediment production 

by a defined carbonate factory may be influenced by the relative sea-level variations, as they may 

dramatically alter the loci of carbonate production, particularly for those organisms with a strong 

depth-dependence to thrive (i.e. light-dependent tropical factory). For example, a relatively small 

drop in relative sea level may eliminate part or most of the sediment production zone in the shallow 

area of the carbonate platform, being the loci of production displaced down shelf. In an opposite 

scenario, a gradual relative sea-level rise may favour the efficiency of the carbonate factory, by 

sustaining the space available for the optimal development of biota (e.g. Pomar, 2001a). Tectonics 

and climate also control the rate of detrital sediment which is eroded and transported from the 

hinterland to the platform, which influences in carbonate productivity. Accordingly, an increase in 

detrital input may derive in negative consequences for the biota community, being carbonate 

production reduced or prevented. In addition, the effect of waves and currents on the seafloor (i.e. the 

hydrodynamic regime), which determine the amount of carbonate sediment that is in-situ 

accumulated or redistributed, is also influenced by climate and tectonics (e.g. palaeogeographical 

changes). 
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The stratigraphic facies architecture in carbonate platforms is the result of the dual control of 

carbonate accumulation and changes in accommodation (e.g. Mitchum and Van Wagoner, 1991). The 

balance between accumulation rates and accommodation results in three different lateral and vertical 

facies evolutions: progradation (shallowing-upward), aggradation and retrogradation (deepening-

upward). A sedimentary sequence is defined as a genetically-related facies succession delimited by 

distinct surfaces, and reflects a particular vertical distribution (i.e. deepening-upward, deepening-

shallowing, shallowing-upward or aggradational), in response to variations in relative sea level (e.g. 

Strasser et al., 1999; Hillgärtner and Strasser, 2003; Strasser, 2018). The sequences are classified 

according to their duration in different ranges or orders (e.g. Einsele, 1985). The more useful 

sequences to unravel the facies architecture at outcrop analysis scale are the high-frequency 

sequences (4th to 6th –order sequences). 

The study and correlation of high-frequency sequences from different stratigraphic sections have 

been revealed as a useful approach to decipher the stratigraphic facies architecture and controlling 

factors in carbonate platforms. The facies stacking pattern observed within high-frequency sequences 

is the result of the balance between relative sea-level changes controlling accommodation, and 

carbonate accumulation (e.g. Mitchum and Van Wagoner, 1991; Strasser et al., 1999; Aurell and 

Bádenas, 2004; Bádenas et al., 2004, 2010; Fischer et al., 2004; Colombié and Strasser, 2005; Pomar 

and Hallock, 2008; Strasser and Védrine, 2009; Amour et al., 2011; Alnazghah et al., 2013; 

Brandando et al., 2015; Bádenas and Aurell, 2018). The different controlling factors in sequence 

development include orbitally-controlled sea-level changes (climate changes within the Milankovitch 

frequency band), high-frequency accommodation changes due to synsedimentary tectonics, and also 

intrabasinal factors (i.e. lateral migration of sedimentary bodies, or changes in carbonate production 

rate and accumulation under continuous subsidence) (e.g. Ginsburg, 1971; Védrine and Strasser, 

2009; Bosence et al., 2009; Strasser, 2018). 

In shallow-water successions, with high carbonate production rates, the high-frequency sequences 

of external origin (orbitally-induced sea-level changes, tectonically controlled sequences) usually 

record shallowing-upward vertical facies trends (e.g. Osleger, 1991; Hofmann et al., 2004), but 

deepening-upward, deepening-shallowing or aggradational facies trends can also be present 

depending on the interaction between accommodation and carbonate accumulation (e.g. Strasser et 

al., 1999; Colombié and Strasser, 2005; Spencer and Tucker, 2007; Bosence et al., 2009; Strasser, 

2018; Bádenas and Aurell, 2018) (Fig. 2.11). Meter-scale peritidal cycles, i.e. those which end with 

subaerial exposure levels (Fig. 2.11b), represent the basic genetic unit described in many carbonate 

platforms (e.g. Wilson, 1975; James, 1984; Hardie and Shinn, 1986; Hillgärtner and Strasser, 2003; 

Brandano et al., 2015), but also purely subtidal cycles (i.e. those in which facies do not shallow to 

inter-supratidal conditions; Fig. 2.11a, c) have also been largely described for shallow-water 

successions (e.g. Lohmann, 1976; Markello and Read, 1982; Aigner, 1985; Osleger, 1991; Osleger 

and Read, 1991; Hillgärtner and Strasser, 2003; Strasser and Védrine, 2009; Bádenas et al., 2010), 

being reported as the dominant cycle type on carbonate ramps (Fig. 2.11a; Osleger, 1991). 

Facies stacking patterns within high-frequency sequences originated from external factors do not 

exclusively reflect the accommodation-accumulation interaction, but also the intrinsic dynamics of 

the carbonate platforms can also have a great influence in the sedimentary record, giving rise into an 

“autocyclic” signal. In fact, local environmental changes (e.g. variations in carbonate production 

rates, lateral migration of facies bodies, sediment transport by waves and currents) may be 

overprinted to the internal facies architecture induced by external mechanisms. In addition, the 

particular facies depositional arrangements (i.e. facies mosaics and/or facies belts) also represent a 

determinant factor controlling lateral and vertical facies stacking patterns within high-frequency 

29



Chapter 2 

 

 

sequences (e.g. Ginsburg, 1971; Pratt and James, 1986; Strasser et al., 1999; Strasser and Védrine, 

2009; Bádenas, 2019), thus complicating the predictability of vertical facies trends especially in 

facies mosaic distributions. Therefore, the analysis of ancient shallow-water carbonate platforms 

requires to analyse and understand at once both, the stratigraphic architecture from high-resolution 

sequential analysis, and the original internal facies heterogeneities. 

Fig. 2.11. Examples of vertical facies trends recorded within high-frequency sequences on shallow carbonate 

platforms. a) Shallow-ramp subtidal cycles showing shallowing-upward facies trends (Upper Cambrian Orr 

and Notch Peak formations of House Range, Utah; modified from Osleger, 1991). b, c) Deepening-shallowing 

facies evolutions in peritidal (b) and subtidal (c) cycles (Early Cretaceous French Jura Platform; modified 

from Hillgärtner and Strasser, 2003). MF: maximum flooding; SB: sequence boundary. 

30



Conceptual frame of the studied latest Kimmeridgian ramp 

 

2.3.2. The Higueruelas Formation: keys for unravelling a complex stratigraphic facies 

architecture 

In the study area, the Higueruelas Fm represents one of the three third-order depositional 

sequences recognized for the Kimmeridgian sedimentary succession in the north-central part of the 

Iberian Basin (i.e. sequence Ki3, see Fig. 4.3 in Chapter 4; Bádenas and Aurell, 2001a; Aurell et al., 

2010, 2019b). This succession was deposited during the regressive part of a major transgressive-

regressive cycle defined for the Late Jurassic (ca. 15 My; Aurell et al., 2003, 2010). 

The overall stratigraphic architecture of the Higueruelas Fm in the north-central part of the Iberian 

Basin has been reported by previous authors (e.g. Ipas et al., 2004; Aurell et al., 2010), by the 

recognition of a number of high-frequency sequences and their correlation on different stratigraphic 

sections located south of the city of Zaragoza (i.e. localities of Mezalocha, Aguilón and Lécera; Fig. 

2.12). These sequences were tentatively interpreted as formed by orbitally-driven relative sea-level 

variations (i.e. short-term eccentricity cycles), as they could be correlated in widely-separated 

outcrops. However, the characterization and interpretation of the internal facies architecture within 

these high-frequency sequences and the vertical and lateral extent of the facies bodies was not 

unravelled in previous works, as the mean distance between the studied logs was larger (tens of 

kilometres) than the usual width of some facies belts in carbonate ramps (e.g. 10 km wide for inner-

ramp lagoons, 3 km for backshoal area or 3-10 km wide for shoal and foreshoal subenvironments; 

Bádenas and Aurell, 2010). An accurate characterization of the facies distribution and stratigraphic 

architecture of this shallow carbonate ramp requires the analysis of the lateral and vertical facies 

relationships within high-frequency sequences in closely-spaced sedimentary logs, encompassing 

both strike and down-dip directions if possible. Accordingly, this kind of high-resolution sequential 

analysis has been performed in this Thesis as a tool to provide a more accurate sedimentological 

characterization of the shallow carbonate ramp of the Higueruelas Fm, in order to accurately decipher 

the stratigraphic facies heterogeneities, and to interpret the factors controlling the facies distribution 

and sedimentary evolution of the platform. 

Fig. 2.12 (Next page). High-frequency sequences identified in the Higueruelas Fm in three correlated sections 

orientated from proximal- to outer-ramp areas (modified from Aurell et al., 2010 after Ipas, 2003). The 

location of the sections and the mean distance between logs are indicated. 
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3.1. SEDIMENTOLOGICAL ANALYSIS 

3.1.1. Field data collection 

The shallow-marine carbonate deposits of the Higueruelas Fm are well exposed in north-central 

areas of the Iberian Range of northeastern Spain (Gómez, 1979; Aurell, 1990; Aurell et al., 2003, 

2010). In particular, the Higueruelas Fm outcrops studied in this Thesis locate south of the city of 

Zaragoza (northeastern Spain), in an area that has 20 x 30 km in extent (Fig. 3.1a). The studied 

outcrops form part of the system of intraplate fold-and-thrust belts generated during the Alpine 

Orogeny, and constituted paleo-reliefs during the Cenozoic detrital and evaporitic continental 

sedimentation (e.g. Guimerà and Álvaro, 1990). 

In the study area, the Higueruelas Fm ranges from 40 to 80 m in thickness, and is characterized by 

dm- to m-thick limestone beds with few marl and sandstone intercalations. The stratigraphic and 

sedimentological characterization of this carbonate succession was based on the analysis of 35 

sedimentary logs and facies mapping in selected outcrops. The studied sections are preferentially 

situated on the flanks of the E-W and NW-SE orientated anticlines (Fig. 3.1a). The dip angle of these 

flanks is generally low, between 10 to 30º (locally 80º in the localities of Jaulín and Tosos). The 

stratigraphic and sedimentological characterization of this shallow-marine succession was 

accomplished at different outcropping scales. From the 35 stratigraphic sections analysed in this 

Thesis, 21 logs are distributed throughout the study area from the localities of Muel to Aguilón, with 

an average separation distance of 5 km (Fig. 3.1a). The selection of these sections was arranged in 

order to better approach the facies reconstruction of the shallow carbonate ramp in both strike and 

down-dip directions. In addition, a relatively small window of 1 x 2 km in extent around the locality 

of Mezalocha, covering well-exposed continuous outcrops, was selected for the detailed analysis of 

facies distribution and their lateral extent on the inner domains of this carbonate ramp, i.e. the areas 

with highest facies heterogeneities, as predicted by the ramp models and previous works in the 

studied unit (Ipas, 2003; Ipas et al., 2004) (see Chapter 2, section 2.2.2). This study was focused on 

the upper 10 to 16 m thick of the succession outcropping in this area, with the analysis of 14 closely-

spaced sedimentary logs (Fig. 3.1b). 

The field analysis of the Higueruelas Fm in each of the studied sections consisted on the bed-by-

bed description of depositional features, such as bedding thickness and geometry, type of bedding 

surfaces (planar, irregular, bioturbated, Fe-encrusted, hardground), texture and components 
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Fig. 3.1. Jurassic outcrops in the study area (south of the city of Zaragoza; north-central Iberian 

Chain) and location of the studied sections (stars). The stratigraphic and sedimentological analysis of 

the Higueruelas Fm was performed on successive W-E cross-sections (dashed lines), orientated from 

proximal to relatively distal domains of the carbonate ramp. Continuous outcrops around the locality of 

Mezalocha (see black square in a; modified from Cortés Gracia and Casas Sainz, 1996) were selected 

for a detailed facies analysis of the inner areas of the carbonate ramp (b). 
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(including type, size, abundance of grains) and sedimentary structures. In addition, and exhaustive 

rock sample collection (1200 samples, an average of two samples/metre) was done to complement the 

field observations with the petrographic descriptions on polished slabs and thin sections. 

 

3.1.2. Petrographic analysis 

Facies analysis was accomplished by the combination of the field observations and petrographic 

descriptions on rock samples, in particular of 1200 polished slabs and 300 selected thin sections. 

Facies were differentiated mainly on the basis of the texture and the relative proportion of skeletal 

and non-skeletal components observed on polished slabs, then precisely determined on thin sections. 

Texture nomenclature follows Dunham (1962) classification. The semi-quantitative proportion of 

skeletal and non-skeletal grains was performed by visual estimations using the comparative templates 

of percentages of constituents in limestones proposed by Baccelle and Bosellini (1965). The main 

types of non-skeletal grains recognized are oncoids, ooids and peloids, which were classified using 

the Dahanayake (1977), Strasser (1986) and Flügel (2004) nomenclatures, respectively (see Figs 2.5 

and 2.6 in Chapter 2). 

Regarding the oncoids, a detailed analysis on abundance and distribution of the different types of 

oncoids was performed by petrographic descriptions (both on polished slabs and thin sections) on 896 

samples selected from the total of the 1200 samples collected in the Higueruelas Fm mentioned 

above. These samples correspond to the lower 30 to 50 m thick of the unit, where oncoids are more 

abundant and display a wide variability in size, morphology and internal structure. 

 

3.1.3. Facies correlation and sedimentary models 

The correlation of the stratigraphic sections was performed by the identification of continuous 

well-marked bedding surfaces along cross-sections, both in Mezalocha outcrops (Fig. 3.1b) and at 

large scale (outcrops from Muel to Aguilón; Fig. 3.1a). The cross-sections are orientated from 

proximal (i.e. to the west) to distal domains (i.e. to the east), following the palaeogreographic 

reconstructions for the north-central part of the Iberian Basin during the Late Jurassic times (e.g. 

Bádenas and Aurell, 2001a; Aurell et al., 2003). 

The identification in the field of master bedding surfaces in all the outcrops allowed to recognize a 

number of correlatable sedimentary units (high-frequency sequences), and led to stablish the lateral 

and vertical facies relationships for palaeoenvironmental interpretations. The lateral continuity of the 

studied outcrops located around Mezalocha (Fig. 3.1b) allowed the physical tracing of these sharp 

bedding planes and facies mapping between sedimentary logs. At large scale (i.e. from Muel to 

Aguilón; Fig. 3.1a), as no physical tracing between isolated outcrops was possible, correlation of logs 

was accomplished by the best-fit solution between the recognized master bedding surfaces, also 

constrained by the lateral and vertical facies distribution observed within the high-frequency 

sequences identified in individual logs. This large-scale correlation is based on the assumption that 

these sharp bedding surfaces represent sedimentary discontinuities that can be traced across the entire 

study area, which is supported by the physical tracing of these sharp bedding planes along the 

continuous Mezalocha outcrops, but also by previous correlations in other Jurassic shallow carbonate 
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ramp successions of the Iberian Basin, where the km-scale lateral continuity of similar well-defined 

bedding surfaces is demonstrated (e.g. Bádenas and Aurell, 2010; Bádenas et al., 2010). 

Successive palaeogreographic maps were reconstructed for each sedimentary stage (represented in 

the high-frequency sequences), based on the internal facies architecture observed within the 

sequences, in order to show the facies distribution and sedimentary evolution of the inner- to mid-

ramp areas of the platform. Particularly, the abundance and distribution of the different types of non-

skeletal grains identified in the Higueruelas Fm is reported from shallow to deeper domains, with 

special focus on the types of oncoids in both strike and down-dip directions. The sedimentary 

features of the facies, combined with their lateral and vertical facies relationships within the 

sequences, were used as main criteria for interpreting subenvironments, as well as the 

palaeoenvironmental factors controlling these facies heterogeneities. Finally, the resultant facies 

models were compared with similar shallow carbonate ramps described in the Kimmeridgian of the 

Iberian Basin (e.g. Bádenas and Aurell, 2010; San Miguel et al., 2013, 2017a; Pomar et al., 2015), 

and also with other Late Jurassic shallow marine environments outside the Iberian Basin (e.g. the 

Kimmeridgian carbonate ramp deposits of the Arab-D Fm, or the Late Oxfordian Swiss Jura 

Platform; Védrine et al., 2007; Lehmann et al., 2010; Al-Awwad and Collins, 2013). 
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3.2. AGE CALIBRATION 

The age of the Higueruelas Fm has been open to discussion over the years, being traditionally 

considered as early Tithonian in age up to recent works (e.g. Aurell et al., 1994, 2003, 2010). This 

age assignment was mainly based on the correlation to the eastern areas of the Iberian Basin, in 

which the assumed time-equivalent open-marine facies include a rich association of late 

Kimmeridgian-early Tithonian ammonites (Calanda area, see Fig. 4.3 in Chapter 4) (e.g. Geyer and 

Pelleduhn, 1979; Atrops and Meléndez, 1984). Because of the absence of ammonites in the shallow-

marine successions of the Higueruelas Fm, it becomes challenging to accurate the age of this unit, 

which must be approached by a combined set of techniques. 

In this Thesis, two different methods were used in order to precise the age of the Higueruelas Fm 

in the study area: 1) biostratigraphy based on key marker benthic foraminifera, and 2) strontium 

stable isotope analyses. 

 

3.2.1. Biostratigraphic data based on benthic foraminifera 

Significant benthic foraminifera were identified in 57 of the total of the 1200 samples studied in 

the Higueruelas Fm. They correspond to several stratigraphic levels. Particularly for the Late Jurassic 

in the Tethyan realm, certain species of benthic foraminifera, especially lituolids, are considered key 

markers for calibration of sedimentary successions because of their constrained stratigraphic ranges. 

Three species of key marker lituolids are considered (Fig. 3.2a): Anchispirocyclina lusitanica (Egger, 

1902), Alveosepta jaccardi (Schrodt, 1894) and Redmondellina powersi (Redmond, 1964). The 

stratigraphic range for A. lusitanica encompasses from early-mid Tithonian to early Berriasian (e.g. 

Ramalho, 1971, 1981; Ramírez del Pozo, 1971; Septfontaine et al., 1991; Peybernès, 1998; Granier 

and Bucur, 2011; Taylor et al., 2013; Granier, 2019), whereas A. jaccardi and R. powersi are found 

from late Oxfordian to late Kimmeridgian, the latter only recorded in the Kimmeridgian (e.g. 

Hottinger, 1967; Ramalho, 1981; Septfontaine, 1988; Altiner, 1991; Bassoullet, 1997; Pop and 

Bucur, 2001; Olszewska, 2010; Taylor et al., 2013; Pleş et al., 2015). 

Accordingly, based on scarce but significant records of mid-Kimmeridgian ammonites in the 

underlying open-marine Loriguilla Fm in the Aguilón area (Bádenas et al., 2003; see Fig. 3.1a for 

location), the determination of the stratigraphic distribution of the above mentioned key marker 

lituolids in the studied sedimentary logs allowed to constrain the age of deposition of the Higueruelas 

Fm in the study area. It is worthy notice that the previous age determination of the unit (early 

Tithonian) was based on previous proposals of biostratigraphic ranges of these key lituolids (i.e. a 

late Kimmeridgian to early Tithonian span for R. powersi; Hardenbol et al., 1998), which have been 

improved in the last years. 

The micropalaeontological descriptions provided by Hottinger (1967, 2006) and BouDagher-Fadel 

(2008) for larger benthic foraminifera were followed in order to identity the morphotypes. These 

descriptions are mainly based on the chamber arrangement and the presence or absence of particular 

structural elements: Alveosepta jaccardi (Schrodt, 1894) is characterized by its finely and complexly 

alveolar walls with many apertures, and a planispiral-evolute chamber arrangement with a 

streptospiral early stage (i.e. coiling of chambers occurring in a single or different planes, 

respectively). The presence of a subepidermal alveolar network in the lateral chamber walls is a 

diagnostic criterion, which distinguishes this specimen from other contemporaneous genera like 
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 Pseudocyclammina (Yabe and Hanzawa, 1926). Redmondellina powersi (Redmond, 1964) differs 

from A. jaccardi in size (larger in R. powersi) and in showing pillar-like hypodermal extensions 

linking alveolar walls. Anchispirocyclina lusitanica (Egger, 1902) has in turn a peneropliform growth 

of the chambers in a late stage, and is characterized by having a central zone with a complex 

reticulum of densely spaced pillars. 

 

3.2.2. Strontium stable isotopes 

Strontium stable isotope analyses were performed on 12 samples corresponding to thick-wall 

calcitic bivalve shells (i.e. Trichites, oysters) and brachiopod shells, in selected intervals of the 

studied sections. 

The strontium stable isotope analyses are based on the marine 87Sr/ 86Sr ratio, whose variations 

during the Mesozoic reflect the equilibrium between continental radiogenic strontium and non-

radiogenic strontium derived from the hydrothermal activity occurring in mid-ocean ridges (e.g. 

Elderfield, 1986; McArthur, 1994; Jones and Jenkins, 2001; Price and Gröcke., 2002). The 87Sr/ 86Sr 

ratio in seawater shows worldwide homogeneous values for a particular geologic period, due to the 

long residence time of this isotope (2-4 My; Hodell et al., 1989, 1990) in relation to the short period 

involving ocean mixing (ca. 1-2 Ky; Broecker and Peng, 1982). Consequently, the analysis of 

strontium stable isotopes of non-altered skeletal remains within sedimentary rocks, which have 

precipitated in isotopic equilibrium with ancient seawater (e.g. Carpenter and Lohmann, 1995; Veizer 

et al., 1999), constitutes a reliable tool for age calibration. Accordingly, these analyses were 

performed in the Higueruelas Fm for the age calibration of the unit in the study area, because of the 

global marine 87Sr/ 86Sr curve defined for the Late Jurassic (Gradstein et al., 2012; McArthur et al., 

2012; Wierzbowski et al., 2017) shows regular increasing values (Fig. 3.2b), so that the obtained 

results, constrained with biostratigraphic data from ammonites and benthic foraminifera, can be 

correlated. 

Concerning the laboratory procedures, the samples were firstly examined under binocular 

microscope in order to detect and avoid possible diagenetically altered areas of the samples (e.g. 

dolomite, fractures, external zones in contact with the analysed component, chalky-cloudy areas, 

stylolites). In addition, cathodoluminescence (CL) microscopy was used in order to identify possible 

altered zones in function of the absence or presence of luminescence, which depends on the content 

variations in luminescent activators (mainly Mn2+ normally related to reducing late phreatic meteoric 

or burial fluids in contact with carbonates, but also some REE ions) and/or quenchers (Fe2+, Fe3+, Ni, 

Co) (e.g. Machel, 1985; Savard et al., 1995; Richter et al., 2003; Hiatt and Pufahl, 2014). The emitted 

luminescence can be classified as bright or dull, varying from yellow to red-orange colours. 

Therefore, as far as possible, those parts of the samples showing no luminescence were primarily 

selected for the analyses. The CL observations were performed with a Technosyn Cold Cathodo 

Luminiscope at the Instituto Geológico y Minero de España (IGME, Spain), operating under 10-12 

kV beam potential, 0.5 µA beam current and a 0.05-0.1 Torr pressure. 

Regarding the isotopic measurements, those calcites that appeared as translucent under binocular 

microscope and non-luminescent in CL observations were sampled with a handheld micro-drill. The 
87Sr/ 86Sr analyses were determined with a TIMS-Phoenix thermal ionization mass spectrometer at 

the CAI Geocronología y Geoquímica Isotópica of the Universidad Complutense de Madrid (Spain). 

For possible 87Rb interferences, all 87Sr/ 86Sr data were corrected and normalised to a value of 0.1194 
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for 86Sr/ 88Sr. During all the procedure, the standard NBS-987 (87Sr/ 86Sr = 0.710246 ± 0.000014) was 

systematically analysed in order to correct the measured values from a possible deviation referred to 

the standard, giving an average 87Sr/ 86Sr value of 0.710246 ± 0.000014 with an analytical error of 

0.01%. 

 

Fig. 3.2 (Next page). a) The biostratigraphic ranges of the key marker lituolids Anchispirocyclina lusitanica 

(Egger), Alveosepta jaccardi (Schrodt) and Redmondellina powersi (Redmond) for the Tethyan realm (based 

on Hottinger, 1967; Ramalho, 1971, 1981; Ramírez del Pozo, 1971; Septfontaine, 1988; Bassoullet, 1997; Pop 

and Bucur, 2001; Olszewska, 2010; Taylor et al., 2013; Pleş et al., 2015). The images  of the foraminifera are 

extracted from this work (see Chapter 4). Geological Time Scale according to Ogg et al. (2016). b) Strontium 

isotope variations from the latest Early Jurassic to the Early Cretaceous, based on strontium isotope dataset 

of well-preserved fossils (extracted from Wierzbowski et al., 2017). 
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3.3. CARBON AND OXYGEN STABLE ISOTOPE ANALYSES 

The carbon and oxygen stable isotope analyses were performed on 72 bulk-carbonate samples 

obtained from two selected sections in the localities of Tosos and Fuendetodos (sections TO and F4, 

respectively; see Fig. 3.1a for location), and on calcitic bivalve shells from 3 specimens of Trichites 

collected in the lower part of the section situated in the locality of Fuendetodos. 

The analyses of carbon and oxygen stable isotopes are based on the fractionation of the heavier 

stable isotopes (18O, 13C) in relation to the lighter stable isotopes (16O, 12C), due to their differences in 

mass (e.g. O’Neil, 1986; Wieser and Brand, 1999). In carbonate rocks, variations in 18O/16O and 
13C/12C ratios (represented as δ18O and δ13C, respectively) have been traditionally used for obtaining 

palaeoenvironmental information during the Phanerozoic (e.g. ocean paleotemperatures, changes in 

organic matter supply), with a local and/or regional significance (e.g. Urey et al., 1951; Emiliani, 

1955; Immenhauser et al., 2003; Wierzbowski, 2004; Lisiecki and Raymo, 2005; Bádenas et al., 

2005; Colombié et al., 2011; Zuo et al., 2018). The 18O-enrichment or depletion in ancient seawaters 

is associated to variations in glacial ice volume, recording glacial-interglacial δ18O cycles which 

suitable respond to the orbitally-induced sea-level changes (i.e. Milankovitch cycles) and other 

relevant climatic events (e.g. Mid-Miocene and Early Eocene climatic optimums; e.g. Zachos et al., 

2001), providing a high-resolution isotopic stratigraphy for the Phanerozoic (e.g. Emiliani, 1955; 

Clarke and Jenkyns, 1999; Veizer et al., 1999; van de Schootbrugge et al., 2000; Zachos et al., 2001; 

Korte and Hesselbo, 2011; Gradstein et al., 2012). Variations in 13C/12C ratios have been, in turn, 

referred to changes in carbonate production on platforms and pelagic domains, decomposition of 

organic matter, CO2 variations in the atmosphere or methane release in seawater (e.g. Kroopnick et 

al., 1977; Arthur et al., 1985; Jenkyns and Clayton, 1986; Föllmi et al., 1994; Dickens et al., 1995; 

Weissert and Mohr, 1996; Weissert et al., 1998; Bartolini et al., 2003), reflecting variations in the 

global carbon cycle through time. 

In shallow-marine carbonates, in particular, unravelling the carbon and oxygen stable isotope 

composition of paleo-seawater becomes more challenging, due to: 1) the multiple factors that control 

the chemical variability of shallow seawaters (e.g. evaporation, carbon transfer, changes in salinity or 

water-masses restrictions; Patterson and Walter, 1994; Immenhauser et al., 2003; Colombié et al., 

2011; Zuo et al., 2018) (Fig. 3.3a); 2) the potential singular isotopic compositions recorded by their 

different components (e.g. skeletal remains, coated grains, micrite matrix; Hudson, 1977; Anderson 

and Arthur, 1983; Jenkyns and Clayton, 1986; McConnaughey, 1989a, b; Nelson and Smith, 1996; 

Schobben et al., 2015); and 3) the diagenetic processes that can alter the primary isotopic signature, 

thus complicating the use of these isotopic records as palaeoenvironmental proxies (e.g. Brand and 

Veizer, 1981; Moore, 1989; Marshall, 1992; Glumac and Walker, 1998; Immenhauser et al., 2002; 

Coimbra et al., 2014; Huck et al. 2017). 

Diagenesis in marine carbonates commonly implies a decrease in δ18O values by the influence of 
18O-depleted meteoric waters and/or relatively high-temperature burial fluids, being the magnitude of 

such alteration depending on the degree of the fluid-rock interaction (e.g. Hudson, 1977; Brand and 

Veizer, 1980; Allan and Matthews, 1982; Given and Lohmann, 1985; Plunkett, 1997; van der Kooij 

et al., 2009; Grotzinger et al., 2011; Madden and Wilson, 2013; Coimbra et al., 2014; Al-Mojel et al., 

2018). Post-depositional alteration also generally leads to a decrease in δ13C values, which is 

normally attributed to the interaction with meteoric solutions enriched in organic 12C by soil 

weathering (e.g. Hudson, 1977; Allan and Matthews, 1982; O’Neil, 1987; Lohmann, 1988; Patterson 

and Walter, 1994; Moore, 2001; Immenhauser et al., 2002; Lavastre et al. 2011; Bahamonde et al., 
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2017) (Fig. 3.3b). Consequently, it is important to firstly characterize the type and magnitude of the 

diagenesis (if present), in order to ensure the reliability of the carbon and oxygen stable isotope 

signature as a palaeoenvironmental proxy. 

Fig. 3.3. a) Control of seawater temperature, organic matter oxidation and methanogenesis on the 

carbon and oxygen stable isotope composition in marine carbonates. b) Isotopic fields of carbonates 

influenced by burial (i.e. increasing temperature with depth) and meteoric diagenesis (i.e. contact with 
12C-enriched meteoric fluids), leading to more negative δ13C and δ18O values (after James and Jones, 

2015). 
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In this Thesis, the initial aim for the carbon and oxygen stable isotope analyses performed on the 

Higueruelas Fm in the two selected sections was obtaining palaeoenvironmental information with a 

local and/or regional significance, and thus complementing the knowledge about the factors 

controlling sedimentation on the latest Kimmeridgian shallow carbonate ramp in the study area. 

These sections represented the proximal (Tosos) and relatively distal (Fuendetodos) areas of the 

carbonate ramp, in order to consider the influence of facies and palaeoenvironmental differences on 

the recorded primary isotopic signature. However, the preliminary results highlighted that diagenesis 

exerted a strong influence on the isotopic composition, according to the particular post-depositional 

diagenetic evolution of the Higueruelas Fm in each studied sector (Pérez et al., 1985; Pérez, 1989; 

Soria et al., 1995). Therefore, these isotopic analyses performed in this work turned into investigating 

the diagenetic imprint on the carbon and oxygen stable isotope composition. 

Concerning the laboratory procedures, since diagenesis usually implies concomitant chemical and 

textural changes on carbonates (e.g. Brand and Veizer, 1980, 1981; Lavoie and Bourque, 1993; 

Colombié et al., 2011; Coimbra et al., 2014; Huck et al., 2017), the 72 bulk-carbonate samples were 

firstly analysed in thin sections under binocular microscope in order to differentiate between primary 

carbonate components (i.e. micrite matrix and carbonate grains) from diagenetic calcite cements, the 

latter being classified using the Flügel (2004) nomenclature. This petrographic analysis was 

complemented by CL microscopy on 21 thin sections for the characterization of both primary 

carbonate components and diagenetic calcite cements, on the basis of the absence or type of 

luminescence (see section 3.2.2) (e.g. Machel, 1985; Savard et al., 1995; Richter et al., 2003; Hiatt 

and Pufahl, 2014). The CL observations were performed with a Technosyn Cold Cathodo 

Luminiscope at the Instituto Geológico y Minero de España (IGME, Spain), operating under 10-14 

kV beam potential, 0.5 µA beam current and a 0.05-0.1 Torr pressure. 

Regarding the isotopic measurements, carbonate powders from the 72 bulk-carbonate samples 

were extracted using a handheld micro-drill, avoiding as far as possible the incorporation of 

diagenetic calcite cements during sampling, but also large bioclastic fragments of corals or 

stromatoporoids, due to the disequilibrium-isotopic precipitation by organisms (e.g. McConnaughey, 

1989a, b). These isotopic measurements also included the analysis of three specimens of Trichites 

collected in the lower part of the Fuendetodos section, as their calcitic bivalve shells have potential to 

record the original seawater stable isotope composition, as reported by previous authors (e.g. Zuo et 

al., 2018), so they can be useful for quantifying the magnitude of the diagenetic alteration. A double 

measure per sample (in both bulk-carbonates and calcitic bivalve shells) was performed in order to 

ensure the reliability of the carbon and oxygen stable isotope composition in each sample, performing 

a total of 169 stable isotope analyses. The δ13C and δ18O analyses were determined with an automated 

carbonate preparation device (GasBench II) connected to a Delta V Advantage (Thermo Fisher 

Scientific Inc.) isotope ratio mass spectrometer at the Earth Sciences Department Ardito Desio, 

University of Milan (Italy). Carbonate powders were reacted with > 99% orthophosphoric acid at 

70ºC. The carbon and oxygen stable isotope compositions are expressed in the conventional delta 

notation calibrated to the Vienna Pee-Dee Belemnite (V-PDB) scale by the international standards 

IAEA-603 and NBS-18 and an internal laboratory standard. Analytical reproductibility for these 

analyses, being checked by repeated analyses of the certified carbonate standards and after ten 

consecutively isotopic measurements, was better than ± 0.1‰ for both δ13C and δ18O values. 
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4.1. TECTONO-SEDIMENTARY EVOLUTION OF THE IBERIAN BASIN 

The Iberian Basin, also referred to as the Iberian intra-cratonic Rift System, forms part of the 

network of rifted basins that developed in the northwestern margin of the Tethyan realm during the 

Late Permian and Mesozoic (Salas et al., 2001). This basin was situated in the northeastern areas of 

the Iberian Plate, east of an emerged land-mass of the Iberian Massif, facing the Tethys Ocean to the 

east (Dercourt et al., 1993) (Fig. 4.1a). During the Late Jurassic, this basin was temporally connected 

to the north with the Basque-Cantabrian Basin along the Soria Seaway, bounded in northeastern areas 

by the Ebro Massif (Bulard, 1972). 

The sedimentary evolution of the Iberian Basin during the Late Permian and Mesozoic was 

controlled by two major syn-rift episodes: Late Permian-Triassic and Late Jurassic-Early Cretaceous 

(Salas et al., 2001), each followed by a period characterized by thermal subsidence (post-rift stage). 

During the first (Late Permian-Triassic) syn-rift episode, sedimentation was controlled by late-

Variscan major faults (Arthaud and Matte, 1977; Esteban and Robles, 1979; Vegas and Banda, 

1982), and included from continental red-beds (Permian, Triassic Buntsandstein facies) to coastal-

shallow marine carbonates and evaporites (Muschelkalk and Keuper facies) towards the east. This 

rifting event was followed by a Jurassic post-rift period (Hettangian-Oxfordian), which was 

characterized by regional thermal subsidence and the establishment of wide carbonate platforms. 

The second syn-rift stage (Kimmeridgian–mid-Albian) concurs with the northward propagation of 

the Central Atlantic rifting and the gradual opening of the Western Tethys (Salas et al., 2001). In the 

Iberian Basin, this rifting event generated the progressive individualization of several subsiding 

domains in eastern and southern areas of the basin, i.e. Cameros, Maestrazgo, Columbretes, Valencia 

and Cuenca basins, which are in turn divided into successive depocentres or sub-basins (Salas and 

Guimerà. 1996; Aurell et al., 2019b; Liesa et al., 2019), bounded by NW dominant-orientated late- 

and post-Variscan strike-slip and Triassic normal faults (e.g. Álvaro et al., 1979; Salas and Casas, 

1993; Liesa et al., 2006). Two pulses of rapid subsidence are distinguished during this second rifting 

episode: Late Jurassic-earliest Cretaceous (Kimmeridgian-Berriasian: syn-rift sequence 1 in Liesa et 

al., 2019; Fig. 4.1b, c) and Early Cretaceous (Valanginian-early Albian: syn-rift sequence 2; Fig. 

4.1d, e), interrupted by a period of decelerated subsidence around the Berriasian-Valanginian 

transition. 

During most of the Kimmeridgian, at the onset of the sedimentation of the syn-rift sequence 1, the 

palaeogeographic reconfiguration of the Iberian Basin together with the transgressive events led to 
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 the development of wide carbonate ramps facing the Tethys Ocean eastwards (e.g. Aurell et al., 

2003). During the late Kimmeridgian, the oncolitic, peloidal and skeletal carbonates of the 

Higueruelas Fm formed in the shallow domains of the ramp, including the area studied in this Thesis 

south of the city of Zaragoza (Fig. 4.1b). The coeval down-dip (i.e. eastwards) successions of the 

Higueruelas Fm consist of a rhythmic alternation of marls and lime mudstones accumulated in 

middle- to outer-ramp areas (i.e. Loriguilla Fm; e.g. Aurell et al., 2010). 

The Higueruelas Fm is regarded to be deposited during a stage with no significant differential 

tectonic activity (e.g. Aurell et al., 2010, 2019a), and therefore sedimentation occurred under 

relatively homogeneous subsidence. An increase in the tectonic activity around the Kimmeridgian-

Tithonian transition resulted in the fragmentation of the wide Late Jurassic carbonate ramps by 

reactivated or newly formed major normal faults, and the development of the Maestrazgo and 

Valencia basins, and related sub-basins (Aurell et al., 2019a; Liesa et al., 2019) (Fig. 4.1c). As a 

consequence of a coeval considerable basinward shift of the coastline, related to the uplift and 

emersion of the western margin of the Iberian Basin, sedimentation became restricted to the 

Maestrazgo and Valencia basins within coastal to shallow-marine environments (e.g. Aurell et al., 

2016, 2019a). 

During early stages of the syn-rift sequence 2 (Valanginian-early Albian), structural 

compartmentalization gave rise to the development of the Cuenca Basin. Continental clastic and 

carbonate sedimentation dominated in subsiding areas located to the east and northwest of the 

Maestrazgo and Valencia basins and in the Cuenca Basin (i.e. Weald facies; e.g. García-Ramos, 

1985; Soria et al., 1995; Soria, 1997; Salas et al., 2001; Liesa et al., 2006; Meléndez et al., 2009; 

Aurell et al., 2016; Liesa et al., 2019) (Fig. 4.1d). During the late Barremian to mid-Albian, shallow 

carbonate platforms developed in the Maestrazgo and Valencia basins (i.e. Urgonian facies; e.g. 

Bover-Arnal et al., 2010; Liesa et al., 2019) (Fig. 4.1e), and siliciclastic-dominated transitional 

realms occurred to the west, in marginal areas of the Cuenca, Valencia and Maestrazgo basins. This 

sedimentary evolution reflects a major transgression event which has been associated to large-scale 

transgressive-regressive cycles (e.g. Salas et al., 2001; Peropadre, 2012; Peropadre et al., 2013). 

Sedimentation during the Late Cretaceous post-rift stage in wide areas of the central Iberian Basin 

is characterized by continental (fluvial, eolian) deposits of the Utrillas Group (e.g. Rodríguez-López 

et al., 2008, 2012), and the overlying Upper Cretaceous marine carbonate deposits, reflecting a major 

transgression event. At the end of the Cretaceous, the tectonic regime turned to compressional 

(Alpine Orogeny; Guimerà, 1984; Guimerà and Álvaro, 1990; Vergés and García-Senz, 2001). As a 

consequence, the normal faults operating during the Mesozoic extensional phase were reactivated as 

reverse faults and thrust belts, giving rise to the inversion of the Iberian Basin into the so-called 

Iberian Range (Álvaro et al., 1979; Cortés Gracia and Casas Sainz, 1996). This deformation lasted 

from middle Eocene to middle Miocene, with a phase of intense tectonic activity during the late 

Oligocene (Guimerà and Álvaro, 1990; Capote et al., 2002). The Neogene post-orogenic extension 

and subsequent erosion of these deformed structures constituted the current configuration of the 

Iberian Range (Simón, 1989), which is traditionally divided into five major morphostructural 

domains: Cameros-Demanda Massif, Aragonian Range, Castillian Range, Maestrazgo-Levantine 

sector and Altomira and Cuenca Ranges (Fig. 4.2). 

The Upper Jurassic shallow-marine deposits studied in this Thesis are well exposed in the 

outcrops located in the Aragonian Range, on the flanks of a system of E-W and NW-SE orientated 

anticlines (see Fig. 3.1 in Chapter 3). Here, deformed Jurassic rocks constituted paleo-reliefs during 

the Cenozoic sedimentation, whose erosion contributed in part to the infill of the inter-mountain and 

marginal depressed areas (e.g. González et al., 1991). 
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Fig. 4.1. a) Palaeogeographic reconstruction of western Europe during the Late Jurassic (modified from 

Dercourt et al., 1993), with the location of the Iberian Basin (IB). b-e) Palaeogeographic maps showing the 

evolution of the Iberian Basin during the rifting episodes from the late Kimmeridgian to early Aptian times 

(modified from Liesa et al., 2019). The shallow-marine carbonates studied in this Thesis (see black square in 

b) were deposited under relatively homogeneous subsidence, prior to the individualization of the Iberian Basin 

in separated subsiding domains (c-e). 
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Fig. 4.2. Distribution of main lithological units and morphostructural parts of the Iberian Range: 

Cameros-Demanda Massif (NW), Aragonian Range (NE), Castillian Range (SW), Maestrazgo-Levantine 

sector (SE) and Altomira and Cuenca Ranges (SW) (adapted from Pueyo et al., 2015 after Liesa and Simón, 

2009). The red square indicates the location of the studied outcrops. 
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4.2. UPPER JURASSIC SEDIMENTARY SUCCESSIONS IN THE NORTHERN 

IBERIAN BASIN: AN UPDATED STRATIGRAPHIC FRAMEWORK 

The stratigraphy of the Upper Jurassic units outcropping in the northern Iberian Chain has been re

-evaluated over the last years. The extensional tectonic deformation operating during the Late 

Jurassic-Early Cretaceous syn-rift cycle resulted in rapid lateral facies and thickness changes, thus 

complicating the analysis and correlation of the continental to shallow-marine successions (Aurell et 

al., 2019a). The improvement in the stratigraphic interpretation and age calibration of the 

lithostratigraphic units has been favoured by different factors, including: 1) the detailed analyses of a 

large number of closely-spaced outcrops, obtaining more information about the stratigraphy and 

sedimentary evolution of the Late Jurassic carbonate ramps from shallow to relatively distal domains; 

2) the increasing availability and improved knowledge of the biostratigraphic data, comprising not 

only outer-ramp ammonites but also charophytes, sporomorphs and ostracods in coastal-continental 

settings, and some benthic foraminifera such as lituolids in shallow- to relatively distal ramp 

environments; and 3) recently strontium isotope analyses on calcitic shells of shallow-water 

organisms (i.e. bivalves and brachiopods). 

First interpretations about the distribution of the main Upper Jurassic genetic stratigraphic units of 

the northern Iberian Basin started with the definition of three depositional sequences bounded by 

major discontinuity surfaces, which are included in the long-term Upper Jurassic transgressive-

regressive cycle (Fig. 4.3a). These were named Oxfordian, Kimmeridgian and Tithonian sequences 

(Giner, 1980; Salas, 1987; Aurell, 1991; Aurell and Meléndez, 1993). Within these sequences, the 

open-platform sedimentation is represented by the mid-outer ramp marls and limestones of the 

Yátova, Sot de Chera and Loriguilla formations, whereas shallow ramp facies are represented by the 

cross-bedded oolitic-siliciclastic shoals of the Pozuel Fm (also referred as Ricla Mb; e.g. Bádenas and 

Aurell, 2001a; Bádenas et al., 2005), the oncolitic, peloidal and skeletal facies of the Higueruelas Fm, 

and the skeletal and oolitic mud- to grain-supported facies of the Bovalar Fm. The Higueruelas Fm 

was considered as belonging to the Tithonian sequence, laterally equivalent to the Bovalar Fm, and 

overlapped by the upper Tithonian coastal to shallow-marine carbonate successions of the Villar del 

Arzobispo and La Pleta formations (e.g. Giner, 1980; Aurell, 1990; Aurell and Meléndez, 1993). 

Further sequence stratigraphic work led to the definition of four Upper Jurassic depositional 

sequences in the northern proximal domains of the Iberian Basin, with the identification of two 

higher-order sequences, i.e. Kim1 and Kim2, in the Kimmeridgian-early Tithonian sequence or T-R 

cycle 3.2 in Aurell et al. (2003). In shallower domains, the sequence Kim1 ends with the deposition 

of the upper Kimmeridgian oolitic-siliciclastic deposits of the Pozuel Fm (Ricla Mb), whereas 

sequence Kim2 is represented by the upper Kimmeridgian-lower Tithonian reefal facies of the 

Torrecilla Fm (Fig. 4.3b; Bádenas et al., 1998; Bádenas, 1999; Aurell et al., 2000, 2003; Bádenas and 

Aurell, 2001a, b). 

Subsequent works on sequence stratigraphy (e.g. Ipas et al., 2005; Bádenas and Aurell, 2008; 

Ramajo and Aurell, 2008; Aurell et al., 2010) resulted in the identification of five second- to third-

order depositional sequences within the Upper Jurassic cycle (Fig. 4.3c): Ox, Kim1, Kim2, Ti1 and 

Ti2, with a mean time span from ca. 1.5 to 6.5 My. In this case, the early Berriasian interval was 

included within the Upper Jurassic cycle, due to the recognition of the benthic foraminifera 

Anchispirocyclina lusitanica (Egger) in the middle and upper part of the sequence Ti2 (Bovalar and 

La Pleta formations; Aurell et al., 2010). These five long-term depositional sequences have well-

defined retrogradational-progradational facies evolution patterns. In the Oxfordian sequence, shallow 

siliciclastic-carbonate facies prograded over sponge-rich mid-outer ramp facies of the Yátova Fm, 
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with the local development of peloidal-glauconitic facies in the upper part of the unit. The cross-

bedded oolitic shoal facies (Ricla Mb) and the coral-microbial reefs (Torrecilla Fm) which 

characterize the shallow domains of the Kimmeridgian Kim1 and Kim2 sequences, grade down dip 

into the mid-outer ramp marls and lime mudstones of the Sot de Chera and Loriguilla formations, and 

further offshore into the rich-ammonite limestones and marls of the Calanda Mb. The Tithonian-early 

Berriasian interval includes the Ti1 and Ti2 sequences, with significant differences concerning the 

geometry and facies architecture (Aurell et al., 2010). The shallow oncolitic, peloidal and skeletal 

facies of the Higueruelas Fm belong to the lower Tithonian Ti1 sequence, whose thickness slightly 

increases basinwards, reflecting a relatively homogenous subsidence (e.g. Aurell et al., 2003). In the 

lower part of the sequence Ti1, the Higueruelas Fm grades laterally into the shallow-marine grain-

supported peloidal and skeletal limestones of the Alacón Mb. The onset of the sequence Ti2 (middle 

Tithonian-early Berriasian), referred to as Purbeck facies in previous works (e.g. Canérot, 1974; 

Meléndez et al., 1979; Gautier, 1980, 1981), is related to a major change in tectonic activity, showing 

the carbonate successions significant changes in facies and thickness in the eastern areas of the basin. 

The siliciclastic influence is remarkable at this stage of evolution of the carbonate ramp, with the 

progradation of coastal to shallow-marine carbonate-siliciclastic deposits (Villar del Arzobispo Fm) 

and intertidal algal-laminated facies (La Pleta Fm) in proximal areas, grading basinwards into 

shallow-marine oolitic and skeletal mud- to grain-supported facies (Bovalar Fm) (e.g. Bádenas et al., 

2004; Ipas et al., 2005). The uppermost part of the sequence Ti2 (early Berriasian) is characterized by 

the onset of the lacustrine marl-dominated facies with charophytes of the Ladruñán Mb (e.g. Ipas et 

al., 2007; Aurell et al., 2010). 

The most updated sequence stratigraphic scheme of the Kimmeridgian-Berriasian of the north-

central Iberian Chain is that of Aurell et al. (2019b). This updated scheme has been based on the 

compilation of previous data combined with new data on the sedimentology, biostratigraphy and 

stable isotopes analyses in the Kimmeridgian-Berriasian successions recorded in four sub-basins of 

the western part of the central Iberian Rift System (Aguilón, Oliete, Morella and Galve sub-basins; 

Figs 4.3d and 4.4; see Fig. 4.1 for location). In particular, the age and lateral relationships of the 

shallow-water units have been constrained by the combination of benthic foraminifera (Ricla Mb, 

Torrecilla, Higueruelas, La Pleta, Bovalar, Cedrillas and Aguilar del Alfambra formations), 

charophytes (Ladruñán Mb, Aguilar del Alfambra and Galve formations), ostracods (Aguilar del 

Alfambra and Galve formations), sporomorphs (Galve Fm) and strontium isotopes (Torrecilla, 

Higueruelas, Cedrillas and Aguilar del Alfambra formations) (Fig. 4.4). Part of the newly data to 

achieve this updated stratigraphic scheme comes from the analysis of the Higueruelas Fm of the 

present Thesis. 

Fig. 4.3 (Next page). Evolution of the stratigraphy for the Late Jurassic in the northern Iberian Basin 

(adapted from Aurell et al., 2010). First interpretations started with the definition of three main genetic 

stratigraphic units (a; Oxfordian (1), Kimmeridgian (2) and Tithonian (3) sequences; e.g. Giner, 1980; Aurell 

and Meléndez, 1993), and were modified in subsequent works by the identification of five second- to third-

order depositional sequences (b-c; Ox, Kim1, Kim2, Ti1 and Ti2; e.g. Bádenas, 1999; Aurell et al., 2003, 2010; 

Ipas et al., 2005; Bádenas and Aurell, 2008). The most updated sequence stratigraphic scheme is that of Aurell 

et al. (2019b) (d), based on new data from strontium isotopes and distribution of relevant biostratigraphic 

markers in the continental to shallow-marine units. See key localities in Aurell et al., 2010, 2019b. 
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The Kimmeridgian-Berriasian successions are arranged in three syn-rift sequences (1A, 1B and 

1C; Fig. 4.4) bounded by major unconformities (Liesa et al., 2019), which respond to significant 

changes in the sedimentary systems. The Kimmeridgian-early Tithonian syn-rift sequence 1A is 

characterized by the development of wide carbonate ramps in eastern Iberia (see Fig. 4.1b). The 

Kimmeridgian deposits are in turn divided into three depositional sequences, i.e. Ki1, Ki2 and Ki3, 

being the Higueruelas Fm represented in the sequence Ki3 (upper eudoxus and beckeri zones) in 

western areas of the basin (i.e. Aguilón, Oliete and Galve sectors; Fig. 4.4). This stratigraphic 

assignment is based on the record of the benthic foraminifera Alveosepta jaccardi (Schrodt) in the 

shallow-marine carbonate successions of the Ricla Mb, Torrecilla, Higueruelas and lowermost 

Cedrillas formations, combined with strontium isotope data from calcitic bivalve and brachiopod 

shells (part of these data compiled from Val et al., 2018, 2019), and the record of lower and mid-

Kimmeridgian ammonites in the underlying Sot de Chera and Loriguilla formations and Calanda Mb 

(Geyer and Pelleduhn, 1979; Gautier, 1981; Atrops and Meléndez, 1984; Fezer and Geyer, 1988; 

Meléndez et al., 1990; Finkel, 1992; Pérez-Urresti et al., 1998; Bádenas et al., 2003; Moliner, 2009). 

In most of the Morella sub-basin (i.e. to the east, Calanda, Aguaviva-Las Parras and Cañada de 

Benatanduz sectors; Fig. 4.4), the Higueruelas Fm corresponds to the sequence Ti1 (hybonotum to 

lower darwini zones), based on the absence of A. jaccardi in this unit and on the record of earliest 

Tithonian ammonites in the uppermost part of the underlying Loriguilla Fm (Calanda area; Atrops 

and Meléndez, 1984). 

The location of the Kimmeridgian-Tithonian boundary can be constrained by the last occurrence 

of A. jaccardi in the lowermost part of the coastal to shallow-marine siliciclastic deposits of the 

Cedrillas Fm in the Galve sector (which corresponds to the sequence Ti1), combined with strontium 

isotope data obtained from oyster shells (Val et al., 2019) (Fig. 4.4). This is also consistent with the 

presence of A. jaccardi and Redmondellina powersi (Redmond) in the uppermost part of the 

Higueruelas Fm in the Aguilón sector, and in the lower and middle part of the overlaying coastal-

siliciclastic unit outcropping in this area (equivalent to the Cedrillas Fm), which corresponds to the 

upper part of the sequence Ki3. It is also worthy notice that the Cedrillas Fm is the new 

lithostratigraphic nomenclature described in the nearby Galve sub-basin by Aurell et al. (2019b) for 

the traditionally described Villar del Arzobispo Fm (e.g. Díaz-Molina and Yébenes, 1987; Aurell and 

Meléndez, 1993; Aurell et al., 1994; Ipas et al., 2007; Aurell et al., 2016), which was originally 

defined in the already independent Valencia Basin (e.g. Mas et al., 1984; Aurell et al., 2019a) (Fig. 

4.1c). 

During the Tithonian-early Berriasian syn-rift sequence 1B, there is a significant reduction of the 

sedimentation area (e.g. Liesa et al., 2019), which is restricted here to the Morella and Galve sub-

basins (Fig. 4.4). The synsedimentary tectonics resulted in marked differences between the 

continental to shallow-marine successions recorded in these sub-basins, which mainly consisted on 

coastal mixed carbonate-siliciclastic deposits of the Aguilar del Alfambra Fm in the Galve sub-basin 

(e.g. Aurell et al., 2016; Bádenas et al., 2018), and continental, peritidal and shallow-marine 

carbonates of the Ladruñán Mb and La Pleta and Bovalar formations, respectively, in the Morella sub

-basin. The age assignments of these units are well constrained by the record of the benthic 

foraminifera Anchispirocyclina lusitanica (Egger), strontium isotope data and the presence of key 

marker charophytes and ostracods. The onset of the laterally equivalent Aguilar del Alfambra, La 

Pleta and Bovalar formations occurs at the mid-early Tithonian, due to the first appearance of A. 

lusitanica in the lowermost levels of the Aguilar del Alfambra Fm in the Aliaga-Miravete sector 

(Galve sub-basin; Fig. 4.4). The record of this benthic foraminifera along the Aguilar del Alfambra 

Fm, together with strontium isotope data from oyster shells and the occurrence of key assemblages of 

ostracods and charophytes in the upper part of the unit (Aurell et al., 2016; see specimens in Aurell et 
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 al., 2019b), indicate that this formation spans from the mid-early Tithonian up to the early Berriasian 

(Globator maillardii maillardii zone). The position of the Tithonian-Berriasian boundary in the 

Morella sub-basin has been located around the transition from the peritidal carbonates of the La Pleta 

Fm and the marl-dominated succession of the Ladruñán Mb, which includes a rich charophyte 

assemblage of the latest Tithonian-early Berriasian G.m.maillardii zone (Canérot, 1974; Martín-

Closas, 1989). In the Galve sub-basin, the Tithonian-Berriasian boundary is located in the upper part 

of the Aguilar del Alfambra Fm, being constrained by strontium isotopes from oyster shells 

combined with the first occurrence of key marker ostracods and charophytes (Aurell et al., 2016, 

2019b; Bádenas et al., 2018). 

Sedimentation became restricted to small isolated grabens and half-grabens in the Galve sub-basin 

during the syn-rift sequence 1C (Fig. 4.4), which is represented by the continental successions of the 

Galve Fm (Aurell et al., 2016), corresponding to red lutites with intercalated burrowed/cross-bedded 

sandstones, deposited in alluvial plains and related fluvial channels with overbank deposits. This unit 

has been tentatively assigned to the mid-Berriasian/mid-early Valanginian (G.m. incrassatus to most 

of G.m. steinhauseri zones), as indicated by the reported biostratigraphic association of key marker 

charophytes, ostracods (Aurell et al., 2016, 2019b) and sporomorphs (Santos et al., 2018). 

In this Thesis, the biostratigraphic and chemostratigraphic analyses carried out in the shallow-

marine carbonate succession of the Higueruelas Fm outcropping in the north-central part of the 

Iberian Chain (i.e. Aguilón sector; see Figs 4.2 and 4.4 for location), provided an accurate age 

calibration of the studied unit. As explained above, these deposits have been traditionally considered 

as early Tithonian in age (e.g. Aurell and Meléndez, 1993, Ipas et al., 2005; Aurell et al., 2010), or in 

more recent works as early-mid Kimmeridgian (Galve and Penyagolosa sectors; Campos-Soto et al., 

2019). New data reported here used in the updated chronostratigraphic synthesis of Aurell et al. 

(2019b) included: (1) the distribution of relevant benthic foraminifera within the studied Higueruelas 

Fm, (2) new strontium isotope values obtained from well-preserved calcitic shells of bivalves and 

brachiopods, combined with (3) previous information based on the ammonite biostratigraphy of the 

underlying Loriguilla Fm. This set of data allowed to re-assign the age of the Higueruelas Fm in the 

studied sections (i.e. Mezalocha, Jaulín, Villanueva de Huerva, Tosos, Aguilón, Fuendetodos and 

Puebla de Albortón logs; Fig. 4.5) into latest Kimmeridgian. Specifically, the results of this 

chronostratigraphic approach have been supported by: 

 The presence of mid-Kimmeridgian ammonites (i.e. acanthicum/eudoxus zones) in the mid-

outer ramp facies of the underlying Loriguilla Fm (i.e. sequence Ki2) outcropping in the 

Aguilón sector. The key species correspond to Progeronia breviceps (Quenstedt) and 

Aspidoceras longispinum apeninicum (Sowerby) (Bádenas et al., 2003). 

 The record of the benthic foraminifera Alveosepta jaccardi (Schrodt) all across the studied 

interval, which coexists with the benthic foraminifera Redmondellina powersi (Redmond) in 

the uppermost levels (Figs 4.5 and 4.6). 

 The strontium isotope (87Sr/ 86Sr) data obtained from bivalves and brachiopods shells 

collected in some intervals of selected sedimentary logs (Puebla de Albortón, Fuendetodos 

and Tosos logs; Fig. 4.5). From the 12 samples collected for this analysis, only 4 samples 

were considered for age calibration (samples H1 to H4 in Fig. 4.5), since the rest of the 

samples showed anomaly values due to diagenetic processes (see Annexe 4 for the table 

gathering all the values). The isotopic values of the 4 selected samples show a slightly 

increasing trend across the studied unit from average 0.7069 up to 0.7070, which fits well 
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with those recorded from the upper part of the eudoxus ammonite zone to most of the beckeri 

ammonite zone (i.e. latest Kimmeridgian), compared with the global strontium isotope curve 

described by Wierzbowski et al. (2017) after Gradstein et al. (2012) (Fig. 4.7). This age estimation 

also allows to determine the time span of the Higueruelas Fm in the studied area in 1.2 My (from 

153.6 to 152.4 Ma). 

 

Fig. 4.5. Location of the samples collected in studied sections of the Higueruelas Fm for the strontium 

isotope analyses performed in this Thesis (H1 to H4; isotopic values and the fossil type analysed are 

indicated), and distribution of the benthic foraminifera Alveosepta jaccardi (Schrodt) and Redmondellina 

powersi (Redmond) (modified from Aurell et al., 2019b). The position of the logs in the study area is 

indicated. 
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Fig. 4.6. Alveosepta jaccardi (Schrodt) (a-d, h) and Redmondellina powersi (Redmond) (e-h) in the 

uppermost levels of the Higueruelas Fm in the studied sections. Notice the coexistence of A. jaccardi and R. 

powersi in (h) (“a” and “r”, respectively). (a, e, f, h: sample J1-15; b: J1-7; c: VH-5; d, g: A1-80; see 

Annexe 1 for location). 
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Fig. 4.7. Strontium isotope values obtained for the Kimmeridgian-early Berriasian units of the north-

central Iberian Chain in Aurell et al. (2019b) (data obtained from bivalves and brachiopods shells), and 

comparison with the global strontium-isotopic curves of McArthur et al. (2012) and Wierzbowski et al. 

(2017) after Gradstein et al. (2012). The isotopic values obtained for the Higueruelas Fm (light-blue colour) 

fit well with the global isotopic trend of Wierzbowski et al. (2017) for the latest Kimmeridgian (i.e. sequence 

Ki3) (extracted from Aurell et al., 2019b). 
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a b s t r a c t

Sequence-stratigraphic, biostratigraphic and strontium-isotopic data have made it possible to update
what is known of the stratigraphy and sedimentary evolution of the KimmeridgianeBerriasian synrift
successions recorded in four subbasins (Aguil�on, Oliete, Morella, Galve) of the central Iberian Rift System
(NE Spain). The studied successions are arranged in three unconformity-bounded synrift sequences.
Synrift sequence 1A (Kimmeridgianemid-early Tithonian) includes four transgressive-regressive se-
quences deposited on low-angle carbonate ramps, characterized by shallow-water grain-supported
facies and coeval open-marine rhythmic successions of marls and lime mudstones (overall thickness
ranging from 120 to 250 m). Ammonite biostratigraphy, combined with the last occurrence of Alveosepta
jaccardi (Schrodt) and strontium-isotopic data constrains the Kimmeridgian-Tithonian boundary towards
the uppermost part of synrift sequence 1A. Synrift sequence 1B (mid-early Tithonian to mid-Berriasian)
consists of coastal to shallow-marine carbonate to mixed carbonate-siliciclastic successions, with a
continuous record in the depocentral areas of the Morella and Galve subbasins (up to 365 m in thick-
ness). Anchispirocyclina lusitanica (Egger) is common in the lower and middle part of the sequence,
whereas charophytes of the lower Berriasian Globator maillardii maillardii Zone are recorded in its upper
part. Strontium-isotopic data and ostracods whose first occurrence is Berriasian, indicate that the
Tithonian-Berriasian boundary is located towards the mid-upper part of the synrift sequence 1B. Synrift
sequence 1C (mid-Berriasianemid-early Valanginian) is locally recorded in the Galve subbasin and
consists of siliciclastic continental successions (up to 100 m in thickness). The available biostratigraphic
data (charophytes, ostracods, sporomorphs) indicate that this sequence was deposited upwards from
early Berriasian Globator maillardii incrassatus Zone. The presence of the lower Valanginian successions at
the upper part of synrift sequence 1C in certain subsiding areas of the Galve subbasin cannot be ruled
out. The sequence-stratigraphic and biostratigraphic data reported here indicate that the Galve and
Morella subbasins started to develop during the Kimmeridgian. Successive stages of tectonic activity
affected these subbasins during the mid-early Tithonian, the mid-Berriasian, and around the
Berriasian-Valanginian transition. The stratigraphy and tectono-sedimentary evolution of the central
Iberian Rift System indicate that the Berriasian successions are linked to the “Jurassic cycle”.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The problems associated with the definition of the Jurassic-
Cretaceous system boundary are largely the result of a lack of sig-
nificant biostratigraphic markers at the Tithonian-Berriasian and at
the Berriasian-Valanginian boundaries, and of faunal provincialism
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caused by widespread regression (Remane, 1991). Due to this
regression, the Tithonian-Berriasian saw major expansion of
marginal-marine to continental environments, represented by
Purbeck and Weald facies in many western European basins (e.g.,
Tennant et al., 2017). In the coeval Tethysian shallow-marine
realms, sedimentation on “Jurassic-type” carbonate platforms
(predominantly photozoan facies with occasional heterozoan car-
bonates) ended with the Berriasian, not with the Tithonian
(Granier, 2019). Additional difficulties in unravelling the
TithonianeBerriasian sedimentary successions derive from the fact
that many of them were deposited coeval to a rifting stage. The
analysis and correlation of the continental to shallow-marine suc-
cessions recorded in active rift basins is generally challenging due
to the rapid facies and thickness changes associated with to
discontinuous synsedimentary fault activity and subsidence.

The fragmentation of Pangea during the Late JurassiceEarly
Cretaceous resulted in intense tectonic activity, on both regional
and global scales, with accompanying palaeoceanographic changes
including the continued of the opening of the Central Atlantic and
Western Tethys (see Tennant et al., 2017 and references therein).
The intracratonic Iberian Rift System was part of the network of
rifted basins that evolved in the northwestern peri-Tethysian
domain (Fig. 1A). Investigations into the southeast Iberian Rift
System (i.e., the Maestrazgo Basin) in recent decades have
contributed to a progressively increasing understanding of the
stratigraphic framework of the Upper JurassiceLower Cretaceous
synrift successions present in specific key areas at certain time
intervals. In particular, the uppermost Jurassicelowermost Creta-
ceous marginal-marine to shallow-marine successions of the
Maestrazgo Basin have been studied in successive regional works
(e.g. Can�erot, 1974; Can�erot et al., 1982; Salas, 1987; Martín-Closas,
1989; Aurell, 1990; Aurell et al., 1994, 2010, 2016; Salas et al., 2001;
B�adenas et al., 2004, 2018; Cobos et al., 2010; Canudo et al., 2012;
Campos-Soto et al., 2017, 2019; Liesa et al., 2019). In the western
areas of the Maestrazgo Basin, the Tithonian-Berriasian boundary
generally occurs within a carbonate to mixed-siliciclastic coastal
succession referred to as Purbeck facies in pioneer studies (e.g.,
Can�erot, 1974; Mel�endez et al., 1979; Gautier, 1980, 1981), or as a
TithonianeBerriasian Sequence in later stratigraphic works (e.g.,
Salas, 1987; Aurell et al., 1994, 2010; Salas et al., 2001; Mas et al.,
2004). In these regional studies, the Berriasian successions are
traditionally included in the “Jurassic cycle”, but the exact location
of the Tithonian-Berriasian boundary cannot be established.
However, recent reinterpretations based on larger benthic forami-
nifera biostratigraphy propose an older age for the sedimentation
of this succession (mid-KimmeridgianeTithonian), questioning the
presence of the Berriasian across the western Maestrazgo Basin
(Campos-Soto et al., 2019).

The objective of the present work is to integrate the existing
information with new sequence-stratigraphic, biostratigraphic
(ammonites, benthic foraminifera, charophytes, ostracods) and
strontium-isotopic data, providing a more precise account of the
chronostratigraphic distribution of the sedimentary successions
deposited during the KimmeridgianeBerriasian in the central part
of the Iberian Rift System. The facies distribution and sedimentary
evolution documented here reflect the extensional tectonic activity
affecting eastern Iberia during this time interval. In particular, the
influence on the sedimentation and the nature of the un-
conformities that developed during successive stages of tectonic
activity during the mid-early Tithonian, the mid-Berriasian and
around the Berriasian-Valanginian transition have been further
documented. Moreover, the reported data provide information
about the location of the boundaries of both Tithonian and Ber-
riasian stages within the shallow-marine, coastal to continental
Iberian successions.

2. Geological setting

The Late JurassiceEarly Cretaceous rifting event affecting Iberia
coincided with the rift propagation from the Central Atlantic
northwards and with the opening of the Western Tethys (Salas
et al., 2001). The Maestrazgo Basin of eastern Iberia was devel-
oped during this rifting event (Fig.1A). This basinwas divided into a
set of well-differentiated depocentres (or subbasins) controlled by
the synsedimentary activity of local normal faults, which were
reactivated or formed during the Late JurassiceEarly Cretaceous
rifting (Fig. 1B). The present stratigraphic work concerns the
KimmeridgianeBerriasian synrift successions recorded in four
subbasins located in the western part of the Maestrazgo Basin:
Aguil�on, Oliete, Galve and Morella (Fig. 2A). The northern Aguil�on
and Oliete subbasins only recorded the Kimmeridgian succession,
whereas the Morella and Galve subbasins include a more complete
TithonianeBerriasian succession (Fig. 2B).

The Upper Jurassic-Lower Cretaceous (Kimmeridgianelower
Albian) synrift successions recorded in the studied subbasins have
been divided into two synrift sequences, separated by a major
synrift unconformity associated with a wide erosional/non-
depositional stratigraphic gap of variable amplitude around the
Berriasian-Valanginian transition. The interpretation of Liesa et al.
(2019) used here (Fig. 2B), updates previous interpretations in
which this major synrift unconformity was considered older (i.e.
mid-Berriasian: Liesa et al., 1996; Aurell et al., 2016). The lower
synrift sequence 1 includes three tectono-sedimentary stages
bounded by major unconformities (1A, 1B and 1C in Fig. 2B), with
significant changes in the sedimentary systems that developed:
(1A) open to shallow-marine Kimmeridgianelowermost Tithonian
carbonate-dominated ramps (e.g. B�adenas and Aurell, 2001; Aurell
et al., 2010), (1B) Tithonianemid-Berriasian coastal to shallow-
marine carbonates-siliciclastics (e.g. Aurell et al., 1994), and (1C)
locally recorded mid-Berriasian to lowermost Valanginian terres-
trial siliciclastics (e.g. Aurell et al., 2016). According to Liesa et al.
(2019), synrift sequence 2 also consists of three tectono-
sedimentary stages (A, B and C in Fig. 2B) and includes the
ValanginianeBarremian continental series or Weald facies (Soria
et al., 1995; Salas et al., 2001), the uppermost BarremianeAptian
transitional to shallow carbonate platform successions or Urgo-
nian facies (e.g. Bover-Arnal et al., 2010), and the lower Albian coal-
rich succession of the Escucha Formation (e.g. Querol et al., 1992;
Bover-Arnal et al., 2016).

3. Methods

The stratigraphic synthesis presented here is based on published
and new data acquired from 36 key reference sections (Fig. 2A and
Supplementary data S1), complemented with an extensive review
of the available data on the KimmeridgianeBerriasian successions
in other areas of the central Iberian Rift System. In particular, the
method of sequence stratigraphy (e.g. Catuneanu et al., 2011) was
used in the study area to correlate facies and unconformity-
bounded units at different scales, from high-frequency sequences
to long-term transgressive-regressive sequences (e.g. B�adenas
et al., 2003, 2004; Aurell et al., 2003, 2010; B�adenas and Aurell,
2018; Val et al., 2019). The results reported in these previous
works are reviewed and summarized here.

Key intervals of some stratigraphic sections were sampled for
strontium-isotopic analysis. Oyster, brachiopod and belemnite
shells were collected. The 87Sr/86Sr isotopes were determined with
a TIMS-Phoenix thermal ionization mass spectrometer at the CAI
Geocronología y Geoquímica Isot�opica of the Universidad Complu-
tense de Madrid (Spain). All 87Sr/86Sr data were corrected for
possible 87Rb interferences and were normalised to a value of
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0.1194 for 87Sr/86Sr 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 (2s, n ¼ 9), which

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 2s was 0.01%. The comparison between the obtained

Fig. 1. Geological setting: (A) Location of Iberia in the Western Tethys in the latest Jurassic (modified from Liesa et al., 2019); (B) Location of the four studied subbasins, the Aguil�on,
Oliete, Morella and Galve, within the Maestrazgo Basin.
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87Sr/86Sr curve and the global marine 87Sr/86Sr curve defined for the
KimmeridgianeBerriasian (McArthur et al., 2012; Wierzbowski
et al., 2017), together with biostratigraphical data have allowed a
more precise age calibration of the studied units.

For micropaleontological analysis (i.e. ostracods, charophytes),
surface bulk samples (1e3 kg) from promising lithologies (marly to
mudstone levels) were taken from several sections of the ostracod/
charophyte bearing units (i.e. Ladru~n�an Mb, Aguilar del Alfambra
Fm, Galve Fm) in the Morella and Galve subbasins. Processing fol-
lowed standard methods, treating the samples with water and 2%
hydrogen peroxide. The samples were then washed through sieves
(1000, 500 and eventually 125 mm mesh) and picked out under a
binocular microscope. Selected specimens were scanned with a
scanning electron microscope at the University of Zaragoza (JEOL
6400 SEM) and the University of Barcelona. Fossil specimens are
housed in the Natural Science Museum of the University of Zar-
agoza, Spain (Museo de Ciencias Naturales de la Universidad de
Zaragoza, MPZ).

4. Stratigraphy

The synthesis of the chronostratigraphic distribution and the
correlation of the Kimmeridgianelowermost Valanginian lithos-
tratigraphic units across the four subbasins under study are shown
in Fig. 3. The proposed correlation is the best-fit of the available
biostratigraphic, isotopic and sequence-stratigraphic data and in
many aspects updates previous stratigraphic interpretations.

The lower datum is the widespread discontinuity (D1) sepa-
rating the prerift and synrift sequences (Fig. 2B). The age of this
discontinuity is well constrained by ammonites in the middle part
of the earliest Kimmeridgian Subnebrodites planula Zone, at the
boundary between the planula and galar subzones (e.g. Salas et al.,
2001; Aurell et al., 2003). In most of the central and eastern Iberian
basins, the prerift sequence ends with a middle-upper Oxfordian
10e30 m thick succession of open-platform limestones and marls
rich in siliceous sponges and ammonites, which laterally grades
into shallow-marine carbonate-siliciclastic successions (e.g.
Strasser et al., 2005; Ramajo and Aurell, 2008). The upper datum is
the regional intra-rift unconformity (D4) located around the
Berriasian-Valanginian transition on the basis of charophytes and
foraminifers (e.g. Salas and Casas, 1993, 2001; Martín-Closas and
Salas, 1994; Liesa et al., 2019), which corresponds to the bound-
ary between the synrift sequences 1 and 2 (Figs. 2B and 3).

4.1. Aguil�on subbasin

The Kimmeridgian successions recorded in the Aguil�on subbasin
showmarked differences between the Ricla and Aguil�on sectors (RI
and AG: Fig. 3). The Upper Jurassic outcrops located north of the
village of Ricla display a continuous exposure of the Kimmeridgian
Ki1 and Ki2 sequences (Fig. 4A; B�adenas et al., 2005). These two
sequences have a long-term transgressive-regressive facies evolu-
tion and are bounded by sedimentary discontinuities that can be
traced at basin scale (e.g. B�adenas and Aurell, 2001; Aurell et al.,
2010). In Ricla, the lower and middle part of the Ki1 sequence is
represented by outer-ramp, marl-dominated successions (upper
Sot de Chera Fm, c. 55 m thick) grading upwards to the middle-
ramp, burrowed sandy limestones of the lower Loriguilla Fm (c.
60 m thick). The lower and middle part of the upper Sot de Chera
Fm includes the ammonites Sutneria galar (Oppel) and Orthos-
phinctes gigantoplex (Quenstedt), and the boundary between the
planula and platynota zones is assumed to be located towards the
upper part of the Sot de Chera Fm (e.g. Colombi�e et al., 2014). The
upper regressive stage of the Ki1 sequence corresponds to pro-
grading shallow-platform deposits represented by the up to 30 m

thick wedge-shaped oolitic-siliciclastic Ricla Mb (B�adenas et al.,
2005; Kleipool et al., 2015). The Ricla Mb is bounded on top by a
sharp sedimentary discontinuity that represents the Ki1-Ki2
sequence boundary. Crussoliceras sp. (early Kimmeridgian, divisum
Zone) occurs c.10m below the RiclaMb, and the boundary between
the Ki1 and Ki2 sequences is assumed to be located near the early-
late Kimmeridgian boundary (Val et al., 2017).

The thickness of the Ki2 sequence in Ricla ranges from 50 to
60 m. The sequence starts with a condensed limestone level rich in
oncoids and skeletal grains, which has been related to a basinwide
deepening event (B�adenas and Aurell, 2001). A new strontium-
isotopic datum (87Sr/86Sr ¼ 0.706964) from an oyster shell found
in this condensed level is coherent with the occurrence of this
flooding event at the onset of the late Kimmeridgian (Fig. 5). This
condensed level is overlain by middle-ramp reefal limestones that
grade distally into a limemudstone succession (Torrecilla and upper
Loriguilla formations, respectively; B�adenas et al., 2005). The skel-
etal levels found at the top of the Torrecilla Fm contain the benthic
foraminifer Alveosepta jaccardi (Schrodt). This marine Kimmer-
idgian succession is overlain by upper ValanginianeHauterivian
continental clastics and carbonates (Soria et al., 1995; Fig. 2B).

The Kimmeridgian rocks form wide outcrops around the AG
sector. There, the Ki1 and Ki2 sequences consist of outer rampmarls
(Sot de Chera Fm) and lime mudstones (Loriguilla Fm), whereas the
Ki3 sequence corresponds to the shallow-ramp carbonates of the
Higueruelas Fm (Fig. 4B; B�adenas et al., 2003, 2005; Aurell et al.,
2010; Sequero et al., 2018). The age of these sequences is con-
strained by ammonites, foraminifera and newly acquired
strontium-isotopic data (Fig. 3, AG log).

The Ki1 sequence is formed by the marls of the Sot de Chera Fm
(c. 50 m thick), including ammonites of the galar Subzone (P�erez-
Urresti et al., 1998), and by the rhythmic alternation of silty lime
mudstones and marls of the lower Loriguilla Fm (40e50 m thick)
with scarce early Kimmeridgian ammonites (Ataxioceratinae). The
Ki2 sequence is formed by up to 60 m of well-bedded lime mud-
stones of the upper Loriguilla Fm. Significant late Kimmeridgian
ammonites found in this unit are Progeronia breviceps (Quenstedt)
and Aspidoceras longispinum apeninicum (Sowerby). Alveosepta
jaccardi is common in the uppermost part of the Loriguilla Fm
(B�adenas et al., 2003).

The Ki3 sequence corresponds to the 50e80 m thick shallow-
marine grain-supported peloidal, oncolitic and skeletal lime-
stones of the Higueruelas Fm (see Supplementary data S2). The
Higueruelas Fm was assigned in previous work to the lower
Tithonian (Aurell, 1990; Ipas et al., 2007; Aurell et al., 2010).
However, the record of Alveosepta jaccardi and Redmondelllina
powersi (Redmond) in the uppermost levels of this unit (Fig. 6A and
Supplementary data S2), combined with the ammonites found in
the underlying Ki2 sequence, indicate that the Ki3 sequence
(Higueruelas Fm) in the Aguil�on sector was deposited during the
late Kimmeridgian, most probably within the late eudoxus and
beckeri zones. The strontium-isotopic (87Sr/86Sr) data obtained
from some intervals of the logs of Puebla de Albort�on, Fuendetodos
and Tosos (logs 4, 6 and 7 in Fig. 2B; see Supplementary data S2) fit
well with the global curve of Wierzbowski et al. (2017) during this
late Kimmeridgian time interval (Fig. 5). In the area around Aguil�on,
the upper part of the Ki3 sequence locally consists of an up to
40e70 m thick siliciclastic succession with scarce intercalations of
skeletal-rich carbonate beds (Ipas et al., 2007). The skeletal-rich
beds found in the lower and middle parts of this siliciclastic-
dominated succession still include the Kimmeridgian benthic
foraminifera A. jaccardi and R. powersi. The upper boundary of the
Ki3 sequence is an angular unconformity overlain by upper
ValanginianeHauterivian continental facies (Soria et al., 1995;
Fig. 2B).
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Fig. 2. (A) Distribution of the reference logs (see Supplementary data S1 for names of the logs and key references). The grey dashed line indicates the location of the correlation
transect shown in Fig. 3; (B) Synthetic chronostratigraphic distribution of main facies and tectono-sedimentary sequences of the KimmeridgianeAptian in the Aguil�on, Oliete,
Morella and Galve subbasins (adapted from Liesa et al., 2019).
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4.2. Oliete subbasin

The Oliete subbasin has an incomplete record of synrift
sequence 1A (Fig. 3). During most of the Kimmeridgian, the
southwestern area of this subbasin located near the Montalb�an
High was the deposition site of shallow-marine oolitic and reefal
facies (Ob�on-Torre de las Arcas sector, number 11 in Fig. 2A; Aurell
et al., 1999a). Towards the end of the Kimmeridgian, the southern
area of the subbasin was eventually exposed and shallow-marine
sedimentation became restricted to the north, around the locality
of Alac�on (AL) (Aurell et al., 2018).

In the more complete Kimmeridgian succession exposed around
Alac�on (AL log in Fig. 3), synrift sequence 1A includes the Ki1, Ki2
and Ki3 sequences that correspond to the Sot de Chera, Loriguilla,
and Higueruelas formations. The Ki1 sequence is formed by the
lower Kimmeridgian (galar Subzone) marls of the Sot de Chera Fm
(up to 20 m thick) and the well-bedded lime mudstones and marls
of the lower part of the Loriguilla Fm (c. 40 m). The latter is
particularly rich in ammonites, allowing the platynota and hyp-
selocyclum/lothari early Kimmeridgian ammonite zones to be
identified (Moliner, 2009). The Ki2 sequence is represented by the
shallow-ramp, grain-supported (peloidal, skeletal) limestones of
the Alac�onMb (20e30 m thick). The lower part of this unit includes
scarce ammonites from the early part of the late Kimmeridgian
(Mel�endez et al., 1990). The development of the shallow facies of
the Alac�on Mb was related to the influence of the Montalb�an High
(Cepri�a et al., 2002). On top of this unit there is a level of pedogenic
carbonate breccias developed during the subaerial exposure of the
platform after the regional relative seal-level fall associated to the
boundary between the Ki2 and Ki3 sequences (Fig. 4C; Aurell et al.,
2010). The Ki3 sequence corresponds to the uppermost Kimmer-
idgian shallow-marine limestones of the Higueruelas Fm (up to
70 m thick). A major erosive unconformity and the associated
stratigraphic gap are located above these shallow-marine Kim-
meridgian rocks, which are directly overlain by the lower Barre-
mian continental facies that characterizes the onset of the synrift
sequence 2 sedimentation in the Oliete subbasin (Aurell et al., 2018;
Fig. 2B).

4.3. Morella subbasin

The KimmeridgianeBerriasian stratigraphy of the Morella sub-
basin shows marked differences with respect to the coeval sedi-
mentary record in the northwestern Aguil�on and the Oliete
subbasins. In particular, the lower synrift sequence 1A has a com-
plete record (up to the mid-early Tithonian) in the Morella sub-
basin, and the synrift sequence 1B is well developed in its
depocentral areas (Fig. 3). In most of the northern and central area
of the Morella subbasin studied here, the Berriasian successions are
unconformably overlain by continental upper
ValanginianeHauterivian lacustrine limestones (Herbers Fm) or
equivalent terrigenous continental units (e.g. Can�erot, 1974; Gasca
et al., 2017; Figs. 2D and 4D).

Synrift sequence 1A starts with the Ki1 sequence, which in-
cludes the marls of the Sot de Chera Fm (galar Subzone, up to 5 m
thick across the whole subbasin) and a 10e30 m thick succession of
limestones and marls (Calanda Mb), with a rich-ammonite record
of the early Kimmeridgian platynota, hypselocyclum/lothari, and
divisum zones (Geyer and Pelleduhn, 1979; Atrops and Mel�endez,
1984; Fezer and Geyer, 1988; Mel�endez et al., 1990; Finkel, 1992;
Moliner, 2009). A prominent discontinuity (hardground) surface
located on top of the condensed upper divisum Zone marks the
boundary between the Ki1 and Ki2 sequences. The upper Kim-
meridgian Ki2 and Ki3 sequences are generally represented by a
continuous, 60e120 m thick succession of well-bedded, open-

marine lime mudstones (Loriguilla Fm). In the outcrops located
south of Calanda (CA log in Fig. 3), the upper Loriguilla Fm includes
abundant siliceous sponges and ammonites of the acanthicum,
eudoxus and beckeri zones (e.g. Geyer and Pelleduhn, 1979). In the
Calanda-Val de la Piedra log (log 14 in Fig. 2A), the presence of
earliest Tithonian (early hybonotum Zone) ammonites in the up-
permost part of the Loriguilla Fm has been suggested (Atrops and
Mel�endez, 1984).

In the upper part of synrift sequence 1A, in the Calanda (CA)
sector, most of the Ti1 sequence is formed by the shallow-marine
limestones of the Higueruelas Fm (Fig. 3). In the Calanda-Mas de
la Matas section (log 15 in Fig. 2A), the Higueruelas Fm consists of a
65m thick succession of skeletal-peloidal-oncolitic grain-supported
limestones, which are locally dolomitized (Aurell et al., 1999b).

In the Villarluengo and Ca~nada de Benatanduz sectors (see VI
and CB in Fig. 3), the upper part of the Ki3 sequence and the Ti1
sequence are represented by thick-bedded limestones with grain-
supported oncolitic-peloidal-skeletal facies typical of the Higuer-
uelas Fm. The Kimmeridgian age of the lowermost part of the
Higueruelas Fm is indicated by the presence of Alveosepta jaccardi
in the CB log (log 27 in Fig. 2A).

Synrift sequence 1B is made up of shallow-marine to peritidal
carbonate-dominated successions (partly dolomitic) in the Morella
subbasin. These thick successions (200e300 m thick) were re-
ported in previous regional stratigraphic analyses (Can�erot, 1974;
Salas, 1987; Martín-Closas, 1989; Aurell, 1990; Aurell et al., 2010)
but were not logged in detail. The results of the logging performed
here in three key localities of Aguaviva-Las Parras (AV), Luco de
Bord�on (LU) and Ladru~n�an (LA) are summarized in Fig. 7. Around
the AV sector, synrift sequence 1B is represented by a 150e250 m
thick succession dominated by peritidal, thin-bedded laminated
cryptalgal limestones and lime mudstones typical of the La Pleta
Fm. Around the LU/LA sector, these peritidal carbonates are located
in the lower and upper parts of the sequence, whereas the middle
part consists of thick-bedded, mud-to grain-supported shallow-
marine carbonates typical of the Bovalar Fm (Fig. 4E). Synrift
sequence 1B thus has a long-term transgressive/regressive trend,
from the peritidal carbonates of the lower Pleta Fm, to the shallow-
marine carbonates of the Bovalar Fm, including levels rich in the
benthic foraminifer Anchispirocyclina lusitanica (Egger), to the
peritidal carbonates of the upper Pleta Fm, and up to the conti-
nental to marine-marginal marl-dominated Ladru~n�an Mb (Fig. 3).
In these depocentral areas of the Morella subbasin, the synrift
sequence 1B consists of five correlatable units (see units 1e5 in
Fig. 4E And 7), equivalent to the third-order sequences Ti2-1 to Ti2-
5 defined in Aurell et al. (2010). These sequences show a
transgressive-regressive or regressive facies evolution and are
bounded by widespread sedimentary discontinuities. They display
a range and sedimentary evolution comparable to the five third-
order sequences 1e5 defined in B�adenas et al. (2004), located
further east in the Montanejos and Salzedella sections (i.e. the
southern Penyagolosa and Salzedella subbasins, see Fig. 1B).

The Ladru~n�an Mb includes charophytes of biostratigraphic in-
terest. In particular, analysis of this unit in the localities of Jaganta
and Ladru~n�an (logs 18 and 23 in Fig. 2A) has yielded Dictyoclavator
fieri (Donze), Nodosoclavator bradleyi (Harris), and Atopochara
trivolvis var. horrida (Harris), which characterize the latest
Tithonian/mid-early Berriasian Globator maillardii maillardii Zone
(Can�erot, 1974; Martín-Closas, 1989; Riveline et al., 1996). The
transition between the La Pleta Fm and the Ladru~n�an Mb is gradual
and is assumed to occur around or above the Tithonian-Berriasian
boundary (Fig. 3).

The carbonate successions of synrift sequence 1B are repre-
sented around the Ca~nada de Benatanduz (CB) sector by a 60e90 m
thick succession of shallow-marine to thin-bedded peritidal

M. Aurell et al. / Cretaceous Research 103 (2019) 1041536

68



Fi
g.

3.
Ch

ro
no

st
ra
ti
gr
ap

hi
c
di
st
ri
bu

ti
on

of
lit
ho

st
ra
ti
gr
ap

hi
c
un

it
s
of

th
e
K
im

m
er
id
gi
an

e
Be

rr
ia
si
an

of
th
e
A
gu

il
� on

,O
lie

te
,M

or
el
la

an
d
G
al
ve

su
bb

as
in
s.
Th

e
lo
w
er

pa
rt

sh
ow

s
th
e
th
ic
kn

es
s
of

lit
ho

st
ra
ti
gr
ap

hi
c
un

it
s
an

d
th
e
lo
ca
ti
on

of
th
e
re
le
va

nt
st
ra
ti
gr
ap

hi
c
m
ar
ke

rs
in

th
e
ke

y
lo
gs

(s
ee

Fi
g.

2A
fo
r
lo
ca
ti
on

).
In

th
e
up

pe
r
pa

rt
,t
he

lo
ca
ti
on

of
th
es
e
st
ra
ti
gr
ap

hi
c
m
ar
ke

rs
w
it
hi
n
th
e
un

it
is

ba
se
d
in

th
e
as
su

m
pt
io
n
of

co
ns

ta
nt

av
er
ag

e
ra
te
s
of

se
di
m
en

ta
ti
on

.T
he

pr
ob

ab
le

lo
ca
ti
on

of
th
e
Ti
th
on

ia
n-

Be
rr
ia
si
an

bo
un

da
ry

in
th
e
m
id
-u
pp

er
pa

rt
of

sy
nr

ift
se
qu

en
ce

(S
S)

1B
is

in
di
ca
te
d
w
it
h
a
gr
ey

da
sh

ed
-l
in
e.

Th
e
bi
os
tr
at
ig
ra
ph

ic
ra
ng

es
of

th
e
bi
oz

on
es

us
ed

(a
m
m
on

it
es
,c
ha

ro
ph

yt
es
,l
ar
ge

r
be

nt
hi
c

fo
ra
m
in
ife

ra
(L
BF

))
ar
e
sh

ow
n
in

th
e
le
ft

pa
rt
.A

m
m
on

it
es

ar
e
fo
un

d
in

th
e
op

en
-m

ar
in
e
fa
ci
es

of
sy
nr

ift
se
qu

en
ce

1A
,f
or
am

in
ife

ra
in

th
e
sh

al
lo
w
-m

ar
in
e
fa
ci
es

of
sy
nr

ift
se
qu

en
ce
s
1A

an
d
1B

,a
nd

ch
ar
op

hy
te
s
in

th
e
co

nt
in
en

ta
lt
o

m
ar
gi
na

l-
m
ar
in
e
fa
ci
es

of
sy
nr

if
t
se
qu

en
ce
s
1B

an
d
1C

.G
eo

lo
gi
ca
l
Ti
m
e
Sc
al
e
ac
co

rd
in
g
to

O
gg

et
al
.(
20

16
).

M. Aurell et al. / Cretaceous Research 103 (2019) 104153 7

69



carbonates attributed to the La Pleta Fm. Around the Villarluengo
sector, synrift sequence 1B is poorly represented due to the erosion
that occurred before the sedimentation of the continental
ValanginianeHauterivian successions (see VI in Fig. 3).

4.4. Galve subbasin

The Galve subbasin shows the most complete record of the
studied synrift successions within the study area, because it also

Fig. 4. (A) Distribution of lithostratigraphic units within the Ki1 sequence in Ricla (log 1 in Fig. 2A, Aguil�on subbasin); (B) Distribution of lithostratigraphic units within the Ki1, Ki2,
and Ki3 sequences in Aguil�on (log 8 in Fig. 2A, Aguil�on subbasin); (C) Soil development (see white arrow) indicating the subaerial exposure of the platform between the Ki2 and Ki3
sequences in Alac�on (log 10 in Fig. 2A, Oliete subbasin); (D) Angular unconformity between the La Pleta Fm (synrift sequence 1B) and the upper Valanginian-Hauterivian lacustrine
Herbers Fm in Bord�on (log 22 in Fig. 2A, Morella subbasin); (E) Distribution of lithostratigraphic units in Luco de Bord�on (log 22 in Fig. 2A). The boundaries of units 1e5 can be
traced at regional scale (see Fig. 7).
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includes the local presence of the synrift sequence 1C. In this
subbasin, the synrift sequence 1 is overlain by upper
Hauterivianelower Barremian lacustrine to palustrine marls and
limestones, which represent the first unit of synrift sequence 2
(Aurell et al., 2016; Fig. 2B).

Synrift sequence 1A has a continuous record across the Galve
subbasin, including the Ki1, Ki2, Ki3 a Ti1 sequences. The Ki1 and
Ki2 sequences are formed by open-rampmarls and limemudstones
of the Sot de Chera (2e10 m thick) and Loriguilla (90e130 m thick).
The lower part of the Loriguilla Fm includes early Kimmeridgian
ammonites (Gautier, 1981, Ababuj area), which indicates that the
sedimentation of the Loriguilla Fm occurred onwards from the
platynota Zone. Alveosepta jaccardi is present in the Loriguilla Fm
and is abundant in the lagoonal skeletal limestones found in the
upper part of the overlying Higueruelas Fm. According to the

available biostratigraphic and strontium-isotopic data (see Fig. 3),
the shallow-marine limestones of the Higueruelas Fm (50e70 m
thick) are interpreted to correspond to the uppermost Kimmer-
idgian Ki3 sequence. However, Campos-Soto et al. (2019) propose a
mid-early Kimmeridgian age for the lower boundary of the
Higueruelas Fm (Fig. 8). This interpretation is not consistent with
the ammonites found in the underlying open-marine units (i.e. Sot
de Chera and Loriguilla formations and Calanda Mb). These open-
marine units are younger than the D1 mid-planula Zone major
discontinuity separating the prerift (Y�atova Fm) and synrift se-
quences (Fig. 2B), and in several localities of the Aguil�on, Oliete and
Morella subbasins late Kimmeridigan ammonites have been found
(Fig. 3).

In the Galve subbasin, the onset of the Ti1 sequence is marked
by a sharp increase in siliciclastic input. The Ti1 sequence

Fig. 5. Strontium-isotopic data (87Sr/86Sr) taken from belemnites, brachiopods and oyster shells, and comparison with the global curves of McArthur et al. (2012) and Wierzbowski
et al. (2017). For location and data measured in Ricla (sequence Ki2) and Ababuj (synrift sequence 1B) see text. For location and data measured in the Aguil�on subbasin (sequence
Ki3) see Supplementary data S2. The data from the Galve subbasin (Ti1) were taken from Val et al. (2019). Samples in the Cedrillas and Aguilar del Alfambra formations with
abnormally high values are 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.
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corresponds to the Cedrillas Fm, a new unit formally defined in this
work (see Supplementary material S3 for justification and details).
The Cedrillas Fm consists of a mixed coastal carbonate-siliciclastic
unit well developed in the central and western areas of the sub-
basin (i.e. Galve, Aguilar del Alfambra, and Cedrillas-Monteagudo;
logs 30, 33 and 36 in Fig. 2A). In these areas, this unit ranges

from 150 to 220 m in thickness (Fig. 9A). Lower subsidence rates in
the eastern marginal areas of the subbasin between Aliaga and
Miravete (see AM/MI in Fig. 3) caused a significant reduction in
thickness to 10e20 m (Fig. 9B). In the central areas of the Galve
subbasin, the Cedrillas Fm consists of four successive sedimentary
sequences 30e80 m thick, with a lower interval of well-bedded

Fig. 6. (A) Alveosepta jaccardi (Schrodt) (a) and Redmondelllina powersi (Redmond) (r) in skeletal wackestones in the uppermost levels of the Higueruelas Fm (Jaulín log n.3, unit 7,
see Supplementary data S2). (B) Anchispirocyclina lusitanica (al) and dasycladalean algae Zergabriella embergeri (Bouroullec & Deloffre) (z) in peloidal-skeletal packstones of the
lowermost levels of the Aguilar del Alfambra Fm (Miravete log n.29, see AM in Fig. 3). (C) MPZ 2019/253, Theriosynoecum fittoni (Mantell) from the Aguilar del Alfambra Formation,
Cerezos section (log 35; metre 330, Fig. 4 in Aurell et al., 2016); (D) MPZ 2019/254, cf. Macrodentina sp. from the Aguilar del Alfambra Formation, Cerezos section (log 35; metre 330,
Fig. 4 in Aurell et al., 2016); (E) MPZ 2019/255, cf. Asciocythere sp. from the Aguilar del Alfambra Formation, Cerezos section (log 35; metre 330, Fig. 4 in Aurell et al., 2016), (F) MPZ
2019/256, cf. Theriosynoecum fittoni from the uppermost part of the Galve Fm in the Galve-Zabacheras log (site 2, Fig. 5 in Aurell et al., 2016).
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Fig. 7. Correlation of the synrift sequence 1B successions (Tithonianelower Berriasian) exposed in Las Parras-Aguaviva (AG), Luco de Bord�on (LU) and Ladru~n�an (LA), bounded by
major discontinuities D2 and D3. Units 1e5 correspond to the sequences Ti2-1 to Ti2-5 defined in Aurell et al. (2010), which can be traced at regional scale (see Fig. 4E). The
Tithonian-Berriasian boundary is probably located in the middle part of unit 4.
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carbonates (bioclastic, peloidal, ooidal, micritic) and marls, and an
upper interval of mudstones including lenticular to tabular cross-
bedded sandstones (sequences S1eS4 in Val et al., 2019). The
presence of Alveosepta jaccardi in the carbonate intervals of the S1
sequence and in the lower part of the S2 sequence (Gautier, 1980;
Campos-Soto et al., 2017, 2019; Val et al., 2019), in conjunction
with the overall trend of the strontium-isotopic data, indicates a
latest Kimmeridgianemid-early Tithonian age, most probably from
the upper part of the beckeri Zone up to the transition between the
hybonotum/darwini zones (Fig. 5; Val et al., 2019). The location of
the lower boundary of this unit around the acanthicum and eudoxus
zones proposed by Campos-Soto et al. (2019) is highly speculative
and not supported by data (Fig. 8, see boundary between U1 and
CLP).

The upper boundary of the Ti1 sequence is a widespread un-
conformity, which can be traced across the Morella and Galve
subbasins (D2 in Fig. 3). Based in the strontium-isotopic data, Val
et al. (2019) reassigned the age of this unconformity to the mid-
early Tithonian (instead of mid-late Tithonian, in Aurell et al.,
2016). In the Galve subbasin, the local presence of a low-angular
unconformity associated to this widespread discontinuity in-
dicates block tilting and erosion due to synsedimentary extensional
tectonic reactivation at the boundary between synrift sequences 1A
and 1B. This erosive surface has been mapped and documented in
detail in the outcrops of Abeja (Aurell et al., 2016), in Galve (García-
Penas and Aurell, 2017) and in Aguilar del Alfambra (Aurell et al.,
2019).

Synrift sequence 1B corresponds to the Aguilar del Alfambra Fm.
This unit varies in thickness across the Galve subbasin (0e365 m)
due to strong control by synsedimentary extensional tectonics
(Aurell et al., 2016). The Aguilar del Alfambra Fm includes a wide
variety of siliciclastic and carbonate facies, which were deposited in
a wave-dominated open-coast tidal flat (B�adenas et al., 2018).
Similar to what is observed in the Morella subbasin, the synrift
sequence 1B has a long-term transgressive/regressive trend, with a
transgressive peak indicated by the presence of a bioclastic level
(including Anchispirocyclina lusitanica) found at the mid-upper part
of the unit. This level reached the relatively proximal localities of
Aguilar del Alfambra andAbabuj (levels Ag5-2 andAb5-1 in B�adenas
et al., 2018). The biostratigraphic and strontium-isotopic data
updated in this work, indicate that the Aguilar del Alfambra Fm
spans fromthemid-earlyTithonianup to the earlyBerriasian (Fig. 3).

In the Miravete section (log 29 in Fig. 2A), the lowermost part
and the middle part of the Aguilar del Alfambra Fm includes
Anchispirocyclina lusitanica and the dasycladalean algae Zergabriella
embergeri (Bouroullec & Deloffre) (Fig. 6B). In the Ababuj section
(log 34 in Fig. 2A), the bioclastic level Ab5-1 found in themid-upper
part of the unit (metre 245 within the 345 m thick section; see
B�adenas et al., 2018) contains the samemicrofossil association. This
level also includes abundant oyster shells that have yielded four
stable strontium-isotopic data (87Sr/86Sr) of 0.707164, 0.707167,
0.707190 and 0.707249, which, compared with the global curve of
Wierzbowski et al. (2017), indicates a latest Tithonian-earliest
Berriasian age (Fig. 5).

The presence of scarce ostracods is also relevant in confirming
the Berriasian age for the upper part of the Aguilar del Alfambra Fm.
Theriosynoecum fittoni (Mantell) (BerriasianeBarremian age range;
Sames, 2011; Schudack and Schudack, 2012) was found in a
fossiliferous level located in the upper part of the unit in the Cer-
ezos section (log 35 in Fig. 2A; level in metre 330 within the 365 m
thick section, see Aurell et al., 2016; sequence Ce7 in B�adenas et al.,
2018). This level has yielded an additional ostracod assemblage
dominated by T. fittoni (Fig. 6C) along with scarce specimens of cf.
Macrodentina sp. (Fig. 6D) and cf. Asciocythere sp. (Fig. 6E). The
latter taxon, tentatively related to Asciocythere, includes species

previously described in the La Pleta and El Mangraner formations
(Asciocythere cf. circumdata (Donze)) by Schudack and Schudack
(2012). According to these authors (op. cit.), the stratigraphical
range of Asciocythere cf. circumdata is Berriasian whereas other
species of Asciocythere have also been reported by these authors but
not before the Aptian (see Fig. 3 in Schudack and Schudack, 2012).
As the geological context allows us to rule out the assignament of
the Cerezos section to the Aptian, the presence of Asciocythere
provides additional evidence of a Berriasian age for the upper part
of the Aguilar del Alfambra Formation.

On the other hand, the charophyte specimens found by Canudo
et al. (2012) at top of the Aguilar del Alfambra Fm in the Galve-
Zabacheras section have been restudied. However, insufficient
abundance and poor preservation precluded detailed taxonomic
and biostratigraphic attributions. Instead, a new fossil-site located
also in the upper part of the Aguilar del Alfambra Fm at La Pe~nuela
outcrop (see location 31 in Fig. 2A) yielded a charophyte assem-
blage with Clavator grovesii var. grovesii (Harris) and Clavator gro-
vesii var. discordis (Shaïkin), which is attributed to the Berriasian,
with more probability for the early Berriasian (Martín-Closas,
2000). The location of this new fossil-site is tentatively consid-
ered time equivalent to the sequence Ag6 of B�adenas et al. (2018).
Campos-Soto et al. (2019) assume that the Aguilar del Alfambra Fm
does not reach the Berriasian (see SUP* in Fig. 8). However, the early
Berriasian age of the upper part of the unit previously proposed in
Aurell et al. (2016) is further confirmed by the new biostratigraphic
(carophytes and ostracods) and strontium-isotopic data reported
here.

Synrift sequence 1C is represented by the Galve Fm (Fig. 9C).
Galve Fm has a discontinuous record and is variable in thicknesses
(from 0 to 100 m) across the eastern and western margins of the
subbasin. The eastern margin has been studied in detail in the
Aliaga-Molino Alto section (log 28-AM, Fig. 2A). There, the Galve
Fm consists of red clays with intercalated sandstones and con-
glomerates representing alluvial fan deposits confined to half-
grabens. The recorded charophyte association, with Atopochara
trivolvis horrida (Harris) and the occasional presence of Clavator
grovesii grovesii (Harris) and Atopochara trivolvis micranda (Gram-
bast), indicates that the sedimentation took place around the early
to late Berriasian transition, in the Globator maillardii incrassatus
and G.m. nurrensis zones. The location of the Berrriasian-
Valanginian boundary towards the upper part of this succession
cannot be ruled out (Aurell et al., 2016; see Fig. 10 therein).

Westwards, around the locality of Galve (log 30-GA, Fig. 2A), the
Galve Fm consists of red clays with intercalated cross-bedded and
tabular-burrowed sandstones representing channel and overbank
deposits in an alluvial floodplain. Santos et al. (2018) report on the
sporomorph assemblage in the lower part of the Galve Fm (Las
Zabacheras fossil site, Galve-Zabacheras section), indicating the
presence of some taxa whose first occurrence is Berriasian (in
particular, Cicatricosisporites imbricatus (Markova)) and other taxa
whose last occurrence has been reported in the lower Valanginian
(Impardecispora canadensis (Pocock)). Furthermore, in the Galve-
Zabacheras section, a marly level located in the upper part of the
Galve Fm (see site number 2 in Fig. 5 of Aurell et al., 2016) has
yielded numerous specimens of the BerriasianeBarremian ostracod
Theriosynoecum fittoni (Fig. 6F), as well as an isolated charophyte
specimen that was attributed by Canudo et al. (2012) to the latest
BerriasianeHauterivian Globator maillardii steinhauserii (Mojon).
However, this assignment could not be confirmed in the present
review.

In summary, the set of biostratigraphic data summarized above
indicates that, in the Galve subbasin, the onset of the sedimentation
of the Galve Fm occurred in the mid-Berriasian, around the
boundary between the G. m. maillardii and G. m. incrassatus zones.
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In addition, the possible location of the Berriasian-Valanginian
boundary towards the upper part of the Galve Fm remains uncer-
tain (Aurell et al., 2016). In contrast, Campos-Soto et al. (2019)
propose a Tithonianemid-early Berriasian age for the Galve Fm in
the Galve-Zabacheras outcrop (Fig. 8, see SUP** in GA). However,
this age assignment is not consistent with the available biostrati-
graphic data, in particular by the Berriasian-lower Valanginian
sporomorph assemblage found in the lower part of the Galve Fm in
the Zabacheras fossil site (Santos et al., 2018). Moreover, these

authors regard the mixed carbonate-siliciclastic marginal-marine
deposits of the Aguilar del Alfambra Fm time equivalent to the
continental siliciclastics of the Galve Fm (see SUP* and SUP** in
Fig. 8). However, this interpretation is not consistent with the
regional tectono-stratigraphic data, with the presence of an inter-
mediate angular unconformity between these two units, which has
been mapped in separated areas of the Galve subbasin (see Aurell
et al., 2016 for details, in particular Figs. 6 and 9 therein, and
García-Penas and Aurell, 2017).

Fig. 8. Comparison between the KimmeridgianeBerriasian stratigraphy of the Galve and western Penyagolosa subbasins proposed by Campos-Soto et al. (2019) and in this
work. The correspondence between the names of the informal units used in Fig. 3 of Campos-Soto et al. (2019) and the formal lithostratigraphic units used here is indicated in the
lower part of the figure. See text for explanation and discussion on the observed discrepancies. The location of the key stratigraphic markers within each unit is based in the
assumption of constant average rates of sedimentation (distribution of the benthic foraminifera in the Cedrillas log taken from Campos-Soto et al., 2019) (Diaz-Molina and Y�ebenes,
1987).
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5. Facies distribution and tectono-sedimentary evolution

The Upper Jurassic carbonate ramps that developed in eastern
Iberia had a well-defined distribution of facies belts ranging from
proximal (western) to distal (eastern) locations (e.g., B�adenas and
Aurell, 2001). Differential tectonics involving the uplift of the
marginal (western) areas of the Iberian Rift System from the latest
Jurassic on, combined with a long-term regional fall in sea level,
resulted in the progressive eastwards coastal offlap of these car-
bonate ramps (Aurell et al., 1994, 2003). In the subbasins under
study, the observed facies evolution from the Kimmeridgian car-
bonate ramp successions to the TithonianeBerriasian marginal-
marine to continental carbonate to siliciclastic-dominated units
allows the progressive eastward shoreline migration to be recon-
structed in detail (Fig. 10).

At the onset of the synrift sequence 1A, during the deposition of
sequences Ki1 and Ki2, wide carbonate ramps were developed in
eastern Iberia. In the studied area, there are no significant lateral
changes in thickness in the recorded Kimmeridgian successions
(Sot de Chera, Loriguilla, Torrecilla formations and Ricla Mb; Fig. 3),
indicating that there was not individualization of different sub-
basins at the time (Fig. 10A). However, the Montalb�an High was
already uplifted and influenced the distribution of the shallow
(Alac�on Mb) to open-marine facies (Loriguilla Fm; Cepri�a et al.,
2002; Aurell et al., 2018). Southwards of the study area, differen-
tial tectonic activity controlled the formation of the Salzedella
subbasin (Salas, 1987; B�adenas and Aurell, 2001).

At the end of synrift sequence 1A, during the sedimentation of the
Ki3 and Ti1 sequences (Loriguilla, Higueruelas, and Cedrillas forma-
tions), significant offlap resulted from the eventual restriction of
sedimentation in theeasternmostpartof the studyarea (Fig.10B). The
Galve subbasin started to develop during the latest Kimmeridgian.
The accommodation created in the central and eastern depocentral
areas was filled by the thick coastal siliciclastic-carbonate succes-
sions of the Ti1 sequence (Cedrillas Fm; Val et al., 2019).

The Tithonianeearly Berriasian synsedimentary tectonics
resulted in marked differences between the continental, coastal
and shallow-marine successions of synrift sequence 1B recorded in
the Galve and Morella subbasins (Fig. 3). The sedimentation con-
sisted mainly of coastal mixed carbonate-siliciclastic-dominated
successions in the Galve subbasin (Aguilar del Alfambra Fm;
B�adenas et al., 2018), whereas peritidal to shallow-marine car-
bonates occurred in the newly formed Morella subbasin (La Pleta
and Bovalar formations and Ladru~n�an Mb; Fig. 10C).

During the late Berriasianemid-early Valanginian, the conti-
nental sedimentation of synrift sequence 1C in the study area
became restricted to small isolated grabens or half-grabens that
developed in the Galve subbasin (Galve Fm; Fig. 10D). The synse-
dimentary tectonic activity during the sedimentation of this
sequence was irregular and discontinuous. Continental to marine-
marginal carbonate-dominated sedimentation around the
Berriasian-Valanginian transition occurred southeastwards of the
study area, in the Salzedella subbasin (Can�erot et al., 1982; Martín-
Closas and Salas, 1994; Salas et al., 2001; B�adenas et al., 2004).

The tectono-sedimentary evolution of the central Iberian Rift
System reconstructed here deepens our understanding of the
gradual propagation of synsedimentary tectonics associated with
the initial stages of the Late JurassiceEarly Cretaceous rifting
(Aurell et al., 1994; Salas et al., 2001). Differential subsidence giving
rise to the individualization of the southeastern Salzedella subbasin
started during the earliest Kimmeridgian (Salas, 1987; B�adenas and

Aurell, 2001). The Galve and Morella subbasins characterized here
started to develop later, in the latest Kimmeridigan and the early
Tithonian, respectively. Finally, the northwestern Aguil�on and
Oliete subbasins were developed later still, during the mid-
Valanginian and early Barremian stages, respectively (Soria et al.,
1995; Aurell et al., 2018).

6. Discussion

The combination of biostratigraphic (ammonite and microfossil
assemblages), sequence-stratigraphic and strontium-isotopic data
compiled in this study allows us to constrain the chronostrati-
graphic framework of the Kimmeridgianelowermost Valanginian
(?) sedimentary record in the central part of the Iberian Rift System.
In particular, the present work makes it possible to discuss the
position of the lower and upper boundaries of the Tithonian and
Berriasian stages.

The Kimmeridgian-Tithonian boundary occurs in the uppermost
part of the synrift sequence 1A (Fig. 3). The location of this
boundary is based on the presence of late Kimmeridgian ammon-
ites in the K2 and Ki3 sequences, the last occurrence of Alveosepta
jaccardi in the lower part of the Ti1 sequence, and strontium-
isotopic data obtained from the Higueruelas Fm (Aguil�on subba-
sin) and Cedrillas Fm (Galve subbasin). Neither A. jaccardi, nor
Anchispirocyclina lusitanica has been found in themiddle and upper
part of the Ti1 sequence in the Galve andMorella subbasins, despite
the existence of shallow-marine to lagoonal carbonate intervals
rich in lituolids. However, in some localities in the Galve subbasin
(Miravete-MI log, Aguilar del Alfambra Fm; Fig. 3), A. lusitanica has
been found in the lowermost levels of the overlying synrift
sequence 1B. B�adenas et al. (2004) also report on the occurrence of
A. lusitanica starting from the onset of the time-equivalent Bovalar
Fm (Montanejos and Salzedella sections). The available data in
eastern Iberia thus lend support to the proposals put forward by
Ramalho (1981) for the Lusitanian Basin and Peybern�es (1998) for
the European basins, according to which the first occurrence of
A. lusitanica was not at the onset of the Tithonian but rather in the
middle part of the early Tithonian, after the hybonotum/darwini
ammonite zones (Fig. 11). The last occurrence of A. lusitanica has
been reported to reach the mid-early Berriasian (e.g., Ramalho,
1981; Peybern�es, 1988; Granier, 2019).

As regards the position of the Tithonian-Berriasian boundary in
the studied area, this can be approached with the data available for
the mid-upper part of the synrift sequence 1B (see dark grey
dashed line in Fig. 3). In theMorella subbasin, this boundary is most
probably located close to the boundary between the peritidal car-
bonates of the La Pleta Fm and the charophyte-rich marly-domi-
nated succession of the Ladru~n�an Mb. In the Galve subbasin, the
strontium-isotopic data and the presence of ostracods and char-
ophytes whose first occurrence is in the Berriasian indicate that the
Tithonian-Berriasian boundary is probably found towards the
middle-upper part of the coastal mixed carbonate-siliciclastic
succession of the Aguilar del Alfambra Fm.

The Berriasian-Valanginian boundary has been tentatively
located at the upper part of synrift sequence 1C (Galve Fm, Fig. 3; see
also Aurell et al., 2016). In the Galve subbasin, the largest strati-
graphic gap occurs in association with the D4 synrift unconformity
(Fig. 2B). For this reason, the D4 unconformity (most probably
located at the earliest Valanginian) is here considered to be the
boundary between the “Jurassic” and the “Lower Cretaceous” cycles
(or synrift sequences 1 and 2; see also Liesa et al., 2019). Eastwards,

Fig. 9. Representative field views showing the distribution of lithostratigraphic units in the Galve subbasin. (A) Aguilar del Alfambra section (log 33 in Fig. 2A); notice that the Galve
Fm is absent; (B) Miravete section (log 29 in Fig. 2A); notice that the Cedrillas Fm is very reduced in thickness; (C) Eastern flank of the Galve syncline (log 30 in Fig. 2A); notice that
the Aguilar del Alfambra Fm is absent.
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in the Salzedella subbasin, there is evidence of a continuous sedi-
mentation across the BerriasianeValanginian boundary. Of partic-
ular interest are the continental carbonates of the El Mangraner Fm.
In its type locality, the boundary between the Globator maillardii
nurrensis and G. m. steinhauseri charophyte zone is located in the
lower part of the El Mangraner Fm, and the age of this unit ranges
from late Berriasian to early Valanginian (Salas et al., 1995; Martín-
Closas and Salas, 1994, 1998). Northeastwards, in the Garraf Basin,
the El Mangraner Fm includes charophytes of the late Berriasian
G. m. nurrensis Zone (Albrich et al., 2006). In any case, the strati-
graphic and tectono-sedimentary evolution of the different sub-
basins of the Maestrazgo Basin indicates that the Berriasian

succession is related to the “Jurassic cycle”, not to the “Lower
Cretaceous cycle”.

Despite the imprint of synsedimentary tectonics, the sequential
architecture observed in the Kimmeridgianeearly Berriasian Iberian
marine successions has been related in previous work to eustatic
and/or climatic changes driven by orbital cycles. In particular, the
influence of the short and long eccentricity cycles has been found
not only in the shallow-to open-marine domains of the Ki2 and Ki3
sequences (e.g., B�adenas et al., 2005; B�adenas and Aurell, 2018), but
also in the mixed carbonate-siliciclastic shallow-marine to coastal
succession of the Ti1 sequence deposited in the Galve subbasin
around the Kimmeridgian-Tithonian transition (Val et al., 2019), and

Fig. 10. Paleogeographic evolution of the central Iberian Rift System from mid-Kimmeridgian to late Berriasian. The information in D for the Salzedella subbasin is compiled from
Can�erot et al. (1982), Salas (1987), and Martín-Closas and Salas (1994).
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in the mid-Tithonian to earliest Berriasian shallow-marine carbon-
ate-dominated successions that include Anchispirocyclina lusitanica,
well recorded in the depocentral areas of the eastern part of the
Maestrazgo Basin (Salzedella and Montanejos sections, Bovalar Fm:
B�adenas et al., 2004). This cyclostratigraphic analysis gives further
support to the stratigraphic framework proposed here. The time
calibration of the studied KimmeridgianeBerriasian synrift succes-
sions (Fig. 3), is coherent with the overall duration based on the
number of high-frequency sequences that previous work have pro-
posedwere formed in tunewith the short (100 ky) and long (400 ky)
eccentricity orbital cycles (Fig. 11). In particular, the upper part of
synrift sequence 1A (Ki2, Ki3 and Ti1 sequences) includes 10 se-
quences formed in tune with the long eccentricity cycle (total
duration of c.4 Myr), which fits the 3.7 Myr duration of this time
interval proposed here. Moreover, the lower and middle part of the
synrift sequence 1B including Anchispirocyclina lusitanica of c.7 Myr
of duration, fits well with the 57e60 sequences formed in tune with
the short-eccentricity cycle in the Bovalar Fm (Fig. 11). It is inter-
esting to note that the influence of the long and short eccentricity
cycles during the KimmeridgianeBerriasian has also been reported
from other, distant sedimentary domains (i.e. the Swiss Jura car-
bonate platform: Strasser, 1988, 2007; Colombi�e and Strasser, 2005),
reinforcing the idea of a global eustatic/climatic signal influencing
the sedimentation.

7. Conclusions

The KimmeridgianeBerriasian synrift successions recorded in
the central Iberian Rift System (NE Spain) consist of three synrift
sequences (1A,1B and 1C) bounded bymajor unconformities. These
sequences have an irregular and variable record across the four
studied subbasins, the Aguil�on, Oliete, Morella, and Galve.

The Kimmeridgianelowermost Tithonian synrift sequence 1A
(150e400 m thick) consists of four transgressive-regressive se-
quences (Ki1, Ki2, Ki3 and Ti1 sequences). These sequences formed
on successive low-angle carbonate ramps, characterized by grain-
supported facies in shallow areas (including abundant levels with
Alveosepta jaccardi), which graded offshore to monotonous succes-
sions of marls and lime mudstones, including ammonites that allow
the precise biostratigraphic calibration of these successions. The
progressive eastern offlap of these carbonate ramps resulted in the
reduced extension of the uppermost Kimmeridgianelower Titho-
nian Ti1 sequence, which is only recorded in the easternMorella and
the Galve subbasins. Grain-supported carbonates are predominant
in the marginal areas of the Morella subbasin, whereas mixed
carbonate-siliciclastic coastal sediments developed coevally around
the Kimmeridgian-Tithonian transition in the Galve subbasin.

A major sedimentary change associated with normal fault
reactivation occurred at the onset of synrift sequence 1B, during the

Fig. 11. Comparison between the stratigraphic calibration proposed in the present study and the cyclostratigraphic results obtained in previous works. Geological Time Scale from
Ogg et al. (2016). For explanation see text.
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mid-early Tithonian. Differential subsidence resulted in the local
accumulation of a thick (up to 365 m) coastal to shallow-marine
carbonate and siliciclastic successions in the depocentral areas of
the Morella and Galve subbasins. The age of synrift sequence 1B
(mid-early Tithonian to mid-Berriasian) is constrained by the
presence of the benthic foraminifera Anchispirocyclina lusitanica,
strontium-isotopic data, and the occurrence of charophytes of the
Globator maillardii maillardii Zone in the upper part of the sequence.
According to the available data, the Tithonian-Berriasian boundary
is located towards the mid-upper part of synrift sequence 1B. In the
Morella subbasin, this boundary is likely to be located around the
boundary between the La Pleta Fm and the Ladru~nan Mb. In the
Galve subbasin, the strontium-isotopic and biostratigrapic (ostra-
cods, charophytes) data suggest that this boundary is found in the
mid-upper part of the Aguilar del Alfambra Fm.

Sedimentation of the mid-Berriasianelowermost Valanginian
synrift sequence 1C was irregular and is only represented in certain
areas of the Galve subbasin, which records the up to 100 m thick
continental succession of the Galve Fm. Biostratigraphic data con-
straining the age of the Galve Fm are provided by charophytes,
ostracods, and sporomorphs. Sedimentation of this unit occurred
during a phase of intense tectonic activity that involved the for-
mation of isolated grabens and half-grabens in discrete parts of the
Galve subbasin. The upper boundary of synrift sequence 1C is a
major unconformity related to synsedimentary tectonic reac-
tivation around the Berriasian-Valanginian boundary, and there is
an associated stratigraphic gap of variable amplitude that com-
prises the Valanginian and the Hauterivian.

In conclusion, the stratigraphic and tectono-sedimentary evo-
lution of the central Iberian Rift System summarized here re-
inforces the observation that the sedimentation during the
Berriasian was linked to the “Jurassic cycle”, providing arguments
that support the placement of the Jurassic-Cretaceous system
boundary at the end of the Berriasian stage rather than at the
Tithonian-Berriasian boundary.
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Facies architecture and sedimentary models 

 

INTRODUCTION AND GOALS 

The internal facies architecture in ancient shallow carbonate ramp successions is generally 

complex, because of the multiple palaeoenvironmental factors controlling the spatial facies 

distribution and sedimentary evolution of the platform (e.g. Burchette and Wright, 1992; Bádenas 

and Aurell, 2010; Pomar, 2018). Similar to modern shallow carbonate platforms (e.g. the Bahamas), 

complex patterns of depositional subenvironments can occur in specific areas of the carbonate ramp, 

showing a patchy distribution (i.e. facies mosaics) (e.g. Strasser and Védrine, 2009; Bádenas et al., 

2010; Rankey, 2016). Therefore, the sedimentological characterization of these types of carbonate 

systems requires the analysis of continuous outcrops with data acquisition from closely-spaced logs, 

allowing to control the lateral and vertical facies relationships as detailed as possible, in both strike 

and down-dip directions (e.g. Bádenas and Aurell, 2010; Bádenas et al., 2010). 

Understanding the facies architecture in carbonate ramps is relevant for exploration of carbonate 

reservoirs. In contrast to rimmed shelves, the low-angle depositional slope of carbonate ramps 

enables a greater progradation of the sedimentary bodies, being those represented by grain-supported 

facies of particular relevance as carbonate reservoirs. Therefore, the knowledge of the extent and 

heterogeneities of these sedimentary bodies is crucial in developing strategies for reservoir 

exploration, as it is the case of the shallow carbonate ramp deposits of the most important 

hydrocarbon carbonate reservoirs worldwide (e.g. the Arab-D Formation in Persian Gulf, Al-Awwad 

and Collins, 2013; or the Smackover Formation in the USA East Gulf, Benson, 1988). In this regard, 

because of the limited knowledge provided by subsurface data, outcrop analogue studies become 

essential for predictability of internal facies heterogeneities in shallow carbonate ramp systems. 

The uppermost Kimmeridgian Higueruelas Fm represents the shallow areas of a carbonate ramp 

that developed in the northern Iberian Basin (NE Spain) (e.g. Aurell and Meléndez, 1986; Aurell et 

al., 2003, 2010, 2012; Ipas et al., 2004). It is composed of a wide variety of non-skeletal grains 

(mainly oncoids, ooids and peloids) and skeletal components (e.g. bivalves, dasyclads, gastropods, 

echinoderms, foraminifera, corals, stromatoporoids), as well as discrete chaetetid-stromatoporoid-

coral buildups in mid-ramp settings. Previous sedimentological analyses on the Higueruelas Fm were 

based on the analysis of widely-spaced logs (e.g. Aurell and Meléndez, 1986, 1987; Aurell, 1990; 

Ipas, 2003; Ipas et al., 2004), and provided a first classification of main facies and depositional 

subenvironments. 
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 In this Chapter, the along-strike and down-dip reconstruction of the facies heterogeneities for this 

latest Kimmeridgian shallow carbonate ramp in the outcrops of the Higueruelas Fm situated south of 

the city of Zaragoza, was accomplished by the bed-by-bed field description of 35 closely-spaced 

sedimentary logs and facies mapping in selected outcrops, in an area of 20 x 30 km in extent, 

complemented with petrographic characterization under binocular microscope on 1200 polished slabs 

and 300 thin sections. The results recorded in this Chapter are presented in two peer-reviewed 

scientific papers, corresponding to the along-strike and down-dip reconstruction of facies 

heterogeneities of this shallow carbonate ramp at different outcropping scales. Detailed information 

concerning the description of the sedimentary logs, field pictures of the Higueruelas Fm in each 

study sector, the mapping of facies, units and key surfaces in continuous outcrops, and the location of 

the collected samples for petrographic descriptions is presented as supplementary data in Annexe 1. 

A compilation of macro-scale polished slabs and microphotographs in thin sections for all the facies 

defined in this work is also recorded in Annexe 2. 

From the 35 stratigraphic sections analysed in this Chapter, 21 logs are distributed throughout the 

study area from the localities of Muel to Aguilón, with an average separation distance of 5 km. 

Recognition and correlation of 9 sedimentary units or high-frequency sequences bounded by 

continuous, km-scale sharp bedding surfaces, allowed deciphering the lateral and vertical facies 

relationships in several western-eastern (i.e. down dip) orientated cross-sections. In addition, the 

excellent outcrop conditions of the Higueruelas Fm around the locality of Mezalocha, recording 

sedimentation in the inner areas of the carbonate ramp, were suitable for a detailed analysis of facies 

distribution and their lateral extent in these domains of the platform, by physical tracing of master 

bedding surfaces and facies mapping along continuous outcrops in an area of 1 x 2 km in extent. 

The characterization of the internal facies heterogeneities of the latest Kimmeridgian shallow 

carbonate ramp succession in both strike and down-dip directions, provides key guidelines 

concerning the interpretation of facies distributions and factors controlling the stratigraphic facies 

architecture in shallow carbonate ramp systems constituted by similar components. Concerning the 

reservoir characterization, the sedimentary models proposed here have important implications for 

obtaining more realistic reconstructions of the facies heterogeneities at interwell scale, being of great 

interest for facies stacking pattern predictability in carbonate reservoirs of similar age and 

composition. 
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Abstract
The internal facies and sedimentary architecture of an Upper Jurassic inner carbonate ramp were reconstructed after the 
analysis and correlation of 14 logs in a 1 × 2 km outcrop area around the Mezalocha locality (south of Zaragoza, NE Spain). 
The studied interval is 10–16 m thick and belongs to the upper part of the uppermost Kimmeridgian–lower Tithonian 
Higueruelas Fm. On the basis of texture and relative proportion of the main skeletal and non-skeletal components, 6 facies 
and 12 subfacies were differentiated, which record subtidal (backshoal/washover, sheltered lagoon and pond/restricted lagoon) 
to intertidal subenvironments. The backshoal/washover subenvironment is characterized by peloidal wackestone–packstone 
and grainstone. The lagoon subenvironment includes oncolitic, stromatoporoid, and oncolitic-stromatoporoid (wackestone 
and packstone) facies. The intertidal subenvironment is represented by peloidal mudstone and packstone–grainstone with 
fenestral porosity. Gastropod-oncolitic (wackestone–packstone and grainstone) facies with intercalated marl may reflect local 
ponds in the intertidal or restricted lagoon subenvironments. Detailed facies mapping allowed us to document 7 sedimen-
tary units within a general shallowing-upward trend, which reflect a mosaic distribution, especially for stromatoporoid and 
fenestral facies, with facies patches locally more than 500 m in lateral extent. External and internal factors controlled this 
heterogeneity, including resedimentation, topographic relief and substrate stability, combined with variations in sea-level. 
This mosaic facies distribution provides useful tools for more precise reconstructions of depositional heterogeneities, and 
this variability must be taken into account in order to obtain a solid sedimentary framework at the kilometer scale.

Keywords Carbonate ramp · Facies mosaic · Intertidal · Sheltered lagoon · Higueruelas Fm · Upper Jurassic

Introduction

Facies reconstructions of shallow-water areas of ancient 
epeiric, tropical–subtropical carbonate ramps are difficult 
to decipher due to the lack of good outcrop control of these 
complex internal ramp areas, and as a consequence, knowl-
edge of the internal and external factors that controlled the 
sedimentary and facies evolution is limited (e.g., Burchette 
and Wright 1992; Bádenas and Aurell 2010). It is well 
known that in modern shallow-water carbonate platforms 
(e.g., the Bahamas), the depositional environments show a 
high variability in lateral extent and distribution (e.g., Ran-
key and Reeder 2010; Rankey 2016), and commonly display 
a complex pattern of depositional subenvironments with a 

patchy distribution (i.e., facies mosaics; Strasser and Védrine 
2009).

The concept of a facies mosaic has been the subject of 
re-analysis by several authors (e.g., Schlager 2000, 2003; 
Burgess and Wright 2003; Burgess and Emery 2004; Wright 
and Burgess 2005; Védrine et al. 2007; Strasser and Védrine 
2009; Bádenas et al. 2010; Rankey 2016). The carbonate 
facies models of Wilson (1975), Jones and Desrochers 
(1992) and Flügel (2004) described facies zones that give a 
general picture of the potential distribution of sedimentary 
environments and biota. On the other hand, Read (1985), 
Burchette and Wright (1992) and Pomar (2001) have empha-
sized the differences between the geometries of carbonate 
ramps and other kinds of carbonate platform, and discussed 
their implications for the facies distribution of marine car-
bonate systems. Wright and Burgess (2005) pointed out the 
high temporal and spatial variability of depositional environ-
ments that leads to facies mosaics, which correspond to real-
ity better than the linear arrangement of facies belts shown 
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in many models. This is the case with the complex spatial 
variation and associated vertical stacking of peritidal car-
bonate facies at the sub-meter scale, which reflect the inter-
play between intrinsic factors specific to the environments 
of deposition (Verwer et al. 2009; Bádenas et al. 2010), such 
as the existence of preferential carbonate-producing areas, 
sediment redistribution caused by hydrodynamic conditions, 
or local depositional relief (Ginsburg 1971; Pratt and James 
1986), and external eustatic and tectonic controls, such as 
sea-level changes controlled by Milankovitch orbital forc-
ing (Goldhammer et al. 1990; Lehrmann and Goldhammer 
1999; Strasser et al. 1999). Accordingly, some authors attrib-
ute vertical facies stacking to random migration of deposi-
tional environments and stress the importance of stochastic 
processes during sediment accumulation in modern carbon-
ate settings, questioning the existence of meter-scale shal-
lowing-upward cyclicity (Drummond and Wilkinson 1993; 
Wilkinson et al. 1996; Wilkinson and Drummond 2004).

A number of studies have tested the complex distribu-
tion of facies on carbonate platforms: Gischler and Lomando 
(1999) documented the high complexity of facies distribu-
tion of isolated carbonate platforms in Belize; Riegl and 
Piller (1999) mapped the great lateral variability of coral 
carpets, reefs and carbonate sand in Safaga Bay (Egypt), and 
Rankey (2002) discussed the fractal nature of facies patches 
on the tidal flats of Andros Island (Bahamas). Strasser and 
Védrine (2009) showed the facies heterogeneities on a shal-
low-water carbonate ramp of the Oxfordian (Late Jurassic) 
of the Swiss Jura Mountains and the facies evolution along 
selected time-lines, underlining that ancient, shallow-water 
carbonate systems are as complex as modern ones. Verwer 
et al. (2009) also noted a patchy distribution for a shoal-
barrier complex in a Lower Jurassic platform in Djebel 
Bou Dahar (High Atlas, Morocco), and observed the higher 
lateral continuity of facies when the relative water depth 
increased during flooding of the platform top.

The studied examples have shown that the complex rela-
tionship of internal and external factors controlling facies 
distribution varies greatly with the nature of the carbon-
ate systems (i.e., carbonate-producing biota). To increase 
our knowledge and understanding of the concept of a facies 
mosaic, therefore, further detailed case studies are required. 
The main purpose of this work is to investigate the lat-
eral continuity and facies variability of the inner areas of 
a shallow carbonate ramp that developed around the Kim-
meridgian–Tithonian transition (Higueruelas Fm, Iberian 
Basin), which reflect a mosaic facies distribution, and to 
decipher the depositional controls. The lateral and verti-
cal distribution of facies are revealed through an extensive 
sedimentological analysis of the outcrops located near the 
Mezalocha locality (northeast Spain). Previous works on 
the Upper Jurassic Higueruelas Fm in northeastern Iberia 
have documented a spatial distribution of facies based on 

the correlation of separate stratigraphic logs (Aurell and 
Meléndez 1986, 1987; Cepriá et al. 2002; Ipas et al. 2004). 
Here, a more detailed scheme of the spatial relationships 
of the facies is presented by means of the exhaustive facies 
mapping and physical tracing of a number of sharp, refer-
ence bedding planes for correlation of the stratigraphic logs. 
The mosaic facies distribution can provide useful tools for 
achieving precise reconstructions of depositional heteroge-
neities in similar settings, and an understanding of the fac-
tors controlling these facies mosaics may be relevant to the 
interpretation of the vertical stacking of facies in high-fre-
quency cycles and the correlation of cycles at larger scales.

Geological setting

During the Late Jurassic, shallow epeiric seas covered wide 
areas of western Europe, and carbonate sedimentation was 
dominant in the platforms facing the Tethys Ocean to the 
east (Dercourt et al. 1993). This was the case with the wide 
carbonate ramp that developed in the Iberian Basin, east 
of the Iberian Massif (Fig. 1a, b; Aurell et al. 1994, 2002; 
Bádenas and Aurell 2001). The sedimentary evolution of this 
carbonate ramp during the Kimmeridgian–Tithonian transi-
tion in this carbonate ramp was characterized by a major 
regression controlled by the tectonic uplift of the Iberian 
Massif combined with a long-term regional fall in sea-level 
(Bádenas and Aurell 2001; Aurell et al. 2003).

In the central Iberian Basin, three third-order deposi-
tional sequences have been recognized for the Kimmeridg-
ian–lower Tithonian sedimentary succession (Kim1, Kim2 
and Ti1 sequences; Bádenas and Aurell 2001; Aurell et al. 
2010). The stratigraphic succession studied in the present 
work belongs to the upper Kimmeridgian–lower Titho-
nian Ti1 sequence and is located in the north-central part 
of the Iberian Basin (Fig. 1b). Here, the Ti1 sequence is 
represented by the shallow-water carbonate deposits of the 
Higueruelas Fm, which records a wide range of grain-sup-
ported textures with variable proportions of skeletal remains 
(e.g., corals, stromatoporoids, foraminifera, molluscs, ser-
pulids, echinoderms) and non-skeletal components (oncoids, 

Fig. 1  a Paleogeography of western Europe during the late Kim-
meridgian (modified from Dercourt et  al. 1993). b Facies distribu-
tion around the Kimmeridgian–Tithonian transition in the northern 
Iberian Basin with the location of Mezalocha and the other logged 
outcrops (from Ipas et  al. 2004). c Vertical facies evolution for the 
Higueruelas Formation in Mezalocha (from Ipas et  al. 2004). The 
upper part corresponds to the succession studied in this work. d Field 
view of the Higueruelas Fm and the underlying Loriguilla Fm. The 
lower boundary of the Higueruelas Fm corresponds to a basin-wide 
discontinuity surface. The dashed red line overlaps the stratigraphic 
section studied here

▸
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ooids, peloids, aggregate grains) (e.g., Aurell and Meléndez 
1986; Ipas et al. 2004).

In the studied outcrops located around Mezalocha, the 
Higueruelas Fm is 40–50 m thick and displays two main 
lithological units (Fig. 1c): (1) a lower unit (~ 26 m thick), 
characterized by very thick beds (1 m to several meters 
thick) of limestone which represent an alternation of oolitic-
peloidal and oncolitic shoal facies, shallow peloidal open-
platform and local peloidal lagoon facies; and (2) an upper 
unit (~ 15 m thick), characterized by dm- to m-thick tabu-
lar limestones, mostly comprising lagoon facies (Ipas et al. 
2004), which constitutes the subject of the present study. 
The lower boundary of the Higueruelas Fm corresponds to 
the regional discontinuity surface that developed on top of 
the well-bedded dm-thick lime mudstones of the Loriguilla 
Fm (Aurell et al. 2010; Fig. 1d). The upper boundary of the 
Higueruelas Fm in the study area is a sharp erosive contact 
with the Neogene continental units of the Ebro Basin (lower 
Miocene tectonosedimentary unit T5; Muñoz et al. 2002).

In the Mezalocha area, the Kimmeridgian–Tithonian 
boundary is assumed to be located in the upper part of the 
Higueruelas Fm (Fig. 1c). Scarce mid-late Kimmeridgian 
ammonites are found in the open-platform facies of the 
underlying Kim2 sequence (i.e., upper Loriguilla Fm) in 
Aguilón and Fuendetodos outcrops (see Fig. 1b for loca-
tion). Significant recorded ammonites are Progeronia brevi-
ceps (Quenstedt) and Aspidoceras longispinum apeninicum 
(Sowerby) in the middle and upper part of the Loriguilla Fm, 
respectively (Bádenas et al. 2003). In addition, the presence 
of Anchispirocyclina lusitanica (Egger) indicates a Titho-
nian age for the overlying terrigenous unit outcropping in 
nearby areas (i.e., Villar del Arzobispo Fm, Aguilón area, 
see Fig. 1b: Ipas et al. 2007; Hernández-Samaniego and 
Ramírez-Merino 2005).

Methodology

The present study focuses on the upper (~ 15 m thick) unit 
of the Higueruelas Fm in the outcrops located around the 
locality of Mezalocha, which represent an area of 1 × 2 km 
in extent (Fig. 2). Here, a low tectonic dip (˂ 20°) and good 
outcrop conditions in small active and inactive quarries 
allow an accurate analysis of the uppermost Kimmeridg-
ian–lower Tithonian inner ramp lagoonal facies. Regarding 
the general paleogeographic reconstruction of the Iberian 
Basin during this time interval (Fig. 1b), the distal facies for 
the studied Mezalocha outcrops are thought to be located to 
the southeast.

Facies analysis was based on a bed-by-bed field descrip-
tion of 14 closely spaced sedimentological logs (M1 to 
M14 in Fig.  2), and this was complemented with the 

petrographic description of rock samples in 111 thin-
sections and 438 polished slabs (two samples/m on aver-
age). Petrographic analysis allowed us to determine the 
semi-quantitative proportion of skeletal and non-skeletal 
components, as well as the texture following the Dunham 
(1962) classification. For the description of non-skeletal 
grains, the proposed nomenclature for oncoids (Dahanay-
ake 1977), ooids (Strasser 1986) and peloids (Flügel 2004) 
was adopted.

The physical tracing of bedding planes was carried out 
in order to decipher their geometry and lateral continuity. 
Facies and subfacies were differentiated in the studied logs 
mainly on the basis of the texture and the relative propor-
tion of the main skeletal and non-skeletal components. 
Identifying the lateral facies changes between logs was 
helped by the recognition of a number of continuous sharp 
bedding planes physically traced along the outcrops, which 
were considered to be isochrones at outcrop-scale. In areas 
without lateral continuity of outcrop, lateral facies correla-
tion was accomplished using the best fit of facies between 
logs based on vertical facies distribution. The sedimen-
tary features of facies and subfacies and their lateral and 
vertical stacking patterns were the key criteria for their 
paleoenvironmental interpretation.

Bedding pattern

The limestones of the upper part of the Higueruelas Fm are 
arranged in tabular beds (0.1–2 m in thickness), with sharp 
to diffuse bedding planes (Figs. 3 and 4). In particular, 
the physical tracing of bedding planes allowed the identi-
fication of 6 sharp bedding planes that are continuous at 
outcrop scale, some of which correspond to Fe-enriched 
surfaces (see 1–6 in Figs. 3a and 4). Locally, cm-thick 
marly beds overlie these sharp surfaces. These sharp bed-
ding planes allowed us to document 7 sedimentary units 
(A–G in Fig. 3a, b), with an average thickness of between 
0.6 and 4 m. Lateral variations in thickness are found 
within the sedimentary units, especially for B (0.6–3 m), 
C (1.2–3.4 m) and D (0.7–4 m). 

Varying numbers of diffuse bedding planes were iden-
tified in the individual logs within the 7 sedimentary 
units. These surfaces cannot be physically traced at out-
crop scale, reflecting the fact that they correspond to dis-
continuous bedding planes. As no evidence of lenticular 
bedding geometries has been observed in the outcrops, 
the proposed correlation of the diffuse bedding surfaces 
(Fig. 3a) suggests an aggradational pattern of these beds 
similar to that of the sedimentary units A–G, instead of a 
lateral pinching out of beds.
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Fig. 2  Location of the studied sections (M1 to M14) across the Mezalocha outcrops, located south of Zaragoza (northeast Spain)
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Fig. 3  a Vertical distribution of facies and bedding surfaces in the 14 
stratigraphic logs (M1 to M14) in the Mezalocha outcrops. The cor-
relation between logs is based on the physical tracing of 6 sharp bed-
ding planes (black lines), which have made it possible to document 7 

sedimentary units (A–G). The proposed correlation of bedding sur-
faces within the sedimentary units is also indicated (dashed lines). 
b Correlation panels showing the lateral and vertical facies changes 
between the 14 stratigraphic logs. c Facies and subfacies relationships
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Facies analysis

On the basis of their components, textures and sedimen-
tary structures, 6 facies and 12 subfacies were distinguished 
across the entire study area (Table 1, Figs. 5, 6, 7). Their ver-
tical and lateral distribution within the 7 sedimentary units 
A–G, is shown in Fig. 3b. Each facies is characterized by a 
suite of dominant carbonate grains, and their corresponding 
subfacies are mainly differentiated according to the texture 
and proportion of dominant grains: (1) peloidal (P) facies 
encompasses grainstone (Pg) and wackestone–packstone 
(Pwp) subfacies; (2) oncolitic (O) facies includes packstone 
(Op) and wackestone (Ow) subfacies; (3) stromatoporoid 
(S) facies comprises packstone (Sp) and wackestone (Sw) 
subfacies; (4) oncolitic-stromatoporoid (OS) facies encom-
passes packstone (OSp) and wackestone (OSw) subfacies; 
(5) fenestral (F) facies includes packstone–grainstone (Fpg) 
and mudstone (Fm) subfacies; and (6) gastropod-oncolitic 
(G) facies comprises grainstone (Gg) and wackestone–pack-
stone (Gwp) subfacies.   

On the basis of their sedimentary features and the lateral 
and vertical facies relationships, each facies and subfacies 
was assigned to a particular subenvironment within the inner 
domains of the studied carbonate ramp: i.e., backshoal/wash-
over, sheltered lagoon, intertidal and local subtidal pond/
restricted lagoon subenvironments.

Backshoal/washover facies

The backshoal/washover deposits are represented by the 
peloidal (P) facies (Fig. 5a–d). This facies is generally 
arranged in dm- to m-thick tabular to irregular beds, with 
parallel and local cm-thick sets of planar cross-lamination, 
local mm- to cm-thick oncolitic, skeletal and oolitic lami-
nae with normal gradation, and common bioturbation. It 
is characterized by an abundance of irregular and poorly 
sorted lithic peloids, and variable proportions of oncoids, 
ooids and skeletal grains (Table 1). The peloidal Pg subfa-
cies (Fig. 5b–d) contains a higher proportion of ooids (type 
1 and 1/3 ooids) compared with the peloidal Pwp subfacies 
(Fig. 5a), which has more abundant type I and II oncoids 
(Fig. 7a). The main skeletal components are bivalves, echi-
noderms, brachiopods, Tubiphytes, dasycladacean algae, 
gastropods and foraminifera (lituolids, textulariids and 
miliolids).

This facies changes laterally and vertically into almost 
all facies and subfacies (see Fig. 3b, c). The lateral and 
vertical relationships of the P facies, the grain-supported 
texture, the mixture of different types of high-energy non-
skeletal grain (lithic peloids, type 1 and 1/3 ooids and type 
I and II oncoids; e.g., Flügel 2004; Strasser 1986; Daha-
nayake 1977), and the presence of parallel- and planar 

cross-lamination, and cm-thick accumulations of ooids, 
oncoids and bioclasts, indicate that the P facies corresponds 
to resedimented sediments (washover) as well as backshoal 
sediments of distal oolitic-peloidal and oncolitic banks or 
shoals. These shoal facies are not registered in the studied 
upper unit of the Higueruelas Fm, but they have been docu-
mented by Aurell and Meléndez (1986) and Ipas et al. (2004) 
in the lower part of the underlying unit in the Mezalocha 
outcrops (see Fig. 1c). The variation in texture and propor-
tion of dominant carbonate grains between the Pg and Pwp 
subfacies is thought to be due to different high-energy con-
ditions and the influence of the distal banks or shoals. The 
grainstone texture and the predominance of lithic peloids 
and type 1 and 1/3 ooids in the Pg subfacies reflect high-
energy conditions (e.g., Flügel 2004; Strasser 1986), i.e., 
backshoal areas close to the distal oolitic-peloidal shoals or 
washover deposits. By contrast, the presence of carbonate 
mud and the predominance of oncoids in the Pwp subfacies 
indicate deposition in lower-energy conditions, probably in 
backshoal areas of oncolitic-dominated shoals closer to the 
lagoon. Common bioturbation, the presence of aggregate 
grains and the micritization of skeletal and non-skeletal 
components reflect stabilization in the backshoal environ-
ment (Table 1; e.g., Bádenas and Aurell 2010).

Sheltered lagoon facies

The sheltered lagoon subenvironment includes the oncolitic 
(O), stromatoporoid (S) and oncolitic-stromatoporoid (OS) 
facies that are complexly laterally and vertically related 
(Fig. 3b, c), although the lateral relationships of the grain-
supported subfacies (Op–OSp–Sp) and muddy subfa-
cies (Ow–OSw–Sw) dominate. These facies are generally 
arranged in dm- to m-thick beds and usually show bioturba-
tion (Table 1).

Oncolitic (O) facies

This is characterized by an abundance of type III oncoids 
(Figs. 5e, f and 7b), which display bioclastic cores and thick 
crusts mainly composed of an alternation of organism-bear-
ing encrustations (e.g., Bacinella irregularis, Lithocodium 
aggregatum, Cayeuxia-Ortonella, Girvanella, Thaumato-
porella parvovesiculifera) and micritic laminae. The oncoids 
are surrounded by a fine-grain-sized fraction composed 
mainly of lithic peloids. The Op and Ow subfacies are dif-
ferentiated on the basis of the texture and on the presence of 
type 1 and 1/3 ooids in the oncolitic packstone (Op) subfa-
cies (Fig. 5e, f). The skeletal content is low but includes a 
high diversity of bioclasts, mainly foraminifera, bivalves, 
echinoderms and brachiopods, which are commonly mic-
ritized (Table 1).
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Fig. 4  Field view of sharp bedding planes (numbers in circles) rec-
ognized in the stratigraphic sections M1 and M10. These bedding 
planes can be traced across the entire study area. Notice the irregular 

aspect of stromatoporoid and oncolitic-stromatoporoid facies, versus 
the tabular aspect of oncolitic facies
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The predominance of large and irregular type III oncoids, 
bioturbation and the variety of skeletal components reflect 
deposition in non-restricted shallow waters in generally calm 
conditions with intermittent high-energy conditions. Dur-
ing long periods under calm conditions, oncolitic bacterial 
growth (i.e., Bacinella, Lithocodium, Cayeuxia-Ortonella, 
Girvanella, Thaumatoporella) and micritization of skel-
etal grains is favored. Short high-energy periods favor the 
generation of micritic laminae in the oncoids (Dahanayake 
1977). The presence of type 1 and 1/3 ooids in the Op subfa-
cies and type I and II oncoids is due to the variable input of 
resedimented grains from the laterally related facies, mainly 
from the backshoal/washover peloidal (P) facies (Fig. 3b, c).

Stromatoporoid (S) facies

The stromatoporoid (S) facies is generally arranged in dm- to 
m-thick, irregular and tabular beds, and is characterized by 
an abundance of broken and in situ stromatoporoids (com-
monly Cladocoropsis), along with cm-size fragments of cor-
als and chaetetids. Tubiphytes-Crescentiella encrustations 
are common on stromatoporoids (Figs. 5g, h and 7d). The 
fine-grain-sized fraction is composed of peloids (micro-
bial and lithic peloids) and small skeletal grains, mainly 
of bivalves, brachiopods, echinoderms, foraminifera and 
dasycladacean algae (Table 1). Type I and II oncoids and 
type 1 and 1/3 ooids are also recognized in low proportions. 
The stromatoporoid packstone (Sp) and wackestone (Sw) 
subfacies are differentiated on the basis of the texture and 
the presence of in situ stromatoporoids in Sw (Fig. 5g). Bio-
turbation and mm-thick bioclastic accumulations are more 
common in Sp.

The stromatoporoid facies forms patches, locally more 
than 500  m in lateral extent and commonly related to 
oncolitic-stromatoporoid (OS) facies (Fig. 3b). The usual 
presence of Cladocoropsis in lagoonal facies has been high-
lighted by previous authors (e.g., Flügel 1974; Turnsek et al. 
1981; Leinfelder et al. 2005; Aurell et al. 2012). Microbial 
peloids suggest high microbial activity, especially in Sw 
subfacies, related to lower-energy areas within the lagoon. 
The relatively low abundance of corals compared to stro-
matoporoids in the S facies seems to be related to the hydro-
dynamic conditions within the depositional environment; 
Cladocoropsis meadows and other stromatoporoids can be 
widespread in lagoonal areas as they are adapted to over-
heated waters, strong abrasion and probably oligotrophic 
conditions (Leinfelder et al. 2005). The presence of algae 
(dasycladacean, Cayeuxia-Ortonella, Thaumatoporella) 
indicates well-oxygenated, normal marine waters. Vari-
able proportions of lithic peloids, gastropods, type I and II 
oncoids and type 1 and 1/3 ooids show the influence of the 
laterally related oncolitic-stromatoporoid (OS) and peloidal 
(P) facies (Fig. 3b, c).Ta
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Oncolitic‑stromatoporoid (OS) facies

The oncolitic-stromatoporoid (OS) facies is an intermediate 
facies of O and S facies, characterized as it is by a similar 

proportion of oncoids (types I, II and III) and stromatoporoid 
and coral fragments (Fig. 6a, b). The fine-grain-sized frac-
tion is mainly composed of peloids (lithic and microbial 
peloids) and small skeletal grains, mainly comprising debris 
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from Tubiphytes-Crescentiella, foraminifera, bivalves, gas-
tropods, echinoderms and brachiopods (Table 1). The OSw 
and OSp subfacies are differentiated on the basis of tex-
ture and a higher proportion of type 1 and 1/3 ooids in OSp 
(Fig. 6b). Bioturbation and mm- to cm-thick accumulations 
of coarse grains are also more common in this subfacies. By 
contrast, oncoids and stromatoporoid and coral fragments 
are more abundant in OSw subfacies.

The OS facies represents a transition between the 
oncolitic (O) and stromatoporoid (S) facies, with which it 
is complexly related (e.g., unit D in Fig. 3b; see the com-
plex O–OS–S facies relationship in Fig. 3c). These facies 
relationships reflect the fact that the OS facies are lagoonal 
sediments surrounding the stromatoporoid patches (S facies; 
e.g., unit D in Fig. 3b). The higher proportion of type 1 and 
1/3 ooids and mm- to cm-thick laminae in the OSp subfacies 
reflects the greater influence of resedimented grains from 
backshoal areas (P facies) compared to OSw. The higher 
proportion of oncoids and stromatoporoid and coral frag-
ments in the OSw subfacies indicates lower energy-condi-
tions and the greater influence of the other muddy lagoonal 
subfacies (Ow and Sw).

Intertidal facies

The intertidal facies is represented by the fenestral (F) facies 
(Fig. 6c–e). This facies is generally arranged in dm-thick 
tabular to irregular beds, and is characterized by the presence 
of fenestral pores and lithic peloids, and in lower proportions 
ooids, oncoids and skeletal grains, mainly of foraminifera, 
bivalves and Tubiphytes-Crescentiella (Table 1). The pack-
stone–grainstone (Fpg) subfacies contains a higher propor-
tion of peloids, type 1 and 1/3 ooids, type II oncoids and bio-
clasts compared with the mudstone (Fm) subfacies (Fig. 6c, 
d). Girvanella and Bacinella growths (Fig. 6e) forming mm- 
to cm-sized lamina packages, parallel fenestral laminites and 
dome-like stromatolitic crusts are also common.

This facies represents both the subaerial exposure of 
mud-supported and grain-supported lagoonal and washover 
sediments (Op, OSp, OSw and Sp subfacies), as indicated 
by the presence of fenestral porosity and its patchy distri-
bution (200 m to more than 600 m in lateral extent), and a 
wider intertidal belt laterally related with muddy and grainy 
lagoonal sediments (Fig. 3b, c). The fenestral pores may be 
caused by the entrapment of air bubbles in the sediment by 
turbulent flows related to waves, algal activity or the drying 
and rapid precipitation of cements (e.g., Shinn 1968; Flügel 
2004). The presence of Girvanella and Bacinella growths 
and dome-like stromatolitic crusts indicates microbial activ-
ity. Textural differences between the Fpg and Fm subfacies 
are due to the different facies being subjected to subaerial 
exposure (i.e., F patches) and the variable water energy and 
to the influence of sediment which is resedimented from 
surrounding areas (i.e., F intertidal belt).

Ponds in the intertidal area or restricted lagoon 
facies

This subenvironment is represented by the gastropod-
oncolitic (G) facies (Fig. 6f–h). This facies is generally 
arranged in cm- to dm-thick tabular beds, and has locally 
intercalated marl. It is characterized by a predominance of 
broken and whole gastropods and type I, II and IVS oncoids 
(Fig. 7c), with variable proportions of lithic peloids, type 
1 and 1/3 ooids and small, commonly micritized skeletal 
grains, mainly of bivalves and foraminifera (Table 1). The 
gastropod-oncolitic Gwp subfacies has a higher propor-
tion of lituolids (Fig. 6f), whereas ooids and skeletal grains 
in cm-thick laminae are more abundant in the gastropod-
oncolitic Gg subfacies. The gastropod-oncolitic G facies is 
related laterally with the peloidal (P) facies and with the 
fenestral (F) facies (G–F relationship in Fig. 3c). In particu-
lar, Gg–Fpg and Gwp–Fm lateral relationships are observed.

The remarkable predominance of gastropods, intercala-
tions of marl and lateral associations with the fenestral facies 
indicate that the G facies probably corresponds to restricted 
ponds within the intertidal belt or to a restricted lagoon 
facies. Although there is not a good control of the lateral 
extent of this facies (see unit G in Fig. 3b), its relationship 
with the backshoal/washover P facies and with the intertidal 
F facies supports both interpretations. Textural differences 
and varying proportions of skeletal and non-skeletal grains 
between the Gg and Gwp subfacies are due to the influ-
ence of the surrounding sediment from the grain-supported 
and mud-supported fenestral facies and peloidal facies with 
which it is laterally related. Components accumulated in cm-
thick laminae reflect grains resedimented during high-energy 
events, probably storms. Locally intercalated marl indicates 
periods of higher detrital input, when carbonate production 
is reduced or diluted.

Fig. 5  a–d Peloidal facies (backshoal subenvironment). a Peloidal 
wackestone-packstone subfacies showing poorly sorted lithic peloids, 
some bioclasts and type II oncoids, with bioclastic core (Cayeuxia-
Ortonella, dashed arrow) and micritic and grumose laminae (white 
arrow) displaying sparitic patches of Bacinella–Lithocodium. b–d 
Proximal backshoal subfacies composed of well-sorted (b) to poorly 
sorted (c) lithic peloids, type 1 and 1/3 ooids (white arrows in d) and 
compound and aggregate grains (dashed arrow in d). e, f Oncolitic 
wackestone (e) and packstone (f) subfacies (lagoon subenvironment), 
with type III oncoids showing thick crusts with micritic and sparitic 
laminae of Bacinella and Girvanella (white arrow in e), lithic peloids 
and type II oncoids (white arrow in f). Oncoids display bioclastic 
cores (gastropod for the type III oncoid in e, dashed arrow; echino-
derm for the type II oncoids in f, dashed arrow). g, h Stromatoporoid 
wackestone (g) and packstone (h) subfacies (lagoon subenvironment), 
showing fragments of Cladocoropsis, poorly sorted peloids, micro-
bial peloids and micritized bioclasts

◂
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Fig. 6  a, b Oncolitic-stromatoporoid wackestone (a) and packstone 
(b) subfacies (sheltered lagoon subenvironment); the arrows indi-
cate type II oncoids with bioclastic cores (corals) and thin crusts with 
grumose laminae. c, d Fenestral pores (intertidal subenvironment) in 
peloidal mudstone (c) and packstone-grainstone (d) layers. Note the 
dome-like stromatolitic structure formed by the fenestral porosity 
in d. e Bacinella growth in fenestral facies. f–h Gastropod-oncolitic 

facies (pond/restricted lagoon subenvironment). Lituolids are com-
mon in gastropod-oncolitic wackestone–packstone subfacies (white 
arrow in f), and components are usually micritized (g); h Well-sorted 
peloids, micritized bioclasts and ooids and type II oncoids in gastro-
pod-oncolitic grainstone subfacies, with mainly gastropods as bio-
clastic cores (white arrow)
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Facies mosaic and sedimentary evolution

The sedimentary model for the uppermost Kimmeridg-
ian–lower Tithonian platform in the Mezalocha outcrops 
reflects a facies mosaic instead of continuous parallel–sub-
parallel facies belts (Fig. 8a), as revealed by the detailed 
facies mapping following the 7 sedimentary units (A–G in 
Figs. 3 and 8b). The detailed facies maps in Fig. 8b also 
include the isopach lines for the successive sedimentary 
units (without decompaction, as W–P textures mostly domi-
nate) to unravel the possible relationships of facies and vari-
ations in thickness.

At a long-term scale, the studied upper succession of the 
Higueruelas Fm reflects a shallowing-upward trend, from 
backshoal/washover and sheltered lagoon to intertidal and 
pond/restricted lagoon subenvironments. Units A and B 
show that the sheltered lagoon developed to the northwest, 
with a predominance of oncolitic O facies, with Ow subfa-
cies located in the more internal and protected areas of the 
lagoon. The backshoal/washover P facies is located to the 
southeast and locally includes small patches of stromato-
poroid S (around 300 m in extent) and oncolitic-stromato-
poroid OS facies. This facies distribution is consistent with 
the general paleogeographic reconstruction indicating the 

distal facies located to the southeast (see Fig. 1b). In units 
C to E, the oncolitic O facies is considerably reduced, and 
stromatoporoid S facies patches dominate. These patches 
are more than 500 m in lateral extent and grade laterally 
mainly to oncolitic-stromatoporoid OS facies. In addition, 
the backshoal/washover facies is minor in extent compared 
with the initial units, and patches of the fenestral F facies 
developed mainly related to backshoal/washover peloidal 
(P) deposits and the OS facies (200 m to more than 500 m 
in lateral extent). In units F and G, there is a widespread 
development of the intertidal subenvironment represented by 
the fenestral facies, laterally associated with the backshoal/
washover facies and local patches of pond/restricted lagoon 
gastropod-oncolitic G facies, thus representing the final shal-
lowing episode in the studied area. As regards variations in 
thickness, there is a progressive increase in thickness from 
the backshoal/washover environment to the sheltered lagoon 
facies (e.g., 1–3 m, respectively, in units C to D). The aver-
age thickness is reduced and more homogeneous in the latest 
units dominated by the intertidal F facies (around 2 m in 
units E and F).

In summary, the backshoal/washover facies is present 
in all the sedimentary episodes, and changes laterally to 
almost all facies, since it is the result of the resedimentation 

Fig. 7  a–c Polished slabs showing the different types of oncoids 
which characterize these facies. Type I and II oncoids (dashed and 
white arrows in a, respectively) are common in peloidal, oncolitic-
stromatoporoid and gastropod-oncolitic facies. Type III oncoids are 
characteristic of oncolitic facies, and also appear in oncolitic-stro-

matoporoid facies (b). Type IVS oncoids (white arrow in c) appear 
especially in gastropod-oncolitic W–P subfacies, and also in peloidal 
W–P subfacies. d Cladocoropsis-type stromatoporoid in stromato-
poroid facies (dashed arrow). Tubiphytes-Crescentiella encrustations 
(black arrow) usually grow around stromatoporoids. Scale bar is 1 cm
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of oolitic, peloidal and oncolitic shoals. Within the lagoon 
area, which records the highest sedimentary thickness, there 
is a predominance of oncolitic (type III oncoids) facies in the 
units A and B, but of stromatoporoid and oncolitic-stromato-
poroid facies in units C to E. Fenestral facies evolve from 
local patches in units C to E, to a wide intertidal belt in units 
F and G, with local development of ponds in the intertidal 
area or restricted lagoon. The spatial relationships of the 
facies across successive evolutionary units reflect a facies 
mosaic. In particular, stromatoporoid (S) and fenestral (F) 
facies clearly show a patchy distribution, with facies patches 
locally more than 500 m in lateral extent.

Discussion

Factors controlling the mosaic distribution

A combination of several internal and external factors con-
trolled the facies heterogeneity in the studied inner ramp 
facies, including the long-term regional fall in sea-level, 
along with the irregular bottom topography, substrate sta-
bility and variable water energy. As regards the internal 
dynamics of the platform, one of the key factors increas-
ing the variability and extent of facies is the presence of an 
irregular topography (Kerans and Tinker 1997; Della Porta 
et al. 2002; Hillgärtner 2006). Oolitic, peloidal and oncolitic 
shoals seaward of the lagoon acted as barriers for water 
energy, and controlled the occurrence of more protected 
areas, where low-energy conditions favored the development 
of oncolitic, stromatoporoid and oncolitic-stromatoporoid 
facies. The irregular topography is also determined by the 
input of resedimented material from the outer banks or 
shoals: storm-induced flows lead to abrupt changes in facies 
distribution by redistributing sediment in large quantities 
(i.e., washover deposits, see Fig. 8a) and by creating barriers 
between depositional subenvironments (Strasser and Védrine 
2009), thus controlling the spatial and lateral extent of the 
lagoon facies. Within the sheltered lagoon, the patchy distri-
bution of stromatoporoid facies reflects areas of preferential 
growth for stromatoporoids that were probably related with 
local hard substrates and areas with higher-energy hydrody-
namic conditions that occurred in corridors created between 
the peloidal washovers (e.g., unit D in Fig. 8b). The greater 
thickness of the lagoon facies compared to the backshoal/
washover peloidal facies (e.g., sedimentary units B to D in 

Fig. 8b) can be interpreted as a combination of the vari-
able depositional depth or topography (i.e., relatively deeper 
lagoon areas) and differences in carbonate accumulation, 
which was potentially higher in the lagoon than in the back-
shoal area subjected to erosion by high-energy events. Small 
changes in depositional depth after the deposition of washo-
ver deposits would control the generation of fenestral facies 
patches in sedimentary units C to E (see Fig. 8).

External factors also contribute to facies evolution and 
their heterogeneity. Fluctuations in climate and regional 
sea-level become important factors that lead to changes in 
the composition and distribution of the depositional suben-
vironments, generated by variations in water energy, water 
temperature, transparency, nutrient availability and sediment 
input, which control the ecology of carbonate-producing 
organisms (e.g., Védrine et al. 2007; Strasser and Védrine 
2009). Most of the skeletal content that characterizes the 
studied facies (e.g., dasycladacean algae, bivalves, brachi-
opods, echinoderms), as well as the types of oncoids and 
ooids, indicate normal salinity, oligotrophic conditions and 
good water transparency (e.g., Strasser 1984; Flügel 2004). 
In this respect, the low siliciclastic input (and reduced nutri-
ent input) contributed to the extensive generation of type III 
oncoids, characterized by light-dependence and oligotrophic 
micro-encrusters (e.g., Leinfelder et al. 1993; Dupraz and 
Strasser 1999). Stromatoporoid facies, arranged in patches 
in the lagoon, also indicates good water transparency and 
oligotrophic conditions (Bádenas et al. 2010), but also a 
higher tolerance to water energy, salinity and water tem-
perature (Leinfelder et al. 2005). However, in the case under 
study it is unlikely that variations in salinity and/or water 
temperature determined the widespread development of the 
stromatoporoid and oncolitic-stromatoporoid facies within 
the lagoon, since most of the defined facies include a simi-
lar bioclastic (normal marine) association (Table 1). Thus, 
the change from predominantly oncoid generation (units A 
and B) to a widespread development of stromatoporoid and 
oncolitic-stromatoporoid facies in units C to E (Fig. 8b) was 
related to higher-energy conditions driven by the long-term 
regional fall in sea-level, combined with the presence of 
encrusted surfaces and high-energy narrow corridors, rather 
than to changes in the paleoenvironmental conditions due to 
the climate.

Implications of a facies mosaic in cyclostratigraphic 
analysis

The stacking pattern of facies and their related deposi-
tional subenvironments are usually taken into account in 
cyclostratigraphy in order to define meter-scale high-fre-
quency cycles. However, for shallow-marine carbonates, 
the intrinsic processes (depositional topography, hydrody-
namic conditions, carbonate production and accumulation) 

Fig. 8  a Sedimentary model showing the facies distribution of the 
carbonate ramp in the Mezalocha outcrops around the Kimmeridg-
ian–Tithonian transition. b Successive facies maps reconstructed 
for the 7 sedimentary units identified within the studied succession. 
Isopach lines (1–3) for each sedimentary unit are also included except 
for sedimentary units A and G (no control of thickness)
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variably interfere with the signal produced by external driv-
ing mechanisms (e.g., relative sea-level variations control-
ling accommodation, climate), thus reducing the potential 
for facies pattern predictability. Hence, vertical facies trend 
analysis may sometimes not be a reliable method of delimit-
ing and correlating high-frequency cycles in shallow-marine 
stratigraphic successions, since different facies stacking pat-
terns may be present within a cycle depending on the area 
of deposition (e.g., Verwer et al. 2009; Bádenas et al. 2010).

The identification and physical tracing of sharp bedding 
planes may serve as a useful tool for delimiting high-fre-
quency cycles, since such bedding planes may represent sed-
imentary surfaces with no sedimentation or erosion linked to 
external driving mechanisms (i.e., potential cycle bounda-
ries). For the studied sections in the Mezalocha outcrops, 
sharp bedding (isochronous) surfaces 1–6 would represent 
the cycle boundaries of the hypothetical elementary cycles 
A to G that developed within the long-term regional-scale 
shallowing-upward sequence defined for the Higueruelas 
Fm (Ipas et al. 2004). The usual Fe-enrichment on these 
surfaces and the presence of local overlying cm-thick marly 
beds support an interpretation of them as representing sedi-
mentary surfaces with no sedimentation or erosion (Christ 
et al. 2012). Examples of the hypothetical cycles A to G in 
selected stratigraphic logs are shown in Fig. 9. It is notewor-
thy that the same high-frequency cycle can show variable 
thickness and vertical facies trends in areas very close to one 
another, i.e., cycles B and C are aggradational or shallowing-
upward depending on the log, and cycle D is aggradational 
in all the selected logs, except deepening-upward in log M5.

This lateral variability can be regarded as a consequence 
of the spatial complexity of the inner ramp environment, 
where internal factors interfere greatly with the more 
ordered signal of possible high-frequency sea-level cycles. 
Considering that there was no significant lateral variation in 
subsidence during deposition, the generally greater thickness 
of the sheltered lagoon facies within the hypothetical high-
frequency cycles compared to the backshoal/washover peloi-
dal facies (Fig. 8) can be interpreted as a combination of the 
variable depositional depth or topography (i.e., relatively 
deeper lagoon areas) with differences in carbonate accumu-
lation, which is potentially higher in the lagoon compared 
to the backshoal area subjected to erosion by high-energy 
events. Another example of an internal factor is provided by 
event beds (peloidal washovers sharply intercalated within 
lagoon facies: e.g., sedimentary units C and D in Fig. 8b), 

which could create small elevated areas in the lagoon where 
discrete intertidal patches were generated, leaving corridors 
where relatively higher hydrodynamic conditions allowed 
the stromatoporoid patches to proliferate. Erosion due to a 
fall in base level linked to the high-frequency fall in sea-
level, combined with sedimentary condensation at the initial 
stages of the rise in sea-level of the following cycle, would 
generate the sharp bedding surfaces bounding the high-fre-
quency cycles.

Therefore, for larger-scale correlations of separated logs, 
recognition of these sharp bedding planes may serve as a 
useful tool for differentiating and correlating cycle bounda-
ries. In this regard, correlation becomes easier for lower-fre-
quency cycles, when additional tools for the identification of 
the same cycle can be used, such as a general vertical facies 
trend and the recognition of stratal patterns (e.g., strata-
thickening upward, strata-thinning or any particular stratal 
trend). At the level of the high-frequency sequences, cor-
relation is sometimes difficult because their vertical facies 
stacking does not always display unequivocal deepening-
shallowing or opening-closing trends, as seen for the sec-
tions studied in the Mezalocha outcrops, since autocyclic 
processes partly control facies evolution (Strasser 1991). 
Thus, if high-frequency cycles are to be used as a tool for 
cyclostratigraphic correlation, this should be preceded by 
a detailed analysis of the facies architecture of the cycles 
in selected continuous outcrops (e.g., Bádenas et al. 2010; 
Amour et al. 2011).

Comparisons with other similar environments

The spatial complexity of inner ramp facies has been deci-
phered for the uppermost Kimmeridgian–lower Tithonian 
Higueruelas Fm. The general paleogeographic distribution 
of facies, with the open-marine areas to the southeast, is 
coherent with the basin-wide paleogeographic reconstruc-
tions for Kimmeridgian–Tithonian times in northeastern 
Iberia (Aurell et al. 1994; Bádenas and Aurell 2001; see 
Fig. 1b). Some of these shallow carbonate facies have also 
been documented in other Upper Jurassic ramps of the Ibe-
rian Basin, showing similar spatial complexity of facies, 
especially for stromatoporoid facies. San Miguel et al. 
(2017) recognized levels with stromatoporoid boulders in 
the more proximal domain of the upper Kimmeridgian car-
bonate ramp in the Jabaloyas area of northeastern Spain, 
where higher-energy events (i.e., episodic storms) resulted 
in the accumulation of stromatoporoid boulder carpets 
along a paleoshoreline (lateral extent in the dip direction 
of the stromatoporoid-bearing layers of 2 km). Pomar et al. 
(2015) documented the facies architecture and bedding 
patterns of the lower Kimmeridgian Pozuel Formation in 
the Moscardón and Frías de Albarracín outcrops, where 
landward of a high-energy cross-bedded oolitic facies belt, 

Fig. 9  Correlation of the hypothetical high-frequency cycles (A–G) 
recognized in M1–M5–M9 and M7–M10–M13 transects, defined by 
the presence of sharp bedding planes, and the vertical evolution of the 
subenvironments. Notice that the vertical facies evolution in a single 
high-frequency cycle may show significant variation from one log to 
another
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corals and stromatoporoids formed small patches, with 
microbial-dominated mounds with abundant Tubiphytes-
Crescentiella in the innermost parts. These mounds are 
a few meters thick and are amalgamated, forming dip-
oriented ribbons of mounds surrounded by bioclastic and 
intraclastic sediment controlled by up- and down-currents. 
Patches of stromatoporoids, with a lateral extent of more 
than 500 m, have been recognized in the studied Mezalo-
cha outcrops, in corridors within the lagoon, where the 
currents would have probably been constrained (e.g., sedi-
mentary unit D in Fig. 8b).

For subtidal carbonate environments in other Jurassic 
outcrops outside the Iberian Basin, remarkable similari-
ties can also be found between some facies observed in the 
upper part of the Higueruelas Fm and some defined for the 
upper Kimmeridgian carbonate ramp deposits of the Arab-D 
Formation (Persian Gulf, Saudi Arabia; Ayoub and En Nadi 
2000; Al-Saad and Ibrahim 2005), which represents the larg-
est oil reservoir in the world (Al-Awwad and Collins 2013). 
The Arab-D carbonates consist mainly of well-sorted oolitic 
packstone–grainstone, deposited in active shoals and stro-
matoporoid-dominated patch reefs in the foreshoal environ-
ment (Grötsch et al. 2003). However, a significant difference 
from the studied strata around Mezalocha is the presence of 
large-scale stromatoporoid reefs, arranged as belts instead of 
patches. Lehmann et al. (2010) recognized meter-thick stro-
matoporoid buildups from middle to outer ramp areas of the 
Upper Jurassic carbonate platform in offshore Abu Dhabi 
(eastern Saudi Arabia), more than 3 km in lateral extent. For 
the inner to outer carbonate ramp of onshore Abu Dhabi, sedi-
mentological analysis indicates that stromatoporoid fragments 
are a key component in the lagoon, but no bioconstructions 
are recognized (Marchionda et al. 2018). The quality of this 
reservoir is due to the interparticle porosity in peloidal and 
oolitic grainstone and the great porosity resulting from the dis-
solution of stromatoporoid bioclasts. Consequently, for hydro-
carbon prospecting campaigns, it is important to take into 
account the variable lateral extent of stromatoporoid facies in 
accordance with the characteristics of subtidal environments.

Other examples where the complexity and spatial limitations 
of stromatoporoid-dominated deposits are also revealed occur 
in Paleozoic carbonate platforms. Sandström and Kershaw 
(2002) documented decimeter- to meter-scale stromatoporoid-
dominated biostromes in the inner areas of a rimmed carbon-
ate platform of the Ludlow-age Hemse Group (Silurian) in the 
eastern Gotland (Sweden), which represent one of the world’s 
richest Paleozoic stromatoporoid deposits. The lateral extent 
of these biostromes varies from a few tens of meters to more 
than 1 km. Smaller bioconstructions are found in the lagoonal 
deposits of a mixed carbonate–siliciclastic ramp in the upper 
Devonian Alexandra Reef System (Canada; MacNeil and Jones 
2016), where clearly defined meter-scale stromatoporoid bio-
herms measuring 10 to 30 m in lateral extent are recognized.

Conclusions

In order to establish correlations of facies and sedimen-
tary cycles at the kilometer scale, detailed facies analysis 
is required to decipher whether shallow-water carbonate 
deposits correspond to facies belts or facies mosaics. In this 
work, the spatial relationship and lateral continuity of the 
facies ascertained for the uppermost Kimmeridgian–lower 
Tithonian inner carbonate ramp deposits of the Mezalocha 
outcrops (NE Spain) reflect a facies mosaic, instead of con-
tinuous parallel–subparallel facies belts.

Sedimentological analysis and detailed facies mapping 
of these inner carbonate ramp deposits resulted in the defi-
nition of 6 facies and 12 subfacies, which record the tran-
sition from backshoal/washover and sheltered lagoon to 
intertidal and pond/restricted lagoon subenvironments. The 
backshoal/washover deposits are characterized by peloidal 
(wackestone–packstone and grainstone) facies, with lithic 
peloids and variable proportions of ooids and oncoids resed-
imented from oolitic-peloidal and oncolitic shoals. The shel-
tered lagoon deposits include oncolitic, stromatoporoid and 
oncolitic-stromatoporoid (wackestone and packstone) facies. 
The oncolitic facies is dominated by type III oncoids, formed 
predominantly during low-energy periods (microbial lami-
nae) alternating with short high-energy episodes (micritic 
laminae). The stromatoporoid facies presents variable pro-
portions of both in situ and reworked stromatoporoids, with 
the common presence of corals and chaetetids. This facies 
occurs in different positions within the lagoon, and grades 
laterally to oncolitic-stromatoporoid facies, characterized by 
type I, II and III oncoids and fragments of stromatoporo-
ids. The intertidal subenvironment is represented by mud-
stone and packstone–grainstone with fenestral facies. The 
gastropod-oncolitic wackestone–packstone and grainstone 
facies, intercalated with marl, may represent local ponds in 
the intertidal area or a restricted lagoon.

The studied succession reflects a general shallowing-
upward trend. Seven sedimentary units, reflecting signifi-
cant changes in facies, were recognized: from dominant 
oncolitic facies in the initial units A and B; stromatoporoid 
and oncolitic-stromatoporoid facies in units C to E; and 
intertidal and pond/restricted lagoon subenvironments in 
units F and G. The backshoal/washover facies is present 
in all the sedimentary units. The spatial distribution of 
facies indicates a facies mosaic instead of continuous paral-
lel–subparallel facies belts. In particular, stromatoporoid and 
fenestral facies show a patchy distribution, facies patches 
being locally more than 500 m in lateral extent. This patchy 
distribution was controlled by internal and external factors. 
Sheltered lagoon facies developed in the protected area of 
external oolitic-peloidal and oncolitic shoals or banks, where 
the extensive generation of type III oncoids, characterized 
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by light-dependence and oligotrophic micro-encrusters, 
was favored by the low siliciclastic input. The development 
of stromatoporoid-bearing patchy facies was controlled by 
higher-energy conditions related to the long-term regional 
fall in sea-level, combined with the presence of high-energy 
narrow corridors and local hard substrates. Storm action led 
to the deposition of backshoal and washover sediments that 
were locally exposed to form patches of fenestral facies.

The mosaic facies distribution ascertained in this work 
can provide useful tools for achieving reconstructions of 
depositional heterogeneities in similar settings, and an 
understanding of the factors controlling these facies mosaics 
may be relevant for the interpretation of the vertical stacking 
of facies in high-frequency cycles and for correlations of 
cycles at larger scales.
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A B S T R A C T

The facies evolution of a Late Jurassic (latest Kimmeridgian) shallow carbonate ramp was reconstructed after the
analysis and correlation of 21 logs in a 20× 30 km outcrop area located south of Zaragoza (northeast Spain).
The studied succession belongs to the Higueruelas Formation, which is of potential use as an analogue for
understanding facies heterogeneities in certain hydrocarbon carbonate reservoirs (e.g. the Arab Formation,
Persian Gulf). The studied succession is arranged in nine sedimentary units bounded by discontinuity surfaces
that can be traced over kilometres. Facies analysis permitted the reconstruction of two sedimentary models
showing the transition from inner ramp subenvironments (i.e. intertidal, lagoon, backshoal/washover, shoal-
sand blanket) to the mid-ramp foreshoal and offshore domains: an oncolitic-peloidal-oolitic and an oolitic-pe-
loidal-dominated ramp. The oncolitic-peloidal-oolitic-dominated ramp is characterized by peloidal-oolitic and
oncolitic-dominated shoal-sand blankets that developed in higher-energy inner areas, protecting peloidal-oolitic
backshoal and oncolitic lagoon domains including a mosaic of stromatoporoid carpets. Peloidal facies with
fenestral porosity accumulated in an intertidal belt or as patches on top of the shoal-sand blankets and washover
deposits. Offshore from the shoal-sand blankets, chaetetid/stromatoporoid/coral-rich buildups grew on the more
proximal mid-ramp, surrounded by peloidal and peloidal-bioclastic grain- to mud-supported facies. An oolitic-
peloidal-dominated ramp developed in a second stage of the evolution of the platform, characterized by the
presence of a wide restricted peloidal-bioclastic-oolitic lagoon on the inner ramp grading into a backshoal area
dominated by storm-related intraclastic-peloidal deposits. Stromatoporoid carpets disappeared and oncolitic-
dominated deposits were constrained to the foreshoal and backshoal domains, and locally to local ponds that
developed in the intertidal belt or the restricted lagoon. Internal and external factors controlling facies het-
erogeneity and the sedimentary evolution of the carbonate ramp include resedimentation, topographic relief,
and long- to short-term sea-level fluctuations.

1. Introduction

Reconstruction of facies heterogeneities on epeiric shallow carbo-
nate ramps is difficult due to the absence of recent analogues as well as
to the complexity of the interacting factors that controlled the facies
distribution and sedimentary evolution (e.g. Burchette and Wright,
1992; Bádenas and Aurell, 2010; Pomar, 2018). A particular point of
interest in studying ancient epeiric shallow carbonate ramps is the
definition of the lateral and vertical extent of carbonate bodies. A sig-
nificant difference between epeiric ramps and rimmed platforms is the
wide lateral extension of the facies belts, and in particular of carbonate
sand bodies, in the former (Burchette and Wright, 1992). Rimmed
platforms are limited in their progradation by the bordering deep

ocean, whereas in ramps the potential for progradation of the carbonate
sand shoals over the low-angle depositional slope results in much
greater extension and potential for preservation of grain-supported fa-
cies (Droste, 2006; Bádenas and Aurell, 2010). A knowledge of the
geometry and lateral continuity of porous and permeable grain-sup-
ported facies and their relationship with mud-supported facies is a key
aspect of reservoir exploration and development strategies in ancient
carbonate platforms (e.g. Borkhataria et al., 2005).

Outcrop analogue studies play an essential role in unravelling the
internal heterogeneities of subsurface shallow carbonate systems, and
the construction of depositional models is a condition for evaluating
carbonate reservoirs (Pomar et al., 2015). In carbonate rocks, the study
of outcrop analogues is of additional interest due to the dependence of
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sediment production upon carbonate-producing organisms and, conse-
quently, the reliance of carbonate production on environmental con-
ditions. Numerous modern analogue studies of shallow marine en-
vironments (Wilkinson et al., 1999; Rankey and Reeder, 2011; Harris
et al., 2014; Purkis et al., 2015) have revealed important hetero-
geneities in facies distribution controlled by a range of factors such as
sea-level fluctuations and hydrodynamic conditions, as well as by
changes in carbonate-producing biota, which are controlled in turn by
their ecological requirements, such as temperature, ocean chemistry
and nutrient availability (Pomar and Kendall, 2007; Strasser and
Védrine, 2009; Harris et al., 2014; Hönig and John, 2015). In the case of
carbonate ramps, several works have demonstrated that despite their
usually well-defined facies belts, these facies belts can vary laterally
(along strike and along dip), and facies mosaics in some ramp sub-
environments can also develop in relation with biological and hydro-
dynamic factors (e.g. Bádenas et al., 2010; Tomás et al., 2010; Amour
et al., 2013; San Miguel et al., 2017a; Tomassetti et al., 2018), thus
complicating the heterogeneity and predictability of the facies. More
studies on carbonate ramp systems are thus required to unravel the
distribution of rock bodies for further 3D modelling of volume and/or
fluid-flow assessment.

The shallow facies of the late Kimmeridgian carbonate ramp that
developed in the north-central part of the Iberian Basin are of particular
interest due to the wide record of skeletal and non-skeletal grains si-
milar to those found in the most important hydrocarbon carbonate re-
servoirs worldwide (i.e. the Arab-D Fm, Persian Gulf; Al-Awwad and
Collins, 2013). The main purpose of the present work is to characterize
the facies distribution and sedimentary evolution of this shallow car-
bonate ramp exposed in the outcrops south of Zaragoza (Iberian Basin,
NE Spain). Bed-by-bed facies analysis and the correlation of closely-
spaced logs provide a precise scheme showing the vertical and lateral
(along strike and along dip) facies distribution. This allows the di-
mensions of the facies belts to be ascertained, as well as the lateral
distribution (from inner- to mid-ramp) of the more common non-ske-
letal components (peloids, ooids, oncoids, intraclasts) and the pre-
ferential growth of stromatoporoid carpets and chaetetid-stromato-
poroid-coral buildups. On the basis of the relative proportions of the
more common non-skeletal grains, two sedimentary models are pro-
posed. These models are of potential interest for improving subsurface
interpretations of carbonate ramps, in particular with respect to di-
mensions and internal heterogeneities of reservoir-rock bodies.

2. Geological setting and stratigraphy

During the Kimmeridgian (Late Jurassic), shallow epeiric seas cov-
ered wide areas of western Europe (Fig. 1A). Terrigenous sedimentation
occurred to the north and west, whereas carbonate sedimentation was
dominant on eastern and northeastern platforms facing the Tethys
Ocean (Dercourt et al., 1993). A large part of the Iberian Plate was
uplifted, forming the Iberian Massif. To the east of this massif, wide
carbonate ramps developed during the Kimmeridgian in the so-called
Iberian Basin, an intra-cratonic basin that originated during the Meso-
zoic extensional phase (Fig. 1B; Salas and Casas, 1993; Aurell et al.,
2003, 2010). These carbonate ramps were affected by NW-directed
hurricanes and winter winds (Bádenas and Aurell, 2001), in accordance
with the palaeoclimate models proposed by Marsaglia and Klein (1983)
and Price et al. (1995) (Fig. 1B).

During the Kimmeridgian, the Iberian Basin displays a sedimentary
evolution characterized by low-angle carbonate ramps recorded in-
creasingly towards the eastern areas of the basin, due to a long-term fall
in relative sea level that was partly controlled by the tectonic uplift of
the Iberian Massif (Bádenas and Aurell, 2001; Aurell et al., 2003). These
carbonate ramp successions are arranged in three third-order deposi-
tional sequences (sequences Ki1, Ki2 and Ki3; Fig. 1C; Aurell et al.,
2010, in press). Sequences Ki1 and Ki2 correspond to shallow oolitic
and reefal facies (Ricla Mb and Torrecilla Fm), passing down dip into

the mid- and outer-ramp marls and lime mudstones of the Sot the Chera
and Loriguilla formations (Bádenas and Aurell, 2001; Aurell et al.,
2010). The stratigraphic succession studied here belongs to the latest
Kimmeridgian sequence Ki3, represented in the north-central part of
the Iberian Basin by the shallow-water carbonate deposits of the Hi-
gueruelas Fm (Aurell and Meléndez, 1986, 1987; Ipas et al., 2004;
Aurell et al., 2010). This unit has a wide range of grain-supported facies
characterized by a predominance of non-skeletal grains (mainly on-
coids, but also ooids, peloids, intraclasts and aggregate grains) and also
includes small carpets and buildups of corals, chaetetids and stroma-
toporoids (e.g. Bádenas and Aurell, 2003; Aurell et al., 2012; Sequero
et al., 2018). The latest Kimmeridgian age attributed to the Higueruelas
Fm is based on the widespread record of the benthic foraminifera Al-
veosepta jaccardi combined with the presence of mid-Kimmeridgian
ammonites (i.e. acanthicum/eudoxus zones) in the underlying Loriguilla
Fm (Bádenas et al., 2003). New strontium-isotope data from belemnites,
brachiopods and oyster shells reported by Aurell et al. (in press) are
coherent with the sedimentation of the Higueruelas Fm during the
upper A. eudoxus zone and the H. beckeri zone (Fig. 1C).

The Higueruelas Fm is widely exposed south of Zaragoza (north-
eastern Spain, north Iberian Chain), in the outcrops located from the
localities of Muel to Aguilón studied here (Fig. 2). The thickness of the
unit ranges from 40 to 80m in the east (i.e. basinward), reflecting a
relatively homogeneous subsidence (e.g. Aurell et al., 2003). The
boundaries of the Higueruelas Fm generally correspond to regional
discontinuity surfaces (Fig. 1D): the lower boundary is the contact with
the underlying well-bedded (dm-scale) open-marine lime mudstone
succession of the Loriguilla Fm (i.e. the boundary between the se-
quences Ki2 and Ki3); the upper boundary corresponds either to a
basin-wide discontinuity (i.e. the upper boundary of the sequence Ki3)
or to a boundary marked by the onset of coastal siliciclastic-dominated
deposits in the more proximal, western logs studied in this work (e.g.
Aguilón sector; Fig. 1D).

3. Studied successions and methodology

The 40 to 80m-thick shallow-marine carbonate successions of the
Higueruelas Fm were studied in 21 logs along the outcrops located
south of Zaragoza (Fig. 2). The studied area is 20× 30 km in extent,
and the mean distance between logs is around 5 km. The studied sec-
tions are situated mainly on the flanks of E-W to NW-SE anticlines that
developed during the Alpine compression (Cortés Gracia and Casas
Sainz, 1996). The dip angle of the flank beds is generally low (10–30°,
locally 80° in the localities of Tosos and Jaulín).

Facies analysis was based on both the bed-by-bed field descriptions
of the 21 logs and the petrographic analysis of 1200 polished slabs and
300 thin sections. The description of texture was based on the Dunham
(1962) classification. For the characterization of non-skeletal grains,
the proposed nomenclatures for oncoids (Dahanayake, 1977, 1978),
ooids (Strasser, 1986), and peloids (Flügel, 2004) were followed. The
main characteristics of these non-skeletal grains are summarized in
Table 1. The semi-quantitative proportion of skeletal and non-skeletal
components in polished slabs and thin sections was ascertained by vi-
sual estimates using the comparison chart of percentages of constituents
developed for limestones by Baccelle and Bosellini (1965).

Log correlation was carried out along three E-W-orientated (i.e.
down-dip) cross-sections (Fig. 3). The lower datum for correlation is the
sharp discontinuity surface between the thick-bedded (dm- to m-thick)
limestones of the Higueruelas Fm (sequence Ki3) and the thin-bedded
(dm-thick) lime mudstones of the underlying Loriguilla Fm (sequence
Ki2; Fig. 1C) in the more proximal areas (i.e. studied sections in the
localities of Muel, Jaulín, Mezalocha, Tosos and Aguilón). This dis-
continuity surface passes down dip (e.g. F1, F3 logs; Fig. 3) into a well-
marked bedding surface within the uppermost Loriguilla Fm, which is
coherent with the lateral relationship at basin-scale of the Higueruelas
and Loriguilla formations (Bádenas and Aurell, 2001; Aurell et al.,
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Fig. 1. (A) Palaeogeography of western Europe during the late Kimmeridgian (modified from Dercourt et al., 1993). (B) Main facies belts in the northeastern Iberian
Basin during the late Kimmeridgian (compiled from Aurell et al., 2003 and Ipas et al., 2004). (C) Synthetic stratigraphy of the Kimmeridgian in the northern Iberian
Basin including the main facies belts (modified from Aurell et al., 2010, in press). The Higueruelas Fm corresponds to the sequence Ki3. (D) Field view of the
Higueruelas Fm, the underlying Loriguilla Fm and the overlying coastal siliciclastic-dominated deposits. The lower and upper boundaries of the Higueruelas Fm
correspond to basin-wide discontinuity surfaces.
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Fig. 2. Extent of the Jurassic outcrops and location of the studied logs south of Zaragoza (northeast Spain) (modified from Cortés Gracia and Casas Sainz, 1996).
Dashed lines indicate the cross-sections shown in Figs. 5–7.

Table 1
Characteristics of the main non-skeletal grains.

Non-skeletal grain Type Size and shape Internal structure

Oncoid (Dahanayake, 1977, 1978) I Few millimetres; spherical to elliptical Concentric and continuous micritic laminae
II Few millimetres to 1 cm; elliptical to sub-spherical Micritic laminae with organism-bearing encrustations
III Few cms (up to 2 cm); spherical to irregular with wavy contours Alternating micritic and organism-bearing laminae
IV Few mms to 7 cm; very irregular, lobate contours Microbial meshwork, no lamination

Ooid (Strasser, 1986) 1 Up to 2mm; spherical Concentric thinly micritic laminae
3 Fine-radial laminae
1/3 Alternating fine-radial and micritic laminae
4 Few thick-radial laminae

Peloid (Flügel, 2004) Lithic Variable in size; well-rounded to irregular Micrite
Microbial Up to 600 μm; well-rounded
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2003). This implies that the boundary between the Higueruelas and
Loriguilla formations is diachronous to the SE of the studied area. The
analysis of the upper part of the Higueruelas Fm is locally prevented
due to the erosive gap of variable amplitude and duration prior to the
sedimentation of the overlying Cenozoic units (Fig. 3). In the more
proximal areas (sections TO, A1, VH, MU and J1; Fig. 3), the uppermost

part of the studied sequence Ki3 consists of the transition from carbo-
nates to coastal siliciclastic-dominated facies (Ipas et al., 2007). In these
proximal areas, therefore, the upper datum of the present study is the
boundary between the Higueruelas Fm and these coastal facies, which
is diachronous in the northwestern area (i.e. section MU) due to the
earlier transition to siliciclastic deposits.

Fig. 3. Correlation between the studied logs in the three cross-sections, based on the identification of time-equivalent sharp bedding surfaces (black lines), which
allowed nine sedimentary units (1–9) to be documented. This best-fit solution is coherent with the vertical facies trends observed within the sedimentary units. The
lower and upper datum for correlation is also indicated (red and blue lines, respectively), as well as the eroded areas in the upper part, prior to the deposition of
Cenozoic sediments. (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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Well-marked bedding surfaces bounding nine sedimentary units
were identified and correlated within the Higueruelas Fm in all the
outcrops (1–9 in Figs. 3 and 4). These are planar surfaces, some of

which are bioturbated or Fe-encrusted, and they occasionally corre-
spond to hardgrounds. Locally cm-thick marly beds are associated with
these surfaces. As no physical tracing between isolated outcrops of the

Fig. 4. Vertical facies evolution within the sedimentary units (1–7) identified for the Higueruelas Fm in the stratigraphic sections A1 and TO (see Fig. 2 for location).
White lines indicate the position of the sharp bedding planes.
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Higueruelas Fm was possible (Fig. 2), log correlation was based on the
best-fit correlation between these sharp bedding surfaces, also con-
strained by the vertical facies distribution observed in the successive
sedimentary units defined in the individual logs. These sharp bedding
surfaces are assumed to represent sedimentary discontinuities that can
be traced across the entire studied area, and their correlation is sup-
ported by physical tracing along continuous outcrops (e.g. Mezalocha
sector; Sequero et al., 2018). The km-scale lateral continuity of similar
well-defined bedding surfaces has been demonstrated in other Kim-
meridgian shallow carbonate ramp successions of the Iberian Basin (e.g.
Bádenas and Aurell, 2010; Bádenas et al., 2010).

The sedimentary features of the facies, combined with their lateral
and vertical relationships within the sedimentary units, were the key
criteria for their palaeoenvironmental interpretation. Palaeogeographic
maps were reconstructed for each sedimentary stage without palin-
spastic restoration, bearing in mind the low angle of the beds in the
anticline flanks and the near absence of thrusts within the studied
outcrops (Fig. 2).

4. Facies architecture

On the basis of texture, components and sedimentary structures, 19
facies were differentiated in the studied interval, representing deposi-
tion from inner- to mid-ramp areas. An example of their vertical dis-
tribution within the distinct sedimentary units is illustrated in Fig. 4,
and their lateral distribution is indicated in cross-sections in Figs. 5–7.
On the basis of their dominant components, the facies are grouped into

three facies associations: peloidal and oolitic-dominated facies, onco-
litic-dominated facies, and stromatoporoid/chaetetid/coral-rich facies.
Their lateral relationships are identified by their detailed correlation
within the sedimentary units between logs (see section 5). Facies de-
scriptions are summarized below and illustrations of the different facies
can be seen in Figs. 8–12. Detailed information is included in Tables
1–3.

4.1. Peloidal and oolitic-dominated facies association

This association comprises 11 facies characterized by the pre-
dominance of peloids and ooids, and variable proportions of oncoids,
intraclasts and bioclastic remains (Tables 2 and 3). These facies re-
present intertidal areas (i.e. peloidal mudstone to packstone-grainstone
with fenestral porosity), restricted lagoon areas (peloidal-bioclastic-
type 3 and 4 ooid wackestone to grainstone), backshoal areas (peloidal-
type 1 and 1/3 ooid wackestone to grainstone, and bioturbated peloidal
packstone to grainstone) and shoal-sand blankets (peloidal to oolitic
grainstone facies) on the inner ramp, to foreshoal (peloidal wackestone-
packstone to grainstone), offshore-proximal (peloidal-bioclastic wack-
estone to packstone) and offshore-distal areas (bioclastic-peloidal
mudstone) on the middle ramp. The lateral relationship of intertidal,
lagoon and backshoal facies can be seen in sedimentary units 5 to 7
(Figs. 5–7). The lateral relationship of backshoal, shoal-sand blanket,
foreshoal and offshore facies is evident in most of the units (e.g. units 1
and 2 in Fig. 7; units 2 and 3 in Fig. 5).

Peloidal mudstone (M) to packstone-grainstone (P-G) with fenestral

Fig. 5. Facies distribution in the northern cross-section.
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porosity is characterized by the predominance of lithic peloids, and a
lower proportion of type 1 and 1/3 ooids (Strasser, 1986), type II on-
coids (Dahanayake, 1977) (Table 1), and skeletal grains (mainly of li-
tuolids, miliolids, texturaliids, bivalves and Tubiphytes-Crescentiella;
Fig. 8a). Fenestral porosity indicates the trapping of air bubbles in the
sediment by turbulent flows related to waves, algal growth and decay,
or desiccation and the rapid precipitation of cements (e.g. Shinn, 1968;
Flügel, 2004). The presence of Girvanella and Bacinella growths and
dome-like stromatolitic structures indicates sediment trapping by mi-
crobial mats in intertidal areas. Facies correlation indicates that these
mud-supported and grain-supported sediments represent a continuous
intertidal belt located to the northwest (Figs. 5 and 6) and local tidal
caps on grain-supported deposits (e.g. peloidal-oolitic shoal-sand
blankets and washover deposits in sections TO and J3, respectively,
Figs. 5 and 7; see also Sequero et al., 2018).

Peloidal-bioclastic-type 3 and 4 ooid wackestone (W) to grainstone
(G) occurs in the upper part of the succession (Figs. 5–7). It is composed
of well-sorted and rounded lithic peloids, radial type 3 and 4 ooids
(Strasser, 1986) and highly micritized or ferruginous bioclasts (mainly
bivalves, lituolids, gastropods, ostracods and echinoderms; Fig. 8b, c).
The facies shows frequent bioturbation (Thalassinoides traces) and cm-
thick bioclastic laminae with normal gradation and parallel lamination.
The observed features indicate alternating low-energy conditions
(burrowing and micritization of skeletal grains) and moderate-energy
conditions (lithic peloids, radial type 3 and 4 ooids, cm-thick bioclastic
laminae). Deposition probably took place in a restricted lagoon, as in-
dicated by the low diversity of the skeletal remains. Some intercalated

marls indicate periods of higher detrital input.
Peloidal-type 1 and 1/3 ooid W to G and bioturbated peloidal P to G

facies represent the backshoal/washover peloidal-oolitic facies. The
peloidal-oolitic W to G has abundant lithic peloids, and variable pro-
portions of ooids, oncoids and skeletal grains (Fig. 8d-f). Compound and
aggregate grains are common, and the main skeletal grains are for-
aminifera (lituolids, miliolids, textulariids), brachiopods, bivalves,
echinoderms, gastropods and dasycladacean algae. The facies shows a
mixture of components derived from the laterally related facies, e.g.
protected-marine fauna (i.e. dasycladacean algae; Fig. 8e) similar to the
lagoon facies, and type 1 and 1/3 ooids and oncoids similar to those of
the shoal-sand blanket facies. This mixture of components, and the
presence of aggregate grains, bioturbation, parallel and cross-lamina-
tion, and mm- to cm-thick oncolitic, skeletal and oolitic laminae with
normal gradation, indicate that this facies corresponds to washover
deposits as well as backshoal sediments (e.g. Bádenas and Aurell,
2010). Bioturbated peloidal P to G occurs at the top of the succession,
also laterally related to restricted lagoon and peloidal shoal-sand
blanket facies (e.g. unit 5 in Fig. 5; and unit 8 in Fig. 6). The pre-
dominance of well-sorted lithic peloids (Fig. 8g), micritized skeletal
grains (mainly lituolids, miliolids, gastropods, echinoderms and bi-
valves), and intense burrowing (Thalassinoides traces) reflect accumu-
lation in a backshoal subenvironment close to the peloidal shoal-sand
blankets.

The peloidal to oolitic grainstone facies include three types of facies,
each one characterized by the predominance of specific non-skeletal
grains (Fig. 9a-c): peloidal G with well-sorted and rounded lithic

Fig. 6. Facies distribution in the central cross-section.
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peloids (Fig. 9a) and a lesser proportion of type 1 and 1/3 ooids and
type IV oncoids; type 1 and 1/3 ooid-peloidal G, with a similar per-
centage of lithic peloids and type 1 and 1/3 ooids (Fig. 9b); and type 1
and 1/3 ooid G, dominated by smaller (up to 0.5mm-sized) and well-
sorted type 1 and 1/3 ooids (Fig. 9c). The grainstone texture, the pre-
dominance of high-energy ooids (type 1 and 1/3 ooids) and lithic pe-
loids, and the scarce skeletal content reflect the continuous agitation of
shoal-sand blankets above the fair-weather wave base (i.e. inner ramp).
Despite the absence of cross-bedding, frequent local tidal caps on these
facies (e.g. sections TO and F5 in Fig. 7) reflect a certain relief above the
sea bottom.

Peloidal W-P to G has similar components and structures (common
bioturbation, local parallel lamination) to those described in peloidal to
oolitic shoal-sand blankets. It includes mainly lithic peloids and type 1
and 1/3 ooids (Fig. 9d), although this facies has a higher matrix and
skeletal content (mainly lituolids, miliolids, echinoderms, brachiopods
and bivalves). These characteristics and its lateral relationship with
shoal-sand blanket and offshore facies (Figs. 5–7) indicate deposition in
the foreshoal subenvironment, below the fair-weather wave base.

The peloidal-bioclastic W to P and bioclastic-peloidal M facies de-
veloped down-dip of the foreshoal facies (Figs. 5–7) and reflect a pro-
gressive loss of non-skeletal grains from shallow areas. The peloidal-
bioclastic W to P is mainly formed by lithic and local microbial peloids
(Fig. 9e; Table 1), with a lower proportion of oncoids (type II and IV
oncoids with thick crusts of Bacinella and Girvanella) and a skeletal
content characteristic of open-marine areas, including some belemnites
(Tables 2 and 3). The intercalation with foreshoal and mud-dominated

offshore facies, frequent bioturbation (Chondrites and Planolites traces)
and an open-marine faunal association indicate deposition in an off-
shore-proximal subenvironment with generally low energy. The bio-
clastic-peloidal M has scarce lithic peloids and type I and II oncoids, as
well as open-marine skeletal grains (Fig. 9f). These characteristics, the
frequent bioturbation and its lateral relationship with offshore-prox-
imal facies indicate deposition in a low-energy offshore-distal sub-
environment. The scarce type I and II oncoids were probably re-
sedimented from proximal areas during storms.

One particular facies, intraclastic-peloidal P to G, appears in the
upper part of the succession, laterally related to various facies, mainly
backshoal/washover to foreshoal facies (e.g. unit 6; Figs. 5 and 6). The
intraclastic-peloidal facies occurs as isolated dm-thick beds, with
components accumulated in mm- to cm-thick laminae. The limited
lateral extent of this facies obtained from the correlation, combined
with the predominance of lithic peloids and mm- to cm-sized intraclasts
of mud- and grain-supported facies (Fig. 8h; Table 2), indicates that this
facies would correspond to storm lobes in both backshoal and foreshoal
subenvironments, with resedimented intraclasts derived from lateral
mud- and grain-supported facies.

4.2. Oncolitic-dominated facies association

This association comprises four facies characterized by an abun-
dance of oncoids, formed in pond/restricted lagoon, sheltered lagoon,
backshoal, shoal-sand blanket to foreshoal subenvironments (Figs. 5–7;
Tables 2 and 3). Sheltered lagoon facies (type IV oncoid W to P) and

Fig. 7. Facies distribution in the southern cross-section.
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Fig. 8. (a) Fenestral porosity (intertidal subenvironment) in peloidal mudstone facies. (b, c) Restricted lagoon facies with well-sorted lithic peloids, bioclasts
(bivalves, lituolids: b and dashed arrow in c, respectively) and type 3 ooids (white arrow in c), showing thinly laminated fine-radial cortices. (d–f) Backshoal facies
with poorly sorted peloids, type II oncoids (white arrow in d), protected-marine bioclasts (dasycladacean algae: black arrow in e), type 1/3 ooids and aggregate grains
(white and dashed arrows in f, respectively). (g) Backshoal peloidal facies with intense burrowing. (h) Storm-related deposit with mm- to cm-sized intraclasts and
poorly sorted peloids. Facies symbols are included in the pictures (see facies legend in Figs. 5–7).
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pond/restricted lagoon facies (gastropod-oncolitic W-P to G) are only
present in the northwestern area in sedimentary units 3 and 5, re-
spectively (section ME1; Fig. 6). The pond/restricted lagoon gastropod-
oncolitic facies is laterally related to restricted peloidal-bioclastic-oo-
litic-dominated lagoon and peloidal-dominated fenestral facies (see also
the facies correlation in this area by Sequero et al., 2018). The sheltered
lagoon oncolitic facies is laterally associated with the peloidal-oolitic
backshoal facies, and grades laterally into the backshoal to foreshoal
oncolitic-dominated facies (type III oncoid P, and type II and III oncoid
G; e.g. sedimentary units 1–4 and 8; Figs. 5–7).

Gastropod-oncolitic W-P to G is characterized by an abundance of
broken and whole gastropods, and type I, II and IV oncoids (Fig. 10a),
and has variable proportions of lithic peloids, type 1 and 1/3 ooids and
small, commonly micritized skeletal grains (mainly of bivalves, lituo-
lids, miliolids and textulariids). The predominance of gastropods, the

presence of non-skeletal components similar to the laterally related
fenestral facies, and the intercalation of marls indicate deposition in a
restricted lagoon or in ponds within the intertidal area. Components
that accumulated in cm-thick laminae reflect high-energy events,
probably storms.

Type IV oncoid W to P has abundant irregular type IV oncoids (up to
7 cm in size), with bioclastic cores and thick crusts composed of a
meshwork of cyanobacteria (mainly Bacinella-Lithocodium) (Fig. 10b, c).
Type III oncoids are also common. The oncoids are surrounded by a
fine-grain-sized fraction composed of lithic peloids and skeletal grains
(mainly micritized lituolids, miliolids, textulariids, bivalves, echino-
derms and brachiopods). The predominance of type IV oncoids, bio-
turbation and micritized skeletal grains reflect deposition in a sheltered,
low-energy lagoon. Type III oncoids suggest short, higher-energy per-
iods favouring the generation of micritic laminae (e.g. Dahanayake,

Fig. 9. (a–c) Peloidal to oolitic shoal-sand blanket facies composed of well-sorted lithic peloids, type 1 and 1/3 ooids and scarce bioclasts. (d) Well-sorted lithic
peloids in foreshoal facies with some bioclasts (e.g. lituolids: white arrow). (e) Offshore-proximal facies with lituolids (white arrow) and poorly sorted peloids. (f)
Sponge spicules in bioclastic-peloidal mudstone facies (offshore-distal subenvironment).
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Fig. 10. (a) Well-sorted peloids, micritized bioclasts, ooids and type I oncoids in gastropod-oncolitic facies, with mainly gastropods as bioclastic cores (white arrow).
(b, c) Oncolitic facies in sheltered lagoon subenvironment in macro-scale example (b) and thin section (c), with type IV oncoids composed of a microbial meshwork
(white arrow in c). (d, e) Macro-scale examples of type III oncoid-dominated facies with oncolitic-supported texture. (f) Type III oncoid (white arrow) in foreshoal
oncolitic-dominated facies, composed of alternating micritic and organism-bearing laminae of similar thickness. (g) Type II oncoids in shoal-sand blanket oncolitic-
dominated facies, composed of thick micritic laminae with organism-bearing encrustations.
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1977). Small micritic oncoids, ooids and intraclasts were resedimented
from the laterally related facies, mainly from the peloidal-oolitic
backshoal/washover facies.

Type III oncoid P comprises 20–60% oncoids, in some cases forming
oncolitic-supported textures (Fig. 10d-f). This facies has abundant type
III oncoids (up to 2 cm in size), with bioclastic and intraclastic cores,
and alternating micritic laminae and organism-bearing encrustations,
mostly of Bacinella-Lithocodium (Fig. 10f). Type II, IV and compound
oncoids are common, and the fine-grain-sized fraction is composed of
peloids (lithic and microbial peloids), type 1 and 1/3 ooids and skeletal
grains (lituolids, miliolids, textulariids, echinoderms, gastropods, bi-
valves, brachiopods, stromatoporoids and chaetetids). The abundance
of type III oncoids suggests alternating higher- and lower-energy con-
ditions, the latter favourable for microbial growth. The lateral facies
relationships indicate that this facies occurs in the backshoal and
foreshoal subenvironments (e.g. units 1–2 in Figs. 6 and 7).

Type II and III oncoid G, which has similar proportions of oncoids to
type III oncoid P, is characterized by an abundance of type II and III
oncoids (up to 2 cm in size), with bioclastic and intraclastic cores, thick
micritic laminae and a minor development of organism-bearing en-
crustations (mainly Bacinella) (Fig. 10g). Type I and compound oncoids
are also common, and the fine-grain-sized fraction is composed of lithic
peloids, type 1 and 1/3 ooids and skeletal grains (lituolids, echino-
derms, bivalves and brachiopods). The grainstone texture, the abun-
dance of type II and III oncoids and the lateral facies associations in-
dicate that this facies occurs in the shoal-sand blanket subenvironment
(e.g. units 1–2 in Figs. 5 and 7).

4.3. Stromatoporoid/chaetetid/coral-rich facies association

This association is characterized by an abundance of stromatopor-
oids, chaetetids and corals, and includes four facies: stromatoporoid W
to G and oncolitic-stromatoporoid W to G in lagoon to backshoal areas;
and chaetetid-stromatoporoid-coral buildups and laterally associated
stromatoporoid-chaetetid-coral and oncolitic W to G, which developed
in mid-ramp foreshoal to offshore-proximal areas (Figs. 5–7; Tables 2
and 3). The lateral relationship of these facies has been characterized in
most of the units (e.g. units 2–5 in Fig. 7). The stromatoporoid W to G
and oncolitic-stromatoporoid W to G facies are laterally associated with
oncolitic-dominated and peloidal and oolitic-dominated lagoon and
backshoal facies, respectively. The chaetetid-stromatoporoid-coral
buildups and stromatoporoid-chaetetid-coral and oncolitic W to G fa-
cies are laterally associated with peloidal and peloidal and bioclastic-
dominated foreshoal and offshore-proximal facies, respectively, and
locally with oncolitic-dominated foreshoal facies.

The stromatoporoid W to G has abundant broken and in-situ stro-
matoporoids (mainly Cladocoropsis), and cm-sized fragments of chae-
tetids and corals, both with Tubiphytes-Crescentiella encrustations and
bivalve borings (Fig. 11a, b). Local cm-sized domal growth forms of
stromatoporoids are recognized. The fine-grain-sized fraction is mainly
composed of peloids (lithic and microbial peloids; Fig. 11c) and small
skeletal grains (mainly bivalves, brachiopods, echinoderms, lituolids,
miliolids, texturaliids and dasycladacean algae). The oncolitic-stroma-
toporoid W to G has abundant oncoids (mainly type II and IV) and
stromatoporoid, chaetetid and coral fragments (Fig. 11d). The fine-
grain-sized fraction is mainly composed of peloids (lithic and microbial

peloids) and small skeletal grains (mainly debris of Tubiphytes-Cres-
centiella, lituolids, miliolids, textulariids, bivalves, gastropods, echino-
derms and brachiopods). Bioturbation and mm- to cm-thick accumu-
lations of coarse grains are also common.

The stromatoporoid W to G and lateral oncolitic-stromatoporoid W
to G represent stromatoporoid carpets in lagoon to backshoal areas. The
term “carpet” refers to densely spaced stromatoporoid colonies that do
not create a distinctly three-dimensional structure, but form relatively
thin veneers of colonial organisms following the existing sea-floor
morphology (e.g. Riegl and Piller, 2000). The facies mapping in the
Mezalocha outcrops (Fig. 6) reflects the fact that these carpets did not
develop in the entire lagoon but formed patches, locally more than
500m in lateral extent (Sequero et al., 2018). The oncolitic-stromato-
poroid W to G corresponds to sediment surrounding the stromatoporoid
carpets (Figs. 5–7; see also Sequero et al., 2018), as indicated by their
lateral relationship and the similarity of the components in these two
facies (Tables 2 and 3). The common presence of stromatoporoids in
lagoonal settings has been highlighted by previous authors (e.g. Flügel,
1974; Turnsek et al., 1981; Leinfelder et al., 2005; Aurell et al., 2012;
San Miguel et al., 2017a). The predominance of stromatoporoids over
corals was probably due to moderate water-energy, oligotrophic con-
ditions in the lagoon and backshoal subenvironments (e.g. Leinfelder
et al., 2005). The presence in the fine-grain-sized fraction of peloids,
bivalves, echinoderms, foraminifera, dasycladacean algae, Thaumato-
porella and Cayeuxia-Ortonella (Tables 2 and 3) indicates well-oxyge-
nated, normal-marine waters.

The chaetetid-stromatoporoid-coral buildups have a lenticular
geometry up to 8m high and around 250m wide (i.e. section F5;
Fig. 12; Bádenas and Aurell, 2003). The reef fabric consists of chaetetids
(e.g. Ptychochaetetes, Blastochaetetes; Tables 2 and 3) and less abundant
stromatoporoids and corals (Fig. 11e, f), surrounded by micritic to
peloidal microbial crusts with encrusting organisms (serpulids, for-
aminifera, sponges, Cayeuxia-Ortonella, Thaumatoporella, Lithocodium,
Bacinella, Girvanella, Troglotella; Bádenas and Aurell, 2003). The in-
ternal structure is similar to those observed in the so-called disrupted
frame reefs defined by Riding (2002), where broken and weakly eroded
colonial organisms constitute the three-dimensional structure. The fine-
grain-sized fraction recognized in internal cavities (a few mm to cm in
size) is mainly composed of microbial peloids, small skeletal grains
(mainly brachiopods, bivalves, echinoderms, serpulids, Cayeuxia-Orto-
nella and sponges), microbial crust fragments and oncoids (mainly type
I and II). Bivalve and sponge borings are also found. The stromato-
poroid-chaetetid-coral and oncolitic W to G, which is laterally related to
these buildups, is characterized by cm-sized fragments of stromato-
poroids, chaetetids and corals with variable proportions of oncoids
(type II, III and IV) (Fig. 11g, h). The fine-grain-sized fraction is com-
posed of microbial and lithic peloids, and mm- to cm-sized echino-
derms, bivalves, brachiopods and gastropods. Bivalve and serpulid
borings on stromatoporoids and chaetetids are also common.

The buildups developed in the foreshoal and offshore-proximal
subenvironments, below the fair-weather wave base within the photic
zone, as indicated by the presence of light-dependent organisms (e.g.
Cayeuxia-Ortonella, Girvanella, Bacinella, Thaumatoporella) and their
intercalation within foreshoal to offshore-proximal peloidal and pe-
loidal-bioclastic facies (Figs. 5–7; Tables 2 and 3). The stromatoporoid-
chaetetid-coral and oncolitic W to G represents inter-buildup sediment,

Fig. 11. (a–d) Stromatoporoid-rich facies in sheltered lagoon subenvironment. (a, b) Fragments of Cladocoropsis, poorly sorted peloids, microbial peloids and
micritized bioclasts in stromatoporoid W to G facies. Stromatoporoids appear as isolated cm-sized fragments (black arrow in b) surrounding by a matrix composed of
peloids, ooids and bioclasts (dashed arrow in b). Tubiphytes encrustations are common on stromatoporoids (white arrow in b). (c) Microbial peloids (white arrows)
and Tubiphytes (black arrow) in stromatoporoid-rich facies. (d) Type II oncoid with bioclastic core (coral; white arrow) and thin crust with micritic laminae and
organism-bearing encrustations in oncolitic-stromatoporoid W to G facies. (e–h) Chaetetid-stromatoporoid-coral buildup (e, f) and inter-buildup stromatoporoid-
chaetetid-coral and oncolitic W to G (g, h) facies, showing fragments of chaetetids, microbial crusts with internal cavities (white and dashed arrows in e, respec-
tively), and type II oncoids in inter-buildup facies (dashed arrow in g). (f) Macro-scale example of microbial crusts (white arrow) in chaetetid-stromatoporoid-coral
buildup facies. (h) Macro-scale example of inter-buildup stromatoporoid-chaetetid-coral and oncolitic W to G facies, showing fragments of chaetetids (white arrow),
bioclasts and oncoids (dashed arrows).
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Fig. 12. Field view and facies distribution of chaetetid-stromatoporoid-coral buildup, inter-buildup stromatoporoid-chaetetid-coral and oncolitic W to G, and off-
shore-proximal peloidal-bioclastic W to P facies in unit 4 of the stratigraphic section F5 (see Fig. 2 for location) (modified from Bádenas and Aurell, 2003).
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as indicated by its lateral relationship with the chaetetid-stromato-
poroid-coral buildups (Figs. 5–7) and the similarity of the components
in these two facies (Tables 2 and 3). The cm-sized fragments of stro-
matoporoids, chaetetids and corals resulted from the destruction and
reworking of the buildups, whereas oncoids are formed in-situ.

5. Facies evolution and sedimentary models

The facies distribution observed throughout the nine sedimentary
units allowed the spatial distribution of the facies to be determined,
showing their variable extent and the complexity in their lateral (along
strike and down dip) relationships (Figs. 13 and 14). On the basis of the
relative abundance of specific facies and their spatial distribution, two
facies models are proposed: an oncolitic-peloidal-oolitic-dominated
ramp, encompassing sedimentary units 1 to 4, and an oolitic-peloidal-
dominated ramp, in sedimentary units 5 to 9 (Fig. 15). The down-dip
gradation of the main non-skeletal grains in these two models is in-
dicated in the simplified sedimentary models of Fig. 16.

5.1. Oncolitic-peloidal-oolitic-dominated ramp

This sedimentary model corresponds to sedimentary units 1 to 4
(Figs. 13 and 15A) and is mainly characterized by: (1) the relative
abundance of oncolitic-dominated facies from backshoal to foreshoal
subenvironments, (2) the development of a low-energy oncolitic shel-
tered lagoon, and (3) the growth of stromatoporoid carpets in back-
shoal/washover areas.

Peloidal-oolitic shoal-sand blankets dominate, with a general north-
to-south orientation of the facies belt. Laterally (along strike), oncolitic
shoal-sand blankets (type II and III oncoid G) are also present. In parti-
cular, the widest record of oncolitic-dominated shoal-sand blankets is
found in sedimentary unit 1 (Fig. 13A), passing laterally (along strike) to
peloidal-oolitic shoals (type 1 and 1/3 ooid-peloidal G) and laterally
(down dip) to oncolitic backshoal and foreshoal (type III oncoid P) facies.
The foreshoal domain is peloidal-dominated (peloidal W-P to G) and
passes down dip (to the SE) to peloidal-bioclastic offshore-proximal and
offshore-distal facies. Chaetetid-stromatoporoid-coral buildup and inter-
buildup facies occur in the foreshoal and offshore-proximal subenviron-
ments, with a patchy distribution (from 2 km to up to 10 km in width).

The onset of sedimentary unit 2 is marked by the progradation of
the shoal-sand blanket eastward (Fig. 13B), and the first appearance of

intertidal domains and stromatoporoid carpets in the backshoal area
dominated by peloidal-oolitic sediments (peloidal-type 1 and 1/3 ooid
W to G facies). Peloidal and lateral (along strike) oncolitic shoal-sand
blankets developed with a down-dip extension of around 5 km and with
local intertidal patches on top. Facies in the foreshoal and offshore
subenvironments are similar to unit 1, but the offshore-proximal area is
twice as wide in unit 2 (around 10 km) as in unit 1.

A low-energy oncolitic sheltered lagoon develops in sedimentary
unit 3 (Fig. 13C), laterally (down dip) in relation to the peloidal-oolitic
backshoal/washover facies (peloidal-type 1 and 1/3 ooid W to G). An
intertidal belt is recognized in the northwestern sector, laterally to the
peloidal-oolitic backshoal of units 2–4. Stromatoporoid-rich carpets
grew in the backshoal area within peloidal-oolitic backshoal sediments
and oncolitic backshoal sediments (type III oncoid P), also in the lagoon
(unit 4; Fig. 13D), with a patchy distribution (500m in lateral extent).
Peloidal-oolitic shoal-sand blankets (type 1 and 1/3 ooid-peloidal G)
with local intertidal patches predominate, although locally (along
strike) type II and III oncoid shoals are recognized (around section J1;
Fig. 13C). The shoal-sand blankets in sedimentary unit 3 are of a similar
down-dip extension to those in unit 2 but they prograde eastward in
unit 3. In unit 4, this high-energy facies belt has a wider down-dip
extension (up to 12 km; Fig. 13D). Chaetetid-stromatoporoid-coral
buildups grew in the offshore-proximal subenvironment, with a similar
patchy distribution and extension (up to 10 km) to those in units 1–2.

In summary, the resulting oncolitic-peloidal-oolitic-dominated ramp
shows a down-dip (NW-SE) succession of facies belts, but also some
mosaic facies of variable extension (Fig. 15A): intertidal belt (at least
3 km in down-dip extension); local sheltered lagoon; backshoal/wash-
over (3–8 km in down-dip extension) with a mosaic of stromatoporoid
carpets and related oncolitic sediments (patches of 500m in width);
shoal-sand blanket (3–12 km in down-dip extension) with local inter-
tidal caps (less than 3 km in diameter) on top; and foreshoal (2–7 km)
and offshore domains (3–10 km in the offshore-proximal subenviron-
ment), with patches of chaetetid-stromatoporoid-coral buildup and
inter-buildup facies (from 2 km to up to 10 km in diameter). Lithic
peloids, type 1 and 1/3 ooids, and type II, III and IV oncoids are the
main non-skeletal grains, especially in the inner ramp (Fig. 16A): pe-
loids characterize the intertidal domain; low-energy conditions in the
sheltered lagoon determined the abundance of type IV oncoids; the
backshoal/washover, shoal-sand blanket and foreshoal subenviron-
ments are mainly composed of peloids and type 1 and 1/3 ooids, with

Table 3
Skeletal components in Table 2.

Skeletal components

Foraminifera Chlorophyta

Lituolidae Miliolidae Dasycladacean algae
[1] Alveosepta jaccardi [1] Charentia evoluta [4] Kurnubia palastinensis [3] Nodosaria sp. [1] Acicularia
[2] Ammobaculites sp. [2] Nautiloculina circularis [5] Redmondoides lugeoni [2] Campbeliella striata
[3] Choffatella [3] Nautiloculina oolithica [6] Siphovalvulina Involutina [3] Clypeina sp.
[4] Everticyclammina [4] Quinqueloculina sp. [1] Andesenolina [4] Clypeina jurassica
[5] Labyrinthina mirabilis Rotalidae (Mohlerina basiliensis) [2] Protopeneroplis striata [5] Pseudoclypeina distomensis
[6] Pseudocyclammina sp. Textulariidae [3] Trocholina alpina [6] Salpingoporella annulata
[7] Rectocyclammina [1] Bositra buchi Lagenidae [7] Salpingoporella dinarica
[8] Redmondellina powersi [2] Conicokurnubia [1] Dentalina [8] Salpingoporella pygmaea

[3] Kurnubia jurassica [2] Lenticulina sublenticularis

Reefal components Bivalves Serpulids

Chaetetids Stromatoporoids Corals [1] Ostreids [1] Serpula socialis
[1] Blastochaetetes sp. [1] Actinostromina grossa [1] Latistraea foulassensis [2] Trichites sp. [2] Terebella lapilloides
[2] Bouenia sp. [2] Cladocoropsis lindstroemi [2] Stylophyllum polycanthum
[3] Parachaetetes [3] Cladocoropsis mirabilis
[4] Ptychochaetetes globosus [4] Cylicopsis verticalis
[5] Solenopora [5] Ellipsactinia
[6] Spongiomorpha ramosa [6] Parallelopora
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lateral (along strike) areas where type II and/or III oncoids pre-
dominate. These components decrease in abundance down dip, espe-
cially in the offshore-distal subenvironment, where only scarce peloids

and type I and II oncoids are found. As regards metazoans, stromato-
poroids predominate in backshoal and sheltered lagoon areas, whereas
chaetetid-stromatoporoid-coral associations predominate in buildup

Fig. 13. Facies maps reconstructed for sedimentary units 1 to 4.
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Fig. 14. Facies maps reconstructed for sedimentary units 5 to 9.
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Fig. 15. Sedimentary models showing the facies distribution of the latest Kimmeridgian carbonate ramp during the deposition of sedimentary units 1–4 (A) and 5–9
(B).
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Fig. 16. Summary of the facies and non-skeletal component distribution for the two proposed sedimentary models. Black and grey horizontal bars indicate the
abundance of non-skeletal grains (type I-II oncoid distribution in the oncolitic-peloidal-oolitic-dominated ramp refers mainly to type II oncoids, as type I oncoids
generally appear in low abundance). The distribution of stromatoporoid/chaetetid/coral-rich facies is also included.
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and inter-buildup facies in the foreshoal and offshore-proximal sub-
environments, below the fair-weather wave base.

5.2. Oolitic-peloidal-dominated ramp

The oolitic-peloidal-dominated ramp corresponds to sedimentary
units 5 to 9 (Figs. 14 and 15B), and is mainly characterized by: (1) the
widespread development of a restricted lagoon, (2) the predominance
of peloidal shoal-sand blankets, and (3) the occurrence of intraclastic-
peloidal storm lobes in backshoal and foreshoal areas.

Sedimentary unit 5 reflects the development of a wide peloidal-
bioclastic-oolitic restricted lagoon (peloidal-bioclastic-type 3 and 4 ooid
W to G), with a down-dip extension of around 10 km, locally grading
onshore into the intertidal domain with local ponds (gastropod-onco-
litic W-P to G; Fig. 14A). The backshoal area is peloidal-oolitic and
intraclastic-dominated (peloidal-type 1 and 1/3 ooid W to G and in-
traclastic-peloidal P to G), the latter related to storm lobes (2–7 km in
width). The sheltered lagoon and stromatoporoid carpets present in the
previous stage have disappeared; only very local stromatoporoid car-
pets are found in the backshoal area in sedimentary unit 6 (i.e. section
J2; Fig. 14B). The shoal-sand blankets are mainly composed of peloids,
with significant variations in lateral extent (from 4 to 11 km), as ob-
served in the previous stage. Local intertidal caps (1–5 km in width) are
observed on top of the backshoal/washover and shoal-sand blanket

deposits. Also local intraclastic-peloidal storm lobes occur in the fore-
shoal subenvironment. Chaetetid-stromatoporoid-coral buildup and
inter-buildup facies developed in the foreshoal and offshore-proximal
subenvironments, with a similar patchy distribution and extension to
the previous stage (2–7 km). Oncolitic-dominated backshoal, shoal-
sand blanket and foreshoal facies are considerably reduced, occurring
only locally in sedimentary units 5, 6 and 8. Bioturbated peloidal P to G
backshoal facies occurs in sedimentary units 7 and 8 (Fig. 14C and D),
being widely developed in sedimentary unit 8 (10 km in lateral extent)
and grading down dip into peloidal shoal-sand blanket and peloidal-
oolitic backshoal facies. As a whole, there is a progressive progradation
of shallow facies to the east and an increase in siliciclastic input in
shallower areas (i.e. coastal siliciclastic-dominated deposits; Figs. 3 and
14C-E).

There is no stratigraphic record of carbonate shallow-marine facies
belts in most of the sections for sedimentary unit 9, except local in-
tertidal and oncolitic-dominated facies (Fig. 14E).

In summary, the facies distribution observed in this oolitic-peloidal-
dominated ramp shows the down-dip gradation of peloidal-dominated
intertidal belt, restricted lagoon (around 10 km wide), backshoal/
washover (2–12 km in lateral extent), shoal-sand blanket (4–11 km in
width), foreshoal (2–7 km wide) and offshore-proximal subenviron-
ments, with local oncolitic-dominated facies in intertidal/restricted
lagoon (i.e. local ponds in the intertidal belt or restricted lagoon;

Fig. 17. Sedimentary trends within the high-frequency sequences (1–8) recognized in the MU-J2-J3-V transect, based on lateral facies relationships observed in the
reconstructed palaeogeographic maps (see Figs. 13 and 14). Characteristics of the sequence boundaries are also included. Notice the variability of the vertical
sedimentary trend of a single correlated high-frequency sequence between closely-spaced sections.
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around 2 km wide), backshoal and foreshoal areas (2–3 km in down-dip
extent), storm lobes (2–7 km in width) in backshoal and foreshoal do-
mains, and local intertidal caps (1–5 km in diameter) on top of back-
shoal and shoal-sand blanket deposits (Fig. 15B). Peloids constitute the
main non-skeletal component from inner- to mid-ramp domains, as well
as type 3 and 4 ooids in the restricted lagoon and a minor proportion of
type 1 and 1/3 ooids from intertidal to backshoal and foreshoal sub-
environments (Fig. 16B). Intraclasts are also abundant in storm-related

lobes, mostly occurring in the backshoal area, as well as type III oncoids
especially in the foreshoal area. Intense local burrowing takes place in
peloidal-dominated backshoal deposits, laterally related to the peloidal
shoal-sand blankets. As regards the stromatoporoid/chaetetid/coral-
rich facies, only chaetetid-stromatoporoid-coral buildup and inter-
buildup facies are maintained from the foreshoal to offshore-proximal
subenvironments. The stromatoporoid carpets in the lagoon and back-
shoal have disappeared.

Fig. 18. Lateral and vertical distribution of the grain-supported facies (packstone-grainstone and grainstone textures) in the studied cross-sections. The distribution of
stromatoporoid-rich carpets and buildups is also included.
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At a long-term scale, the sedimentary evolution of the carbonate
ramp throughout the nine sedimentary units reflects a shallowing-up-
ward trend, with the progradation of the inner ramp facies towards the
east-southeast.

6. Discussion

6.1. Factors controlling facies distribution

The facies heterogeneity and sedimentary evolution observed
throughout the nine sedimentary units reflect the combined role of
internal processes and external factors. Long- to short-term variations in
accommodation space related to sea-level fluctuations, along with ir-
regular bottom topography, water transparency and water energy
conditioned the spatial distribution and lateral continuity of the facies
(e.g. Kerans and Tinker, 1997; Della Porta et al., 2002; Hillgärtner,
2006).

The spatial distribution of the shoal-sand blankets determined the
nature of the laterally related inner ramp and mid-ramp facies. The
shoal-sand blankets show a general N-S orientation, with significant
differences in their lateral extent (i.e. from 3 to 12 km; Figs. 13 and 14).
They are mainly composed of peloidal and oolitic G (type 1 ooid with
micritic laminae or type 1/3 with alternating micritic and sparitic la-
minae), which grades laterally (along strike) into oncolitic G (type II
and III oncoids), with peloids and ooids in similar measure in the fine-
grain-sized fraction. Lithic peloids and ooids found in the peloidal to
oolitic G facies represent continued high-energy conditions (Strasser,
1986) compared to the type II and III oncoid G facies, which reflects
lower water agitation since these oncoids are partially composed of
organism-bearing encrustations (Dahanayake, 1977). Certain sectors of
the shoal-sand blankets are partially or completely represented by the
oncolitic-dominated facies. These along-strike variations in non-skeletal
grains were probably controlled by the irregular topography of the
shoal-sand blanket belt, with possible depressions/protected areas
where lower water energy favoured the generation of type II and III
oncoids. Differences in depositional topography are also highlighted by
the presence of intertidal caps on top of peloidal-oolitic shoal-sand
blankets, but not on the oncolitic shoal facies. The shoal-sand blankets
show a similar N-S orientation throughout the nine sedimentary units,
but vary in their lateral extent (from 3 to 12 km). This belt could have
been controlled by wave energy, which redistributed the sediment
especially during storms (e.g. Reijmer et al., 2009). The prevailing NE-
SW direction of winter winds and the SE-NW direction of the hurricane
pathways affecting the Iberian Basin (Marsaglia and Klein, 1983;
Golonka et al., 1994; Price et al., 1995, Fig. 1B) suggest that longshore
currents possibly controlled the N-S orientation of this facies belt, and
that storm resedimentation determined the variations in down-dip lat-
eral extension. The influence of storms on this carbonate ramp is
highlighted by the recurrence of storm-related intraclastic-peloidal
lobes in both backshoal and foreshoal subenvironments, especially in
the oolitic-peloidal-dominated ramp (see sedimentary units 5 to 7 in
Fig. 14).

Offshore from the shoal-sand blanket, a gradation of sediments
composed of peloids, ooids, oncoids and bioclasts is observed, from
foreshoal peloidal W-P to G, to offshore-distal bioclastic-peloidal M.
This is related to the down-dip decrease in water energy. The open-
marine areas are favourable for the growth of chaetetid-stromato-
poroid-coral buildups, below the fair-weather wave base. The presence
of these suspension-feeding metazoans and light-dependent micro-en-
crusters reflects low- to moderate water energy, water transparency and
oligotrophic conditions (Leinfelder et al., 1993). Local heterogeneities
in the distribution of some non-skeletal grains are found in the inter-
buildup facies, some of which is dominated by in-situ-generated on-
coids with organism-bearing encrustations (i.e. type II, III and IV on-
coids). The preferential growth of these buildups and inter-buildup
oncolitic sediments in some areas of the foreshoal and offshore-

proximal subenvironments is open to interpretation. It could be related
to areas where storms remobilized unconsolidated sediment and left the
underlying hard substrate exposed and available for colonization by
metazoans.

In the earlier stage of evolution (sedimentary units 1 to 4), an on-
colitic-peloidal-oolitic-dominated ramp developed, with a local shel-
tered lagoon characterized by an abundance of large and irregular type
IV oncoids (Figs. 13 and 15A). The shoal-sand blankets acted as a
barrier to water energy and favoured the generation of low-energy
conditions for bacterial growth. Low-energy conditions, negligible si-
liciclastic input and possible low sedimentation rates contributed to the
extensive growth of oncoids with light-dependent and oligotrophic
micro-encrusters (e.g. Leinfelder et al., 1993; Dupraz and Strasser,
1999). The reduced lateral extent of this lagoon was conditioned by the
sediment reworked in the backshoal area and by storm-induced flows
(i.e. washover deposits), which led to abrupt changes in facies dis-
tribution by redistributing sediment in large quantities (Strasser and
Védrine, 2009). Stromatoporoid-rich carpets occurred within the shel-
tered lagoon and backshoal subenvironments, where the bioclastic as-
sociation also indicates good water transparency and oligotrophic
conditions. On the basis of a detailed sedimentological study in the
northwestern area (i.e. around the locality of Mezalocha; see Fig. 2) by
Sequero et al. (2018), it was suggested that the preferential growth of
these stromatoporoid-rich carpets within the lagoon and backshoal/
washover subenvironments was probably related with the presence of
local hard substrates and areas with higher-energy conditions that oc-
curred in corridors created between washover deposits.

The oolitic-peloidal-dominated ramp in units 5–9 (Figs. 14 and 15B)
reflects the predominance of peloids and ooids to the detriment of
oncoids. Restricted conditions characterize the inner ramp lagoon
(peloidal-bioclastic-type 3 and 4 ooid W to G) with a minor develop-
ment of oncolitic facies (gastropod-oncolitic W-P to G and type III on-
coid P) compared with the previous stage. Peloidal-dominated facies
are widely developed from the lagoon to offshore-proximal sub-
environments. The relative abundance of peloidal facies at this stage in
the evolution of the platform, together with the near disappearance of
stromatoporoid-rich carpets in the lagoon and backshoal, point to an
increase in water energy and/or fluctuations in salinity conditions that
would not have been favourable for microbial activity and the growth
of stromatoporoids, chaetetids and corals. A lateral siliciclastic-domi-
nated unit is recorded in unit 7 in the northwestern area (Fig. 14C),
suggesting an increased terrigenous input to the lagoon carbonates.
General lower-energy conditions were established in the backshoal
subenvironment during the deposition of sedimentary unit 8 (Fig. 14D),
as indicated by the intense burrowing and the absence of storm-related
deposits.

As a whole, the observed facies distribution can be related to long-
to short-term sea-level fluctuations. The progressive progradation of the
shallow facies belts (Figs. 13 and 14) is likely to be associated with the
long-term fall in relative sea level occurring at the end of the Jurassic in
the Iberian Basin (Salas et al., 2001; Aurell et al., 2003, 2010). The
decrease in accommodation space would have controlled aspects such
as the generation of more restricted conditions in the inner ramp, as the
connection with the open-marine areas was reduced, and the local
subaerial exposure of both backshoal and shoal-sand blanket deposits.

The internal processes occurring in this carbonate ramp, which in
great measure determine the distribution and lateral migration of the
facies, may also overprint possible environmental changes induced by
insolation variations in the Milankovitch frequency band (e.g. Strasser,
2018). The influence of orbitally-induced cycles on the sedimentation
of Jurassic Iberian platforms has previously been documented in Kim-
meridgian-Tithonian shallow to deeper marine carbonate successions
(e.g. Bádenas et al., 2004, 2005). In particular in the shallow areas of
the carbonate ramp, the influence of sea-level fluctuations related to
short-term eccentricity cycles resulted in the formation of high-fre-
quency sequences bounded by discontinuity surfaces that can be
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physically traced at km-scale (Bádenas and Aurell, 2010, 2018). Ac-
cording to the lateral continuity assumed here for the well-marked
bedding surfaces, the nine sedimentary units differentiated within the
Higueruelas Fm (Fig. 3) could represent high-frequency sequences
linked to high-order sea-level fluctuations. Examples of sedimentary
trends in the high-frequency sequences and their bounding surfaces are
shown in Fig. 17. Most of the sequence boundaries are planar bedding
surfaces, locally bioturbated surfaces (e.g. between sequences 5 and 6
in section V), hardgrounds (e.g. between sequences 1 and 2 in section
J2) or are associated with cm-thick marly beds (e.g. between sequences
2 and 3 in section MU). The vertical facies trend within the sequences is
variable (aggradational, shallowing, deepening and locally deepening-
shallowing), and in a single correlated high-frequency sequence can
vary from log to log. For instance, sequence 2 displays a shallowing
trend in more proximal areas (i.e. section MU), but a deepening or
aggradational trend in distal areas (i.e. sections J3 and V). The presence
of well-marked high-frequency sequence boundaries, but not of max-
imum flooding surfaces, fits well with their development in a long-term
regressive stage, whereas marked maximum flooding surfaces in high-
frequency sequences would tend to be recorded during the maximum
flooding intervals of long-term sequences (Strasser et al., 1999). Jud-
ging by the number of sequences (i.e. nine sedimentary units) and by
the time span of the sequence Ki3 in the central part of the Iberian Basin
as obtained by biostratigraphic data (ammonites, larger benthic for-
aminifera) and strontium-isotope data (around 1.2 Myr; Aurell et al., in
press), the estimated duration for each sequence is around 133 ky, thus
falling within the range of short-term eccentricity orbital cycles (ca. 100
ky).

6.2. Lateral continuity of grain-supported facies: implications for reservoir
exploration

A knowledge of the lateral continuity of facies belts and their
stacking patterns in outcrop analogues of carbonate reservoirs is im-
portant in assessing the dimensions of potential reservoir-rock bodies
on the basis of subsurface data. Most of the facies that characterize the
Higueruelas Fm are similar to those found in the Arab-D Formation, the
major hydrocarbon carbonate reservoir in the Middle East (Al-Awwad
and Collins, 2013). As in the analogue Higueruelas Fm, the deposits of
the Arab-D Fm occurred in the shallow domains of an upper Kimmer-
idgian carbonate ramp (Ayoub and En Nadi, 2000; Al-Saad and
Ibrahim, 2005), and the more productive facies generally consist of
well-sorted oolitic packstone-grainstones forming active shoals and
patch buildups mainly composed of stromatoporoids in the foreshoal
subenvironment (Grötsch et al., 2003). The quality of many of these
reservoirs is due to the interparticle porosity in the peloidal and oolitic
grainstones, and the vuggy porosity resulting from the dissolution of
stromatoporoid bioclasts (Wender et al., 1998; Grötsch et al., 2003;
Hughes, 2004; Lindsay et al., 2006).

A gradation of grain-supported facies from intertidal to foreshoal
subenvironments has been characterized in the Higueruelas Fm. Grain-
supported peloidal-oolitic and oncolitic-dominated facies characterize
the backshoal, shoal-sand blanket and foreshoal domains, which also
include stromatoporoid-rich carpets and chaetetid-stromatoporoid-
coral buildup and inter-buildup facies in inner- and mid-ramp areas,
respectively. Packstone-grainstone and grainstone textures from these
facies are highlighted in Fig. 18, in order to reveal the dimension and
lateral continuity of potential analogue carbonate reservoir-rock bodies
in the Higueruelas Fm.

Grainstone textures are mostly recorded in the shoal-sand blankets,
laterally related to backshoal and foreshoal grainstone facies (Figs. 5–7)
grading locally into packstone-grainstone textures. Lateral continuity is
observed for these grainstone bodies, as is their great down-dip extent,
especially in sedimentary units 2, 4 and 5 (Figs. 13 and 14). Stroma-
toporoid carpets developed in packstone-grainstone and grainstone
backshoal deposits in sedimentary units 2, 3 and 6, whereas

stromatoporoid buildups and inter-buildup facies occurred in pack-
stone-grainstone foreshoal sediments in units 1, 2, 6 and 7 (Fig. 18).
This spotlights an additional interest in these backshoal and foreshoal
deposits, since vuggy porosity resulting from the dissolution of stro-
matoporoid bioclasts is another major reservoir-improving factor.

Characterization of the dimension and lateral continuity of potential
carbonate reservoir-rock bodies in outcrop analogues is essential for
hydrocarbon exploration, but so are the barriers (i.e. continuous low-
permeability layers) that compartmentalize the reservoir field, which
usually correspond to mud-supported sedimentary facies or highly ce-
mented deposits caused by diagenesis (e.g. San Miguel et al., 2017b).
Previous studies on upper Kimmeridgian mid-ramp successions in NE
Spain (San Miguel et al., 2017c) have documented diagenetic processes
prior to compaction affecting grainstone and reefal sedimentary bodies.
Such processes include cementation, pore-enhancing processes such as
the micritization of carbonate grains, and reflux dolomitization. Dolo-
mitization is also observed in the Higueruelas Fm, particularly in
northern areas (i.e. the localities of Muel and Jaulín; see Fig. 2), and has
been tentatively related to hydrothermal fluids circulating through
normal faults reactivated during the Alpine compression (Aurell, 1990).
Hydrothermal dolomitization has also been proposed for age-equivalent
carbonate rocks of the neighbouring Maestrat Basin (e.g. Rodríguez-
Morillas et al., 2013; Travé et al., 2019). The sedimentological het-
erogeneities (i.e. dimension and lateral extent) revealed for the poten-
tial reservoir facies in the studied successions of the Higueruelas Fm
make these shallow-marine deposits the target of future studies fo-
cusing on their diagenetic heterogeneities.

6.3. Comparison with other similar environments

The distribution of the Kimmeridgian carbonate facies from shallow
to relatively deep offshore settings has previously been documented in
the successions deposited in southern marginal areas of the Iberian
Basin. In the shallow-platform facies of the sequence Ki2 (Torrecilla Fm;
Fig. 1C), Bádenas and Aurell (2010) described sand-shoal deposits
dominated by variable proportions of peloids and type 3 and 1/3 ooids,
with variations in their lateral extent comparable to those observed in
the Higueruelas Fm (i.e. 3–12 km, see Figs. 13 and 14). Oncolitic-
dominated facies are also recorded in this environment: type I and II
oncoid G facies replaced the oolitic shoals in specific areas of the ramp;
Bacinella-oncoids were widespread in a low-energy lagoon; and type III
oncoids were generally deposited offshore, laterally related to coral
reefs. In contrast, for the latest Kimmeridgian carbonate ramp studied
in this work, specific hydrodynamic conditions partly controlled by the
irregular bottom topography led to a wider distribution of oncoids
partly or completely dominated by organism-bearing encrustations (i.e.
type II, III and IV oncoids), being abundant in the sheltered lagoon and
areas of the backshoal, shoal-sand blanket and foreshoal subenviron-
ments.

As regards shallow carbonate environments in Kimmeridgian suc-
cessions outside the Iberian Basin, of particular interest for hydro-
carbon exploration are the upper Kimmeridgian carbonate ramp de-
posits of the Arab-D Fm (Ayoub and En Nadi, 2000; Al-Saad and
Ibrahim, 2005). Significant facies in the Arab-D reservoirs are the well-
sorted oolitic packstone-grainstone facies forming active shoals, and
stromatoporoid-dominated buildups in the foreshoal environment. This
set of facies shows a significant difference regarding the dimension of
the stromatoporoid-rich facies, as large-scale stromatoporoid reefs ar-
ranged as belts occur in the Arab-D deposits, instead of the patchy
distribution of the stromatoporoid buildups in the studied Higueruelas
Fm. Lagoonal stromatoporoid carpets have been recorded in the Hi-
gueruelas Fm, but also in sequence Ki2 (Jabaloyas outcrop; San Miguel
et al., 2017a), a stromatoporoid facies not recorded in the Arab-D Fm.
Lehmann et al. (2010) recognized m-thick stromatoporoid buildups
from middle to outer-ramp areas of the Upper Jurassic carbonate
platform in offshore Abu Dhabi (eastern Saudi Arabia), more than 3 km
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in lateral extent. In contrast, the chaetetid-stromatoporoid-coral
buildups characterized in the Higueruelas Fm are recognized in rela-
tively proximal areas of the middle ramp, and are no more than 250m
in lateral extent.

The overall lateral extent of the sand-shoal complex in the Upper
Jurassic Arab Fm reaches 17–20 km in width, whereas in the carbonate
ramp under study the lateral extent of the shoal-sand blankets ranges
from 3 to 12 km. Previous studies of similar carbonate shoals in the
Upper Muschelkalk (Middle Triassic) have documented a high degree of
lateral continuity of high-energy shoal lithofacies at scales from a few
km to > 10 km in dip- and strike directions (e.g. Ruf and Aigner,
2004; Petrovic and Aigner, 2017). In relation to the particular lateral
migration of the shoal-sand blanket described in this work, Marchionda
et al. (2018) also document different directions of progradation of oo-
litic shoals in the Kimmeridgian-Tithonian shallow carbonate ramp of
the Arab Fm (onshore Abu Dhabi), suggesting a local topographic
control related to halokinetic activity in the substratum (i.e. substratum
diapiric motions leading to local changes in accommodation). This si-
tuation diverges from the sedimentary control on the lateral migration
of the shoal-sand blanket sediment described in the present paper,
which has been related primarily to the redistribution of the sediment
by hydrodynamic factors.

7. Conclusions

The complexity of the spatial facies distribution and sedimentary
evolution of the inner- to mid-ramp areas of a latest Kimmeridgian
shallow carbonate ramp (Higueruelas Fm, north-central Iberian Basin)
has been deciphered, highlighting the combined role of the external and
internal factors operating on these shallow marine environments. The
overall facies evolution reflects a long-term shallowing-upward trend,
related to the long-term fall in relative sea level that occurred during
the late Kimmeridgian in the Iberian Basin.

Analysis of the vertical and lateral facies distribution in nine sedi-
mentary units has allowed us to propose two sedimentary models of
ramp evolution, with significant variations in facies belts and the pre-
sence of facies mosaics in specific areas of the ramps. The oncolitic-
peloidal-oolitic-dominated carbonate ramp (sedimentary units 1–4)
included an intertidal belt characterized by peloidal mudstones to
packstone-grainstones with fenestral porosity, a low-energy sheltered
lagoon characterized by an abundance of large type IV oncoids, and
oolitic-peloidal backshoal, shoal-sand blanket and foreshoal sub-
environments, which grade offshore to bioclastic-peloidal mudstones.
Oncolitic-dominated packstones to grainstones developed along strike
in high-energy areas, and a mosaic of stromatoporoid carpets and
chaetetid-stromatoporoid-coral buildups also accumulated in inner- to
mid-ramp domains, respectively.

A significant shift in the palaeoenvironmental conditions, probably
related to higher-energy conditions and increased terrigenous supply,
took place during the deposition of sedimentary units 5 to 9, giving rise
to an oolitic-peloidal-dominated carbonate ramp, with very local re-
cords of oncolitic facies. This ramp included a wide restricted lagoon,
without stromatoporoid-rich carpets, and peloidal-dominated back-
shoal, shoal-sand blanket and foreshoal subenvironments, with frequent
intraclastic-peloidal storm-related deposits, as well as the near dis-
appearance of stromatoporoid-rich carpets in the backshoal. Chaetetid-
stromatoporoid-coral buildups developed offshore, in the mid-ramp
setting.

Variations in hydrodynamic factors (waves and storms) and sea-
bottom topography controlled the observed along-strike and down-dip
variations in lateral extent and in the predominant non-skeletal content
that developed especially in inner-ramp areas. Backshoal, shoal-sand
blanket and foreshoal grain-supported facies, with lithic peloids and
ooids, developed in higher-energy areas, whereas oncoids were con-
centrated in depressed areas of the shoal body. Inshore in the lagoon,
low-energy conditions favoured bacterial growth in oncoids and the

development of stromatoporoid-rich carpets, whereas fluctuations in
salinity, energy and siliciclastic input resulted in a peloidal-bioclastic-
oolitic lagoon without oncoids or stromatoporoids. The influence of
probable short eccentricity cycles is inferred from the time span of the
studied sequence Ki3 and the lateral continuity of the bounding sur-
faces of the nine identified sedimentary units (i.e. high-frequency se-
quences) within Ki3. Eccentricity-related sea-level fluctuations, internal
processes of sediment production and redistribution, and long-term
regression controlled the variable sedimentary trends observed within
these high-frequency sequences.

The facies distribution and down-dip heterogeneities summarized in
the two proposed carbonate-ramp models can be applied to the inter-
pretation of shallow carbonate platforms that include similar non-ske-
letal components. In particular, the reported data lead to a detailed
description of the distribution and lateral extent of oolitic, peloidal,
oncolitic and stromatoporoid-rich grain-supported facies, which can be
useful in reservoir characterization.
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Factors controlling oncoid distribution 

 

INTRODUCTION AND GOALS 

The uppermost Kimmeridgian shallow carbonate ramp deposits of the Higueruelas Fm are 

characterized by a great variety of oncoids, being recognized as the most characteristic component 

giving the name to this formation (i.e. the Oncolitic limestones of the Higueruelas Fm; Gómez and 

Goy, 1979). 

Oncoids are referred in the literature as coated grains larger than 2 mm in diameter, which exhibit 

coatings composed of concentric or irregular laminae, surrounding a nucleus of variable nature (e.g. 

detrital, skeletal or other coating grains such as ooids) (e.g. Tucker and Wright, 1990; Flügel, 2004; 

Zhang et al., 2015). The oncoids recognized in the Higueruelas Fm show a wide range of sizes and 

shapes, but also distinctive characteristics within the cortex, encompassing variable proportions of 

different types of laminae (i.e. continuous or discontinuous micritic and organism-bearing laminae of 

mainly cyanobacteria, such as Bacinella irregularis or Lithocodium aggregatum). In some cases, the 

microbial activity dominates the entire structure of the oncoid, resulting in non-laminated microbial 

meshworks (even regarded in the literature as a type of microbialite) (e.g. Peryt, 1981; Jones and 

Renaut, 1997; Riding, 2000; Shapiro et al., 2009). 

As reported in previous works (e.g. Dahanayake et al., 1985; Tucker and Wright, 1990; Lanés and 

Palma, 1998; Flügel, 2004; Hägele et al., 2006; Shi and Chen, 2006; Védrine et al., 2007; Bádenas 

and Aurell, 2010), the size, shape and internal structure of oncoids can provide valuable information 

on the palaeoenvironmental conditions of the depositional environment in which they formed, since 

these parameters are controlled by many different biological and physical factors, such as the water 

energy (i.e. the degree of grain overturning), microbial activity and chemical composition of the 

seawater (i.e. salinity, trophic levels) (e.g. Dahanayake, 1978; Flügel, 2004; Védrine et al., 2007; 

Olivier et al., 2011). 

The along-strike and down-dip facies heterogeneities throughout the successive sedimentary 

stages (see Chapter 5), allowed to characterize the distribution and lateral extent of the oncolitic 

facies, which are represented in variable abundance from inner- (sheltered lagoon, backshoal, shoal-

sand blanket) to mid-ramp domains (foreshoal, offshore-proximal), in some cases with a patchy 

distribution. Accordingly, the main objective for the work presented in this Chapter is to characterize 

the different types of oncoids and their distribution across the studied shallow carbonate ramp during 
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deposition of the sedimentary stages 1 to 4 defined in Chapter 5 (i.e. those showing more abundance 

and variety of oncoids), in order to evaluate the palaeoenvironmental factors controlling the 

formation of the different oncoid types and their distribution. The results obtained in this Chapter are 

presented in two peer-reviewed scientific papers, one of them corresponding to a preliminary 

analysis of this oncoid distribution in the inner areas of the carbonate ramp. Detailed information 

concerning the distribution of the different oncoid types in the studied sedimentary logs, and location 

of the collected samples for petrographic descriptions in the laboratory, is included in Annexe 1. 

The criteria used for classification of oncoids are those previously defined in the Dahanayake 

(1977) nomenclature, by evaluating their petrographic characteristics. In this regard, a revised 

version of the Dahanayake (1977) nomenclature for marine oncoids is also proposed in this work, 

which reports on further details about the internal characteristics of the oncoids, so it could provide 

additional tools for assessing palaeoenvironmental interpretations of oncoid distributions in similar 

environments. 
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Factors Controlling Oncoid Distribution
in the Inner Areas of a Late Kimmeridgian
Carbonate Ramp (Northeast Spain)

Cristina Sequero, Beatriz Bádenas, and Marcos Aurell

Abstract
The factors controlling the oncoid distribution in the
interior areas of a latest Kimmeridgian shallow carbonate
ramp were examined based on a detailed sedimentolog-
ical and petrographic analysis of the upper sequence of
the Higueruelas Formation (Iberian Basin, Northeast
Spain). Four types of oncoids are defined: small
micrite-dominated type I and II oncoids are generally
found in low proportion in all sub-environments
(from backshoal/washover, lagoon to intertidal). Large
Bacinella-dominated type III and IV oncoids predominate
in low-energy lagoonal areas. Variable energy water,
oligotrophic conditions and probably low sedimentation
rates controlled oncoid growth and distribution, thus
highlighting their potential as palaeo-environmental
proxies.

Keywords
Oncoids ! Lagoon ! Carbonate ramp ! Latest
kimmeridgian ! Iberian basin

1 Introduction

Different types of marine oncoids and their palaeo-
environmental significance have been described in the Late
Jurassic [1, 2, 5, 8]. In this work, the different oncoid types
occurring abundantly in the interior areas of a latest Kim-
meridgian carbonate ramp (Higueruelas Formation, Iberian

Basin, Northeast Spain) are studied in detail in order to
decipher the main environmental factors involved in the
formation of the different oncoid types and their distribution.

2 Sedimentological Setting
and Methodology

The shallow-water domains of the latest Kimmeridgian of
the Iberian Basin (Fig. 1a) are represented by the oncolitic
limestones of the Higueruelas Formation. This work con-
cerns the upper (10–16 m thickness) shallowing-upward
sequence of the unit (Fig. 1b), exposed in an outcrop area of
1 " 2 km in extent. Facies analysis was based on a detailed
sedimentological field description of 14 closely logs and
petrographic description of rock samples in 438 polished
slabs and 111 thin sections.

The palaeoenvironmental interpretation by Sequero et al.
[7] provides the sedimentological framework for the detailed
analysis of oncoids presented here (Figs. 1b and 2a). Five
facies encompassing from intertidal to shallow subtidal
lagoon and backshoal areas were distinguished (Fig. 2a).
Oncolitic and oncolitic-stromatoporoid wackestone to
packstones with local patches of stromatoporoids, predomi-
nate in the sheltered lagoon. Backshoal/washover peloidal
wackestone to grainstones represent resedimented sediment
from distal oolitic-peloidal and oncolitic-dominated shoals.
Peloidal mudstone to grainstones with fenestral porosity and
gastropod-oncolitic wackestone to grainstones are accumu-
lated in intertidal areas with small ponds.
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3 Oncoid Distribution and Controlling
Factors

Four types of oncoids (type I, II, III and IV; [2]) show a
preferential distribution and relative abundance within the
intertidal to shallow subtidal areas have been recognized
(Figs. 1b and 2). Type I and II oncoids are present in all
facies in very low proportion. They are spherical to elliptical
and few millimeters to 1 cm in size. The cortex is formed by
micritic laminae (type I, Fig. 2b, A) and micritic laminae
with organism-bearing laminae of Bacinella irregularis
(type II, Fig. 2b, B). Type III oncoids are common in
oncolitic facies. They are up to 3 cm in size and from
sub-elliptical to spherical with undulated surfaces (Fig. 2b,
C). The cortex is formed by an alternation of micritic and
organism-bearing (mostly Bacinella-Lithocodium associa-
tion) laminae. Type IV oncoids are abundant in oncolitic
facies, and also common in oncolitic-stromatoporoid and
pond facies. They display irregular shapes with lobate con-
tours ranging from a few millimeters to 7 cm in size
(Fig. 2b, D). They are exclusively formed of mostly Baci-
nella-Lithocodium meshwork. Large type IV oncoids are
found in oncolitic facies.

The interaction of the different palaeo-environmental
factors controlled the oncoid growth and distribution in the
studied inner ramp. Shoals protecting the lagoon controlled
the occurrence of low-energy conditions which are favorable
for the development and abundance of large type IV oncoids
in the lagoon; whereas, micrite-dominated type I and II
oncoids were probably resedimented by storms and dis-
tributed throughout the inner ramp domain. Low siliciclastic
input and probable low sedimentation rates contributed to
the generation of the Bacinella-Lithocodium association that
characterize type III and IV oncoids [6], since these
cyanobacteria indicate oligotrophic levels, medium-level
salinity and high-transparent waters [4].

4 Conclusion

The spatial distribution obtained for the oncoids in the inner
areas of a latest Kimmeridgian carbonate ramp highlights
that oncoids constitute a useful tool for the high-resolution
palaeo-environmental studies. Large Bacinella-dominated
type III and IV oncoids predominate in the inner areas of a
sheltered lagoon, where low-energy conditions, low silici-
clastic input and probably low sedimentation rates

Fig. 1 a Paleogeographic distribution in western Europe during the
late Kimmeridgian (adapted from Dercourt et al. [3]) indicating the
location of the studied area. b Vertical facies distribution in the

uppermost sequence of the Higueruelas Formation (log M7 from
Sequero et al. [7]), showing the vertical distribution of oncoid types and
size (legend for facies in Fig. 2a)
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contributed to the extensive growth of cyanobacteria. Type I
and II oncoids, which are present in all sub-environments in
very low proportion, are probably resedimented by storms.

Similar palaeo-environmental interpretations are found
for oncoids studied in the Late Jurassic [1, 2, 8], where the
lateral and vertical distribution of oncoids through
small-scale depositional sequences is also congruent with
relative sea-level changes or variations in the platform
morphology [8].
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The distribution and abundance of oncoids in the shallow domains of a latest Kimmeridgian carbonate rampwas
accomplished on the basis of a detailed sedimentological and petrographic analysis of the lower part of the
Higueruelas Formation (Iberian Basin, northeastern Spain). Six types of oncoids are recognized based on the in-
ternal structure of the cortex, and show a preferential distribution on the carbonate ramp, which record from in-
tertidal, lagoon, backshoal, shoal-sand blanket, foreshoal to offshore domains. Spherical type I oncoids, composed
of continuous micritic laminae, occur in all the subenvironments in low proportions. Sub-spherical type II
oncoids, constituted by micritic laminae and discontinuous organism-bearing laminae of mostly Bacinella
irregularis, dominate in the higher-energy shoal-sand blanket domain. Type III oncoids, with alternating micritic
and organism-bearing laminae of mostly Bacinella irregularis-Lithocodium aggregatum association, include two
varieties: type IIIa oncoids, with micritic and organism-bearing laminae of similar thickness, preferentially
formed in the foreshoal domain; and type IIIb oncoids, with thinner micritic laminae, formed in a low-energy
sheltered lagoon. Irregular type IV oncoids characterize the low-energy settings, and include two varieties:
type IVa oncoids, mainly consisting of a Bacinella-Lithocodiummeshwork, which occur abundantly in the lagoon;
and less abundant type IVb oncoids, composed of a continuous organism-bearing laminae of Lithocodium, which
are found in the offshore domain.Water energy and platformmorphology played an important role in formation
and distribution of the oncoids in these shallow domains, where normal-marine water and oligotrophic condi-
tions are highlighted by the high-diversity of light-dependant micro-encrusters in type III and IV oncoids.
Comparable oncoid distribution patterns of diverse Late Jurassic shallow carbonate platforms enhance their
potential use as reliable palaeoenvironmental proxies.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Analysis of distribution of non-skeletal grains in shallowmarine car-
bonate deposits is of great interest due its applicability in deciphering
key factors controlling the sedimentation in these environments (e.g.
variations in hydrodynamic conditions, trophic level fluctuations), par-
tially controlled by the sea-floor topography (e.g. Bádenas and Aurell,
2010). In particular, oncoids are a kind of carbonate grains usually pres-
ent in shallow-water facies which have been used by several authors to
obtain palaeoenvironmental information about the depositional envi-
ronment in which they are formed, as their morphology, size and inter-
nal structure are controlled by many different biological and physical
factors (e.g. Dahanayake, 1978; Flügel, 2004; Védrine et al., 2007;
Olivier et al., 2011). Oncoids have been described in the literature as
nodules or coated grains that exhibit N2 mm in diameter, and include
cortex formed by irregular or concentric laminae surrounding skeletal

or non-skeletal grains as nuclei (Tucker and Wright, 1990; Flügel,
2004; Zhang et al., 2015).

In shallow-marine deposits of the Phanerozoic, carbonate oncoids
have been recorded in awide range of environments, from intertidal, la-
goon, shoal to open-marine settings, locally associated to reefal struc-
tures (e.g. Li et al., 2000; Shi and Chen, 2006; Védrine et al., 2007;
Bádenas and Aurell, 2010; Reolid and Nieto, 2010; Olivier et al., 2011;
Lazar et al., 2013; Sequero et al., 2019). Despite oncoids have been tra-
ditionally used as indicators of moderately agitated environments, as
their rounded morphology and lamination are frequently associated to
grain overturning (e.g. Tucker and Wright, 1990; Lanés and Palma,
1998; Flügel, 2004; Shi and Chen, 2006), several authors have described
oncoids entirely formed by in-situ microbial growth in low-energy
settings (e.g. Dahanayake et al., 1985; Hägele et al., 2006; Védrine
et al., 2007; Bádenas and Aurell, 2010; Zaton et al., 2012; Sequero
et al., 2019), also considered as a type of microbialites (e.g. Peryt,
1981; Jones and Renaut, 1997; Riding, 2000; Shapiro et al., 2009). In ad-
dition, analysis of oncoids on shallowdomains has been previously used
in order to characterize high-frequency cycles (e.g. Védrine et al., 2007;
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Fig. 1. (A) Palaeogeographical reconstruction of western Tethys during the late Kimmeridgian (adapted from Dercourt et al., 1993), and distribution of the main sedimentary domains in
the northeastern Iberian Basin (compiled from Aurell et al., 2003 and Ipas et al., 2004). (B) Summary of the stratigraphy for the Kimmeridgian in the northern Iberian Basin including the
main sedimentary domains (modified from Aurell et al., 2019). The studied interval encompasses the lower part of the Higueruelas Formation, which is included in sequence Ki3. (C) The
Jurassic outcrops in the study area (modified from Cortés Gracia and Casas Sainz, 1996) and the location of the studied sections (stars). Dashed lines refer to the interpreted cross-sections
shown in Fig. 4 (see also clarification for sections P1 and P2, in grey colour).
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Brandano et al., 2015), as their relative abundance and distribution
show a correlation with sea-level fluctuations.

In the present study, oncoids occur abundantly from inner- to
mid-ramp areas of the latest Kimmeridgian carbonate ramp that de-
veloped in the Iberian Basin (northeastern Spain), showing a wide
variability in size, shape and internal structure. The main aim of
this work is to examine the petrographic characteristics of these
oncoids as well as their abundance and distribution along the shal-
low domains of this carbonate ramp, in order to decipher the envi-
ronmental factors controlling the formation of the different oncoid
types and their distribution. We also propose a revised version of
Dahanayake (1977) classification of marine oncoids, which can be
applied in palaeoenvironmental interpretations of similar deposi-
tional environments.

2. Geological context

Shallow marine carbonate-dominated platforms and ramps occu-
pied extensive areas of Western Europe during the Late Jurassic
(Fig. 1A; Dercourt et al., 1993). Oncoids studied in this work were de-
posited in the shallow areas of the low angle carbonate ramp developed
in the intra-cratonic Iberian Basin (NE Spain) during the Kimmeridgian
(Salas and Casas, 1993; Aurell et al., 2003).

The stratigraphy of the Iberian Kimmeridgian carbonate ramps
across a transect located in the northern Iberian Basin is summarized
in Fig. 1B. The Kimmeridgian consists of three third-order depositional
sequences (i.e. Ki1, Ki2 and Ki3). The shallow carbonate deposits stud-
ied here correspond to sequence Ki3, which are represented in the
thick-bedded (dm- to m-thick) shallow marine limestones of the
Higueruelas Formation. The widespread occurrence of the benthic fora-
minifera Alveosepta jaccardi combined to strontium-isotopic data, indi-
cates that this unit was deposited at the latest Kimmeridgian, most
probably during the upper eudoxus and beckeri Zones (Fig. 1B; Aurell
et al., 2019). At basin scale, the shallow carbonate ramp facies of the
Higueruelas Formation pass gradually into outer-ramp limemudstones
and marls of the Loriguilla Formation, recorded to the east of the basin
(Fig. 1A and B; Aurell et al., 2003, 2019). The progressive shallowing
and eventual emersion of the carbonate ramp at the end of the
Kimmeridgian has been related to the long-term fall in regional sea
level, which was in part controlled by the tectonic uplift of the western
emerged areas of the Iberian Massif (Bádenas and Aurell, 2001; Aurell
et al., 2003).

The outcrops studied in this work are located south of Zaragoza
(Spain), where the Higueruelas Formation is widely-exposed across
large anticline structures (Fig. 1C). The thickness of the studied forma-
tion in this area ranges from 40 m in the western proximal localities
to 80 m basinward (to the southeast). The overall facies distribution
and sequence stratigraphy of this unit was previously characterized in
Aurell andMeléndez (1986) and Ipas et al. (2004). Further characteriza-
tion of facies and sedimentary evolution of the unit has been performed
by Sequero et al. (2019). These authors identified 9 high-frequency
sequences (i.e. sedimentary units 1–9) of variable thickness (2 to
26 m-thick) that were tentatively regarded as formed in tune with the
short eccentricity cycles. The detailed analysis of the different oncoid
types and distribution presented here is focused in the lower part of
the Higueruelas Formation (30 to 50 m-thick), which includes the larg-
est abundance and variety of oncoids (Fig. 2).

3. Studied successions and methodology

The selected interval for analysing abundance and distribution of
the different oncoid types in the shallow domains of the latest
Kimmeridgian carbonate ramp encompasses the sedimentary units 1
to 4 recognized in the lower part of the Higueruelas Formation
(Fig. 2). These units represent high-frequency sequences bounded by
discontinuity surfaces that can be physically traced along continuous

outcrops (i.e. Mezalocha sector; Sequero et al., 2018), and are recog-
nized across the entire study area (Sequero et al., 2019).

Characterization of size, morphology and internal structure of
oncoids was performed on 896 rock samples collected from 17
closely-spaced logs throughout several outcrops situated south of Zara-
goza (Fig. 1C), covering an area of 20 × 30 km in extent, and
complemented by detailed (at bed-scale) field descriptions of the sec-
tions. Characteristics of the internal structure of the oncoids were
analysed under microscopic observations on 83 thin sections selected
from the collected rock samples. The comparison diagrams of volume
percentages of constituents suggested by Baccelle and Bosellini (1965)
were used in order to determine the semi-quantitative proportion of
oncoids on polished slabs and thin sections. Following the proposed no-
menclature of Dahanayake (1977), the internal structure of the cortex,
in particular the differentiation of micritic laminae and organism-
bearing laminae, was the criteria used here for oncoid description and
classification.

The sedimentological framework for the presentwork is provided by
Sequero et al. (2019), so that only a brief description of facies will be in-
cluded in the next section. Correlation of logs was done along three
cross-sections which are orientated from proximal to distal areas (i.e.
western–eastern cross-sections), and was carried out by the identifica-
tion of continuous (km-scale) well-marked bounding surfaces of the
studied sedimentary units 1–4 (Sequero et al., 2019). The lateral
(along strike and down dip) distribution and abundance of the different
oncoid types will be evaluated all across the shallow carbonate ramp in
successive palaeoenvironmental maps reconstructed for each sedimen-
tary unit. Analysis of the spatial distribution and internal characteristics
of the different oncoids will allow us to decipher main factors control-
ling oncoid growth and distribution.

4. Facies architecture and sedimentary model

High-resolution facies analysis performed by Sequero et al. (2019)
indicates that the latest Kimmeridgian shallow carbonate rampdeposits
include three main facies associations (peloidal and oolitic-dominated,
oncolitic-dominated and stromatoporoid/chaetetid/coral-rich facies as-
sociations), which represent deposition in intertidal, lagoon, backshoal/
washover, shoal-sand blanket, foreshoal, offshore-proximal and
offshore-distal subenvironments (Fig. 3).

The peloidal and oolitic-dominated facies association comprises
6 facies deposited in intertidal areas (peloidal mudstone (M) to
packstone-grainstones (P-G) with fenestral porosity), in backshoal,
shoal-sand blanket and foreshoal subenvironments (peloidal to oolitic
wackestones (W) to grainstones) and offshore domains (peloidal-
bioclastic packstones to mudstones) (Fig. 3). These facies have low
proportions of oncoids and are mainly composed of lithic peloids
(Flügel, 2004), type 1 and 1/3 ooids (i.e. ooids with micritic laminae
and alternating fine-radial sparitic and micritic laminae, respectively,
according to Strasser, 1986), and scarce bioclasts (e.g. bivalves, brachio-
pods, echinoderms, foraminifera).

The oncolitic-dominated facies association is characterized by the
abundance of oncoids and encompasses 3 facies formed in the sheltered
lagoon (oncolitic W to P, with large and irregular oncoids), backshoal-
foreshoal (oncolitic P) and shoal-sand blanket subenvironments
(oncolitic G). The fine-grain-sized fraction in these oncolitic-dominated
facies is mainly composed of lithic peloids, type 1 and 1/3 ooids and
minor proportion of bioclasts.

The stromatoporoid/chaetetid/coral-rich facies association in-
cludes four facies that can be grouped in two groups of facies, and
show a patchy distribution (Fig. 3): 1) lagoon to backshoal
stromatoporoid W to G, composed by abundant broken and in-situ
stromatoporoids that represent stromatoporoid carpets, surrounded
by oncolitic-stromatoporoid W to G with variable proportions of
oncoids and cm-sized fragments of stromatoporoids, chaetetids
and corals; 2) chaetetid-stromatoporoid-coral buildups, with
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lenticular geometries (up to 8 m high), and inter-buildup
stromatoporoid-chaetetid-coral and oncolitic W to G facies, with
cm-sized fragments of stromatoporoids, chaetetids and corals and
variable proportions of oncoids, developed in foreshoal to offshore-
proximal areas.

The selected facies for the analysis of oncoid types performed here
correspond to facies belonging to the oncolitic-dominated and
stromatoporoid/chaetetid/coral-rich facies associations, with signifi-
cant volume percentages of oncoids (Figs. 3 and 4). In particular, these
facies correspond to: 1) OncoliticW to P facies, developed in the lagoon,
including from 20 to 40% of oncoids; 2) Oncolitic-stromatoporoid W to
G facies surrounding stromatoporoid carpets, developed in the lagoon
and backshoal areas, showing between 10 and 30% of oncoids;
3) Oncolitic P and G facies, with higher proportions of oncoids (from
20 to 60%), even recording oncolitic-supported textures (N40%;
Fig. 2B, C), formed in backshoal, shoal-sand blanket and foreshoal
subenvironments, which grade laterally (along strike) into peloidal
and oolitic-dominated facies; and 4) inter-buildup stromatoporoid-
chaetetid-coral and oncolitic W to G facies, including from 10 to 30%
of oncoids, laterally associated to chaetetid-stromatoporoid-coral
buildups of foreshoal and offshore-proximal areas.

The down-dip (W-E) facies distribution in sedimentary units 1–4
analysed by Sequero et al. (2019) (i.e. peloidal and oolitic-dominated,
oncolitic-dominated and stromatoporoid/chaetetid/coral-rich facies as-
sociations; Fig. 4) indicates that thewidest record of oncoids is observed
in units 1 and 2,with the development of extensive oncolitic-dominated
backshoal-shoal-foreshoal subenvironments (oncolitic P and G facies;
e.g. sections ME2 and A1), and of oncolitic inter-buildup facies
(stromatoporoid-chaetetid-coral and oncolitic W to G) in foreshoal
and offshore-proximal areas (e.g. sections J3 and F3). Oncolitic W to P
lagoon facies is only recorded in unit 3 in thenorthwestern area (i.e. sec-
tion ME1). Oncolitic-stromatoporoid W to G facies is distributed as
small patches from the lagoon to backshoal areas in sedimentary units
2 to 4 (e.g. sections ME1 and TO). In units 3 and 4, the lateral extent of
the backshoal-shoal-foreshoal oncolitic-dominated facies is reduced,
and the oncolitic inter-buildup facies is constrained to the southwest
(e.g. sections F3 and F5).

5. Oncoid types

The oncoids recorded in the Higueruelas Formation display a wide
variability in size, shape and internal structure. They show well-

Fig. 2. (A) Field view of the lower part of the Higueruelas Formation in Tosos sector (section TO in Fig. 1C; units 1 to 4). (B, C) Macro-scale examples of oncolitic-dominated facies with
oncolitic-supported texture in Valmadrid sector (B; section V, unit 4) and Mezalocha sector (C; section ME1, unit 1).
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rounded to irregular shapes, few millimetres to several centimetres in
diameter, bioclastic and intraclastic nuclei when present, and cortex of
variable thickness. On the basis of the internal structure of the cortex,
six types of oncoids are defined: types I, II, IIIa, IIIb, IVa and IVb oncoids.
Types I, II, III and IV follow the nomenclature of Dahanayake (1977), and
subtypes a and b for oncoids of types III and IV are proposed here. Main
characteristics of oncoids are illustrated in Figs. 5–8 and summarized in
Fig. 9.

Type I oncoids are spherical to elliptical in shape, andhave diameters
of a fewmillimetres. The cortex is composed of continuousmicritic lam-
inae, without micro-encrusters (Fig. 5a–d).

Type II oncoids have up to 1 cm in size, are sub-spherical to irregular
in shape with smooth contours, and are composed of micritic laminae
with discontinuous organism-bearing laminae of mostly Bacinella
irregularis (Radoicic, 1959; Fig. 5e–h), which represents a cyanobacterial
structure (e.g. Schmid, 1996; Dupraz, 1999; Shiraishi and Kano, 2004).
Lithocodium aggregatum (Elliott, 1956) is also present in these oncoids,
which is attributed to colonies of calcified cyanobacteria (Cherchi and
Schroeder, 2006). Other organisms (e.g. serpulids, sponges) are eventu-
ally included in the cortex (Fig. 9).

Type III oncoids have diameters up to 3 cm, and are spherical to ir-
regular in shape withwavy contours. They are composed by alternating
continuous and concentric micritic and organism-bearing laminae of
mostly Bacinella-Lithocodium association (Figs. 6 and 8a), with the com-
mon presence of other micro-encrusters (e.g. Troglotella incrustans:
Wernli and Fookes, 1992; Fig. 8d). Serpulids, sponges and foraminifera
are also included in the cortex. Two varieties, i.e. types IIIa and IIIb
oncoids, are differentiated based on the thickness of micritic and
organism-bearing laminae: type IIIa oncoids, smaller in size (up to
2 cm), show alternating micritic and organism-bearing laminae with

similar thickness (0.25 to 1 mm-thick; Fig. 6a–d), whereas type IIIb
oncoids are more irregular in shape and are formed by alternating thin-
ner micritic laminae and thick organism-bearing laminae (micritic lam-
inae up to 0.2 mm-thick; Fig. 6e–h).

Type IV oncoids have a wide range of sizes and display irregular to
very irregular shapes with lobate contours. Two varieties are differenti-
ated, i.e. types IVa and IVb oncoids, regarding the characteristics of the
cortex. Type IVa oncoids are few millimetres to 7 cm in diameter, and
are exclusively formed by a microbial meshwork with a high diversity
of micro-encrusters (mostly Bacinella-Lithocodium association, and
common Thaumatoporella parvovesiculifera, Cayeuxia-Ortonella and
Girvanella; Figs. 7a–d and 8b, c), and also sponges and foraminifera.
Type IVb oncoids are up to 1 cm in diameter, display irregular shapes
with wavy contours and have thick cortex entirely formed by several
superimposed layers of Lithocodium aggregatum (Fig. 7e–h).

6. Oncoid distribution

Analysis of the abundance of the described oncoid types across the
logged sections (see selected logs in Figs. 10–13) indicates that these
types of oncoids have a preferential distribution and abundance in the
oncolitic-dominated and stromatoporoid/chaetetid/coral-rich facies as-
sociations, thus allowing recognizing their spatial distribution from la-
goon to offshore-proximal domains of the carbonate ramp. Figs. 14
and 15 illustrate the volume percentage of oncoids compared with the
facies maps of stratigraphic units 1–4 in Sequero et al. (2019).

Sedimentary unit 1 (Fig. 14A) records deposition from backshoal to
offshore-distal subenvironments. During this stage, greater abundance
of oncoids (N40%) is recorded in backshoal-shoal-foreshoal oncolitic P
and G facies. In particular, these facies include dominant types II and

Fig. 3. Sedimentary model showing the three facies associations distribution on the latest Kimmeridgian shallow carbonate ramp (modified from Sequero et al., 2019).
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Fig. 4. Facies distribution in the three cross-sections (modified from Sequero et al., 2019). Log correlationwas based on the identification of time-equivalent sharp bedding surfaces (black
lines) bounding four sedimentary units (1–4). The lower datum for correlation (indicated in blue line) corresponds to the boundary between the Higueruelas Formation and the
underlying Loriguilla Formation (sequence Ki2; see Fig. 1B). Sections P1 and P2 (in grey colour) do not record the deposition of sedimentary units 1–4, but the inferred lateral facies
correlation is included in this work. (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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IIIa oncoids. By contrast, in foreshoal to offshore-proximal inter-buildup
stromatoporoid-chaetetid-coral and oncolitic W to G facies, oncoids are
less abundant (up to 30%), and mainly correspond to types IIIa and IVa
oncoids.

Sedimentary unit 2 allows characterizing the oncoid distribution
from backshoal to offshore-proximal subenvironments (Fig. 14B).
Oncolitic-stromatoporoid W to G facies laterally associated to

stromatoporoid W to G recorded in backshoal areas, is dominated by
type IVa oncoids in relative high abundance (up to 25%). Oncoids are
abundant in the oncolitic-dominated backshoal to foreshoal facies (per-
centages N40%), being type II oncoids dominant and occasionally type
IIIa oncoids in the backshoal domain. Types II, IIIa and IVa oncoids (per-
centages up to 30%) characterize the oncolitic inter-buildup facies of
foreshoal and offshore-proximal areas. Type IVb oncoids are only

Fig. 5. (a–d) Type I oncoids. (a, b) Spherical andwell-rounded type I oncoids showing thick (a) and thin (b)micritic laminae,with fragments of brachiopod and stromatoporoid as nucleus,
respectively. Type I oncoid in (a) belongs to oncolitic inter-buildup facies in Puebla de Albortón sector, section P2 (see Fig. 1C). Type I oncoid in (b) belongs to section J2 (Jaulín sector), thin
section 45 (see Fig. 11). (c) Elongate type I oncoid with a large fragment of brachiopod as nucleus. Section J3. (d) Spherical and well-rounded type I oncoid with no visible nucleus and
diffuse micritic laminae. Section J2, thin section 24. (e, h) Type II oncoids, showing thick micritic crusts with sparitic patches of Bacinella irregularis (white arrows). (e) Millimetre-sized
type II oncoid with a fragment of bivalve as nucleus. Section A2 (Aguilón sector), thin section 8 (see Fig. 12). (f, g) Elliptical type II oncoids with no visible nucleus and smooth
contours. Section J2, thin sections 26 and 29, respectively. (h) Type II oncoids aggregated by Bacinella irregularis (arrow), showing bioclastic nuclei (lituolid, top left; coral, bottom
right). Section J2, thin section 28.
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recorded in the peloidal-dominated offshore-proximal domain, to-
gether with millimetre-sized types I, II and IVa oncoids (b10% total
percentage).

In sedimentary units 3 and 4 (Fig. 15), oncolitic-dominated facies
that characterized the backshoal to foreshoal domains are reduced in
extension, compared with previous stages. In sedimentary unit 3
(Fig. 15A), lagoon oncoliticW to P facies is recorded, being characterized
by large and irregular types IVa and IIIb oncoids (up to 40% total per-
centage). The oncolitic-dominated backshoal and shoal-sand blanket

subenvironments are dominated by type IIIb oncoids (N40% total per-
centage). Oncolitic-stromatoporoid W to G facies is not recorded here
laterally associated to stromatoporoid W to G facies, and total percent-
age of oncoids in these stromatoporoid carpets is not significant (b5%).
The oncolitic inter-buildup facies is well-developed in the offshore-
proximal domain, and is characterized by type IVa oncoids among
other oncoid types (up to 30%).

Type IVa oncoids also predominate in the lagoon and backshoal
oncolitic-stromatoporoid W to G facies in sedimentary unit 4 (up to

Fig. 6. (a–d) Type IIIa oncoids showing thick crusts with alternating continuous and concentric micritic and organism-bearing laminae of similar thickness (white and dashed arrows in a,
respectively), elliptical shapes and smooth contours. Occasionally serpulidworms colonized the oncoid surface, and thenwere integrated into the cortex (white arrow ind). SectionsA1 (a,
thin section 9),ME2 (b, thin section 12), TO (c), andME1 (d, thin section 1) (see Figs. 10–12). (e–h) Type IIIb oncoids showing irregular shapeswithwavy contours, with cortex constituted
by irregular organism-bearing laminae ofmainly Bacinella-Lithocodium and thinnermicritic laminae. Bioclastic nuclei (e.g. gastropods in e, f) are common.Micritic laminae can also appear
as discontinuous (white arrow in g). Sections A1 (e, thin section 17), ME1 (f, thin section 46), J2 (g, thin section 39) and ME3 (h).
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30%; Fig. 15B), and in the backshoal oncolitic P facies together with type
II oncoids (N40%). In themid-ramp, types II and IIIa oncoids dominate in
the foreshoal oncolitic P facies (N40%), and also in the inter-buildup
stromatoporoid-chaetetid-coral and oncolitic W to G facies together
with type IVa oncoids (up to 30%). Scarce type IVb oncoids also appear
in this facies (b10%).

Based on the described volume proportion of oncoids in sedimen-
tary units 1–4, the down-dip distribution of the different oncoid types
and their abundance in the studied carbonate ramp is proposed
(Fig. 16). Spherical type I oncoids, characterized by continuous micritic

laminae, are present (b10%) in all the defined subenvironments. Type II
oncoids (sub-spherical, composed by micritic laminae with discontinu-
ous organism-bearing laminae of mostly Bacinella irregularis) and
type IIIa oncoids (irregular to spherical, with alternating continuous
and concentric micritic and organism-bearing laminae of Bacinella
irregularis-Lithocodium aggregatum) are common to abundant in the
oncolitic backshoal-shoal-foreshoal environment, laterally related to
peloidal-oolitic shoals (see Figs. 14 and 15), being type II oncoids the
most abundant (N20%) in the oncolitic shoal and type IIIa oncoids
generally in the foreshoal domain. Type IIIb oncoids (with thicker

Fig. 7. (a–d) Type IVa oncoids with irregular and lobate contours, entirely composed of a microbial meshwork with a high-diversity of micro-encrusters, mainly Bacinella irregularis.
Sections ME1 (a, thin section 43), J3 (b), ME3 (c, thin section 34) and A1 (d, thin section 33) (see Figs. 10–12). (e–h) Irregular type IVb oncoids, entirely composed of thick crusts with
continuous organism-bearing laminae of Lithocodium aggregatum. Bioclastic nuclei are common, mainly lituolids (dashed arrow in g). Sections F4 (e), F3 (f, g, proximal to sample 26;
see Fig. 13) and V (h).
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organism-bearing laminae) and irregular type IVa oncoids (exclusively
formed by amicrobialmeshworkmostly of Bacinella-Lithocodium) char-
acterize the lagoon, being mainly dominated by type IVa oncoids. Type
IVa oncoids are also common in the lagoon to backshoal oncolitic-
stromatoporoid W to G and foreshoal to offshore-proximal inter-

buildup stromatoporoid-chaetetid-coral and oncolitic W to G facies,
the latter also characterized by types II and IIIa oncoids. Millimetre-
sized and irregular type IVb oncoids (with thick cortex entirely formed
by Lithocodium aggregatum) are present in the offshore-proximal
peloidal and oncolitic inter-buildup facies.

Fig. 8. Detailed view of micro-encrusters in oncoids. (a) Vesicular structure of Bacinella irregularis (white arrow) associated with Lithocodium aggregatum (dashed arrow) in type IIIa
oncoid. Section J2, thin section 38 (see Fig. 11). (b) Thaumatoporella parvovesiculifera (black arrow) and Bacinella-Lithocodium association (dashed arrow) in type IVa oncoid.
Section ME1, thin section 46 (see Fig. 10). (c) Cayeuxia-Ortonella (black arrow) surrounded by Bacinella irregularis (dashed arrow) in type IVa oncoid. Section J3. (d) Troglotella
incrustans (dashed arrow) in type IIIa oncoid. Section A1, thin section 10 (see Fig. 12).

Fig. 9. Oncoid types identified in the Higueruelas Formation. Descriptions of morphology and internal structure of the oncoids, depositional subenvironment conditions and frequent
oncoid associations are indicated.

10 C. Sequero et al. / Sedimentary Geology 398 (2020) 105585

158



7. Discussion

7.1. Factors controlling oncoid growth and distribution

Oncoid morphology and internal structure, which mainly reveal the
degree of agitation and the palaeoecological conditions, can help in
deciphering characteristics of the depositional subenvironments (e.g.
Peryt, 1983; Wright, 1983; Ratcliffe, 1988). Fig. 17A summarizes the

deduced conditions of water energy and diversity of micro-encrusters
(related to palaeoecological conditions) for the described oncoids.

As a general rule, rounded morphology and well-defined micritic
laminae in oncoids (i.e. types I and II) is consequence of turbulent
waters, whereas lower-energy conditions result in irregular shapes, oc-
casional discontinuous laminae and microbial encrustations (i.e. types
III and IV oncoids) (Dahanayake, 1978; Peryt, 1983; Wright, 1983). In
the case studied here, the percentage of high-energy type I oncoids

Fig. 10. Distribution, abundance and size of the different oncoid types in sections MU and ME1 (Muel and Mezalocha sectors, respectively; see Fig. 1C). Samples in red colour include
petrographic description on thin section. Oncoid % refers to proportion of this non-skeletal component in relation to the total volume of the sample. Facies legend is included in Fig. 13.
(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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(e.g. Dahanayake, 1977) is not significant (b10%; see Fig. 16), so they are
not included in Fig. 17A. The sub-spherical type II (composed bymicritic
laminaewith discontinuous organism-bearing laminae) and irregular to
spherical type IIIa oncoids (with alternating micritic and organism-
bearing laminae with similar thickness) are preferentially formed in
high- to moderate-energy inner- to mid-ramp domains (i.e. backshoal
to foreshoal subenvironments; Fig. 17A),with a preferential distribution
of type II oncoids in higher-energy inner areas (i.e. shoal-sand blankets)
and type IIIa oncoids in moderate-energy mid-ramp areas (i.e.
foreshoal). Type IIIb oncoids (with thicker organism-bearing laminae)
formed preferentially in lower-energy inner areas, i.e. in the sheltered
lagoon (see Fig. 16). This distribution of types II, IIIa and IIIb oncoids is

coherent with previous interpretations relating alternation of micritic
laminae with more agitated episodes, and organism-bearing laminae
with calm periods during which bacterial growth occurs (Dahanayake,
1978; Védrine et al., 2007). Large type IVa oncoids, which are entirely
composed of a microbial meshwork, occur abundantly in the more
protected low-energy inner areas (i.e. sheltered lagoon), and are also
common in moderate-energy inner areas (i.e. backshoal oncolitic-
stromatoporoid W to G facies) and generally in low-energy mid-ramp
domains (i.e. offshore-proximal inter-buildup facies). The predomi-
nance of large microbial oncoids in inner areas of the carbonate ramp
was determined by the presence of shoal-sand blankets seaward, that
acted as a barrier for water energy and favoured the occurrence of

Fig. 11. Distribution, abundance and size of the oncoid types in section J2 and compiled section ME2-ME3 (Jaulín and Mezalocha sectors, respectively). Samples in red colour include
petrographic description on thin section. (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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long periods under calm conditions when microbial activity dominate.
Short higher-energy episodes in this area are highlighted by the com-
mon presence of irregular type IIIb oncoids. However, type IVb oncoids
(exclusively formed by Lithocodium aggregatum) preferentially grew in
distal areas of the mid-ramp (offshore-proximal subenvironment;
Fig. 16), in low-energy conditions.

Analysis of micro-encrusters in organism-bearing laminae recorded
in types III and IVa oncoids (Fig. 17A) reflects high-diversity micro-
encrusters associations (Flügel, 2004), mostly consisting of Bacinella
and Lithocodium as main micro-encrusters but also Thaumatoporella

parvovesiculifera, Girvanella, Cayeuxia-Ortonella and/or Troglotella
(Fig. 9). The presence of these light-dependant micro-encrusters im-
plies clear and normal-marine waters and oligotrophic conditions (e.g.
Leinfelder et al., 1993; Dupraz and Strasser, 1999; Wetzel and Strasser,
2001). Since themicro-encrusters association is similar in oncoids char-
acterized from inner- to mid-ramp domains, no differentiation in tro-
phic conditions is assumed for these subenvironments. However, the
presence in offshore-proximal areas of type IVb oncoids exclusively
formed by Lithocodium aggregatummeshwork is open to interpretation,
as no other evidences such as variations in the bioclastic content have

Fig. 12. Distribution, abundance and size of the oncoid types in sections A1 and A2 (Aguilón sector). Samples in red colour include petrographic description on thin section. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

13C. Sequero et al. / Sedimentary Geology 398 (2020) 105585

161



been recognized. These “Lithocodium-oncoids” are occasionally found in
the inter-buildup facies together with types III and IVa oncoids, which
include a high-diversity of micro-encrusters (Fig. 15B).

In summary, the distribution obtained for the different oncoids
described in the shallow areas of the latest Kimmeridgian carbonate
ramp highlights that specific oncoid types characterize certain depo-
sitional settings. Types II and III oncoids characterize moderate to

high-energy inner- to mid-ramp areas (i.e. backshoal to foreshoal
areas), whereas type IV oncoids are more abundant in low-energy
subenvironments (i.e. sheltered lagoon). High-diversity of light-
dependant micro-encrusters in types III and IV oncoids reflects
clear and normal-marine waters, and oligotrophic conditions, being
open to interpretation the presence of Lithocodium (type IVb)
oncoids in offshore-proximal areas.

Fig. 13. Distribution, abundance and size of the oncoid types in sections F2 and F3 (Fuendetodos sector). Samples in red colour include petrographic description on thin section. (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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Similar to Dahanayake (1977) scheme, the oncoid classification for
shallow-marine environments proposed here is based in the configura-
tion of the different types of laminae identified in the cortex, i.e. micritic
and organism-bearing laminae (types I, II and III oncoids), as well as the

absence of micritic laminae (type IV oncoids). However, the revised no-
menclature described here also considers thickness of organism-
bearing laminae as a relevant feature that should be taken into account
for palaeoenvironmental interpretations. In this regards, subdivision of

Fig. 14.Volume percentage of the oncoid types comparedwith the faciesmaps reconstructed for sedimentary units 1 (A) and 2 (B) (faciesmapsmodified from Sequero et al., 2019), along
selected transects indicated in dashed lines. White colour for stromatoporoid/chaetetid/coral-rich facies in the selected transects refers to volume percentage of oncoids b10%.
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type III oncoids of Dahanayake (1977) into types IIIa and IIIb affords
more information about the characteristics of the depositional
subenvironments, as indicates their preferential distribution described

above (Figs. 16 and 17A). Regarding type IV oncoids, the presence or
absence of laminae of calcified microorganisms is the criteria used
here to distinguish between types IVa (microbial meshwork) and

Fig. 15.Volume percentage of the oncoid types comparedwith the faciesmaps reconstructed for sedimentary units 3 (A) and 4 (B) (faciesmapsmodified from Sequero et al., 2019), along
selected transects indicated in dashed lines. White colour for stromatoporoid/chaetetid/coral-rich facies in the selected transects refers to volume percentage of oncoids b10%.
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IVb oncoids (superimposed layers of calcified microorganisms),
whereas Dahanayake (1977) classification only considers a group
of type IV oncoids defined by a microbial meshwork (i.e. equivalent
to type IVa oncoids).

The proposed classification for marine carbonate oncoids highlights
the role of microbial activity in their generation combinedwith the var-
iable influence of water energy, resulting in a wide spectrum of shapes,
sizes and internal structures. Therefore, high-energy conditions result in
smaller,well-rounded and laminatedmicrite-dominated oncoids (types
I and II), whereas low- to very low-energy conditions are suitable for
bacterial growth, with the generation of irregular microbial oncoids
(types III and IV). Accordingly, the environmental factors described
here as controlling oncoid formation agree with two of themain factors
suggested in the literature for marine carbonate oncoids, i.e. activity of
cyanobacteria and energy conditions (e.g. Dahanayake, 1978; Flügel,
2004; Riding, 2006; Pederson et al., 2015; Pingzhou et al., 2019).

It is important to remark that because other carbonate grains can
show similar characteristics to those described for oncoids, their recog-
nition can be sometimes challenging. In the literature, definitions given
for oncoid generally refer to coated grains, larger than 2 mm in diame-
ter, formed by a cortex of biogenic origin and variable thickness and
shape surrounding a nucleus or nuclei (e.g. Tucker and Wright, 1990;
Flügel, 2004). Nevertheless, the presence of nuclei is not diagnostic
criteria for recognizing oncoids, as it is known that in-situ microbial ac-
cretion generates a particular type of oncoid, without a visible nucleus
(i.e. type IV oncoids of Dahanayake, 1977). Biogenic origin of the cortex

(both micritic laminae and organism-bearing laminae in Dahanayake,
1977) is the main criteria for identification oncoids. However, differen-
tiation of type I oncoids from micritic ooids can also be complicated, as
both can show concentric micritic laminae. In this work, a diameter
larger than 2mm is used as diagnostic for type I oncoids. Hence, distinc-
tion and classification of oncoids can be considered as a sum of charac-
teristics (size, shape and internal structure) which reflect the balance
between hydrodynamic conditions and microbial activity, either
representing continuous grain overturning (micritic-dominated types
I and II oncoids) and/or microbial accretion under calm conditions
(types III and IV oncoids).

7.2. Comparison with similar studies

Distribution and palaeoenvironmental significance of different
oncoid types have been previously analysed in an older Kimmeridgian
carbonate ramp of the Iberian Basin, showing similar characteristics in
the oncoids recognized (Fig. 17B). Bádenas and Aurell (2010) described
shoal facies dominated by type I and II oncoids for a mid-Kimmeridgian
carbonate ramp in the central part of the basin (sequence Ki2; Fig. 1B).
Bacinella-oncoid floatstone facies characterized a low-energy lagoon in
the inner ramp, whereas type III oncoid rudstone-floatstone facies
formed in proximal mid-ramp settings, laterally related to coral reefs.
In the present work, similar distribution is observed for the Bacinella-
Lithocodium-dominated oncoids (i.e. types III and IV oncoids), although
type III oncoids have a wider distribution from inner- to mid-ramp

Fig. 16. Distribution and volume percentage of total oncoids (oncoid %) and of oncoid types (oncoid type %) in the schematic facies model proposed in Sequero et al. (2019). The
distribution and volume percentage of the oncoid types for the peloidal and oolitic-dominated facies are also included (grey horizontal bars).
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areas. In addition, type II oncoids dominate in the shoal-sand blankets
but not type I oncoids,which appear in lowproportions. Scarcer propor-
tion of high-energy type I oncoids in the late Kimmeridgian carbonate
ramp studied here compared with the mid-Kimmeridgian carbonate
ramp, probably relates with the different general hydrodynamic condi-
tions of the relative higher-energy areas (backshoal-shoal-foreshoal)
and depositional profile of the two ramps: the late Kimmeridgian
ramp studied here had a more flat morphology of the shallow areas
with wider backshoal-shoal-foreshoal areas (up to 31 km in maximum

lateral extension: Sequero et al., 2019); by contrast, in the mid-
Kimmeridgian storm-dominated ramp, these environments had
b23 km in maximum lateral extension, with ubiquitous cross-bedding
in shoal facies, reflecting higher-energy conditions compared with the
late Kimmeridgian ramp studied here.

Similar interpretations for oncoid distribution have been reported in
Late Jurassic carbonate platforms outside the Iberian Basin. In the late
Oxfordian Jura Platform (Fig. 17C), Védrine et al. (2007) identified
micrite-dominated types 1 and 2 oncoids (equivalent to types I and II

Fig. 17. (A) Preferential distribution pattern and diversity of micro-encrusters for the oncoid types identified in the Higueruelas Formation. (B, C) Oncoid distributions in the shallow
domains of a mid-Kimmeridgian carbonate ramp in the central part of the Iberian Basin (B; compiled from Bádenas and Aurell, 2010) and in the Late Oxfordian Swiss Jura Platform (C;
compiled from Védrine et al., 2007; Védrine, 2008). Black horizontal bars indicate the abundance of the oncoid types.
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oncoids of Dahanayake, 1977) as representing moderate- to high-
energy conditions in protected and semi-open lagoons, respectively,
and Bacinella and Lithocodium-dominated types 3 and 4 oncoids (equiv-
alent to types III and IV, respectively) in low-energy settings within
open lagoons. Similar to the late Kimmeridgian carbonate ramp, an
intense microbial activity is present in the Jura Platform, and plays an
important role in the formation of oncoids. However, in the Jura Plat-
form, type 3 (i.e. type III) oncoids are concentrated in the low-energy
open-marine settings, laterally related to reefal facies (Olivier et al.,
2011), with only scarce type 4 (i.e. type IV) oncoids, whereas in the
studied latest Kimmeridgian carbonate ramp these oncoids also pre-
dominate in low- to moderate-energy inner- and mid-ramp domains.
Regarding the micrite-dominated oncoids, only type 2 (i.e. type II)
oncoids predominate in the moderate- to higher-energy settings of
the studied latest Kimmeridgian carbonate ramp, but scarce type 1
(i.e. type I) oncoids are found from proximal to distal domains.

As a whole, the analyses of oncoid types in Late Jurassic shallow car-
bonate deposits reflect their preferential distributions from proximal to
distal areas, with particular differences regarding the characteristics of
the platform (Fig. 17). Types II and III oncoids predominate in high- to
moderate-energy settings on shallow carbonate ramps in the Iberian
Basin, whereas in the Swiss Jura carbonate platform types I and II
oncoids are commonly found in moderate- to high-energy inner areas,
respectively, and type III oncoids are preferentially formed in low-
energy open-marine settings. Type IV oncoids predominate in the
protected inner areas of the Iberian carbonate ramps but are found in
low proportions in distal low-energy areas of the Swiss Jura Platform.
These differences in the distribution of the oncoid types are probably
due to the specific hydrodynamic conditions affecting these shallow
marine environments, which are related to variations in the topo-
graphic relief and consequently the distribution of the facies. Remark-
able heterogeneities are observed in the facies distribution of the late
Oxfordian Jura Platform, showing significant lateral facies changes
(Pillet, 1996; Gsponer, 1999; Jordan, 1999; Hug, 2003; Samankassou
et al., 2003). Morphological highs in the inner areas of the platform
and along the platform margin created suitable conditions for the gen-
eration of several oolitic bars, aswell as reefs along the platformmargin,
both acting as barriers for water energy and favouring the generation of
isolated or protected lagoons, some of them with a patchy distribution
(Hug, 2003; Strasser and Védrine, 2009). In the Iberian Basin, the
ramp geometry during the Late Jurassic led to more gradual facies
changes mainly controlled by hydrodynamic factors (e.g. Bádenas and
Aurell, 2010; Sequero et al., 2019). Oncoids grew from lagoon to proxi-
mal mid-ramp areas, also showing heterogeneities in their distribution
(i.e. mosaic distributions) related to the growth of stromatoporoid car-
pets and chaetetid-stromatoporoid-coral buildups in the inner- and
mid-ramp settings, respectively.

8. Conclusions

Characteristics of the oncoids recognized in the shallow domains
of a latest Kimmeridgian carbonate ramp (Higueruelas Formation,
north-central Iberian Basin) are the result of the interplay of water
energy and microbial activity in oligotrophic conditions. Grain
overturning in turbulent waters and/or microbial accretion under
calm conditions gives rise to a wide variety of morphologies, sizes
and internal structures of oncoids. Following Dahanayake (1977)
nomenclature, the proposed oncoid classification reports on further
details about the internal characteristics of the cortex, differentiating
six types of oncoids which show from non-laminated microbial
meshworks (more irregular in shape) to well-rounded and lami-
nated micritic coatings without micro-encrusters. The preferential
distribution of these oncoids from inner- (lagoon, backshoal, shoal-
sand blanket) to mid-ramp settings (foreshoal, offshore-proximal)
affords additional information about the internal processes and
sea-bottom topography.

Water agitation in the shoal-sand blankets controlled the pre-
dominance of the micritic-dominated type II oncoids, including
discontinuous organism-bearing laminae of mostly Bacinella
irregularis. High-energy type I oncoids (continuous micritic laminae)
instead do not characterize this domain. This feature is probably
related to the lower hydrodynamic conditions of the shoal-sand
blankets recorded, if compared with other oncoid-bearing shoal
facies in the Jurassic of the Iberian Basin and French Jura, derived
from the low-angle depositional profile of the studied carbonate
ramp. Fluctuating higher- and lower-energy conditions result in
the generation of type III oncoids, showing alternating micritic
and organism-bearing laminae of mostly Bacinella irregularis-
Lithocodium aggregatum. Variations in thickness of these laminae in
this type of oncoids allowed to subdivide them in type IIIa oncoids
(micritic and organism-bearing laminae with similar thickness),
preferentially formed in foreshoal domain and type IIIb oncoids
(with thinner micritic laminae) generated in low-energy sheltered
lagoon with longer periods of calm conditions. Microbial growth
controlled the generation of irregular type IV oncoids, encompassing
type IVa oncoids (Bacinella-Lithocodium meshworks) that occurred
abundantly in the lagoon, being also common in backshoal
oncolitic-stromatoporoid and mid-ramp inter-buildup facies; and
type IVb oncoids (Lithocodium meshworks) that preferentially
formed in offshore-proximal subenvironment.

The analysis of oncoids in different Late Jurassic shallow carbon-
ate platforms reflects a preferential distribution of type II oncoids
in moderate- to high-energy environments, and in low-energy set-
tings for type IV oncoids, whereas differences in abundance and dis-
tribution of types I and III oncoids are related to variations in general
hydrodynamic conditions or platform morphology. Comparable
oncoid distribution patterns on diverse shallow-marine carbonate
settings enhance their potential use as reliable palaeoenvironmental
proxies.
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INTRODUCTION AND GOALS 

Carbon and oxygen stable isotope analyses are regarded as a potential tool for addressing key 

aspects concerning the palaeoenvironmental factors governing sedimentation on ancient shallow-

marine carbonate systems (e.g. Veizer et al., 1986; Magaritz and Holser, 1990; Immenhauser et al., 

2003; Swart and Eberli, 2005; Madhavaraju et al., 2013). However, since multiple factors control the 

chemical variability of shallow seawaters (e.g. evaporation, carbon transfer, changes in salinity or 

water-masses restrictions; Patterson and Walter, 1994; Immenhauser et al., 2003; Colombié et al., 

2011; Zuo et al., 2018), the evaluation of the carbon and oxygen stable isotope record becomes more 

challenging than those performed in deep-marine successions (e.g. van de Schootbrugge et al., 2000; 

Wierzbowski, 2004), also considering that singular isotopic compositions can be recorded by the 

variable components which constitute the shallow-marine carbonates (e.g. skeletal remains, coated 

grains, micrite matrix) (Hudson, 1977; Anderson and Arthur, 1983; Jenkyns and Clayton, 1986; 

McConnaughey, 1989a, b; Nelson and Smith, 1996; Schobben et al., 2015). In addition, diverse 

diagenetic processes usually alter the primary isotopic signature in variable magnitude (e.g. Brand 

and Veizer, 1981; Moore, 1989; Marshall, 1992; Glumac and Walker, 1998; Immenhauser et al., 

2002; Coimbra et al., 2014; Huck et al. 2017). However, some authors propose that even in the 

presence of diagenetic alteration, carbon and oxygen stable isotope compositions can provide some 

valuable information about the palaeoenvironmental setting (e.g. Bartolini et al., 2003; Colombié et 

al., 2011; Al-Mojel et al., 2018; Zuo et al., 2018), even enabling the use of the carbon stable isotope 

curve as a correlation tool between long-distance separated logs (e.g. Glumac and Walker, 1998; 

Grötsch et al., 1998; Colombié et al., 2011; Eltom et al., 2018; Zuo et al., 2018). 

In this Chapter, carbon and oxygen stable isotope analyses have been performed on the 

Higueruelas Fm in two selected sections representing the proximal and relatively distal areas of this 

ramp, situated around the localities of Tosos (proximal) and Fuendetodos (relatively distal). The data 

exposed are the bases for the elaboration of a scientific paper which will be published on a SCI 

international journal, in cooperation with Dr. Giovanna Della Porta from the Earth Sciences 

Department Ardito Desio of the University of Milan (Italy), who had a major contribution in the 

isotopic analyses that form the basis of this study. 

The initial aim of this study was to obtain further information regarding the palaeoenvironmental 

factors controlling sedimentation on the studied latest Kimmeridgian shallow carbonate ramp. 

However, the preliminary results indicate that the post-depositional diagenetic evolution of the 

Higueruelas Fm in the two selected localities exerted a strong influence on the isotopic composition, 
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so the purpose of this work turned into evaluating the diagenetic imprint on the carbon and oxygen 

stable isotope record of these shallow-marine carbonates in each sector. 

The results obtained in this work can provide key aspects concerning the variable impact of the 

diagenetic alteration on the carbon and oxygen stable isotope record in ancient shallow-marine 

carbonates, according to a particular post-depositional diagenetic history. Taking into account that 

diagenesis usually implies concomitant chemical and textural changes on the analysed sediment (e.g. 

Brand and Veizer, 1980, 1981; Lavoie and Bourque, 1993; Colombié et al., 2011; Coimbra et al., 

2014; Huck et al., 2017), further investigations on the diagenetic alteration of these shallow-marine 

carbonate deposits will encompass deeper petrographic analyses of the analysed samples in terms of 

diagenetic features. 
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Abstract 

Bulk carbon and oxygen stable isotopes of ancient shallow-marine carbonates can record the 

effect of multiple palaeoenvironmental factors, but also the imprint of several post-depositional 

processes which alter the original isotopic composition. In this work, carbon and oxygen stable 

isotope analyses were performed on bulk-carbonate and bivalve calcitic-shell samples from two 

stratigraphic sections (Tosos and Fuendetodos) of the uppermost Kimmeridgian inner- to mid-ramp 

deposits developed in the north-central part of the Iberian Basin (NE Spain). These successions 

underwent different diagenetic histories which differently altered the primary isotopic composition in 

each section. Particular post-depositional burial conditions and a variable exposure to meteoric 

weathering from the end of the Kimmeridgian to the Cenozoic, is reflected in the different alteration 

pattern of the isotopic signal, showing a significant deviation to lower values in both δ13C and δ18O 

for those carbonates mostly exposed to meteoric weathering (Fuendetodos section), but only in the 

δ18O record those deposits mainly affected by burial diagenesis (Tosos section). The diagenetic 

resetting reported on these shallow-marine carbonates unables the use of these δ13C and δ18O records 

for addressing palaeoenvironmental interpretations, but instead arises interesting points regarding the 

variable diagenetic imprint on the studied shallow-marine carbonate successions concerning their 

particular burial and tectonic history. 

 

1. Introduction 

Unravelling the carbon and oxygen stable isotope composition of paleo-seawater in ancient 

shallow-marine carbonates is sometimes challenging, due to: 1) the multiple factors that control the 

chemical variability of shallow seawaters (e.g. evaporation, carbon transfer, changes in salinity or 

water-masses restrictions; Patterson and Walter, 1994; Immenhauser et al., 2003; Colombié et al., 

2011; Zuo et al., 2018); 2) the potential singular isotopic compositions recorded by their different 

components (e.g. skeletal remains, coated grains, micrite matrix; Hudson, 1977; Anderson and 

Arthur, 1983; Jenkyns and Clayton, 1986; McConnaughey, 1989a, b; Nelson and Smith, 1996; 

Schobben et al., 2015); and 3) the diagenetic processes that can alter the primary isotopic signature, 

thus complicating the use of these isotopic records as palaeoenvironmental proxies (e.g. Brand and 

Veizer, 1981; Moore, 1989; Marshall, 1992; Glumac and Walker, 1998; Immenhauser et al., 2002; 

Coimbra et al., 2014; Huck et al. 2017). 

The magnitude of the diagenetic alteration can be variable for distinct carbonate grains, also 

depending on the degree of the porosity and permeability of the sediments, being the coarser fabrics 

more favourable for infiltration of diagenetic waters (e.g. Marshall, 1992; Immenhauser et al., 2002; 
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Vincent et al., 2004; Coimbra et al., 2014; Huck et al., 2017; Al-Mojel et al., 2018). Diagenetic fluids 

(e.g. meteoric waters, high-temperature burial or hydrothermal fluids) lead to the dissolution and re-

precipitation of variable mineralogies, or the formation of more stable mineralogical phases (e.g. 

O’Neil, 1977; Allan and Mathews, 1982; Given and Lohmann, 1985; Jenkyns and Clayton, 1986; 

Moore, 1989; Carpenter and Lohmann, 1989, 1997; Tucker, 1993; Joachimski, 1994; Sharp, 2007; 

van der Kooij et al., 2009; Brand et al., 2012; Coimbra et al., 2014; Al-Mojel et al., 2018). Therefore, 

diagenesis usually implies concomitant chemical and textural changes on carbonates, which must be 

taken into account for interpretation of the isotopic signature (e.g. Brand and Veizer, 1980, 1981; 

Lavoie and Bourque, 1993; Colombié et al., 2011; Coimbra et al., 2014; Huck et al., 2017). 

Diagenesis in marine carbonates commonly implies a decrease in δ18O values by the influence of 
18O-depleted meteoric waters and/or relatively high-temperature burial fluids, being the magnitude of 

such alteration depending on the degree of the fluid-rock interaction (e.g. Hudson, 1977; Brand and 

Veizer, 1980; Allan and Matthews, 1982; Given and Lohmann, 1985; Plunkett, 1997; van der Kooij 

et al., 2009; Grotzinger et al., 2011; Madden and Wilson, 2013; Coimbra et al., 2014; Al-Mojel et al., 

2018). Post-depositional alteration also generally leads to a decrease in δ13C values, which is 

normally attributed to the interaction with meteoric solutions enriched in organic 12C by soil 

weathering (e.g. Hudson, 1977; Allan and Matthews, 1982; O’Neil, 1987; Lohmann, 1988; Patterson 

and Walter, 1994; Moore, 2001; Immenhauser et al., 2002; Lavastre et al. 2011; Bahamonde et al., 

2017). In ancient shallow-marine carbonate successions, the effect of meteoric and/or burial 

diagenesis on the carbon and oxygen stable isotope record has been highlighted by several authors, 

reporting local negative δ13C and δ18O excursions in bulk carbonates related to major infiltrations of 

meteoric waters in coarser fabrics, or decreasing δ18O values from burial cements (e.g. Immenhauser 

et al., 2003; Coimbra et al., 2014; Huck et al., 2017; Al-Mojel et al., 2018). However, some authors 

propose that even in the presence of diagenetic alteration, carbon and oxygen stable isotope 

composition can provide some valuable information about the palaeoenvironmental setting (e.g. 

Bartolini et al., 2003; Colombié et al., 2011; Al-Mojel et al., 2018; Zuo et al., 2018), even using the 

carbon stable isotope stratigraphy as a correlation tool between long-distance separated logs (e.g. 

Glumac and Walker, 1998; Grötsch et al., 1998; Colombié et al., 2011; Eltom et al., 2018; Zuo et al., 

2018). 

In this work, bulk carbon and oxygen stable isotope analyses were performed in two stratigraphic 

sections of the Higueruelas Fm (NE Spain), representing the proximal and relatively distal areas of 

the latest Kimmeridgian carbonate ramp that developed in the north-central part of the Iberian Basin. 

These sections were selected for isotopic sampling in order to consider the possible influence of 

facies and palaeoenvironmental differences on the recorded primary isotopic signature. However, the 

obtained results showed that post-depositional processes had a strong impact on the recorded isotopic 

composition in each sector linked to their particular burial evolution, mostly related to the Early 

Cretaceous and Cenozoic tectono-sedimentary evolution in this part of the Iberian Basin. 

Accordingly, the major objectives proposed here are: (1) to evaluate the variable diagenetic response 

of the carbon and oxygen stable isotope signature from these shallow-marine carbonate deposits in 

two selected sections affected by different post-depositional histories, and (2) to discuss about the 

preservation of a possible palaeoenvironmental signal from the stable isotope data with a local and/or 

regional significance. 
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2. Geological setting 

The studied uppermost Kimmeridgian carbonate rocks represent inner- to mid-ramp deposits of a 

carbonate ramp that developed in the north-central part of the Iberian Basin in the northeastern 

Iberian Plate (e.g. Aurell et al., 2003, 2010) (Fig. 1a, b). At basin scale, these shallow-marine deposits 

grade eastwards into outer-ramp marls and lime mudstones of the Loriguilla Fm (e.g. Aurell et al., 

2003, 2010) (Fig. 1c). The long-term regional fall in relative sea level documented at the end of the 

Kimmeridgian, which was in part controlled by the tectonic uplift of the Iberian Massif (Fig. 1a), 

resulted in the progressively shallowing and subaerial exposure of the carbonate ramp in these 

domains (e.g. Bádenas and Aurell, 2001; Aurell et al., 2003). 

Fig. 1. a) Palaeogeography of western Europe during the Late Jurassic, with the location of the Iberian 

Basin (modified from Dercourt et al., 1993). b) Main facies belts in the Iberian Basin during the late 

Kimmeridgian (square in a) and location of the studied sections (south of the city of Zaragoza, NE Spain; 

compiled from Aurell et al., 2003 and Ipas et al., 2004). c) Kimmeridgian stratigraphy in the northern 

Iberian Basin (modified from Aurell et al., 2019). The Higueruelas Fm, which is represented in the third-

order sequence Ki3, overlies the open-marine marls and lime mudstones of the Loriguilla Fm, which is in 

turn laterally equivalent to the shallow-marine carbonates of the Higueruelas Fm in eastern areas of the 

northern Iberian Basin (i.e. deep-marine areas in b). 
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The Higueruelas Fm is exposed in a system of W-E and NW-SE orientated anticlines located 

south of the city of Zaragoza (NE Spain) (Fig. 2a), which represent Cenozoic Alpine structures 

within the north-central Iberian Chain (e.g. Guimerà and Álvaro, 1990). In this area, the Higueruelas 

Fm is 40 to 80 m in thickness, and is characterized by packstones and grainstones with a wide variety 

of skeletal and non-skeletal grains (mainly peloids, ooids and oncoids), and local chaetetid-

stromatoporoid-coral buildups (e.g. Aurell and Meléndez, 1986; Bádenas and Aurell, 2003; Ipas et 

al., 2004; Aurell et al., 2012; Sequero et al., 2019). Detailed stratigraphic and sedimentological 

studies revealed the existence of 9 correlatable m-thick high-frequency sequences (Sequero et al., 

2019). In this work, high-frequency sequences 1 to 7 of two sedimentary logs, representing proximal 

(Tosos section) and relatively distal (Fuendetodos section) areas of the carbonate ramp, have been 

selected for carbon and oxygen stable isotope analyses (Figs 1b and 2a). 

The post-depositional evolution of the Higueruelas Fm in the two selected sections shows 

remarkable differences. After emersion of the carbonate ramp at the end of the Kimmeridgian, the 

Late Jurassic-Early Cretaceous rifting stage resulted in a major structuration of the Iberian Basin in 

different sub-basins controlled by extensional faults, which later on were inverted during the 

Cenozoic Alpine compression (e.g. Guimerà and Álvaro, 1990; Salas and Guimerà, 1996; Aurell et 

al., 2019; Liesa et al., 2019). In particular, the two studied sections belong to the so-called Aguilón 

sub-basin, controlled by NW-SE orientated extensional faults (Aurell et al., 2019) (Fig. 2b). Here, 

after a long-lasting episode of no sedimentation (Tithonian-middle Valanginian), sedimentation 

resumed with the deposition of up to 300 m of Lower Cretaceous (mid-Valanginian-lower 

Barremian) continental successions (Villanueva the Huerva and Aguilón formations; e.g. Soria et al., 

1995). Subsiding areas were located SW of the Aguilón fault system and Villanueva de Huerva 

monocline (e.g. Cortés et al., 1999) (Fig. 2c). Tosos sector belonged to the subsiding area southwest 

of the Aguilón fault system, and consequently a thick (180 m) succession of mid-Valanginian-lower 

Barremian deposits accumulated over the Higueruelas Fm. By contrast, Fuendetodos sector was 

placed on the non-subsiding area NE of the Villanueva de Huerva monocline, therefore lacking the 

mid-Valanginian-lower Barremian sedimentary record. After deposition of the Lower Cretaceous 

units, there was a major erosive and non-depositional gap until the deposition of syn-tectonic 

(Alpine) continental Cenozoic units (Paleocene to middle Miocene). Around Tosos, this set of 

Cenozoic units has up to 600 m in thickness (Pérez et al., 1985; Pérez, 1989). However, Fuendetodos 

sector was close to an Alpine structure (Mezalocha anticline) that represented a paleo-high that 

remained exposed until the onset of the Miocene (Fig. 2c). In particular, around Fuendetodos, the 

Higueruelas Fm is only covered by a c. 200 m-thick succession of middle Miocene lacustrine 

carbonates (Pérez et al., 1985; Pérez, 1989). Therefore, the studied Higueruelas Fm underwent a 

different burial history in the studied sectors: in Tosos, these deposits were affected by two stages of 

subaerial exposure (latest Kimmeridgian-middle Valanginian, and middle Barremian-Paleocene), 

whereas Fuendetodos remained mostly exposed from the latest Kimmeridgian to the middle 

Miocene. 
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Fig. 2. a) Extent of the Jurassic outcrops in the study area with the position of the studied logs (stars) and 

the cross-section A-A’ shown in (c). The position of the Early Cretaceous extensional faults are included 

(grey colour) (modified from Cortés Gracia and Casas Sainz, 1996). b) Main sedimentation areas and active 

faults during the Late Jurassic-Early Cretaceous rifting episode in the northern Iberian Basin. The studied 

sections (stars) are situated in the newly formed Aguilón sub-basin (Aguilón Sb) (modified from Liesa et al., 

2019). c) Balanced cross-section (present-day arrangement) and suggested section restored to the top of the 

syn-rift sequence (Early Cretaceous) for the transect A-A’ indicated in (a). The position of Tosos (TO) and 

Fuendetodos (FU) sections are included (modified from Cortés et al., 1999). 
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3. Studied successions and sedimentological framework 

The uppermost Kimmeridgian Higueruelas Fm studied in Tosos and Fuendetodos sections are 71 

m and 52 m in thickness, respectively. Distance between the two sections, without restoring tectonic 

shortening, is around 15 km (Fig. 3). The studied successions encompass high-frequency sequences 1 

to 7 (Tosos) and 2 to 7 (Fuendetodos), and include a total of 14 facies representing deposition from 

inner-ramp domains (intertidal, lagoon, backshoal and shoal-sand blanket) to mid-ramp foreshoal and 

offshore areas (Sequero et al., 2019). Some dm- to m-thick beds of total or partially dolomitized 

facies are also recorded. 

In the proximal Tosos section, the long-term shallowing-upward trend at the end of the 

Kimmeridgian is reflected by the evolution from mid-ramp facies (peloidal, peloidal-bioclastic and 

oncolitic wackestone-packstone) in sequence 1, to inner-ramp deposits (oolitic, peloidal-oolitic and 

oncolitic packstone-grainstone and stromatoporoid-rich facies) from the upper part of sequence 1 to 

sequence 5; and to restricted lagoon facies (peloidal, bioclastic and oolitic packstone with local 

sandstones and marls) in sequences 5 to 7 (Fig. 3). In the relatively distal Fuendetodos section, the 

long-term shallowing-upward trend is recorded by the evolution from mid-ramp (offshore) peloidal 

and bioclastic wackestone-packstone alternating with chaetetid-stromatoporoid-coral-rich buildup 

and inter-buildup facies in sequences 2 to 5, to mid-ramp (foreshoal) peloidal, inter-buildup and 

oncolitic packstone-grainstone in sequences 6 and 7. 

 

4. Methodology 

4.1. Petrographic characterization 

A total of 72 samples in thin sections, already used for differentiating depositional facies by 

Sequero et al. (2019), were analysed for the petrographic descriptions of facies under binocular 

microscope, in particular differentiating between primary carbonate components (i.e. micrite matrix 

and carbonate grains) from diagenetic calcite cements. Dolomitized facies (Fig. 3) have not been 

studied in this work. Nomenclature for calcite cements follows Flügel (2004) classification. 

Petrographic analysis was complemented by cathodoluminescence (CL) microscopy on 21 thin 

sections (7 in Tosos and 14 in Fuendetodos), with a Technosyn Cold Cathodo Luminiscope, 

operating under 10-14 kV beam potential, 0.5 µA beam current and a 0.05-0.1 Torr pressure. CL 

analyses were used to characterize the primary carbonate components and diagenetic calcite cements, 

on the basis of the absence or type of luminescence, as traditionally followed in the literature (e.g. 

Machel, 1985; Savard et al., 1995; Richter et al., 2003; Hiatt and Pufahl, 2014). 

Fig. 3 (Next page). Sedimentary logs and carbon and oxygen stable isotope stratigraphy of Tosos and 

Fuendetodos sections, including the sequence-stratigraphic correlation. Samples in red colour include 

cathodoluminescence observations. Facies descriptions and interpretations are based on Sequero et al. (2019). 
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 4.2. Carbon and oxygen stable isotope analyses 

The carbon and oxygen stable isotope analyses were performed on the 72 bulk-rock samples 

collected in Tosos (n = 35) and Fuendetodos (n = 37) sections, and on calcitic shells from three 

specimens of Trichites (large-sized bivalve with very thick outer shell wall) found in the offshore-

proximal peloidal-bioclastic wackestone facies within sequence 2 of the Fuendetodos section. In 

order to ensure the reliability of the carbon and oxygen stable isotope composition in each sample, a 

double measure per sample was carried out, obtaining a total of 169 stable isotope analyses (n = 77 in 

Tosos section, and n = 92 in Fuendetodos section) (see Annexe 4 for the table gathering the values). 

For the carbon and oxygen stable isotope analyses, carbonate powders were extracted using a 

handheld micro-drill, avoiding diagenetic calcite cements and large bioclastic fragments of corals or 

stromatoporoids, due to the disequilibrium-isotopic precipitation by organisms (e.g. McConnaughey, 

1989a, b). However, the incorporation of a certain amount of diagenetic calcite cements filling the 

mouldic space of skeletal debris, interparticle spaces, and sometimes fenestral pores, was in some 

cases inevitable. 

The carbon and oxygen stable isotope analyses were performed using an automated carbonate 

preparation device (GasBench II) connected to a Delta V Advantage (Thermo Fisher Scientific Inc.) 

isotope ratio mass spectrometer at the Earth Sciences Department Ardito Desio, University of Milan 

(Italy). Carbonate powders were reacted with > 99% orthophosphoric acid at 70ºC. The carbon and 

oxygen stable isotope compositions are expressed in the conventional delta notation calibrated to the 

Vienna Pee-Dee Belemnite (V-PDB) scale by the international standards IAEA-603 and NBS-18 and 

an internal laboratory standard. Analytical reproductibility for these analyses, being checked by 

repeated analyses of the certified carbonate standards and after ten consecutively isotopic 

measurements, was better than ± 0.1‰ for both δ13C and δ18O values. 

 

5. Results 

5.1. Petrographic and cathodoluminescence characteristics 

The bulk-carbonate samples analysed in both Tosos and Fuendetodos sections include a wide 

variety of primary carbonate components in variable proportions, mainly micrite matrix, peloids, 

ooids, oncoids and skeletal debris, as well as diagenetic calcite cements filling mouldic vugs 

(generated by dissolution of skeletal debris), interparticle pores, fenestral pores and fissures (Figs 4 

and 5; see also Annexe 3 for additional pictures). 

Three types of diagenetic calcite cements have been recognized: granular, drusy and blocky. 

Granular to drusy calcite cements tend to fill both mouldic and interparticle porosity. They generally 

constitute less than 10% of the thin section surface, and are formed by anhedral to subhedral 

equigranular (granular) and non-equigranular (drusy) crystals ranging from < 10 to 30 µm in size 

(Figs 4a-c and 5a-d). In the drusy calcite cements, crystal size increases towards the centre of the 

void (Fig. 4b). Blocky calcite cements precipitate in fenestral pores, rectilinear fissures (i.e. calcite 

veins; Fig. 4d) and occasionally mouldic vugs (Fig. 5c). They constitute < 10% of the thin section 

surface, and are formed by anhedral to subhedral crystals from hundreds of µm to several mm in size. 
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The proportion of primary carbonate components and diagenetic calcite cements is variable 

regarding the facies type. In offshore mudstone to packstone and intertidal mudstone facies, peloids 

and micrite matrix constitute the main analysed components, representing the diagenetic calcite 

cements < 10% of the total volume of the sample filling interparticle spaces, fenestral pores, mouldic 

vugs and/or rectilinear fissures (Fig. 4a, d). For lagoon, backshoal and foreshoal wackestone to 

packstone facies, samples are mainly composed of variable proportions of micrite matrix, peloids, 

ooids and oncoids, as well as diagenetic calcite cements mainly filling interparticle and mouldic pores 

(Figs 4c and 5a-d). These calcite cements constitute < 10% of the total volume of the samples, 

occasionally 15% in backshoal oncolitic-stromatoporoid wackestone to packstone facies. However, 

for the backshoal, shoal-sand blanket and foreshoal grainstone facies (with peloids, ooids and/or 

oncoids), the proportion of diagenetic calcite cements is higher (around 15% of the total volume) 

(Fig. 4b). 

Primary carbonate components in most of the samples show no luminescence under CL (Figs 4a’-

d’ and 5a’), occasionally dull (red) luminescence. Granular to drusy calcite cements filling mouldic 

and interparticle pores commonly show non- to dull (red) luminescence (Figs 4a’-c’ and 5a’). Blocky 

calcite cements display zoned (dark-yellow nuclei evolving to bright-yellow rims), dull (yellow) or 

no luminescence (Figs 4d’ and 5c’). Particularly in the Tosos section, primary carbonate components 

and diagenetic calcite cements can both show orange- to yellow-coloured luminescence in specific 

samples (i.e. samples 22, 24 and 29; Fig. 3), appearing these samples as uniformly bright-luminescent 

(Fig. 5b’-d’). 

 

5.2. Carbon and oxygen stable isotope records 

Carbon and oxygen stable isotope records in Tosos and Fuendetodos sections are represented in 

Figure 3 (see also Annexe 4 for the values listed in table). The double measure per sample (labelled A 

and B attached to the name of the sample in the table) confirms the consistency of the carbon and 

oxygen stable isotope composition obtained for each analytical point, with a mean reproductibility of 

± 0.2‰ for both δ13C and δ18O values. 

The bulk δ13C and δ18O records of the shallow Tosos succession range between -3.5 to 2.3‰ for 

δ13C and -7.1 to -2.4‰ for δ18O (Fig. 6), with a mean value of 0.8‰ and -4.4‰, respectively. In 

general, this section shows low-amplitude fluctuations for both δ13C and δ18O records, in the order of 

≤ 1‰ respect to the mean values (Fig. 3). Occasionally, there are negative shifts in the order of 2‰ 

for the δ13C record in the backshoal oncolitic-stromatoporoid wackestone-packstone facies within the 

sequence 2 (at 31.5 m), and in the order of 3-4‰ in both δ13C and δ18O values for backshoal peloidal-

oolitic packstone facies at the onset of sequence 4 (at 44.5 m). 

The bulk δ13C and δ18O values along the relatively deep Fuendetodos succession vary between -

5.6 to 1‰ and -6.6 to -3.5‰, respectively (Fig. 6), with a mean value of -1.4‰ for δ13C and -5.3‰ 

for δ18O, thus reflecting a general 13C and 18O depletion compared to Tosos section. In addition, both 

δ13C and δ18O values show slightly higher-amplitude oscillations than in Tosos, in the order of 1-2‰ 

(Fig. 3). Two pronounced excursions respect to the mean values are reported for the δ13C record, 

accompanied by a coupled and less pronounced shift in the δ18O values: a negative excursion at the 

onset of sequence 2 (at 0.5 m) within offshore-proximal peloidal-bioclastic wackestone facies, with a 

deviation in the order of 3‰ for δ13C and 1‰ for δ18O; and a positive shift in sequence 6 (at 44.5 m), 

coinciding with deposition of foreshoal peloidal grainstone facies, being the δ13C and δ18O records 
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Fig. 4. Plain-light (a-d) and cathodoluminescence (a’-d’) microphotographs of primary carbonate 

components (PCC) and diagenetic calcite cements (GCC: granular calcite cement; DCC: drusy calcite 

cement; BCC: blocky calcite cement) from the Fuendetodos section. The micrite matrix, peloids, ooids and 

some skeletal grains show no luminescence (a’-d’; the main primary carbonate components are indicated 

with dashed lines in b’ and c’), whereas the diagenetic calcite cements display from non- to dull (red or 

yellow) luminescence: (a-a’) GCC filling interparticle pores (arrows) with no luminescence; (b-b’) DCC in 

interparticle pores (arrows) with non- to dull (red) luminescence; (c-c’) GCC in bioclastic vugs (red arrows) 

and interparticle pores (black arrows) with non- to dull (red) luminescence; (d-d’) BCC filling a rectilinear 

fissure, showing dull (yellow) luminescence. (a-a’) Sample 1, offshore-proximal peloidal-bioclastic 

wackestone; (b-b’) sample 33, foreshoal peloidal grainstone; (c-c’) sample 36, foreshoal inter-buildup 

stromatoporoid-chaetetid-coral and oncolitic packstone; (d-d’) sample 25, offshore-proximal inter-buildup 

stromatoporoid-chaetetid-coral and oncolitic packstone. 
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Fig. 5. Plain-light (a-d) and cathodoluminescence (a’-d’) microphotographs of primary carbonate compo-

nents (PCC) and diagenetic calcite cements (GCC: granular calcite cement; DCC: drusy calcite cement; 

BCC: blocky calcite cement) from the Tosos section. The micrite matrix and other carbonate components 

(peloids, ooids, skeletal grains; a-d) show from no luminescence (a’) to bright yellow- or orange-coloured 

luminescence (b’-d’), and also for the diagenetic calcite cements: (a-a’) DCC and GCC (black and red ar-

rows, respectively) in interparticle pores with no luminescence; (b-b’) PCC with yellow-coloured lumines-

cence, and DCC in interparticle pores and mouldic vugs (black and red arrows, respectively) showing from 

non- to yellow-coloured luminescence; (c-c’) PCC and GCC (arrows) in interparticle pores with yellow-

coloured luminescence, and BCC in a probable mouldic vug displaying zoned (dark-yellow nuclei evolving 

to bright-yellow rims) luminescence; (d-d’) PCC and GCC (black arrows) showing orange-coloured lumi-

nescence. Note the non-luminescent appearance for the quartz grains (red arrows). (a-a’) Sample 6, fore-

shoal oncolitic packstone; (b-b’) sample 22, backshoal peloidal-oolitic packstone; (c-c’) sample 24, back-

shoal peloidal-oolitic packstone; (d-d’) sample 29, restricted lagoon peloidal-bioclastic-oolitic packstone. 
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deviated in the order of 3 and 2‰, respectively. The isotopic signal on the three specimens of 

Trichites collected in the lower part of this section shows the higher δ13C values but a wider range for 

the δ18O signature (Fig. 6), ranging between 1.3 to 2.5‰ for δ13C and -4.8 to -2.2‰ for δ18O. 

The bulk carbon and oxygen stable isotope stratigraphy in both sections reveals no distinctive 

long-term δ13C and δ18O patterns, and the δ13C and δ18O trends observed within time-equivalent high-

frequency sequences highly vary from one section to another (Fig. 3). Moreover, the bulk isotopic 

stratigraphy shows that the δ13C and δ18O values fluctuate in covariance, being the degree of such 

δ18O/δ13C covariance relatively lower in Tosos (r2 = 0.29) but moderate in Fuendetodos (r2 = 0.52) 

(Fig. 7). In addition, the cross-plots of the bulk δ13C and δ18O values per facies types in each section 

do not show differentiated isotopic composition patterns regarding the facies type (Fig. 7), with the 

exception of the restricted lagoon peloidal-bioclastic-oolitic packstone facies in the Tosos section, 

which shows higher δ18O values compared to the rest of the facies (Fig. 7a). 

Fig. 6. Scatter (δ18O, δ13C) diagram comparing the analysed bulk carbonates in Tosos and Fuendetodos 

sections, including the isotopic composition of the calcitic bivalve shells from the three specimens of 

Trichites collected in the lower part of the Fuendetodos section (samples TR-1 to TR-3). The field of 

Kimmeridgian pristine marine values is based on the compilation of the stable isotope compositions 

obtained from well-preserved fossils (mainly belemnites) in Riboulleau et al. (1998), Jenkyns et al. (2002), 

Wierzbowski (2004) and Nunn and Price (2010). Trajectories indicating isotopic fields of carbonates 

influenced by burial and meteoric diagenesis are indicated, the latter incorporating high organic 12C content 

(based on Lavastre et al., 2011). 
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Fig. 7. Cross-plots of δ13C and δ18O values of the analysed bulk carbonates in Tosos (a) and Fuendetodos 

(b) sections according to the facies type. The δ18O/δ13C covariance is relatively low in the Tosos section (r2 

= 0.29), but moderate in the Fuendetodos section (r2 = 0.52). The scatter of the δ13C and δ18O data for both 

sections does not show distinct patterns regarding the facies type, with the exception of the restricted lagoon 

peloidal-bioclastic-oolitic packstone facies in the Tosos section (a). 

185



Chapter 7 

 

 6. Interpretation and discussion 

6.1. Diagenetic alteration on carbon and oxygen stable isotope record 

The primary carbon and oxygen stable isotope data can be altered by several diagenetic processes, 

in some cases obliterating the imprint of local and/or regional isotopic records with 

palaeoenvironmental significance (e.g. Given and Lohmann, 1985; Marshall, 1992; Immenhauser et 

al., 2002; Huck et al., 2017). This is the case of the uppermost Kimmeridgian shallow-marine 

carbonate successions studied in this work, where the scatter diagram for the measured bulk δ13C and 

δ18O values of Tosos and Fuendetodos sections shows that diagenesis significantly altered the 

original isotopic signature of these carbonate deposits in both localities, although with distinctive 

differences in each section (Fig. 6). 

Oxygen isotope values for bulk carbonates in Tosos (-7.1 to -2.4‰) and Fuendetodos (-6.6 to -

3.5‰) are lower than those described in the literature for the Kimmeridgian pristine marine 

carbonates (between -2.8 to 1.4‰; e.g. Riboulleau et al., 1998; Jenkyns et al., 2002; Wierzbowski, 

2004; Nunn and Price, 2010). If we consider that these Kimmeridgian pristine marine values are 

valid for the Kimmeridgian shallow-water domains in the Iberian Basin, the different magnitude of 

such deviation in Fuendetodos and Tosos can be used to discuss the imprint of the diagenetic 

alteration. In particular, the deviation of the δ18O values respect to the Kimmeridgian pristine marine 

carbonates is higher in Fuendetodos than in Tosos, in the order of 1 to 3‰ for Tosos and of 2 to 3‰ 

for Fuendetodos. The variation for carbon isotope values also shows remarkable differences between 

both sections. In Tosos section, the δ13C values (-3.5 to 2.3‰, with most of the values ranging 

between -1.4 to 2.3‰) are similar to those described in the Kimmeridgian pristine marine carbonates 

(between -2.3 to 4.7‰; e.g. Riboulleau et al., 1998; Jenkyns et al., 2002; Wierzbowski, 2004; Nunn 

and Price, 2010), but in Fuendetodos, these values are lower than those described in the literature (-

5.6 to 1‰, with most of the values ranging between -3.8 to 0.25‰), in the order of 3 to 4‰. 

The three specimens of Trichites collected in Fuendetodos section have potential to record the 

original latest Kimmeridgian seawater stable isotope composition, as reported by previous authors 

(e.g. Zuo et al., 2018). However, the diagenetic overprint reported on the bulk carbonates in the 

studied sections can be also reflected on the δ13C and δ18O values of the Trichites calcitic shells (Fig. 

6): sample TR-1 shows the closer δ13C and δ18O values respect to the Kimmeridgian pristine marine 

carbonates (a mean value of 2.4‰ for δ13C and of -2.4‰ for δ18O; see Annexe 4 for the values listed 

in table), but also fall within the range of those reported for the diagenetically altered bulk carbonates 

in the Tosos section. In addition, the two other specimens (samples TR-2 and TR-3) display a higher 

deviation in the δ18O signature, in the order of 1-2‰ respect to the Kimmeridgian pristine marine 

values. Therefore, these δ13C and δ18O values of these specimens of Trichites seem to have been also 

diagenetically altered. 

The diagenetic alteration affecting the studied carbonate deposits overprinted a possible 

palaeoenvironmental signal from the isotopic record. The covarying trend of the δ13C and δ18O 

stratigraphy in Tosos and Fuendetodos sections can be interpreted as an indicator of this diagenetic 

resetting, as traditionally reported in the literature (e.g. Allan and Mathews, 1982; Fike et al., 2006; 

Grotzinger et al., 2011; Metzger and Fike, 2013), although recently it has been suggested that such 

covariance is not a definitive marker of diagenetic alteration (Swart and Oehlert, 2018). However, in 

this case, this assumption can be considered since no other evidences in both Tosos and Fuendetodos 

sections support the preservation of a palaeoenvironmental signal from the isotopic record, such as: 
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1) the absence of a facies-dependent pattern on the isotopic record which could be associated with 

changes in the depositional conditions (e.g. Patterson and Walter, 1994; Immenhauser et al., 2002, 

2003; Colombié et al., 2011; Zuo et al., 2018) (Fig. 7); 2) the non-recognition of distinctive long-term 

variation patterns from the δ13C and δ18O stratigraphy (Fig. 3), showing these values low-amplitude 

oscillations in both sections with local excursions; and 3) the highly varying vertical δ13C and δ18O 

trends observed within the time-equivalent high-frequency sequences from one section to another 

(Fig. 3), being not possible to stablish a significance for these isotopic variations. 

 

6.2. Comparison between Tosos-Fuendetodos: burial vs meteoric diagenetic alteration 

The δ18O record in Tosos section, with most of the data points deviated towards very low δ18O 

values (Fig. 6), is characteristic of closed high-temperature burial diagenetic systems with low rock-

water interaction (e.g. Banner and Hanson, 1990; Marshall, 1992; Plunkett, 1997; van der Kooij et 

al., 2009; Madden and Wilson, 2013; Swart, 2015). Hot burial fluids in contact with carbonate rocks 

originate a depletion in the δ18O values, but a low interaction between circulating fluids and rocks 

barely alters the carbon stable isotope composition, because of its different temperature-related 

fractionation and comparatively low content in most of the diagenetic fluids (Brand and Veizer, 1981; 

Magaritz, 1983; Lohmann, 1988; Morse and MacKenzie, 1990; Marshall, 1992; Immenhauser et al., 

2002). This fits with the δ13C values in Tosos section, being these values close to those of the 

Kimmeridgian pristine marine carbonates (Fig. 6). In contrast, the dispersion observed for the data in 

the Fuendetodos section, with a significant depletion in both δ13C and δ18O values, suggests a higher 

water-rock interaction under circulating 18O-depleted meteoric fluids incorporating organic 12C 

probably derived from soil weathering (e.g. Hudson, 1977; Allan and Matthews, 1982; O’Neil, 1987; 

Lohmann, 1988; Vogel, 1993; Patterson and Walter, 1994; Moore, 2001; Immenhauser et al., 2002; 

Lavastre et al. 2011; Bahamonde et al., 2017). In addition, the δ18O/δ13C covariance in Fuendetodos 

is higher and relatively significant (r2 = 0.52) compared to Tosos (r2 = 0.29), highlighting a major 

disturbance of the primary isotopic composition in Fuendetodos (e.g. Marshall, 1992; Veizer et al., 

1997; Rosales et al., 2001). 

The variable diagenetic overprint recorded on the isotopic composition in Tosos and Fuendetodos 

sections is consistent with the different post-depositional processes occurring in this part of the 

Iberian Basin from the end of the Kimmeridgian. In Tosos, the uppermost Kimmeridgian carbonates 

of the Higueruelas Fm studied here are overlain by a thick (up to 800 m) continental succession 

deposited during the middle Valanginian-middle Miocene (e.g. Pérez et al., 1985; Pérez, 1989; Soria 

et al., 1995), with two long-lasting periods of subaerial exposure during the latest Kimmeridgian-

middle Valanginian, and the middle Barremian-Paleocene. In contrast, the Fuendetodos sector 

remained mostly exposed until the Cenozoic, and the Higueruelas Fm is only overlain by a c. 200 m-

thick succession of middle Miocene lacustrine carbonates (e.g. Pérez et al., 1985; Pérez, 1989). These 

particular post-depositional histories controlled different diagenetic processes affecting the uppermost 

Kimmeridgian deposits in both localities, as reflected on the isotopic record (Fig. 6): in Tosos sector, 

the Higueruelas Fm was affected by a long burial history (negative deviation of δ18O, but not of δ13C 

values, due to hot burial diagenetic fluids), whereas these deposits in Fuendetodos sector were mainly 

subjected to meteoric alteration (negative deviation of both δ18O and δ13C values). 
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 6.3. Is diagenetic alteration dependent on facies type? 

As mentioned above, palaeoenvironmental factors controlling sedimentation in the latest 

Kimmeridgian shallow carbonate ramp are not reflected on the isotopic composition obtained for 

these carbonates in Tosos and Fuendetodos sections. Different diagenetic processes governing the 

post-depositional evolution of the Higueruelas Fm have instead determined the δ13C and δ18O 

signature in each section. In this regard, considering the variability in the textural characteristics 

observed for the analysed deposits, the effect of the diagenetic alteration on the carbon and oxygen 

stable isotope record can be variable in function of the fabric type, being the coarser fabrics more 

favourable for fluid circulation which may derive in a higher diagenetic overprint (e.g. Marshall, 

1992; Immenhauser et al., 2002; Vincent et al., 2004; Coimbra et al., 2014; Huck et al., 2017; Al-

Mojel et al., 2018). Therefore, for the Higueruelas Fm, a tentatively approximation of the possible 

link between textural characteristics and the degree of alteration of the primary isotopic signature has 

been approached with the available data in Figure 8. 

In Tosos, a variable response to the diagenetic alteration regarding the fabric type can be 

appreciated (Fig. 8a). There is a particular difference in the isotopic composition scatter for the 

grainstone textures, showing the lowest δ13C and δ18O values compared to the rest of the fabrics. In 

the Fuendetodos section, however, the diagenetic alteration indistinctly affected the carbonate 

deposits, not reporting differentiated δ13C and δ18O values regarding the fabric type (Fig. 8b). This 

distinct pattern in the texture-diagenetic alteration relationship in Tosos and Fuendetodos sections 

could be related with the different post-depositional processes affecting the Higueruelas Fm in both 

localities. This distinction highlights that for the Tosos section, which underwent a long burial 

history, it is probable that the diagenetic alteration on these carbonates were predominantly 

controlled by this diagenetic process, and so as reflecting a variable fluid-rock interaction regarding 

the porosity and permeability of the sediment. In contrast, the Higueruelas Fm in the Fuendetodos 

section was mostly exposed to meteoric weathering, and therefore to a probably more complex 

succession of diagenetic events (meteoric waters of different nature), thus obliterating a texture-

diagenetic alteration pattern. This is also supported by the higher diagenetic alteration reported for 

Fuendetodos (i.e. the lowest δ13C and δ18O values) compared to Tosos section. 

The differences observed in the relationship between the fabric type and the diagenetic alteration 

in Tosos and Fuendetodos sections, arise an interesting question concerning the variable effect of 

different diagenetic processes affecting carbonate deposits constituted by similar components. In this 

regard, the information obtained by the petrographic and cathodoluminescence descriptions provides 

relevant data to take into account for evaluating the variable diagenetic imprint in both sections. 

Luminescence is a common indicator of diagenetic alteration (e.g. Popp et al., 1986; Middleton et al., 

1991), being the orange- or yellow-coloured luminescence normally attributed to the incorporation of 

Mn2+ under non-oxidizing (generally burial) conditions during water-rock interaction. The absence of 

luminescence can be in turn attributed to both the absence of diagenetic alteration or the 

incorporation of iron-rich diagenetic fluids, since Fe2+ is a common inhibitor resulting in dull or no 

luminescence (e.g. Machel, 1985; Marshall, 1992; Savard et al., 1995; Richter et al., 2003; Flügel, 

2004; Hiatt and Pufahl, 2014). Therefore, the absence or weakly luminescence generally observed for 

the diagenetically altered carbonates of the Higueruelas Fm (non-luminescent micrite and carbonate 

grains, and a general non- to dull (red) luminescence for the diagenetic calcite cements; Figs 4a’-d’ 

and 5a’), points to the incorporation of Fe2+ in the crystal lattice. Accordingly, it is remarkable that 

both primary carbonate components and diagenetic calcite cements in both sections, despite of being 

governed by different diagenetic processes reflected on their variable isotopic compositions, show 
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similar cathodoluminescence properties (Figs 4a’-d’ and 5a’), excepting some of the samples in the 

Tosos section (i.e. samples 22, 24 and 29; Fig. 3), which appear with a uniformly yellow- to orange-

coloured luminescence (Fig. 5b’-d’). However, since only a small group of the total of the analysed 

bulk carbonates (i.e. 21 samples from a total of 72) were selected in this work for the CL analysis, 

this discrepancy between isotopic signatures and cathodoluminescence characteristics must be better 

investigated with more CL observations, also including staining the samples with potassium 

ferricyanide (an acid solution which reacts in presence of ferrous iron) and/or performing trace 

elements geochemical analyses to assist the Fe2+ content of the carbonates, thus linking the observed 

non- to dull luminescence with the probable influence of iron-rich diagenetic fluids. 

The remarkable differences concerning the isotopic signature between Tosos and Fuendetodos 

sections (Fig. 6), together with the variable response of the fabric types to the diagenetic alteration 

regarding the section (Fig. 8) and the cathodoluminescence observations (Figs 4 and 5), lay the 

background for further analyses in order to understand the variable imprint of the different diagenetic 

processes affecting these shallow-marine carbonates in each section. This diagenetic study must 

concern a detailed petrographic characterization of these deposits in terms of diagenetic features, 

including more cathodoluminescence observations and staining the samples with potassium 

ferricyanide and/or performing trace elements geochemical analyses (particularly Mn and Fe). In 

addition, in order to evaluate the imprint of such diagenetic processes, it is important to consider that 

the degree of porosity and permeability of these deposits, particularly for the grainstone fabrics, also 

depends on the type of the dominant components (e.g. peloids, ooids and/or oncoids), since the grain 

size is an important factor that determines the volume of interparticle spaces. On the other hand, 

special attention also concerns to evaluate the evolution of the porosity and permeability of the 

sediment during the post-depositional burial stage (i.e. early vs late cementation), by the 

identification of different diagenetic phases from the calcite cements (granular, drusy and blocky 

calcite cements) filling the interparticle and fenestral pores, mouldic vugs and/or calcite veins, 

according with their time of formation (i.e. the paragenetic sequence). This characterization would 

help to clarify the link between the variable isotopic response in relation to the fabric type obtained in 

each section, according to their different post-depositional history. 

Fig. 8 (Next page). Cross-plots of δ13C and δ18O values of the analysed bulk carbonates in Tosos (a) and 

Fuendetodos (b) sections according to fabric types. For simplification, four categories of textures are 

indicated: mudstone, wackestone (including mudstone-wackestone), packstone (including wackestone-

packstone) and grainstone (including packstone-grainstone). A relationship between the degree of 

diagenetic alteration and the fabric type is observed in the Tosos section (a), but not in the Fuendetodos 

section (b). 
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7. Conclusions 

Bulk carbon and oxygen stable isotope compositions recorded in the uppermost Kimmeridgian 

shallow carbonate ramp deposits in the northern Iberian Basin (Higueruelas Fm, NE Spain), reveal 

the variable effect of the burial and meteoric diagenesis in two selected sections representing the 

proximal (Tosos section) and relatively distal (Fuendetodos section) areas of the carbonate ramp. 

In Tosos section, the cross-plot of the bulk δ13C and δ18O values shows a significant decrease in 

the δ18O signature compared with the Kimmeridgian pristine marine carbonates, but instead a similar 

carbon isotope composition. This type of diagenetic alteration results from a post-depositional 

evolution in a closed high-temperature burial system with a low interaction between the host 

carbonate rock and diagenetic fluids. In this area, the Higueruelas Fm was affected by a long burial 

history, as these deposits are overlain by a c. 800 m-thick continental succession deposited during the 

middle Valanginian-middle Miocene. On the contrary, the Higueruelas Fm around the Fuendetodos 

sector remained mostly exposed to meteoric weathering from the latest Kimmeridgian until the early 

Miocene, recording a significant depletion in both δ13C and δ18O values. In both sections, the strong 

influence exerted by the diagenetic alteration makes the δ13C and δ18O records unsuitable for 

addressing palaeoenvironmental reconstructions. 

Differences in the magnitude of the diagenetic alteration could also be dependent on the facies 

types. In Tosos section, the grainstone textures are those showing the lowest δ13C and δ18O values 

compared to the rest of the fabrics; but for Fuendetodos section, no differentiated isotopic 

composition patterns regarding the fabric type are observed. In contrast to the isotopic record, the 

similarities reported for the petrographic and cathodoluminescence observations with the available 

data, point to further investigate the effect of different diagenetic processes affecting carbonate 

deposits constituted by similar components. 

An interesting point that arises in this study is being able to correlate the post-depositional 

evolution of the Higueruelas Fm in each section with the resultant carbon and oxygen stable isotope 

record. In addition, differences in the texture-diagenetic alteration relationship revealed for Tosos and 

Fuendetodos sections, lead to posing a link between the variable isotopic response of these carbonates 

in relation to the fabric type and the complexity in the diagenetic processes according to particular 

post-depositional histories. 
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8.1. FACIES MODELS 

8.1.1. Key features of the sedimentary models 

The precise reconstruction of the lateral and vertical facies distribution in the Higueruelas Fm 

acquired in this Thesis, allowed to construct facies models showing the along-strike and down-dip 

distribution of the different types of components and facies. These facies models are characterized by 

a wide variety of skeletal and non-skeletal grains (mainly peloids, ooids and oncoids), being the latter 

the most abundant components in this unit. Since oncoids are the most characteristic components of 

the Higueruelas Fm, a detailed analysis of the internal structure of different types of oncoids was also 

accomplished, proposing a new classification of oncoids based on Dahanayake (1977) nomenclature 

and their spatial distribution on these shallow domains. In addition, analysis of peloids and ooids, 

following Flügel (2004) and Strasser (1986) classifications, respectively, and other components 

(intraclasts, skeletal grains), allowed to precise the different ramp subenvironments and their 

sedimentary conditions. 

The shallow domains of the latest Kimmeridgian carbonate ramp are characterized by intertidal, 

lagoon, backshoal and shoal-sand blanket domains in the inner ramp, to foreshoal and offshore 

settings in the middle ramp, showing complex facies belts and facies mosaics in specific areas. On 

the basis of the relative abundance of non-skeletal grains, two depositional models are distinguished, 

which correspond to different stages of evolution of the carbonate ramp (Figs 8.1 and 8.2). 

The oncolitic-peloidal-oolitic-dominated ramp Model 1 (Fig. 8.1a) includes an intertidal facies 

belt, a low-energy sheltered lagoon with abundant large and irregular microbial-dominated oncoids 

(types IIIb and IVa oncoids), and moderate- to high-energy peloidal-oolitic backshoal, shoal-sand 

blanket and foreshoal domains (mainly with lithic peloids and type 1 and 1/3 ooids), grading offshore 

into mid-ramp bioclastic-peloidal mudstones (Fig. 8.1b). The down-dip lateral extent of the 

backshoal to offshore-proximal subenvironments is variable, ranging between 2 km and 12 km. The 

down-dip dimension of the sheltered lagoon is supposed to reach several km. Local intertidal caps 

occur on top of the shoal-sand blanket deposits, reaching tens of m to few km in lateral extent. In 

addition, the peloidal-oolitic backshoal to foreshoal packstone to grainstone facies grade laterally 

(along strike) into oncolitic-dominated facies, with abundant micrite- and micrite-microbial-

dominated oncoids (types II and IIIa oncoids, respectively). Stromatoporoids colonize specific areas 

of the sheltered lagoon and backshoal domains as local carpets, reaching up to 500 m in lateral 
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 extent. In the open-marine areas, chaetetid-stromatoporoid-coral buildups (lenses up to 8 m high and 

up to 250 m in width) grow in specific areas of proximal mid-ramp domains. Stromatoporoid-rich 

deposits, both inner-ramp carpets and mid-ramp buildups, are surrounded by oncolitic (mainly type 

IVa oncoids)-stromatoporoid facies, forming both these two facies areas of several km in lateral 

extent, reaching up to 10 km in mid-ramp settings. 

The oolitic-peloidal-dominated ramp Model 2 (Fig. 8.2a) characterizes sedimentation during a 

second stage of evolution of the platform, involving significant palaeoenvironmental changes 

affecting the inner-ramp settings, which are represented by a wide restricted lagoon, with peloids and 

ooids (type 3 and 4) and low diversity of bioclasts (mainly bivalves and lituolids) (Fig. 8.2b), grading 

into peloidal-dominated backshoal, shoal-sand blanket and foreshoal domains. Intraclastic-peloidal 

storm-beds also appear frequently in both backshoal and foreshoal areas, and the backshoal deposits 

occasionally show intense burrowing (i.e. Thalassinoides traces). The key differences with Model 1 

are the disappearance of inner-ramp stromatoporoid carpets, and the minor development of the 

oncolitic facies, which are constrained to some areas (i.e. local ponds in the intertidal belt, backshoal 

and foreshoal domains, and around the mid-ramp chaetetid-stromatoporoid-coral buildups). 

The transition from Model 1 to Model 2 is determined by the long-term regional fall in relative 

sea level occurring at the end of the Jurassic in the Iberian Basin (Bádenas and Aurell, 2001a; Aurell 

et al., 2003), which led to more restricted conditions and an increase of siliciclastic input in proximal 

domains, coeval to the progressive progradation of the facies belts to the southeast. In detail, the 

complex facies distribution in the two carbonate ramp models was mainly controlled by the 

combined effect of three factors: 

1) Variations in hydrodynamic conditions: the development of the microbial-dominated oncoids 

(type IIIb and IVa oncoids) within the sheltered lagoon represented in Model 1, occurred under 

low- to very low-energy conditions, which were favoured by the barrier effect of shoal-sand 

blankets (Fig. 8.1). The higher tolerance of stromatoporoids to water energy enabled their 

colonization from lagoon to backshoal domains (i.e. stromatoporoid carpets), with a preferential 

distribution probably related to the presence of local hard substrates. In the middle ramp, low- to 

moderate-energy conditions below the fair-weather wave base allowed the growth of chaetetid-

stromatoporoid-coral buildups (Figs 8.1 and 8.2), whose patchy distribution could also be related 

to the presence of local hard substrates. Alternating higher- and lower-energy conditions from the 

backshoal to foreshoal domains determined the along-strike lateral change from peloidal-oolitic 

to oncolitic-dominated facies, with the predominance of smaller and well-rounded micrite-

dominated type II oncoids within the shoal body, and micrite-microbial-dominated type IIIa 

oncoids particularly in the foreshoal domain (Fig. 8.1b). In Model 2, the recurrence of storm-

related beds in both backshoal and foreshoal domains reveals an increase in water energy (Fig. 

8.2). 

2) The irregular sea-bottom topography: the along-strike lateral variation from peloidal-oolitic to 

oncolitic-dominated facies within the shoal body in Model 1, reveals an irregular depositional 

topography for this facies belt (Fig. 8.1), with possible depressions/protected areas where lower-

energy conditions favoured the generation of micrite-dominated oncoids (type II). This is also 

highlighted by the presence of intertidal patches on top of the peloidal-oolitic shoal-sand blanket 

deposits, but not on top of the oncolitic-dominated shoals. This contrasts with Model 2, where 

probable higher-energy conditions determined the minor presence of these relatively protected 

areas with generation of oncoids (Fig. 8.2). 
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3) Fluctuations in salinity: in the inner-ramp settings of Model 1, the predominant low-energy 

conditions, together with a low siliciclastic input, favoured the development of the sheltered 

lagoon with the generation of the large and irregular microbial oncoids with mainly Bacinella 

irregularis-Lithocodium aggregatum association (Fig. 8.1). In Model 2, fluctuations in salinity 

due to the reduced connection with the open-marine areas controlled by the long-term regional 

fall in relative sea level, combined with an increase in water energy and terrigenous input to the 

lagoon carbonates, conditioned that sedimentation in the inner ramp occurred within a peloidal-

bioclastic-oolitic restricted lagoon, without oncoids or stromatoporoid carpets, grading into a 

backshoal area dominated by peloids and storm-related deposits (Fig. 8.2). 

Fig. 8.1 (Next page). a) Depositional model of the latest Kimmeridgian shallow carbonate ramp during the 

first stage of evolution of the platform, dominated by peloids, ooids and oncoids (sedimentary units or high-

frequency sequences 1 to 4). The high occurrence of stromatoporoids (i.e. stromatoporoid W to G facies) and 

chaetetid-stromatoporoid-coral buildups occurs in specific areas of the inner- and mid-ramp domains, 

respectively (see details on their dimensions in the text). b) Distribution of non-skeletal grains along the defined 

depositional subenvironments of this ramp model. The down-dip lateral extent of the depositional 

subenvironments is also indicated. 

(*): the name of these facies is modified from those originally defined in Chapter 5, due to deeper analyses 

concerning the oncoid types and their distribution presented in Chapter 6. 
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Fig. 8.2. a) Depositional model of the latest Kimmeridgian shallow carbonate ramp during the second 

stage of evolution of the platform, dominated by peloids and ooids (sedimentary units or high-frequency 

sequences 5 to 9). b) Distribution of non-skeletal grains along the defined depositional subenvironments of 

this ramp model. The down-dip lateral extent of the depositional subenvironments is also indicated. 

(*): the name of this facies is modified from that originally defined in Chapter 5, due to deeper analyses 

concerning the oncoid types and their distribution presented in Chapter 6. 
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 8.1.2. Comparative analysis: understanding facies heterogeneities at reservoir scale 

The reconstruction of facies distributions on ancient shallow carbonate ramps in previous studies 

(e.g. Bádenas and Aurell, 2010; Lehmann et al., 2010; Alnazghah et al., 2013; Petrovic and Aigner, 

2017; San Miguel et al., 2017a, b; Fallatah and Kerans, 2018; Marchionda et al., 2018) have 

demonstrated that ramp-type carbonate platforms are complex systems characterized by gradual 

facies changes, conditioned by the low-angle topography of the ramp. Moreover, the 

sedimentological characterization of this type of carbonate systems has an additional interest in 

reservoir exploration, as it is known that some of the most important subsurface hydrocarbon 

reservoirs worldwide are represented by carbonate ramp deposits (e.g. the Arab-D Formation in 

Persian Gulf, or the Smackover Formation in the USA East Gulf; Benson, 1988; Grötsch et al., 2003; 

Al-Awwad and Collins, 2013). 

The along-strike and down-dip complex facies distribution obtained here, combined with the well 

understanding of the factors controlling facies heterogeneities, provide key aspects concerning the 

sedimentological analysis of carbonate ramp systems dominated by similar components, with 

particular potential to understand the interwell-scale facies heterogeneities by subsurface data. The 

comparative analysis between ancient shallow carbonate ramps regarding the preferential distribution 

of non-skeletal grains, spatial facies arrangements (facies belts vs facies mosaics) and the dimension 

of the grain-supported sedimentary bodies, highlights the relevance of such detailed sedimentological 

characterizations in both strike and down-dip directions, in particular for those facies of interest in 

reservoir characterization. 

The comparative analysis of the facies distribution obtained for the latest Kimmeridgian shallow 

carbonate ramp analysed in this Thesis with several Mesozoic carbonate ramps of some peri-Tethyan 

basins, including also the Iberian Basin, is provided here in order to highlight the complexity of these 

carbonate systems (Figs 8.3 and 8.4; Table 8.1). Of particular interest are the similarities and 

differences concerning the type of components and dimension of shoal and stromatoporoid-bearing 

deposits (Table 8.1): 

1) Mid-Kimmeridgian shallow carbonate ramp deposits in the central Iberian Basin (recently 

defined as Jabaloyas Fm by Aurell et al., 2019a) (Bádenas and Aurell, 2010; Alnazghah et al., 

2013; San Miguel et al., 2017a). This ramp has a complex along-strike and down-dip facies 

distribution comparable to that found for the shallow carbonate ramp of the Higueruelas Fm 

studied in this Thesis, with a similar configuration from lagoon, backshoal and shoal deposits in 

the inner ramp, to mid-ramp foreshoal and offshore domains with reefal facies (Fig. 8.3). 

Variations in the down-dip lateral extent of the shoal deposits are comparable to those observed 

in the Higueruelas Fm (i.e. 3-12 km in the Higueruelas Fm, and 3-10 km in the Jabaloyas Fm; 

Fig. 8.3a, b), also regarded as continuous facies belts. In addition, a similar composition is 

reported for these shallow domains: Bacinella-oncoids (equivalent to type IVa oncoids) dominate 

within a low-energy sheltered lagoon, including the development of stromatoporoid-rich facies of 

hundreds of m in extent (San Miguel et al., 2017a; Fig. 8.3c), grading into a backshoal-shoal-

foreshoal area dominated by peloids, type 3 and 1/3 ooids and bioclasts, with along-strike lateral 

variations to oncolitic-dominated facies within the shoal and foreshoal domains (Bádenas and 

Aurell, 2010; Alnazghah et al., 2013; Fig. 8.3b). Type III oncoids are generally deposited 

offshore, laterally equivalent to the reefal deposits, whereas type I and II oncoids are the 

dominant grains in the oncolitic shoals. 
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Compared with the mid-Kimmeridgian ramp, the Higueruelas Fm has a wider distribution of type 

II and III oncoids from the backshoal to foreshoal domains, but a scarcer proportion of type I 

oncoids in the shoal-sand blanket deposits (Fig. 8.3a, b). These differences, particularly the 

scarce proportion of high-energy type I oncoids, are related to the different general hydrodynamic 

conditions: the mid-Kimmeridgian ramp is a storm-dominated ramp with relatively higher-energy 

conditions and a higher-angle topography compared with the studied latest Kimmeridgian 

carbonate ramp, as reflects the ~30 km maximum lateral extent of the backshoal-shoal-foreshoal 

belt in the case studied here, compared with the ~20 km for the mid-Kimmeridgian ramp. 

Another significant difference concerns the dimension and fabric of the buildups. The mid-

Kimmeridgian Jabaloyas Fm includes a higher variety of buildups (coral-microbial buildups, 

coral-bearing thrombolites and microbial buildups: San Miguel et al., 2017a; Fig. 8.3c), 

compared with the latest Kimmeridgian Higueruelas Fm. The coral-microbial buildups in the 

Jabaloyas Fm show a similar association of metazoan builders and micro-encrusters as the mid-

ramp buildups described in the Higueruelas Fm. However, microbial buildups have not been 

described here, whose development is favoured by particular ecological requirements, such as 

higher nutrient and sediment supply (e.g. Leinfelder et al., 2002; San Miguel et al., 2017a). 

Regarding the coral-microbial buildups, a significant difference with the Higueruelas Fm is found 

in their geometry: in the Jabaloyas Fm, the buildups are pinnacles of up to 8-19 m high and 5-7 m 

wide, instead of wide lenses of up to 8 m high and 250 m in width recognized in the Higueruelas 

Fm. The accommodation space created during the mid-Kimmeridgian controlled the preferential 

vertical growth of the buildups with pinnacle morphology on the mid-Kimmeridgian carbonate 

ramp (Aurell and Bádenas, 1994; Bádenas and Aurell, 2010; San Miguel et al., 2017a), whereas 

during the latest Kimmeridgian, the long-term regressive context reduced the accommodation 

space available for the growing of buildups on proximal mid-ramp domains. 

2) Upper Kimmeridgian shallow carbonate ramp deposits of the Arab-D Fm in Saudi Arabia 

(Lehmann et al., 2010; Marchionda et al., 2018). The dimension and lateral extent of the shallow 

carbonate ramp facies in the Arab-D Fm have been discussed by several authors. Lehmann et al. 

(2010) proposed a depositional model for this ramp in offshore Abu Dhabi (Rub’Al Khali Basin, 

eastern Saudi Arabia), including sabkha, intertidal, restricted shallow subtidal, backshoal, shoal 

and mid-ramp foreshoal domains, with stromatoporoid-rich buildups (up to 8-11 m high) 

occurring from the backshoal to foreshoal domains (Fig. 8.4c). Therefore, the Arabian carbonate 

ramp mainly differs from the Higueruelas Fm in the development of a sabkha domain and the 

general more restricted conditions of the lagoon, due to the more arid conditions governing in this 

part of the Tethyan realm during the late Kimmeridgian, resulting in a mixed carbonate/evaporitic 

sedimentation (e.g. Grötsch et al., 2003; Al-Awwad and Collins, 2013). In another hand, the 

down-dip lateral extent of the sand-shoal deposits (peloidal, bioclastic and oolitic packstones-

grainstones) in the Arab-D Fm is similar as those reported for the Higueruelas Fm (2 to < 10 km); 

however, their lateral continuity as a continuous belt is discussed, suggesting a system of shoal/

inter-shoal deposits, instead of a continuous km-scale belt similar to the Higueruelas Fm. By 

contrast, other studies on the Arab-D Fm (onshore Abu Dhabi; Marchionda et al., 2018) infer the 

km-scale lateral continuity of these shoal bodies as continuous belts at reservoir scale (i.e. in an 

area of 30 x 40 km in extent), even reporting 17-20 km in down-dip lateral extent. On the other 

hand, oncolitic shoal facies similar to that of the Higueruelas Fm (Fig. 8.3a) are not reported in 

the Arab-D Fm. 

Another significant difference concerns the location of those areas with high occurrence of the 

stromatoporoid-rich buildups, which correspond to the backshoal to foreshoal domains in the 
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Arab-D Fm, but only the mid-ramp settings in the Higueruelas Fm (Fig. 8.4a, c). In addition, the 

absence of stromatoporoid-rich carpets within the lagoonal domains, as shown for the 

Higueruelas Fm (Fig. 8.4a, b), is probably consequence of the restricted conditions which 

characterized the shallow domains of the Arabian carbonate ramp. 

3) Middle Triassic shallow carbonate ramp deposits of the Quaderkalk Fm in SW Germany 

(Petrovic and Aigner, 2017; Petrovic et al., 2018). Sand-shoal deposits in this ramp have a high 

degree of lateral continuity, i.e. from few km to > 10 km in both strike and down-dip directions, 

similar to those of the Higueruelas Fm. However, in this case, the shoal bodies are not arranged 

as continuous belts as shown for the Higueruelas Fm, but instead appear as shoal complexes with 

a mosaic distribution, reaching each shoal body several tens of km2 (Fig. 8.4d). Stromatoporoid-

bearing deposits are not reported for this carbonate ramp. 

4) Oxfordian shallow carbonate ramp deposits of the Hanifa Fm in central Saudi Arabia (Fallatah 

and Kerans, 2018). Isolated shoal bodies similar to those reported for the Middle Triassic 

Quaderkalk Fm are described in the Oxfordian of the central Saudi Arabia (Hanifa Fm), whose 

development is instead controlled by topographic highs, evolving to offshore islands. However, 

the lateral extent of these high-energy deposits is not well documented. 

Moreover, two types of stromatoporoid-rich deposits are described in the mid-ramp domains of 

this Oxfordian platform, with different geometry than those of the Higueruelas Fm (Table 8.1): 

1) up to 11 m-thick stromatoporoid-coral bioherms forming disconnected bodies in proximal mid

-ramp areas parallel to the shoreline; and 2) up to 1.5 m-thick stromatoporoid-coral biostromes 

occurring in the low-energy middle ramp, showing a higher lateral continuity (Fallatah and 

Kerans, 2018). The areas of high occurrence of these stromatoporoid-rich deposits can reach tens 

of km in lateral extent. Oncolitic rudstones (Bacinella-Lithocodium-type III oncoids) are also 

documented laterally associated with the stromatoporoid-coral bioherms. 

Fig. 8.3 (Next page). a, b) Comparison between the 2D depositional models for the latest Kimmeridgian 

shallow carbonate ramp studied in this Thesis (a) and the mid-Kimmeridgian shallow carbonate ramp in the 

central Iberian Basin (b, Jabaloyas Fm; modified from Bádenas and Aurell, 2010). c) Stratigraphic correlation 

showing the distribution and characteristics of inner-ramp stromatoporoid-rich levels and mid-ramp reefal 

facies on the mid-Kimmeridgian shallow carbonate ramp (extracted from San Miguel et al., 2017a). 
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Fig. 8.4. Comparison between the spatial facies distribution for the latest Kimmeridgian shallow carbonate 

ramp studied in this Thesis (a, b, simplified from the originals in Chapter 5; the area shown in b corresponds to 

that in the black dashed square in a), and shallow carbonate ramp systems in eastern Saudi Arabia (c, Upper 

Jurassic Arab-D Fm; modified from Lehmann et al., 2010) and SW Germany (d, Middle Triassic Quaderkalk 

Fm; modified from Petrovic and Aigner, 2017). 
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The particular differences for shoal and stromatoporoid-bearing deposits between the Higueruelas 

Fm and the mentioned examples, point out the importance of deciphering (when possible) the along-

strike and down-dip distribution of shallow carbonate ramp facies in outcrop analogues, particularly 

if these facies have potential as reservoir-rock bodies. This is not always an easy task, depending on 

the quality of the outcrops and the scale of observation. As a summary, differences in the 

configuration of the shoal deposits are notorious: from shoal/inter-shoal complexes with a mosaic 

distribution (i.e. Middle Triassic Quaderkalk Fm in SW Germany: Fig. 8.4d; Oxfordian Hanifa Fm in 

central Saudi Arabia) to continuous facies belts (Upper Jurassic Jabaloyas and Higueruelas 

formations in the Iberian Basin, and the Upper Jurassic Arab-D Fm in eastern Saudi Arabia: Figs 

8.3a-b and 8.4a, c). Regarding the stromatoporoid-rich facies, they usually form part of buildups in 

mid-ramp settings (the Oxfordian Hanifa Fm, and the Upper Jurassic Arab-D, Jabaloyas and 

Higueruelas formations), and less common in inner-ramp domains (Arab-D Fm), in both cases 

covering areas of several km in lateral extent (Figs 8.3c and 8.4a, c). The stromatoporoid-bearing 

facies can also occur as stromatoporoid carpets or rubble beds in inner-ramp domains (Higueruelas 

and Jabaloyas formations, respectively), where areas of high density of stromatoporoids extend 

hundreds of m (Figs 8.3c and 8.4b). In addition, these inner-ramp stromatoporoid-rich carpets can 

reach several km if including their laterally associated oncolitic-stromatoporoid facies defined in this 

work (i.e. oncolitic-stromatoporoid W to G facies in Fig 8.4a, b). 

 

8.1.3. Way forward 

In this Thesis, the sedimentological analysis of the latest Kimmeridgian shallow carbonate ramp 

can provide interesting insights for reconstructing or comparing with shallow carbonate ramp 

environments constituted by similar carbonate components (e.g. further comparative with the Arab-D 

Fm, with implications for carbonate reservoir characterization). 

In addition, the key messages given for the characterization and interpretation of the facies 

heterogeneities of the Higueruelas Fm in the study area, can be applied in reconstructing depositional 

subenvironments in other shallow areas of this carbonate ramp along the western margin of the 

Iberian Basin (i.e. Teruel or Valencia regions; see Fig. 4.1 in Chapter 4 for location), and so as 

evaluating possible differences regarding the lateral continuity of facies belts and distribution of 

facies mosaics at basin scale. 

It would be also interesting to investigate facies heterogeneities as the shallow facies belt 

progrades to eastern and southeastern areas of the Iberian Basin, where thick successions of the 

Higueruelas Fm have been recognized (e.g. the uppermost Kimmeridgian-lower Tithonian 

Higueruelas Fm in the Morella sub-basin, E Iberian Basin; see Fig. 4.4 in Chapter 4 for location). 
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8.2. STRATIGRAPHIC ARCHITECTURE 

8.2.1. Key features of the stratigraphic architecture 

Since multiple factors control the facies stacking patterns on shallow carbonate ramp successions, 

inferring valuable and more realistic internal facies architectures depends on the scale of observation 

(Figs 8.5 and 8.6). Accordingly, such complexity in the internal facies architecture increases when 

detailed analyses are performed in small outcrop windows. In this Thesis, the high-resolution 

sequential analysis of closely-spaced sedimentary logs (i.e. mean distance between logs from 

hundreds of m to around 5 km; Figs 8.5a and 8.6a), and facies mapping in continuous outcrops (i.e. 

Mezalocha sector; Fig. 8.5a), in both strike and down-dip directions, have been crucial for an 

accurate characterization of the lateral and vertical facies arrangements, and so as unravelling the 

factors controlling this stratigraphic facies architecture, particularly in those areas of the carbonate 

ramp showing higher facies heterogeneities due to facies mosaic distributions (mostly in the inner-

ramp domains). 

Results indicate that, in the Higueruelas Fm, the dimension of the sedimentary bodies is highly 

variable, showing m-scale lateral and vertical facies changes. In particular, the individual sedimentary 

bodies defined by the grain-supported backshoal to foreshoal facies (in particular packstone-

grainstone and grainstone textures), with from hundreds of m to up to ~30 km (along strike) and ~15 

km (down dip) of lateral extent, have only from few dm to up to 7 m in vertical extent. In addition, 

these potential reservoir-rock bodies record internal facies heterogeneities, grading from peloidal-

oolitic into oncolitic and stromatoporoid-bearing grain-supported facies, which is also important in 

order to evaluate the interparticle porosity of these deposits: the oncolitic-dominated grain-supported 

facies are up to 8 km in both strike and down-dip directions, and from few dm to 3 m in vertical 

extent; whereas the peloidal-oolitic grain-supported facies display up to ~30 km (along strike) and 

~15 km (down dip) in lateral extent, and from few dm to 7 m in thickness. Concerning the 

stromatoporoid-bearing grain-supported facies (i.e. in backshoal and foreshoal domains), their 

vertical extent is also very reduced compared with their lateral extent (backshoal stromatoporoid 

carpets: 0.5-2 m in thickness, and from hundreds of m to up to 2 km in lateral extent; foreshoal 

buildup and inter-buildup facies: 1-5 m thick, and up to 10 km in lateral extent). It is noteworthy that 

these stromatoporoid-bearing deposits have a particular interest for reservoir characterization, due to 

the additional porosity generated by dissolution of the stromatoporoid bioclasts (e.g. Hughes, 1996, 

2004; Lehmann et al., 2010). 

The stratigraphic facies architecture revealed for the Higueruelas Fm is the result of the interplay 

of internal and external factors controlling carbonate accumulation and changes in accommodation 

space. Understanding these factors is relevant for inferring more realistic models for facies pattern 

predictability when these types of carbonate systems are analysed by subsurface data. The facies 

architecture of the Higueruelas Fm, and in particular the reduced vertical extent of the different 

sedimentary (facies) bodies, was controlled by the combination of: 1) the own spatial distribution of 

the facies (facies heterogeneities in the two depositional models), and their complex controlling 

factors (see section 8.1), and 2) the reduced accommodation space created by both the long-term 

regional fall in relative sea level occurring at the end of the Jurassic under relatively homogeneous 

subsidence (Bádenas and Aurell, 2001a; Aurell et al., 2003), and the higher-order sea-level 

fluctuations induced by short-eccentricity climate variations, controlling facies architecture at 

detailed scale (i.e. high-frequency sequences). 
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 8.2.2. Comparison with other similar case studies: the stratigraphic architecture 

revealed 

Previous works to reach a deep understanding of the stratigraphic facies architecture of ancient 

carbonate ramp successions report the importance of considering the scale-dependent facies 

heterogeneity, particularly for the characterization of the lateral and vertical dimension of reservoir-

rock bodies: 

1) San Miguel et al. (2017a) described a similar complexity in the internal facies architecture 

compared to the Higueruelas Fm for the mid-Kimmeridgian shallow carbonate ramp deposits of 

the Jabaloyas Fm in central areas of the Iberian Basin (NE Spain), in an outcrop window of 2 km 

wide and 23 m thick (see Fig. 8.3c). In particular, these authors also reported a vertical extent of 

few dm to few m (up to 4 m) for the hundreds-of-m to km-long inner- to mid-ramp grain-

supported sedimentary bodies (i.e. oolitic, skeletal, intraclastic and peloidal packstone-grainstone 

to grainstone facies). However, significant differences are recorded in the stromatoporoid-

bearing facies. Inner-ramp stromatoporoid-rich levels are only up to 1 m in thickness, compared 

with the up to 2-3 m in the Higueruelas Fm. Mid-ramp buildups in the Jabaloyas Fm show 

pinnacle geometries of up to 8-19 m high and 5-7 m wide, compared with the low-angle 

lenticular geometry for the mid-ramp buildups in the Higueruelas Fm (i.e. up to 8 m high and 250 

m wide), which form with their laterally associated inter-buildup stromatoporoid-bearing facies 

sedimentary bodies which can reach up to 10 m in thickness and up to 10 km in lateral extent. 

2) Amour et al. (2013) illustrated the facies architecture for the Middle Jurassic shallow carbonate 

ramp deposits of the Assoul Fm in the High Atlas mountain range of Morocco. This 

characterization was performed on the basis of the physical tracing of beds between sections in a 

study window of 1 km wide and 100 m thick (Fig. 8.5b), with a mean separation distance 

between logs of hundreds of m. Similar to the Higueruelas Fm, these authors pointed out a 

complex internal facies architecture, with m-scale lateral and vertical facies changes. The main 

differences concern the dimension of the inner-ramp reefal facies of the Assoul Fm, which is 

significantly lower (reaching few m in both lateral and vertical extent) compared with that of the 

lagoon stromatoporoid-rich facies reported for the Higueruelas Fm (hundreds of m in lateral 

extent; Fig. 8.5a); and the dimension of the different facies types which constitute the shoal 

complex in the Assoul Fm (i.e. oolitic and peloidal grain-supported facies), with 150 to 300 m in 

lateral extent, compared with the hundreds-of-m to km-long continuity for those in the 

Higueruelas Fm. 

3) The reservoir-scale characterization of the internal facies architecture of the Middle Triassic 

shallow carbonate ramp deposits of the Quaderkalk Fm in SW Germany by Petrovic and Aigner 

(2017), is based on the analysis of a 3-10 m-thick succession along 33 km (Fig. 8.6b), with an 

average separation distance between logs of 4 to 8 km, similar to the Higueruelas Fm (Fig. 8.6a). 

In this case, the shoal bodies within the complex shoal mosaic described in the Quaderkalk Fm 

(with up to 6-10 km in lateral extent) reach from 1 to 5 m in thickness (Fig. 8.6b), similar to the 

vertical extent of the shoal-sand blanket facies belt in the Higueruelas Fm (Fig. 8.6a). The main 

difference concerns the lateral extent of the different facies types which constitute the shoal 

bodies, which in the Quaderkalk Fm are significantly lower (reaching tens to hundreds of m in 

down-dip and strike directions) compared with that of the facies types forming the shoal-sand 

blanket belt in the Higueruelas Fm (up to ~15 to 30 km in down-dip and strike directions, 

respectively). 

212



Summary, comparative analysis and way forward 

 

 

Fig. 8.5. Comparison between the internal facies architecture obtained for the Higueruelas Fm around the 

Mezalocha sector (a, derived from facies mapping in continuous outcrops; see Chapter 5) and for the Middle 

Jurassic shallow carbonate ramp succession of the Assoul Fm in the High Atlas mountain range of Morocco (b, 

extracted from Amour et al., 2013) at outcrop window scale (mean distance between logs of hundreds of m). 
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Fig. 8.6. Comparison between the internal facies architecture obtained for the Higueruelas Fm in the 

southern cross-section (a; see Chapter 5) and the Middle Triassic shallow carbonate ramp succession of the 

Quaderkalk Fm in SW Germany (b, extracted from Petrovic and Aigner, 2017) at reservoir scale (mean 

distance between logs of several km). 
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4) The reservoir-scale characterization of the internal facies architecture for the upper 

Kimmeridgian shallow carbonate ramp deposits of the Arab-D Fm in Saudi Arabia, is performed 

by well-log correlation of a ~200 m-thick succession along 25 km (Fig. 8.7), with an average 

separation distance between logs of > 10 km (Marchionda et al., 2018). Sand-shoal sedimentary 

bodies described in this unit by Marchionda et al. (2018) show from ~40 km (along strike) and 17

-20 km (down dip) in lateral extent, and between 15-20 m in vertical extent (Fig. 8.7), therefore 

have a significantly higher dimension compared to the shoal bodies of the Higueruelas Fm (Fig. 

8.6a). Also inner- and mid-ramp stromatoporoid buildups in the Arab-D Fm are thicker (up to 11 

m high) than the mid-ramp stromatoporoid-rich buildups in the Higueruelas Fm (up to 8 m high).  

Fig. 8.7. Stratigraphic architecture of the upper Kimmeridgian shallow carbonate ramp succession of the 

Ara-D Fm in Saudi Arabia (extracted from Marchionda et al., 2018). 
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As a summary, vertical and lateral extent defined by different rock (facies)-bodies in shallow 

carbonate ramp deposits is highly variable, also depending on the scale of observation. Taking into 

account the complex internal facies architecture revealed for shallow carbonate ramp successions, 

unravelling such heterogeneities at reservoir scale becomes essential for carbonate reservoir 

characterization, in particular for those facies which are potential reservoir-rock bodies. The 

comparison above reflects that the accuracy of such internal facies architecture increases at small 

outcrop-window scale (i.e. the Jabaloyas and Assoul formations, and the Higueruelas Fm in the 

Mezalocha outcrops; Figs 8.3c and 8.5), whereas the km-long lateral extent of the sedimentary bodies 

is revealed at reservoir scale (the Quaderkalk and Arab-D formations, and the Higueruelas Fm along 

the cross-sections covering the entire study area; Figs 8.6 and 8.7). 

 

8.2.3. Way forward 

The complex stratigraphic facies architecture obtained in the Higueruelas Fm affords key 

information about the internal processes controlling facies distribution in shallow carbonate ramp 

successions, which can be useful for addressing facies pattern predictability in similar stratigraphic 

records on the basis of subsurface data. 

Accordingly, further investigations of the internal facies architecture of the Higueruelas Fm 

should include the high-resolution sequential analysis of these carbonate successions at basin scale, 

covering areas of hundreds of km in lateral extent, for the characterization of the facies architecture 

at large-reservoir scale. 

In addition, it would be also interesting to apply 3D modelling techniques to the Higueruelas Fm, 

in order to test the predictability of facies stacking patterns at different outcropping scales. In the 

literature, particularly in carbonate ramp systems showing shoal complexes, previous authors have 

performed reconstructions of internal facies architectures using geostatistical modelling techniques, 

which combine multiple data from lateral and vertical facies relationships (e.g. Petrovic et al., 2018). 

Some of the algorithms tested for modelling are the so-called stochastic truncated Gaussian 

simulation (TGS) or stochastic multiple-point simulation (MPS), used for building facies 

heterogeneities at regional and local scale, respectively (e.g. Caers and Zhang, 2004; Zakrevsky, 

2011). Such statistic methods can be applied to the Higueruelas Fm in order to evaluate the degree of 

facies pattern predictability, by comparing the 3D facies modelling with the reconstructed facies 

heterogeneities from the field data. 
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8.3. POST-DEPOSITIONAL EVOLUTION 

8.3.1. Key features of the preliminary data on the post-depositional evolution 

The carbon and oxygen stable isotope analyses performed on the Higueruelas Fm in two selected 

sections (Tosos and Fuendetodos; see Chapter 7), have revealed two distinctive diagenetic imprints 

on the stable isotope signature related to the different post-depositional diagenetic evolution of the 

Higueruelas Fm in each sector (Fig. 8.8a). Around Tosos, the deposition of a thick (800 m) 

continental succession from the Early Cretaceous until the Miocene, conditioned that these 

carbonates were mainly affected by burial diagenesis. Around Fuendetodos, however, the 

Higueruelas Fm remained mostly exposed to meteoric weathering from the end of the Kimmeridgian 

to the Cenozoic, being overlain only by a c. 200 m-thick succession of middle Miocene lacustrine 

carbonates (see Fig. 2 in Chapter 7). 

Despite of the distinctive stable isotope signature revealed for the Higueruelas Fm in each sector, 

no differences in the petrographic and cathodoluminescence (CL) characteristics were reported, with 

the exception of punctual intervals in Tosos section (see Figs 4 and 5 in Chapter 7; also additional 

pictures in Annexe 3). However, since only a small group of samples (21 from a total of 72 samples 

analysed) were observed under CL analysis, this preliminary observation requires to be confirmed 

after the analysis of more samples. 

On the other hand, concerning the stable isotope data, besides the distinctive stable isotope 

signature revealed for Tosos and Fuendetodos sections, it is also remarkable that a certain 

relationship between the magnitude of the diagenetic alteration and the fabric type has been revealed 

in Tosos section, being the grainstone textures more diagenetically altered compared to the rest of the 

fabrics (Fig. 8.8b). By contrast, in Fuendetodos section, the probable complexity of the diagenetic 

events which occurred during the long-lasting meteoric alteration, obliterated any differentiated 

isotopic composition pattern regarding the fabric type. 

Fig. 8.8 (Next page). Carbon and oxygen stable isotope records of the Higueruelas Fm in Tosos and 

Fuendetodos sections. These values show a significant deviation respect to the Kimmeridgian pristine 

marine carbonates reported in the literature (a, sensu Riboulleau et al., 1998; Jenkyns et al., 2002; 

Wierzbowski, 2004 and Nunn and Price, 2010), with a distinctive isotopic signature due to the different post-

depositional diagenetic evolution of the Higueruelas Fm in each sector: burial diagenesis (Tosos) or 

meteoric diagenesis (Fuendetodos). In addition, a relationship between the fabric type and the magnitude of 

the diagenetic alteration is observed in the Tosos section, but not in Fuendetodos (b). 
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8.3.2. Way forward 

Rock fabrics address the sum of both primary carbonate components (e.g. carbonate grains, 

micrite matrix) and diagenetic calcite cements (e.g. Goodner et al., 2020), the latter precipitating in 

different types of pores (e.g. interparticle porosity, mouldic vugs, fractures) (e.g. Choquette and 

James, 1987; Tucker and Wright, 1990; Flügel, 2004; Swei and Tucker, 2012; Moore, 2013; San 

Miguel et al., 2017b; Goodner et al., 2020). The petrographic characteristics of rock fabrics usually 

differ from those of the depositional fabrics, particularly concerning the pore network. The porosity-

type and porosity-volume evolution of carbonates throughout their post-depositional history, which 

also relates to permeability, would determine the degree of interaction between the diagenetic fluid 

and the host carbonate rock, being the coarser fabrics more favourable for infiltration of the 

diagenetic fluids (e.g. Marshall, 1992; Immenhauser et al., 2002; Vincent et al., 2004; Coimbra et al., 

2014; Huck et al., 2017; Al-Mojel et al., 2018). During diagenesis, the porosity volume as well as the 

pores shape and connectivity can be strongly modified (e.g. Hollis et al., 2017), by both porosity 

occlusion during precipitation of diagenetic calcite cements and/or creating porosity by dissolution of 

unstable mineralogical phases (e.g. aragonitic shells) (e.g. Swei and Tucker, 2012). Successive events 

of dissolution and/or precipitation can occur during the post-depositional history of carbonates, also 

differing concerning the diagenetic processes involved (e.g. burial vs meteoric diagenesis). 

A detailed diagenetic analysis of the Higueruelas Fm in both Tosos and Fuendetodos sections is 

required for evaluating the early vs late diagenetic alteration of these carbonates, regarding the 

preliminary interpretation of the different post-depositional diagenetic history in each sector. 

Although the evolution of the porosity and permeability in the studied sections is still unknown, it 

seems that the fabric type has influenced the magnitude of the diagenetic alteration in those 

carbonates mainly affected by burial diagenesis (Tosos sector). In this regard, if depositional features 

has highly determined the porosity and permeability evolution of these carbonate rocks, as reported in 

previous works (e.g. Goodner et al., 2020), the good control of the internal facies architecture 

performed in this Thesis would represent a useful tool in predicting porosity-permeability patterns 

within the potential reservoir-rock bodies, and characterize the diagenetic heterogeneities, resulting in 

important implications for reservoir characterization. 

Further investigations will focus on the relationship between the different types of diagenetic 

calcite cements recognized (i.e. granular, drusy and blocky; see Chapter 7), distinguishing different 

diagenetic phases, and the evaluation of other diagenetic features (e.g. stylolites, contact between 

grains), combined with a complete CL scanning for the total of the samples analysed. Additionally, in 

order to obtain more information about the origin of the diagenetic fluids, it would be interesting to 

stain the samples with ferricyanide (an acid solution which reacts in presence of ferrous iron) and/or 

perform trace elements geochemical analyses (particularly Mn and Fe), and thus stablishing a link 

with the CL observations. With all of this information, we can reconstruct the succession of 

diagenetic events affecting these carbonates throughout their post-depositional evolution (paragenetic 

sequence), and the evolution of the porosity and permeability throughout the successive diagenetic 

events, which have important implications for carbonate reservoir characterization. 

In relation to the diagenetic events affecting the Higueruelas Fm, another key aspect to investigate 

concerns the presence of totally or partially dolomitized tabular dm- to m-thick beds in the studied 

unit (Fig. 8.9). Previous studies on the Higueruelas Fm in the same region (Aurell, 1990) proposed 

the existence of dolomitizing fluids circulating through faults acting during the Cenozoic Alpine 

compression. This hypothesis could be supported by the fact that dolomitized intervals are frequent in 

areas such as Muel, Jaulín, Valmadrid and Puebla de Albortón sectors (see Fig. 3.1 in Chapter 3 for 
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Fig. 8.9. Examples of dolomitized intervals (see red bars) in the Higueruelas Fm from Valmadrid (section 

V) and Muel sectors (proximal to section MU) (see Chapter 5 for location of the sectors). 
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location), which form part of the so-called major north-Iberian thrust system (e.g. Vergés and García-

Senz, 2001). However, it is also probable that the dolomitization could have occurred during the 

Early Cretaceous rifting stage, associated to dolomitizing fluids circulating through normal faults 

(e.g. the Aguilón fault system; see Fig. 2 in Chapter 7), similar as described for the Upper Jurassic-

Lower Cretaceous dolomites in eastern areas of the Iberian Basin (i.e. Maestrat Basin; Nadal, 2001; 

Travé et al., 2019), where dissolution of Triassic and Jurassic carbonates and evaporites represented a 

potential source of Mg2+ for dolomitization. Accordingly, further analyses concerning the diagenetic 

evolution of the Higueruelas Fm will also address the characterization of dolomitized samples 

collected in different sections along the study area, by combining petrographic, CL and geochemical 

analyses, differentiating, if possible, different types of dolomite and their relationship with the 

described diagenetic calcite cements. It is noteworthy that the characterization of the dolomitization 

in carbonate reservoir analogues is of particular interest in terms of reservoir quality, as 

dolomitization has been suggested an important factor controlling the formation and evolution of 

porosity in carbonate rocks (e.g. Zenger et al., 1980; Roehl and Choquette, 1985; Sun, 1995; Warren, 

2000; Tavakoli et al., 2011; Liu et al., 2016). 
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CONCLUSIONS 

This PhD Thesis presents the results obtained of combined stratigraphic, sedimentological and 

geochemical analyses of the uppermost Jurassic Higueruelas Formation, outcropping in a 20 x 30 km 

area (south of the city of Zaragoza, NE Spain). The main contributions are: 

1) New strontium isotope data combined with the record of key marker foraminifera (lituolids), 

allowed constraining the age of the Higueruelas Formation at the study area into the latest 

Kimmeridgian (i.e. upper eudoxus and beckeri zones). This new age assignment represents a 

significant advance compared to previous works, in which this unit was discussed to be either 

early-mid Kimmeridgian or Tithonian. 

2) Extensive facies analysis based on the study of 35 logs, 1200 polished slabs and 300 thin 

sections resulted in the characterization of 19 facies types, formed from inner to mid-domains 

of a ramp-type platform. Facies were differentiated according to the variable proportions of 

non-skeletal grains (mainly peloids, ooids and oncoids) and skeletal components, being the 

detailed analysis of oncoids and the new classification on six oncoid types proposed, a useful 

tool for sedimentological interpretations. Identification of sedimentary discontinuities allowed 

the definition of nine high-frequency sequences, whose facies correlation resulted in the 

precise reconstruction of the vertical and lateral (along strike and down dip) facies distribution 

and their controlling factors: 

 Two stages of ramp evolution were differentiated. The lower stage (sequences 1 to 4) 

is characterized by an oncolitic-peloidal-oolitic-dominated ramp, which includes: 1) 

a peloidal intertidal facies belt; 2) a low-energy sheltered lagoon with stromatoporoid 

carpets and microbial-dominated type IIIb and IVa oncoids; 3) peloidal-oolitic 

backshoal, shoal-sand blanket and foreshoal deposits with along-strike oncolitic 

shoal (dominant type II oncoids) and backshoal-foreshoal domains (abundant type 

IIIa oncoids mainly in the foreshoal), including stromatoporoid carpets in the 

backshoal; and 3) mid-ramp bioclastic-peloidal packstones to mudstones with 

chaetetid-stromatoporoid-coral buildups, surrounded by oncolitic (mainly type IVa)-

stromatoporoid facies. The second stage of evolution (sequences 5 to 9) is 

characterized by an oolitic-peloidal-dominated ramp, which involves: 1) the 

development of a wide restricted peloidal-bioclastic-oolitic lagoon without 

stromatoporoid carpets, 2) peloidal-dominated backshoal, shoal-sand blanket and 

foreshoal domains, with frequent intraclastic-peloidal storm-related deposits, and 3) 

the minor development of the oncolitic facies. 

 The combined role of external and internal factors controlled the facies distribution 

within the two ramp models and the final facies architecture. In the oncolitic-peloidal

-oolitic-dominated ramp, main factors are: 1) barrier effect of the shoal-sand 

blankets and low siliciclastic input, favouring the generation of the low-energy 

sheltered lagoon with microbial-dominated type IIIb and IVa oncoids; 2) lateral 

variation in energy conditions due to the irregular depositional topography in the 

backshoal to foreshoal domains, controlling the along-strike change from peloidal-

oolitic to oncolitic (type II and IIIa)-dominated facies; and 3) higher tolerance to 

water energy of stromatoporoids, allowing colonizing from lagoon to backshoal 
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domains, compared to corals that drove in low-energy mid-ramp settings. The 

transition to an oolitic-peloidal-dominated ramp is related to the long-term fall in 

relative sea level occurring at the end of the Jurassic at basin scale, leading to more 

restricted conditions and an increase of siliciclastic input in proximal domains, 

combined with an increment in water energy (i.e. storm-related beds). 

 The combined effect of the depositional facies heterogeneities (and their complex 

controlling factors), and the reduced accommodation space created by both the long-

term regional fall in relative sea level and the higher-order sea-level fluctuations (i.e. 

high-frequency sequences), the latter probably induced by short-eccentricity climate 

variations, resulted in a complex stratigraphic facies architecture for this unit. The 

dimension of the sedimentary bodies defined by the different facies types is variable, 

showing from tens of km to hundreds of m in lateral extent, but only from few dm to 

several m in thickness. The reconstructed stratigraphic architecture has potential 

application to further understand the facies heterogeneities of similar carbonate ramp 

systems, being of particular interest its use for interwell-scale facies pattern 

predictability in carbonate reservoirs such as the Arab Formation. 

3) Carbon and oxygen stable isotopes in two selected sections, representing the proximal (Tosos) 

and relatively distal (Fuendetodos) areas of the carbonate ramp, are useless for 

palaeoenvironmental interpretations, but provide significant data to approach the post-

depositional evolution of the Higueruelas Formation in each study sector, in particular the 

variable effect of the burial and meteoric diagenesis: 1) for those deposits mainly affected by 

burial diagenesis (Tosos), a relationship between the magnitude of the diagenetic alteration and 

the fabric type has been revealed, being the grainstone texture more diagenetically altered 

compared to the rest of the fabrics; 2) for those deposits affected by a long-lasting meteoric 

alteration (Fuendetodos), probably the complexity of the diagenetic events obliterated any 

differentiated isotopic composition pattern regarding the fabric type. The texture-diagenetic 

alteration relationship revealed here can be interesting for further investigations concerning the 

porosity-permeability evolution, with potential implications for reservoir characterization. 
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CONCLUSIONES 

Esta tesis doctoral presenta los resultados que se han obtenido del análisis estratigráfico, 

sedimentológico y geoquímico en la Formación Higueruelas de edad Jurásico Superior, en concreto 

en los afloramientos situados en un área de 20 x 30 km situados al sur de la ciudad de Zaragoza 

(noreste de España). Las principales contribuciones son: 

1) La combinación de nuevos datos de isótopos de estroncio y el registro de foraminíferos clave 

(lituólidos), permitió precisar la edad de la Formación Higueruelas en el área de estudio en el 

Kimmeridgiense superior (i.e. la parte superior de la biozona eudoxus y la biozona beckeri). 

Esta nueva asignación de la edad representa un avance significativo respecto a trabajos 

previos, en los que se discutía que la edad de esta unidad era o bien Kimmeridgiense inferior-

medio o bien Titoniense. 

2) Un exhaustivo análisis de facies basado en el estudio de 35 perfiles, 1200 secciones pulidas y 

300 láminas delgadas ha dado lugar a la caracterización de 19 facies, que representan el 

depósito desde las zonas internas a medias de una plataforma de tipo rampa. Las facies se han 

diferenciado en función de las proporciones variables de granos no esqueletales 

(principalmente peloides, ooides y oncoides) y componentes esqueletales, constituyendo el 

análisis detallado de los oncoides y la nueva clasificación en seis tipos propuesta, una 

herramienta útil para interpretaciones paleoambientales. Se han definido nueve secuencias de 

alto orden, delimitadas por discontinuidades sedimentarias. La correlación de facies llevada a 

cabo en dichas secuencias permitió reconstruir de manera precisa la distribución de las facies 

en la vertical y en la lateral (en dirección tanto perpendicular a la línea de pendiente de la 

rampa o along strike, como pendiente abajo o down dip), e identificar los factores que 

controlan dicha distribución: 

 Se han diferenciado dos estadios de evolución de la rampa. El primer estadio 

(secuencias 1 a 4) corresponde a una rampa dominada por oncoides, peloides y 

ooides, que incluye: 1) un cinturón intermareal dominado por peloides; 2) un lagoon 

protegido de baja energía con desarrollo de praderas de estromatopóridos y oncoides 

microbiales de tipo IIIb y IVa; 3) una zona de backshoal, shoal-sand blanket y 

foreshoal dominada por peloides y ooides, que da paso lateralmente (along strike) a 

facies oncolíticas tanto en el shoal-sand blanket (donde predominan oncoides de tipo 

II) como en los dominios de backshoal y foreshoal (donde abundan oncoides de tipo 

IIIa, en especial en el foreshoal), incluyendo además el desarrollo de praderas de 

estromatopóridos en la zona de backshoal; y 3) una zona de rampa media dominada 

por facies packstone a mudstone de peloides y bioclastos, con el desarrollo de 

bioconstrucciones constituidas por estromatopóridos, chaetétidos y corales que dan 

paso lateralmente a facies de mezcla de estromatopóridos y oncoides (principalmente 

de tipo IVa). El segundo estadio de evolución (secuencias 5 a 9) da lugar a una 

rampa dominada por ooides y peloides, que implica: 1) el desarrollo de un lagoon 

restringido dominado por peloides, ooides y bioclastos sin crecimiento de 

estromatopóridos, 2) el predominio de facies peloidales desde el dominio de 

backshoal al de foreshoal, siendo frecuentes los depósitos intraclásticos y peloidales 

asociados a tormentas, y 3) un menor desarrollo de las facies oncolíticas. 
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 La acción combinada de diversos factores, tanto externos como internos a la 

plataforma, controlaron la distribución de facies en los dos modelos de rampa, así 

como la arquitectura de facies resultante. En la rampa dominada por oncoides, 

peloides y ooides, los principales factores son: 1) el efecto barrera por parte de los 

shoal-sand blankets y la baja tasa de aporte de terrígenos, lo que favoreció el 

desarrollo del lagoon protegido de baja energía con predominio de los oncoides 

microbiales de tipo IIIb y VIa; 2) las variaciones laterales en las condiciones 

energéticas debidas a irregularidades en la topografía deposicional que caracterizan 

desde el dominio de backshoal al de foreshoal, dando lugar a un cambio lateral (along 

strike) de facies peloidales y oolíticas a facies oncolíticas (oncoides de tipo II y IIIa); 

y 3) la adaptabilidad de los estromatopóridos a condiciones energéticas variables, 

permitiendo que estos organismos pudiesen colonizar tanto el lagoon como la zona de 

backshoal, en cambio los corales sólo pudieron proliferar en los dominios de baja 

energía de la rampa media. La transición a la rampa dominada por ooides y peloides 

está relacionada con una caída relativa prolongada del nivel del mar que tuvo lugar a 

escala de cuenca al final del Jurásico, que dio lugar a condiciones más restringidas y a 

un aumento del aporte siliciclástico en los dominios proximales de la rampa, y a un 

incremento en la energía del agua (i.e. capas de tormenta). 

 La compleja arquitectura de facies que se observa en esta unidad es el resultado de las 

heterogeneidades de facies observadas en los dos modelos de depósito (y los 

complejos factores que controlaron dicha distribución), y de la reducción en el espacio 

de acomodación originada tanto por el contexto regresivo prolongado a escala de 

cuenca como por variaciones relativas del nivel del mar de alto orden (i.e. secuencias 

de alto orden), en este último caso probablemente ligadas a ciclos de excentricidad de 

corto término. Los cuerpos sedimentarios representados en los diferentes tipos de 

facies muestran dimensiones variables, alcanzando desde decenas de kilómetros hasta 

centenares de metros de extensión lateral, pero sólo desde pocos decímetros hasta 

varios metros de espesor. La arquitectura de facies reconstruida para esta unidad 

permite comprender mejor las heterogeneidades de las facies en sistemas de rampa 

carbonatada similares, siendo de particular interés su uso para predecir 

heterogeneidades de las facies entre perfiles/sondeos separados varios kilómetros 

entre sí en reservorios carbonatados como la Formación Arab. 

3) Los análisis de isótopos estables de carbono y oxígeno realizados en las dos secciones 

seleccionadas, en áreas proximales (Tosos) y relativamente distales (Fuendetodos) de la rampa, 

han resultado no ser apropiados para llevar a cabo interpretaciones paleoambientales. No 

obstante, dichos registros han proporcionado datos relevantes para abordar la evolución post-

deposicional de la Formación Higueruelas en cada sector de estudio, en particular el efecto 

variable de la diagenesis de enterramiento y meteórica: 1) en aquellos materiales principalmente 

afectados por la diagenesis de enterramiento (Tosos), se ha puesto de manifiesto una relación 

entre la magnitud de la alteración diagenética y el tipo de fábrica, siendo los depósitos con 

textura grainstone más afectados por la diagénesis en comparación con el resto de fábricas 

texturales; 2) en cambio, para aquellos materiales afectados por un largo periodo de alteración 

meteórica (Fuendetodos), no hay ningún patrón distintivo en la alteración diagenética en 

relación con el tipo de fábrica, lo que probablemente se deba a la complejidad de los diversos 

eventos diagenéticos involucrados en dicha alteración meteórica. La relación textura-alteración 
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diagenética observada aquí puede ser interesante para futuras investigaciones centradas en la 

evolución de la porosidad y permeabilidad de estos materiales, las cuales pueden tener 

importantes implicaciones para la caracterización de reservorios. 
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Annexe 1 



Database of the sedimentological work 

 

The following section includes field pictures of the Higueruelas Fm in each study sector, detailed 

sedimentological information of the studied logs, the mapping of facies, units and key surfaces in 

continuous outcrops, and the location of the collected samples for petrographic descriptions. The image 

below illustrates the situation of the Jurassic outcrops and studied sections (stars) from Muel to Aguilón 

sectors (a) and in Mezalocha sector (b; black square in a). 
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NORTHERN CROSS-SECTION (Muel-Valmadrid sector) 

Sections situated around the localities of Muel (MU), Jaulín (J1 to J3) and Valmadrid (V). The field 

pictures included in this section are representative of the Higueruelas Fm in each sector. Below, the 

position of the northern cross-section in the study area, and the legend for the information included in the 

sedimentary logs (the names of the backshoal to foreshoal oncolitic-dominated P to G facies is modified 

from those originally defined in Chapter 5, due to deeper analysis concerning the oncoid types and their 

distribution presented in Chapter 6). 
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Field pictures 

The Higueruelas Fm in Muel sector (section MU), with the recognition of 6 sequences (1-6). The boundary 

with the overlying coastal-siliciclastic unit (top) and the underlying Loriguilla Fm (bottom) are indicated 

(dashed lines). 
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The Higueruelas Fm in Jaulín sector, for the sections J1 (sequences 6-7) and J2 (sequences 1-6). In section J1, the 

boundary with the overlying coastal-siliciclastic unit is indicated (dashed line). 
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Sequences 4-5 (top) and 6-8 (bottom) recognized in the Higueruelas Fm in Valmadrid sector (section V). 
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a-c) Field view of backshoal stromatoporoid-rich facies in Jaulín sector, showing cm-sized fragments of broken 

stromatoporoids and a high diversity of bioclasts (a-b: sequence 6 in section J2; c: sequence 3 in section J3). d) 

Field view of foreshoal type II and III oncoid facies in Valmadrid sector (sequence 4), showing an oncolitic-

supported texture. 
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Logs and sample location 
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CENTRAL CROSS-SECTION (Mezalocha-Puebla de Albortón sector) 

Sections situated around the localities of Mezalocha (ME1 to ME3), Fuendetodos (F2 and F3) and 

Puebla de Albortón (P1 to P3). The field pictures included in this section are representative of the 

Higueruelas Fm in each sector. Below, the position of the central cross-section in the study area, and the 

legend for the information included in the sedimentary logs. 
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Field pictures 

Sequences 1-3 in section ME1 (top) and 2-4 in section ME3 (bottom) of the Higueruelas Fm in Mezalocha sector. In 

section ME1, the boundary with the underlying Loriguilla Fm is indicated (dashed line).  
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Sequences 3-6 in section F2 (top) and 2-3 in section F3 (bottom) of the Higueruelas Fm in Fuendetodos sector. 
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The Higueruelas Fm in Puebla de Albortón sector, for sections P1 (top, sequences 5-8) and P3 (bottom, sequences 4

-8; for scale, the column within the circle is around 30 m high). 
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Logs and sample location 

Sequences 3-5 of this section correspond to sequences A to F of the sections M1 (A-E) and M2 (F) of the upper 10-16 

m thick of the succession outcropping in Mezalocha sector. 
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SOUTHERN CROSS-SECTION (Tosos-Puebla de Albortón sector) 

Sections situated around the localities of Tosos (TO), Aguilón (A1 and A2), Villanueva de Huerva 

(VH), Fuendetodos (F1, F4 and F5) and Puebla de Albortón (P4). The field pictures included in this 

section are representative of the Higueruelas Fm in each sector. Below, the position of the southern cross-

section in the study area, and the legend for the information included in the sedimentary logs. 
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Field pictures 

The Higueruelas Fm in Tosos sector (section TO), with the identification of 7 sequences (top, sequences 1-5; bottom, 

sequences 3-7). The boundary with the overlying coastal-siliciclastic unit is indicated (bottom, dashed line). 
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The Higueruelas Fm in sections A1 (top) and A2 (bottom) in Aguilón sector, with in both the recognition of 7 

sequences (1-7). 

279



Annexe 1 

 

Sequences 5-6 in section F4 (top) and sequence 4 in section F5 (bottom) from Fuendetodos sector. The upper part of 

sequence 4 in section F5 records the development of buildup (dashed lines) and inter-buildup facies, showing the 

buildup a low-angle lenticular geometry (picture of section F5 is modified from Bádenas and Aurell, 2003). 

280



Database of the sedimentological work 

 

T
h

e 
H

ig
u

er
u

el
a

s 
F

m
 i

n
 s

ec
ti

o
n

 P
4

 f
ro

m
 P

u
eb

la
 d

e 
A

lb
o

rt
ó

n
 s

ec
to

r,
 r

ec
o

rd
in

g
 s

eq
u

en
ce

s 
2
 t

o
 9

. 
N

o
te

 t
h

e 
le

n
ti

cu
la

r 
g

eo
m

et
ry

 o
f 

b
u

il
d

u
p

s 
in

 s
eq

u
en

ce
 7

 (
d

a
sh

ed
 l

in
e)

. 

281



Annexe 1 

 

The Higueruelas Fm in Villanueva de Huerva sector (section VH, sequence 5 to 7). The boundary with the overlying 

coastal-siliciclastic unit is indicated (dashed line). 
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a) Field view of restricted lagoon facies on top of section TO (sequence 7), with intercalations of siliciclastic 

deposits (arrow). b) Planolites traces (arrow) in offshore-proximal peloidal-bioclastic facies in section F4 (sequence 

2). c) Field view of foreshoal type II and III oncoid facies in section F4 (sequence 6), with well-rounded oncoids 

constituting an oncolitic-supported texture. d) Field view of foreshoal inter-buildup facies in section P4 (laterally to 

buildup facies in sequence 7), showing large fragments of chaetetids (white arrow) within a matrix composed of 

oncoids and a high diversity of bioclasts (black arrow). 

283



Annexe 1 

 

Logs and sample location 
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MEZALOCHA SECTOR 

Sections situated around the locality of Mezalocha (M1 to M14), and the mapping of facies, units and 

key surfaces in continuous outcrops, which correspond to transects M1-M4, M5-M7 and M10-M11. The 

field pictures included in this section correspond to the most representative images of the upper 10-16 m 

thick succession of the Higueruelas Fm in this sector. Below, the location of the studied sections in this 

area, and the legend for the information included in the logs. 
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Field pictures 

Sequences A to D in section M1 (top) and A to E in section M2 (bottom) identified in the upper part of the 

Higueruelas Fm in Mezalocha sector. 
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Sequences A to C in section M3 (top) and A to D in section M7 (bottom; for scale, the hill is 13 m high). In section 

M3, the dashed line in sequence A indicates the lower limit of this log (the image of this section is modified from 

Saúl, 2014). 
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Sequences A and B in section M9 (top; for scale, from the dashed line to the top of sequence B is about 5 m high) 

and sequences C to E in section M10 (bottom). In section M9, the dashed line indicates the lower limit of the log. 
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Sequences E to G in section M13 (top) and sequences B to G in section M14 (bottom; for scale, the hill is about 11 

m high).  
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a-b) Field view of sheltered lagoon type IV oncoid facies in section M1 (sequence B), showing large and irregular 

microbial-dominated type IVa oncoids (arrows in b) and storm-related cm-thick accumulations of oncoids (dashed 

lines in a). c-d) Field view of sheltered lagoon stromatoporoid facies in section M1 (sequence D), showing cm-sized 

fragments of broken stromatoporoids (arrows in c), commonly associated with Tubiphytes encrustations (arrow in 

d). 
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a-b) Field view of pond gastropod-oncolitic facies in section M6 (sequence D). c) Field view of dome-like stromato-

litic structures in intertidal peloidal with fenestral porosity facies (section M7, sequence E). 
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Mapping of units and key surfaces in continuous outcrops 
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Logs and sample location 

The depositional subenvironment of some of the backshoal/washover peloidal G facies defined in these 

sections has been re-interpreted as shoal-sand blanket deposits, after further analyses reporting on their 

similar characteristics with those shoal-sand blanket peloidal facies described in the sedimentary logs 

from Muel to Aguilón sectors. The legend for the logs presented here remains as shown in the 

corresponding scientific paper in Chapter 5. 
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Facies mapping in continuous outcrops 

Lateral and vertical facies distribution observed within the sequences A to G in continuous outcrops 

corresponding to the transects M1-M4, M5-M7 and M10-M11. The location of the collected samples for 

petrographic descriptions (on polished slabs and thin sections in the laboratory, or descriptions in the 

field) are indicated. 
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Sample pictures 

 

 

This section includes some of the petrographic thin sections and polished slabs used in this Thesis to 

characterize the different facies of the Higueruelas Formation, which are grouped regarding the 

corresponding facies association. Sample references (see Annexe 1 for location), colour codes for facies 

(equivalent to those shown in the figures of the scientific papers in Chapter 5), and the location of each 

facies in a 2D schematic profile of the carbonate ramp are indicated. 

 

PELOIDAL AND OOLITIC-DOMINATED FACIES ASSOCIATION 

Intertidal domain 

 

Microphotographs (a-c) and macro-scale example (d) of intertidal peloidal with fenestral porosity facies, 

showing parallel fenestral laminae (a, b) or a chaotic distribution of fenestral pores (c), and filaments probably 

associated with cyanobacterial structures (arrow in c). Dome-like stromatolitic structures (dashed lines in d) can 

also occur. Samples M2-34 (a), M5-5 (b), F5-46 (c) and M2-33 (d). 
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 Restricted lagoon domain 

Microphotographs (a-c, e) and macro-scale example (d) of restricted lagoon peloidal-bioclastic-type 3 and 4 

ooid facies, showing bivalve fragments and lituolids as main bioclasts (yellow arrows in a and c, respectively; c: 

Alveosepta jaccardi). A  close view of the fibrous-radial ooids is shown in b (white arrows), some of them 

aggregated (yellow arrow). Bioturbation galleries (Thalassinoides traces) are also common in this facies (arrow 

in e), and also ferruginization (d, e). Samples A1-74 (a, b, d), A1-80 (c) and A2-59 (e). 
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Backshoal/ washover domain 

Microphotographs (a-c, e) and macro-scale example (d) of backshoal/washover peloidal-oolitic facies, showing 

poorly to well-sorted lithic peloids, type 1 and 1/3 ooids (yellow and white arrows in b, respectively) and 

bioclasts (miliolids and textulariids in a; dasyclad green algae in e (arrows); e: Salpingoporella pygmaea). 

Compound and aggregate grains (white and yellow arrows in c, respectively) are also common, as well as mm- 

to cm-sized oncoids in variable abundance (arrows in d). Samples M6-4 (a, b), ME1-33 (c), sample nº 10 in 

transect M5-M7 (d) and M9-10 (e). 
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Microphotographs (a, b) and macro-scale examples (c, d) of backshoal/washover bioturbated peloidal facies, with 

abundant Thalassinoides traces (indicated with arrows in a and b, and with a different colour in c and d). This 

facies commonly appears partially dolomitized (a, b, d) and/or ferruginized (c). Samples P3-38 (a, b), P1-25 (c) and 

P1-32 (d).  
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Shoal-sand blanket domain 

Microphotographs (a, b) and macro-scale example (c) of shoal-sand blanket peloidal facies, showing well-sorted 

and rounded lithic peloids (a, b) and scarce bioclasts (mainly foraminifera). Parallel lamination is common in this 

facies (c). Samples P3-3 (a, b) and M14-3 (c). 
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Microphotographs (a, b) and macro-scale example (c) of shoal-sand blanket peloidal-oolitic facies, with well-sorted 

lithic peloids, type 1 and 1/3 ooids (arrows in b indicate type 1/3 ooids) and scarce bioclasts (mainly foraminifera). 

Most of these ooids show a thin cortex (b). Sample M14-5. 
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Microphotographs (a, b) and macro-scale example (c) of shoal-sand blanket oolitic facies, mainly composed of well-

sorted and rounded type 1 and 1/3 ooids (arrows in b indicate type 1/3 ooids). Lithic peloids are also common in 

minor proportion, and bioclasts (mainly foraminifera) are scarce.  Samples ME3-44 (a, b) and ME3-46 (c). 
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Foreshoal domain 

Microphotographs (a-c, e) and macro-scale example (d) of foreshoal peloidal facies, mainly composed of poorly 

to well-sorted lithic peloids. Bioclasts are also common, such as lituolids (arrow in a) or cyanobacteria (arrow 

in b: Cayeuxia-Ortonella). Oncoids can also appear in less abundance, from few millimetres to several 

centimetres in size (arrows in d, e; e: type II oncoid with a gastropod as nucleus). Samples F1-4 (a), F5-45 (b), 

F4-59 (c), ME3-19 (d) and J2-15 (e). 
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 Storm lobes in backshoal and foreshoal domains 

Microphotographs (a, b) and macro-scale examples (c, d) of storm-related intraclastic-peloidal facies, showing 

poorly sorted (mm to cm in size) and poorly rounded fragments of micritic (with bioclasts) and grain-supported 

facies (with peloids, ooids and bioclasts), grading into rounded lithic peloids. Samples P1-16 (a, b), J3-55 (c) and 

P3-18 (d). 
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Offshore-proximal domain 

Microphotographs (a-c, e) and macro-scale example (d) of offshore-proximal peloidal-bioclastic facies, with 

poorly to well-sorted lithic peloids and bioclasts as main components (arrow in a: serpulids; b: brachiopods; 

arrows in c: sponge spicules). Bioturbation (Planolites traces in d, white arrows) are frequent. Lithocodium-

dominated type IVb oncoids (e) commonly appear in this facies. Samples F5-14 (a), P4-30 (b), F5-10 (c), ME3-

11 (d) and F3-27 (e). 
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 Offshore-distal domain 

Microphotographs (a-c, e) and macro-scale example (d) of offshore-distal bioclastic-peloidal facies. Sponge 

spicules (a-c) and lituolids (arrow in e) are common in this facies. Samples F1-1 (a, e), A1-1 (b), P4-2 (c), P4-3 

(d). 
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ONCOLITIC-DOMINATED FACIES ASSOCIATION 

Ponds in the intertidal domain 

Microphotographs (a, b) and macro-scale example (c) of gastropod-oncolitic facies, representing ponds in the 

intertidal domain, showing mm- to cm-sized oncoids (white arrows in a and c) and gastropods (b, yellow arrows in 

c) as main components, surrounded by irregular to well-rounded lithic peloids and some type 1 and 1/3 ooids. 

Gastropods usually constitute oncoids nuclei (a). Sample M8-20. 
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 Sheltered lagoon domain 

Microphotographs (a, b) and macro-scale examples (c, d) of sheltered lagoon type IV oncoid facies. a) Type IVa 

oncoids showing Bacinella irregularis as main micro-encruster, also Bacinella irregularis-Lithocodium aggregatum 

association (arrow). b) Type IIIb oncoid showing B. irregularis and Girvanella (yellow and white arrows, 

respectively) within the organism-bearing laminae, alternating with thinner micritic laminae. (c, d) Macro-scale 

view of large and irregular type IVa oncoids (dashed line in c, arrows in d), showing up to 7 cm in diameter (c). 

Samples M1-10 (a, c), M7-17 (b) and M3-9 (d). 
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Backshoal and foreshoal domains 

Microphotographs (a-c, e) and macro-scale example (d) of backshoal (a, b) and foreshoal (c-e) type II and III 

oncoid facies, showing Bacinella irregularis and Bacinella-Lithocodium association (white and yellow arrows in 

a, respectively) as main micro-encrusters (type II oncoid in b; type IIIa oncoids in a, c, e).  Samples A2-26 (a), 

J3-48 (b), TO-10 (c), A2-16 (d) and ME2-3 (e). 
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 Shoal-sand blanket domain 

Microphotographs (a-c, e) and macro-scale example (d) of shoal-sand blanket type II oncoid facies. Note the 

smaller size of oncoids compared to the other oncolitic-dominated facies, and the oncolitic-supported texture in 

macro-scale view (d).  Samples A2-27 (a, b), J2-24 (c, e) and ME2-22 (d). 
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Microphotographs (a-c, e) and macro-scale example (d) of sheltered lagoon to backshoal stromatoporoid facies, 

with cm-sized stromatoporoid fragments (mainly Cladocoropsis mirabilis; macro-scale view of these fragments 

in d (black arrow)) surrounded by microbial (yellow arrow in b) and lithic peloids, bioclasts and showing 

common Tubiphytes encrustations (white arrows in b and d). Samples M2-25 (a, e), M7-25 (b), M2-19 (c) and 

M2-24 (d). 

STROMATOPOROID/CHAETETID/CORAL-RICH FACIES ASSOCIATION 

Sheltered lagoon to backshoal domains 
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Microphotographs (a, b) and macro-scale examples (c, d) of sheltered lagoon to backshoal oncolitic-stromatoporoid 

facies. (a, b) Type II oncoids showing stromatoporoid and coral fragments as nuclei (white arrows in a and b, 

respectively). Growths of Cayeuxia-Ortonella (yellow arrow in a) are also common. (c, d) Macro-scale view of the 

oncoids (white arrows) and stromatoporoid fragments (black arrows) in this facies.  Samples M12-8 (a), M2-15 (b), 

sample nº 58 in transect M1-M4 (c) and M10-13 (d). 
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 Foreshoal to offshore-proximal domains 

Microphotographs (a, b) and macro-scale examples (c, d) of foreshoal to offshore-proximal chaetetid-

stromatoporoid-coral buildup facies, showing cm-sized fragments of chaetetids as main metazoan builder (white 

arrow in a), in some cases also dominating corals (b); and microbial crusts with internal cavities (yellow and 

black arrows in a, respectively). c, d) Macro-scale view of large-sized chaetetid fragments (c) and the microbial 

crust (yellow arrow in d). Samples F5-32 (a), F5-29 (b) and P3-16 (c, d). 
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Microphotographs (a, b) and macro-scale examples (c, d) of foreshoal to offshore-proximal stromatoporoid-

chaetetid-coral and oncolitic facies, showing cm-sized fragments of mainly stromatoporoids (yellow arrows in a and 

c) and chaetetids (yellow arrow in d), and variable proportions of mm- to cm-sized oncoids (white arrows in a-c). 

Stromatoporoids and chaetetids usually constitute the nuclei of these oncoids (b). Samples J2-27 (a), P2-6 (b), F4-56 

(c) and P3-15 (d). 
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Petrographic and cathodoluminescence characteristics 

 

 

This section includes additional information concerning the petrographic and cathodoluminescence 

characteristics of the carbonate samples selected in Tosos and Fuendetodos sections for the carbon and 

oxygen stable isotope analyses. The references of the samples correspond to those of Chapter 7. 

 

TOSOS SECTION 

Plain-light (a-c) and cathodoluminescence (a’-c’) microphotographs of primary carbonate components (PCC) 

and diagenetic calcite cements (GCC: granular calcite cement; DCC: drusy calcite cement; BCC: blocky calcite 

cement) from the samples 6 (a, b) and 8 (c) analysed in the Tosos section, corresponding to foreshoal type II and 

III oncoid packstone facies. The micrite matrix and carbonate grains (mainly peloids and ooids) show no 

luminescence (a’-c’; main PCC bordered with dashed lines in a’ and b’), whereas the diagenetic calcite cements 

display from non- to dull (red) luminescence: GCC (white arrows in a-c) and DCC (yellow arrow in a), filling 

interparticle pores, show non- to dull (red) luminescence (a’-c’); and BCC (red arrows in b, c), filling mouldic 

vugs, shows no luminescence (solid lines in b’ and c’). 

341



Annexe 3 

 

 

Plain-light (a-c) and cathodoluminescence (a’-c’) microphotographs of primary carbonate components (PCC) 

and diagenetic calcite cements (GCC: granular calcite cement; DCC: drusy calcite cement; BCC: blocky calcite 

cement) from the samples 11 (a, b) and 27 (c) analysed in the Tosos section, corresponding to backshoal peloidal

-type 1 and 1/3 ooid grainstone and packstone facies, respectively. The micrite matrix and carbonate grains 

(mainly peloids and ooids) show no luminescence (a’-c’; main PCC bordered with dashed lines in b’), whereas 

the diagenetic calcite cements display from non- to dull (red) luminescence: GCC (white arrows) and DCC 

(yellow arrows), filling interparticle pores, show non- to dull (red) luminescence (a’-c’); and BCC (a), also 

filling interparticle spaces, shows no luminescence (solid lines in a’). 
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Plain-light (a-c) and cathodoluminescence (a’-c’) microphotographs of primary carbonate components (PCC) 

and diagenetic calcite cements (GCC: granular calcite cement; DCC: drusy calcite cement; BCC: blocky calcite 

cement) from the three particular intervals in the Tosos section, where both primary carbonate components and 

diagenetic calcite cements show bright (yellow to orange) luminescence (a: sample 22, backshoal peloidal-type 

1 and 1/3 ooid grainstone facies; b: sample 24, backshoal peloidal-type 1 and 1/3 ooid packstone facies; c: 

sample 29, restricted lagoon peloidal-bioclastic-type 3 and 4 ooid packstone facies). Concerning the diagenetic 

calcite cements, BCC shows no luminescence (a-a’), whereas GCC and DCC (white and yellow arrows, 

respectively) show orange luminescence (b-b’, c-c’). Note the non-luminescent appearance for the quartz grains 

(red arrows in c-c’). 
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Plain-light (a-c) and cathodoluminescence (a’-c’) microphotographs of primary carbonate components (PCC) 

and diagenetic calcite cements (GCC: granular calcite cement; BCC: blocky calcite cement) from the sample 2 

analysed in the Fuendetodos section, corresponding to offshore-proximal peloidal-bioclastic packstone facies. 

The micrite matrix and carbonate grains (mainly peloids and ooids) show no luminescence (a’-c’; the main 

carbonate grains are bordered with dashed lines in b’ and c’), whereas the diagenetic calcite cements display 

from non- to dull (red) and locally bright-yellow luminescence: GCC (white arrows), filling calcite veins (a), 

mouldic vugs (c) or replacing part of the sample (b, c), shows non- to locally yellow-bright luminescence (a’-c’); 

whereas BCC (b and red arrows in a), filling moudic vugs (a) or replacing part of the sample (b), shows non- to 

dull (red) luminescence (a’ and b’). 

FUENDETODOS SECTION 
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Plain-light (a-c) and cathodoluminescence (a’-c’) microphotographs of primary carbonate components (PCC) 

and diagenetic calcite cements (GCC: granular calcite cement; BCC: blocky calcite cement) from the samples 4 

(a, b) and 8 (c) analysed in the Fuendetodos section, corresponding to offshore-proximal chaetetid-

stromatoporoid-coral buildup and inter-buildup stromatoporoid-chaetetid-coral and oncolitic packstone facies, 

respectively. In this case, both primary carbonate components and diagenetic calcite cements (GCC mainly 

filling interparticle pores (a-c), also mouldic vugs (b), white arrows; and BCC filling calcite veins (red arrow in 

b)) show no luminescence (a’ and b’), locally slightly orange luminescence (PCC and GCC in c’). 
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Plain-light (a-c) and cathodoluminescence (a’-c’) microphotographs of primary carbonate components (PCC) 

and diagenetic calcite cements (GCC: granular calcite cement; BCC: blocky calcite cement) from the sample 13 

(a, b) and 16 (c) analysed in the Fuendetodos section, corresponding to offshore-proximal peloidal-bioclastic 

packstone facies. The micrite matrix and carbonate grains (mainly peloids and ooids) show no luminescence (a’-

c’, main PCC bordered with dashed lines in a’ and b’), whereas the diagenetic calcite cements display from non-  

to dull (red) luminescence: GCC (white arrows), filling interparticle pores, shows no luminescence (a’-c’); 

whereas BCC (a and red arrows in b), filling mouldic vugs (a, b) and interparticle pores (b), shows non- to dull 

(red) luminescence (a’ and b’). 
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Plain-light (a-c) and cathodoluminescence (a’-c’) microphotographs of primary carbonate components (PCC) 

and diagenetic calcite cements (GCC: granular calcite cement; DCC: drusy calcite cement; BCC: blocky calcite 

cement) from the sample 22 (a, b) and 25 (c) analysed in the Fuendetodos section, corresponding to offshore-

proximal peloidal-bioclastic wackestone-packstone and stromatoporoid-chaetetid-coral and oncolitic packstone 

facies, respectively. The primary carbonate components (micrite matrix, peloids and ooids) and diagenetic 

calcite cements generally show no luminescence (a’-c’), the latter filling calcite veins (BCC in a-a’; slightly dull 

(red) luminescence appears towards the centre of the vein), mouldic vugs and interparticle pores (GCC and 

DCC, white and yellow arrows, respectively, in b-b’ and c-c’). 
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Plain-light (a-c) and cathodoluminescence (a’-c’) microphotographs of primary carbonate components (PCC) 

and diagenetic calcite cements (GCC: granular calcite cement; BCC: blocky calcite cement) from the samples 32 

(a) and 33 (b, c) analysed in the Fuendetodos section, corresponding to foreshoal peloidal packstone and 

grainstone facies, respectively. The primary carbonate components (micrite matrix, peloids and ooids) show no 

luminescence (a’-c’; main PCC bordered with dashed lines in b’), whereas the diagenetic calcite cements display 

from non- to dull (red) or zoned luminescence: GCC (white arrows), filling interparticle pores (a, b) or replacing 

bioclasts, (c) shows non- (a’) to dull (red) luminescence (b’ and c’); BCC (red arrows) shows zoned 

luminescence (c’: dark nuclei evolving to dull (red) rims). 
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Stable isotope analyses 

 

 

 This section includes tables gathering the chemostratigraphic data which have been obtained by the 

stable isotope analyses performed in this work, and whose interpretations support the research exposed by 

this Thesis. 

 

STRONTIUM STABLE ISOTOPES 

Location and results of strontium stable isotopes analysed on 12 samples from brachiopods, oysters and 

Trichites shells. The samples H1 to H4 (rowed in grey colour) correspond to those used for the age calibration of 

the Higueruelas Fm in the study area. The rest of the samples were not considered as they show significant 

deviations due to diagenesis.  
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 CARBON AND OXYGEN STABLE ISOTOPES 

Carbon and oxygen stable isotope values (‰ V-PDB) from Tosos and Fuendetodos sections. Samples TO and FU 

refer to bulk-carbonate samples in Tosos and Fuendetodos sections, respectively, whereas samples TR refer to the 

calcitic bivalve shells of the three specimens of Trichites collected in the lower part of the Fuendetodos section. A, B: 

double measure per sample; A-r, B-r: repeated measures every 10 analyses (the position of these repeated analyses 

does not appear consecutively in the table, as the isotopic measurements were not taken following the order of sample 

number). 
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