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Abstract

:

The Amaral Formation has a wide geographic distribution within the Lusitanian Basin, at the western Iberian Margin (Portugal). The different depositional contexts for this unit enabled the distinction of three sectors: lagoon, lagoon-barrier, and marine-distal. The integration of the evolutionary taphonomic analysis of its fossil assemblages with the analysis of multiscale properties through the CAMURES methodology (Multiscale Reservoir Characterization) allowed the application of a methodology for the classification of coquina which was previously developed for the Morro do Chaves Formation (Sergipe–Alagoas Basin, Brazil). Here, it was adapted according to the complexity of the Amaral Formation deposits. The classification of ten taphofacies, in association with four lithofacies, allowed the definition of 84 petrofacies, based on the nature of the sedimentary and taphonomic processes. The relationship between the structural context, the systems tracts, the diversity of the fossil record, the classification of taphofacies and petrofacies, and the understanding of vertical and lateral variations of the sediments’ deposition within the unit support the construction of geological and theoretical models for coquina deposits. These models will allow for prediction of the spatial distribution of facies in other coquina analogous hydrocarbon reservoirs, as well as specifying the delimitation of reservoir zones for 3D geocellular modeling and flow simulation of hydrocarbon-producing reservoirs, thus improving predictive analyses.
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1. Introduction


The need for increasing accuracy and effective predictive models is an important challenge faced by the oil industry, which seeks to understand the distribution of permoporous spaces in hydrocarbon reservoirs. In this context, multidisciplinary/multiscale studies on carbonate rocks, especially those formed by concentrations of fossils (coquina), have been developed, aiming for a better understanding on pre-salt reservoirs in the Brazilian Atlantic Border Basins, namely, in the Santos and Campos Basins [1,2].



The integrated analysis involving the characterization of petrofacies and the taphonomic approach based on the evolutionary taphonomy concepts and methods [3,4], with the application of the Multiscale Characterization Methodology of Reservoirs—CAMURES [2,5], represents a new pathway for the development of predictive modeling of reservoir quality. By improving the understanding of the lateral and vertical facies variations of the coquina deposits, this integration allows us to expand the knowledge about the genesis of paleoenvironmental models, as well as the 3D geocellular models of coquina facies, which underlie the fluid flow simulation in hydrocarbon reservoirs [6,7,8,9].



The recognition of taphonomic alteration mechanisms in the fossil assemblages of the Amaral Formation (Kimmeridgian–Tithonian, Lusitanian Basin, Portugal), such as biodegradation, disarticulation, dispersion, reorientation, abrasion, dissolution, cementation, neomorphism, and recrystallization, with the resulting textural patterns (degree of fragmentation of skeletal remains, matrix type, and pore types) enabled the characterization of different taphofacies, associated with different petrofacies [10,11,12,13]. The approach applied in this work for fossil assemblages and other nonbioclastic elements refers to a classification system for coquina reservoirs based on bioestratinomic and fossil-diagenetic processes, and not only on the resulting products [13].



The Amaral Formation coquina deposits display high diversity in terms of fossil record and a very complex genesis. The application of the methodology previously developed for the classification of taphofacies and petrofacies of the Morro do Chaves Formation [13] to the Amaral Formation required an adjustment in order to incorporate the interaction between the taphonomic mechanisms, the tectonic–structural context of the basin, and the diversity of the fossil record and of the depositional environments inherent in these coquina deposits. In addition to the validation of the classification system and theoretical models for coquina deposits, the wide paleogeographic distribution of the Amaral Formation throughout the Lusitanian Basin and the large number of outcrops and control points allowed for the extrapolation of the analysis of the lateral variations of coquina deposits. The Amaral Formation represents an important cyclical depositional context, which includes coquina with high diversity, which are interspersed with fine silty-clay deposits from deeper areas, and with sandy deposits with fluvial origins. The possibility of analyzing the vertical and lateral variations, from the microscopic scale to the basin-wide scale, makes the Amaral Formation an essential reference on the extrapolation of theoretical models to coquina reservoir analogues.



The basin’s context plays an important role in the application and refinement of the analogous model over the entire extension of the studied deposits. Considering the different sectors and corresponding evolutionary particularities, factors such as tectonism, uplifts, and tilting controlled the differentiation in substrate inclination and in facies distribution. Transgressive and regressive events also play an important role in these carbonate and mixed-deposition systems.




2. Geological Setting


The sedimentation in the Lusitanian Basin was conditioned by its paleogeographic configuration represented by a NNE–SSW gulf, open to the south, where sediments from its steep east and west margins were drained, as well as from the north, through a distal fluviodelta system [14,15]. During the deposition of the Amaral Formation sediments, the paleoenvironmental evolution, somewhat carbonated, whether bioconstructed or not, was strongly affected by the substrate’s positioning related to tectonism, as well as by the saliferous diapirs that generated intrabasin high bottoms, which favor concentrations of carbonate sediments. Sedimentation in the initial rift phase occurred in association with a transgressive event, changing, in the Late Kimmeridgian and Early Tithonian, to a regressive context. Then, the conditions for carbonate sedimentation in shallow waters were established in the basin, which corresponds to Sequences I 2 and I 3 of [13] of the Amaral Formation. The marine sedimentation conditions remained shallow, represented by an alternation of muddy, sandy, and carbonate sediments, configuring a lake into a deep marine environment with an expressive fossiliferous record [16]; towards the south, it gradually became deeper, drawing a large marine gulf.



During the Kimmeridgian in the proximal sectors (Boa Viagem and Alcobaça Formations), the sedimentation was predominantly continental; the distal sectors (Abadia Formation) record turbiditic fans. The deposition of the carbonate sediments from the Amaral Formation [17] and their relationship with other Upper Jurassic units is referred to as the upper Kimmeridgian–lower Tithonian boundary, framed in a tectonic context of sub-basin formation, which marks the post-climax of the rift [18,19] (Figure 1).



The carbonates of the Amaral Formation are composed of thin shallow marine deposits which are associated with a transgressive event. These carbonates cover the deep-sea sediments of the Abadia Formation, and, therefore, they can be considered as indicative of a significant decrease in bathymetry [21]. Pena dos Reis et al. [22] refer to this interval as facies of oolitic barriers and locally bioconstructed coquinoid reefs, represented by biofacies rich in fragments of echinoids, bivalves, stromatoporoids, spongy spicules, and microfauna (foraminifera, algae, and ostracods), and related to inter to infralittoral environments with clear marine influence [23]. Choffat [24] and Seifert [25] classified the Amaral Formation lithotypes as intraclastic limestones, dolomitic limestones, oolitic limestones, and conglomeratic limestones with intercalations of reef limestones.



Wilson [26] and Teixeira and Gonçalves [27] argued that the reef units which occurred from Montejunto to Tejo during the Kimmeridgian, whether of biostroma type or of bioherm type, correspond to lateral variations of the Amaral Formation, but with indefinite ages (“Corálico do Amaral”, Ota Limestones, Monte Redondo Limestones, and Atouguia Limestones).



More recently, Leinfelder et al. [28] recognized the fossil diversity of the Amaral Formation reefs, as well as the paleoenvironmental implications of the corresponding distribution within the context of a mixed carbonated platform. These were developed during the Late Jurassic in the central-west region of Portugal, namely during the Kimmeridgian and Tithonian transgressive events, despite the limitations on using biostratigraphic tools (based on macro and microfossils) in the establishment of lateral correlations in reef deposits. In this sense, sequence stratigraphy seems to be the only method allowing the recognition of the depositional models for this interval in the Lusitanian Basin [29,30,31,32,33,34]. However, the sequence stratigraphy does not consider the different source areas and the basin structure, which can lead to distinct paleoenvironmental interpretations, such as the Ota Limestones and the Amaral Formation [28].



Fürsich et al. [35] describe and interpret, from the taphonomic and paleoecological points of views, the Upper Jurassic bivalve assemblages of these units from the central part of the Lusitanian Basin, outcropping between the regions of Torres Vedras and Nazaré. The authors consider that the development of bivalve concentrations is associated with phases of maximum flooding associated with coastal environments, with controlled salinity, being less common in open platform configurations. However, they also admit that, although rarely, they can also occur within a transgressive system. This happens when the remobilization of sediments is not as expressive as it is during the late transgression. Finally, the authors claim that several of the described concentrations are not restricted to the Lusitanian Basin, but also occur in other places in the epicontinental seas located in the north of the Neo-Tethys Ocean.




3. Materials and Methods


The Amaral Formation is recognizable throughout the Lusitanian Basin. Due to its wide geographical distribution and based on the depositional contexts interpreted in this work, the study area was divided into three sectors, namely, lagoon, lagoon-barrier, and marine-distal (Figure 2a,b). The lagoon sector covers the region between Leiria and Figueira da Foz, on the current coastal strip, extending to the latitude of Coimbra to the east. In this region, the Amaral Formation was analyzed through two stratigraphic sections: Cumieira (Pombal) and Abiul (Pombal). The lithofaciological and taphonomic analyses were carried out based on macroscopic descriptions of 58 samples: 53 from the Cumieira Section and five from the Abiul Section. Fifteen outcrops were also analyzed for lateral and vertical control of the units, and 41 samples were collected (Figure 2c,d).



The lagoon-barrier sector covers the region located between Lourinhã and Leiria, on the coastal strip, extending to the latitude of Batalha to the east. In this region, the Amaral Formation was characterized through the study of two stratigraphic sections: Praia do Salgado (Famalicão) and Praia da Consolação (Atouguia da Baleia). The lithofaciological and taphonomic analyses were performed based on macroscopic descriptions of 102 samples, 61 from the Praia do Salgado Section and 41 from the Praia da Consolação Section. Two other outcrops were also analyzed for lateral and vertical control of the units and nine samples were collected (Figure 2e,f).



The marine-distal sector covers the region located between Cascais and Lourinhã, on the coastal strip, extending to the latitude of Ota to the east. In this region, the Amaral Formation was characterized through the study of one section: Pedralvo (Arruda dos Vinhos). The lithofaciological and taphonomic analyses of this section were carried out based on macroscopic descriptions of nine samples. Eight other outcrops were also analyzed for lateral and vertical control of the units, and eight samples were collected (Figure 2g).



The methodological approach presented in this work for the coquina of the Amaral Formation follows the methods applied by Garcia et al. [13] for the coquina of the Morro do Chaves Formation (Sergipe Alagos Basin, Brazil). However, it was necessary to adjust them for the characterization of petrofacies, considering the existence of other variables, namely, the higher diversity of fossil assemblages, as well as the influence of local tectonic constraints, and also the impacts of transgressive events when framed within a regressive context.



The classification of taphofacies and petrofacies proposed by Garcia et al. [13] is based on concepts and methods of evolutionary taphonomy [36]; it considers the description and identification of all taphonomic mechanisms, i.e., biostratinomic and fossil diagenetic. The principles grounding the CAMURES methodology [2,5] improve the understanding of taphonomic processes over time and space, thus contributing to deepen the knowledge regarding the porosity–permeability distribution in a lithostratigraphic unit.



The CAMURES methodology [2,5] consists of the integration of tools and data obtained at different observation scales (ranging from facies interpretation of rock samples to seismic interpretation of the basin) and in the representation of the heterogeneities existing in each of them. Thereby, an ideal geological model is obtained, both from the point of view of its genetic conception (conceptual geological model) and from the point of view of 3D geocellular modeling of properties. The CAMURES methodology assumes the recognition of the genetic processes, associated with their corresponding products/properties. The processes are classified in different scales of observation in a descriptive way. The analysis of processes and not just products/properties allow the transfer of information between scales. Thereby, the positioning of the petrofacies in the systems tracts and depositional sequences increases the accuracy of 3D geocellular facies models of the reservoir on the seismic scale.



In this context, a taphofacies/petrofacies definition is proposed for the hybrid coquina deposits of the Amaral Formation, based on the types and intensities of the identified sedimentary and taphonomic processes (Figure 3). Environmental energy is the primary control for the origin and distribution of petrofacies located in different “petrofacies clusters” (A, B and C) as shown in Figure 3. These clusters are individualized according to the nature of the interstitial material, being cluster (A) muddy carbonate matrix; cluster (B) terrigenous, coarse-grained siliciclastic material, and cluster (C) dominance of fragments of broken carbonate bioclasts.



The petrofacies designation used in this article follows the alphanumeric classification, designed with the goal of identifying types and intensities of processes and products associated with coquina [13]. The alphanumeric classification presented here aims to facilitate the understanding of facies types according to their petrographic and taphonomic characteristics. This proposal seeks to validate and emphasize the different recognized taphonomic processes and their relationship with depositional environments (Table S1). The facies distribution, according to the depositional environment and considering the origin and energy intensity (fluvial and wave) of the remobilization, is represented in Figure 4.



The coquina petrofacies can be differentiated into two groups: coquina composed almost exclusively of representatives of a single taxon (e.g., bivalve coquina), and coquina made up of representatives of different taxa. In addition, coquina may consist of organically bounded elements (e.g., corals) and not organically bounded elements (e.g., bivalve). This faciologic/compositional distinction of coquina led to the creation of a terminology in addition to the alphanumeric classification previously described [13]. Letters are then used which resulted from the abbreviation of the type of organic relationship that exists between elements. This characteristic is expressed as described below, respectively: nob—not organically bounded elements (e.g., bivalve, gastropods); ob—organically bounded elements (e.g., coral reefs). Organically bounded elements are considered unbroken (U) only in the in situ facies (ISF), while in other contexts, they are always recognized as being broken (B, 1 or 2).




4. Results


The results for the macroscopic and taphonomic analyses of the Amaral Formation, framed in a multiscalar perspective, allowed the establishment of a stratigraphic evolutionary model for the Amaral Formation, based on the recognition of different facies according to their compositional, textural, and taphonomic properties. Thus, the analysis of different lithological and taphonomic aspects of the Amaral Formation sedimentary record resulted in the establishment of 10 taphofacies (1 to 10, related to deposits with fossils) that, in association with four lithofacies (1, 2, 4 and 5, related to deposits without fossils, adapted from Garcia et al. [13]), allowed the definition of 84 petrofacies (Figure 4 and Table S2). The petrofacies characterization and petrofacies clusters, associated with depositional environments, degree of remobilization, and fossil-diagenetic intensity described in this work (Figure 4), illustrate in a synthetic way the characteristics of this type of deposit, not distinguishing, for example, if the elements are organically bounded or not organically bounded. Likewise, in the lithofacies and taphofacies classification of the coquina from the Amaral Formation, there are petrofacies that occur in more than one type of environment (eight in total; Table S2). For the taphofacies definition, the different mechanisms of taphonomic alterations that had acted on the fossil elements recorded in the coquina from the Amaral Formation, which are described below, were taken into consideration.



4.1. Mechanisms of Taphonomic Change in the Coquina of the Amaral Formation


The high concentration and diversity of bioclasts and other allochemical constituents recorded in the Amaral Formation are the result of different long-lasting taphonomic mechanisms and of the conditions that controlled the different paleoenvironmental contexts to which these deposits are related. Taphonomic mechanisms recognized in the recorded elements and assemblages of the Amaral Formation include cementation (permineralization, formation of concretions), neomorphism (recrystallization), replacement, abrasion, dissolution, mechanical distortion, disarticulation, reorientation (dispersion and regrouping), and taphonomic removal or remobilization (accumulation and resedimentation). Taphonomic analysis of hand samples, together with fossil separation techniques, allowed the identification of the main taphonomic processes, which generally occurred in the following order: disarticulation, mechanical distortion and abrasion, reorientation (dispersion and regrouping), cementation (permineralization, formation of concretions) and neomorphism (recrystallization), and taphonomic removal or remobilization (accumulation and resedimentation).



4.1.1. Disarticulation


The disarticulation process is identified essentially in elements that are not organically bounded. This is one of the first processes to occur and is the most common, especially in environments subject to intense wave action. The elements recognized in the Amaral Formation present mainly two states of disarticulation: with the mollusca valves and/or echinoderm plates joined, but open, and slightly fragmented; or with all the elements disarticulated (spines and plates of echinoderms, mollusca valves, among others) (Figure 5a–d). The TF 1 taphofacies, usually related to muddy facies, is the only example in which the elements are complete.




4.1.2. Mechanical Distortion and Abrasion


The processes of mechanical distortion and abrasion occur simultaneously and result from the action of waves (normal or storm) and river flows. The degree of taphonomic alteration of these processes is defined by the duration of its activity and intensity. The mechanical distortion corresponds mainly to change in the size of elements by fragmentation, usually before abrasion [37]. The allochemical components of carbonate rocks (e.g., bivalves, gastropods, corals, among others) have naturally rounded surfaces. However, the abrasion process increases the roundness of these surfaces (Figure 5e,f). In the Amaral Formation deposits, elements are commonly recognized in two stages of fragmentation: totally or partially fragmented. Such situation is found in almost all petrofacies (Figure 5g,h), except for the TF 1 taphofacies. In turn, the mechanical distortion mechanism can be recognized for elements not organically bounded in TF 4.3, TF 5.3, TF 6, TF 7, TF 8.1, TF 8.2, TF 9.1, TF 9.2, and TF 10 taphofacies, and for organically bounded elements in TF 2.2, TF 3.2, TF 4.2, TF 4.3, TF 5.2, TF 5.3, TF 6, TF 7, TF 8, TF 9, and TF 10 taphofacies. However, it is not recognized in TF 2.1, TF 3.1, TF 4.1, and TF 5.1 taphofacies.




4.1.3. Reorientation (Dispersion and Regrouping)


The elements (organically bounded or not) may occur scattered in the deposits or display some pattern of regroupment. In both cases, these elements were subjected to different types of displacements with different origins: waves (normal or storm), fluvial (normal or flood discharges), induced currents, or gravitational flows. These agents tend to organize the elements in two ways: aligning them with a preferential orientation, imbricated or not (easier to recognize among not organically bounded elements), or dispersing them in a chaotic way. This process is, therefore, responsible for two aspects recognized in the described petrofacies: dispersion and regrouping. They were recognized in almost all taphofacies (Figure 6a,b) and are partially absent only in TF 1 and TF 2 taphofacies.




4.1.4. Cementation (Permineralization, Formation of Concretions) and Neomorphism (Recrystallization)


Most of the allochemical constituents recognized in the Amaral Formation display a large size. In this context, the recognition of diagenetic processes can be performed through macroscopic analysis carried out in the field and in the laboratory. Diagenetic processes can be recognized in all taphofacies which, in this case, refer to neomorphism processes, namely micritization (Figure 6c,d) and recrystallization (Figure 6e,f). The first is recognizable in TF 1.1, TF 1.2, TF 2, TF 3, TF 8, and TF 9 taphofacies; the second, on the other hand, is particularly well represented in taphofacies that show complete and large not organically bounded elements, namely in TF 1, TF 2, TF 3, TF 4, and TF 5 taphofacies. The formation of concretions has been recognized in taphofacies related to low-energy environments. These occur due to an increase in the alkaline concentration around the elements and are usually related to the first stages of diagenesis; they occur in TF 4.3, TF 5.3, TF 6.3, TF 7.3, TF 8, and TF 9.3 taphofacies (Figure 6g,h).




4.1.5. Taphonomic Removal or Remobilization (Accumulation and Resedimentation)


Almost all the taphofacies described in this work present resedimented allochemical constituents. These are elements that correspond to skeletal remains that were subject to transport before the final burial in the sediments (Figure 7a,b); no evidence of taphonomic re-elaboration has been detected. The assemblages corresponding to lagoon and lagoon-barrier paleoenvironments are accumulated, which is attested by the occurrence of in situ elements of the Anthozoa Class in muddy facies (TF 1.2; Figure 7c–e)





4.2. Definition of Taphofacies and Petrofacies of the Amaral Formation


For the Amaral Formation, and based on the identification of different lithological, taphonomic, and structural aspects, four lithofacies and 10 taphofacies were identified and characterized. Taphofacies 1 to 10 are related to a mixed clastic–carbonate platform and represent the biostratinomic and fossil-diagenetic processes that gave rise to the recorded elements (Table S2). Moreover, their spatial distribution reflects different sub-environments, and corresponding energy levels, across different platforms’ contexts. Lithofacies 1, 2, 4 and 5 correspond to deposits without fossils. Lithofacies 3 (sabkha) was classified for the Morro do Chaves Formation, but it was not identified for the coquina deposits of the Amaral Formation.



The integrated analysis of taphonomic and sedimentological data enabled the definition of 84 petrofacies. Among them, 53 display direct correlation with specific taphofacies (with bioclasts), three refer to lithofacies (without bioclasts), and 28 showing intense cementation, some of them with almost total replacement of the original constituents. The taphofacies and petrofacies’ distribution, in association with the paleoenvironmental settings of the coquina record, lead to the differentiation of several depositional environments, in the context of a mixed platform.




4.3. Stratigraphic Evolution Model for the Depositional Systems of the Coquina from the Amaral Formation


The deposits of the Amaral Formation display important lateral variations. These are related not only to the dynamics inherent to each of the sub-environments where they are located, but also to the paleogeographic configurations recognized for the interval between the Kimmeridgian and the Tithonian. Due to these particularities, in this work, five distinct sequences widespread in three depositional environments were identified, namely, lagoon sector, lagoon-barrier sector, and marine-distal sector (Figure 2a).



4.3.1. Lagoon Sector


The lagoon sector is widely represented in most parts of the inland and the protected region of the large marine gulf, in which the Lusitanian Basin was formed at the time of deposition for the Amaral Formation sediments. The lagoon deposits surround the body of water; the occurrence of reef bodies or even barriers made up of bioclastic or oncolitic fragments protects it from the direct action of the waves. This depositional environment is widely expressed in the northern part, narrowing to the south with overlapping barrier islands and closer proximity to the uplifted basin margins (Berlengas and Ota). The Cumieira (Pombal) and Abiul (Pombal) sections and 15 outcrops for lateral and vertical control of facies represent this lagoon sector of the basin (Figure 2b,c).



Taking into consideration paleoecological, taphonomic, sedimentological, and strati-graphic criteria, five distinct sequences were identified for this sector, reflecting different depositional environments.



Lagoon-Barrier Sequence (Internal Lagoon Context)


This first sequence is recorded only at the Pombal Section. It shows amalgamated layers with external lenticular geometry with lateral continuity. It consists of mudstones/wackstones, displaying plane-parallel and crossed stratifications truncated by waves, with ripple marks on the upper surface of some layers. Representatives of the Bivalvia and Gastropoda classes were recognized, supported by carbonate silty-clay matrix. At the bottom of this interval, oncolites up to 0.1 mm in diameter are also recorded. Fragments of carbonized fossil wood (between 0.1 and 1.1 mm) are frequent along the whole sequence. FM and FSRUnobMD petrofacies were recognized in this sequence of the lagoon sector.



This interval corresponds to the most basal sequence of the Amaral Formation and is interpreted as representative of an internal lagoon environment with low energy, subject to normal waves, and far from the influence of the fluvial action, which can be attested by the large number of carbonized plant fragments transported to the lagoon. In the lagoon-barrier sector it is possible to laterally follow this sequence, namely, at the Praia do Salgado Section.




High-Energy Transitional Sequence


The second sequence is observed only at the Pombal Section. It presents external lenticular geometry with lateral continuity. The layers are composed of mudstones/wackstones (shales). Representatives of the Bivalvia and Gastropoda classes were recognized, supported by a silty-clay matrix with carbonate sand. They show ripple marks, plane-parallel stratification, and truncated stratification by waves. FM and FSRBnob1MD petrofacies were recognized in this sequence of the lagoon sector.



This second sequence of the Amaral Formation is interpreted as characteristic of a transitional environment, with moderate to high energy, subject to the frequent action of normal waves. In the lagoon-barrier sector it is possible to laterally follow this sequence at the Praia do Salgado and Praia da Consolação sections.




Low-Energy Transitional Sequence


The third sequence is observed only at the Pombal Section. It is composed of some amalgamated layers, with the thicker ones showing external lenticular geometry with good lateral continuity. The layers are made up of mudstones/wackstones. In general, they present wavy and crossed stratifications truncated by waves and ripple marks on the upper surface of some layers. Representatives of the Bivalvia and Gastropoda classes were recognized, supported by a silty-clay to very fine and carbonate sandy matrix. In the middle part of the sequence, some layers record rare fragments of carbonized fossil wood. FM, FCm, FSRBnob1CmD, FSRBnob1MD, and FSRBnob2MD petrofacies were recognized in this sequence of the lagoon sector.



The third sequence of the Amaral Formation is interpreted as representative of low-energy depositional context, subject to the continuous action of normal waves. In the lagoon-barrier sector it is possible to laterally follow this sequence at the Praia do Salgado and Praia da Consolação sections.




Lagoon-Barrier Sequence


The fourth depositional sequence of the Amaral Formation is represented at the Cumieira and Abiul sections. Amalgamated layers show external lenticular geometry and thicker layers present good lateral continuity. At the base, the beds are made up of grainstone, containing representatives of the Bivalvia class in sandy matrix with grain-supported biofactory. Oncolites (0.2 to 2.5 cm) are also recorded. The upper layers are made up of mudstones/wackstones, containing representatives of the Bivalvia and Gastropoda classes, in addition to rare oncolites, supported by a very fine, carbonate silty-clay matrix. They present wavy and crossed stratifications truncated by waves, with some layers displaying ripple marks at the upper surface. At the top of this sequence, Echinoidea spicules (0.8 to 1.3 cm) and coral fragments (3.5 to 5.0 cm) occur. FM, FCm, FSRBnob1CD, FSRBnob1MD, FSRUnobCmD, FSRBnob2MD, FSRUnobBob1CmD, and FSRBnob1Bob1CmD petrofacies were recognized in this sequence of the lagoon sector.



The occurrence of Echinoidea and coral fragments suggests a depositional context of fast sea level rise. This sequence is laterally recognized in all sectors except at the Praia do Salgado Section.




Lagoon Alluvial-Deltaic Sequence


The top of the stratigraphic record is identified at the Cumieira and Abiul sections and displays limited exposure. It is represented, from the bottom to the top, by a layer of medium to fine sandstone, followed by amalgamated layers of grainstones, packstones, and wackstones, whose main component is oncolites with dimensions ranging from 0.1 to 1.0 cm, and, finally, a sandstone layer, containing dispersed bivalves, which marks the starting of a new regressive cycle. FCm and FT petrofacies were recognized in this sequence of the lagoon sector.



The top of the stratigraphic sequence described in the lagoon sector clearly shows the transition between the carbonates of the Amaral Formation and the sandstones of the Lourinhã Formation. This fifth sequence records the establishment of a lagoon environment with fluvio-delta input. This sequence is also laterally recognized at the Praia do Salgado Section in the lagoon-barrier sector.





4.3.2. Lagoon-Barrier Sector


The lagoon-barrier sector corresponds to the narrowing, towards the south, of the lagoon located to the north of the basin. It is characterized by the occurrence of expressive reef bodies, as well as barrier islands, composed of bioclastic or oncolitic fragments. It is noteworthy, in this sector, to mention the occurrence of coarser continental sediments, coming from the uplifted margins of the basin (Berlengas to the west, and Ota to the east). In this region, the Amaral Formation was analyzed based on the study of the Praia do Salgado (Famalicão) and Praia da Consolação (Atouguia da Baleia) sections and two outcrops for lateral and vertical control of facies (Figure 2d,e).



In this context, and based on paleoecological, taphonomic, sedimentological, and stratigraphic criteria, five distinct sequences reflecting different depositional environments were recognized in this sector.



Lagoon-Barrier Sequence (Regressive Context)


This sequence is observed only at the Praia do Salgado Section. It consists of layers with amalgamated external lenticular geometries of wide lateral continuity, composed of grainstones, packstones, and mudstones. They present plane-parallel and crossed stratifications. In this sector, the top of the sequence is represented by a scraping surface, where dinosaur footprints are found. Representatives of the Anthozoa, Bivalvia, Gastropoda, and Echinoidea classes were also recognized, predominantly supported by a medium to fine, carbonate sand matrix. Locally, at the base of some layers, oncolitic levels occur.



FM, FSRBnob1Bob2MD, FSRBnob1CmD, FSRBnob1Bob1CmD, FSRBnob2CmD, and FCm petrofacies were recognized in this sequence of the lagoon-barrier sector.



This is the first sequence of the Amaral Formation, and it represents a depositional system of lagoon-barrier in a regressive context. Its upper surface records dinosaur footprints, which suggests proximity to the coastline at the end of this sequence. This sequence is also laterally recognized at the Cumieira Section of the lagoon sector.




High-Energy Transitional Sequence


The second sequence in the lagoon-barrier sector is recognized at the Praia do Salgado and Consolação sections. It is composed of amalgamated layers with external lenticular geometries and wide lateral continuity. They consist of packstones, wackstones, mudstones, and sandstones. It presents grooved and herringbone cross stratifications. Fragmented Anthozoa and Bivalvia representatives occur, predominantly supported by a medium to fine, carbonate sandy matrix, as well as carbonized fossil wood fragments and truncated wave stratification. FT, FM, FCm, FTC, FTCm, FSRUnobMH, FSRBnob1CmD, FSRBnob2CmD, FTSRBnob1CmD, FTSRBnob2CmD, and FSRBnob2Bob2CmD petrofacies were recognized in this sequence of the lagoon-barrier sector.



This second sequence is interpreted as characteristic of a transitional environment of moderate to high energy, subject to normal waves and occasional storms and to fluvial influence, that transported carbonized wood fragments to the lagoon. This sequence is also recognized laterally in the Cumieira Section in the lagoon sector.




Low-Energy Transitional Sequence


This sequence is represented in all the described sections of the lagoon-barrier sector. It is composed of layers displaying external lenticular geometry and wide lateral continuity including grainstones, packstones, wackstones, mudstones, and sandstones with plane-parallel, rippled, and crossed truncated stratification. Anthozoa, Bivalvia, Gastropoda, and Echinoidea fragments are supported by a silty-clay to very fine carbonate matrix, locally rich in oncolites up to 4.0 cm and fossil wood with cross-bedding and herringbone cross-bedding. Bioturbations are found (Thalassinoides) with more incidence at the top of some layers, and accumulated corals occur in isolated levels. FM, FT, FCm, FSRUnobCmD, FSRBnob2MD, FSRBnob1Bob2MD, FSRBnob1Bob2CmD, FSRBnob1Bob2CD, FSRBnob2Bob2CmD, FSRBnob1CmD, FSRBnob2CmD, FSRBob1CmD, ISF 4 (TF 1.4), FSRBnob1Bob2CmH, FSRBnob1Bob1CmH, FTSRBnob2Bob1CmH, FTSRBnob1Bob2CmH, FTSRBnob1CmD, FTSRBnob1CmH, FTSRBnob2CmD, and FTSRBnob2Bob2CmD petrofacies were recognized in this sequence of the lagoon-barrier sector.



This sequence is characterized by the significant abundance of oncolites and is interpreted as representative of a low-energy context, under continuous action of normal waves. The input of fragments of fossil wood from the continent, located close to the west, persists; they were distributed among the sediments of the lagoon by the action of currents. The abundance of echinoderm spines suggests the occurrence of a transgressive event subsequent to the low-energy environment related to the previous sequence. Within this sector, it is recognized that there is a wide lateral variation over a relatively short distance. In a general context, the deposits described for the Praia do Salgado Section, in the northernmost portion of this sector, present facies with a calcarenitic matrix, without significative input of terrestrial constituents and with chaotic distribution of fossil elements. They represent a more protected region within the lagoon-barrier sector. On the other hand, the deposits described for the Praia da Consolação Section, in the southernmost portion of this sector, present facies with higher input of terrestrial constituents, higher cementation rates, and slight orientation of the fossil elements. They represent a more open region in the lagoon-barrier sector. This sequence is also recognized laterally in the Cumieira Section in the lagoon sector.




Lagoon-Barrier Sequence


This sequence can only be observed at the Praia da Consolação Section. It is composed of a thick set of layers displaying external lenticular geometries, with amalgamated lenses and wide lateral continuity. They consist of packstones, wackstones, and mudstones, and present plane-parallel and crossed stratifications truncated by waves. At some levels, desiccation cracks are seen at the top, and on one of these levels, dinosaur footprints are recognized. The occurrence of Anthozoa, Bivalvia, and Gastropoda representatives were also recognized, predominantly supported by a silty-clay, carbonated matrix. Rare fragments of fossil wood occur. FM, FCm, FTSRBnob2Bob2CmD, FTSRBnob2CmD, FSRBnob2Bob1MD, FTSRBnob1CH, and FTSRBnob2CH petrofacies were recognized in this sequence of the lagoon-barrier sector.



This sequence is interpreted as characteristic of a low-energy depositional lagoon environment, subject to the action of normal waves, and located near to the coast as suggested by the dinosaur footprints. This sequence is laterally recognized in all sectors apart from the Praia do Salgado Section.




Lagoon Alluvial-Deltaic Sequence (Transgressive Context)


The fifth sequence can only be recognized at the Praia do Salgado Section. It consists predominantly of mudstones intercalated in sandstones and calcarenites, containing Anthozoa and Bivalvia representatives. FT, FM, ISF 4 (TF 1.4), and ISF 2 (TF 1.2) petrofacies were recognized in this sequence of the lagoon-barrier sector.



This sequence is interpreted as characteristic of low-energy lagoon depositional environment, subject to normal waves and river systems, which would transport fragments of fossil wood to the lagoon. It is also recognized laterally at the Cumieira and Abiul Sections of the lagoon sector.





4.3.3. Marine-Distal Sector


The marine-distal sector is located in the southernmost portion of the large marine gulf; it corresponds to a failed and tilted basin bottom, with rift shoulders and highs produced by salt diapirism mainly during the beginning of Late Jurassic. These internal highs favor the formation of isolated platforms where coral bioconstructions and calcareous banks were installed, due to the intense action of waves and to the proximity of the open ocean. In this region, the Amaral Formation was analyzed based on the study of the Pedralvo (Arruda dos Vinhos) Section and on ten outcrops for lateral and vertical control of the facies (Figure 2f).



It consists of one sequence, defined considering paleoecological, taphonomic, sedimentological, and stratigraphic criteria, which reflects a specific depositional environment within the genetic context of the unit.



Lagoon-Barrier Sequence (in a Marine-Distal System)


This depositional sequence described for the Amaral Formation was recognized at the Pedralvo Section. It is composed of layers with external lenticular geometry and wide lateral continuity, easily observed in the thicker ones. They are constituted, from the base to the top, by mudstone with ripple marks and terrigenous constituents; wackstone containing Bivalvia representatives, ripple marks, and abundant terrestrial constituents; mudstone, containing rare echinoderm spines and bivalves; wackstone, with bivalves up to 7.0 cm, some of them with joined valves; grainstone Anthozoa, Bivalvia, and Gastropoda representatives; grainstone with rare echinoderm spines and abundant complete bivalves up to 4.0 cm; and grainstone with abundant echinoderm spines. FM, FTSRUnobMD, FSRUnobMD, FTSRUnobCmD, and FTSRBnob1Bob1CmD petrofacies were recognized in this sequence of the marine-distal sector.



The deposits described in this sequence are interpreted as generated in a context of fast sea level rise, which is corroborated by the occurrence of fragments of echinoderm spines. This sequence is laterally recognized in all sectors except for the Praia do Salgado Section.






4.4. Paleoenvironmental and Paleogeographic Reconstructions


The depositional systems that originated the sediments that comprise the Amaral Formation, in space and time, resulted from a quite-complex sedimentary dynamic with tectonic control and variation of the global sea level. The different depositional systems recognized at the Kimmeridgian–Tithonian transition in the Lusitanian Basin are conditioned by specific paleoenvironmental/paleogeographic contexts in each sector of the same basin. These constraints lead to a matrix of associations of characteristic facies (Table S3).



The stratigraphic correlation of the Amaral Formation sections, considering the transgressive–regressive cycles, allows for the understanding of the coquina record for this interval in a context of distinct depositional environments. These environments are framed in a large gulf paleogeography showing a very heterogeneous configuration (Figure 8).



In each sector, the dominant energy conditions modeled different types of paleoenvironments (Figure 9). The lagoon, which corresponds to a low-energy environment protected by small and dispersed reef banks in the innermost part of the gulf, is represented by marginal and oncolitic facies with low input of terrestrial constituents (siliciclastic and carbonaceous).



The lagoon-barrier integrates two sub-environments. The first one is of low to medium energy, protected by a large number of aggregated and larger reef banks, located in the bay within the great gulf (north of the Berlengas structural high). It is represented by marginal oncolitic facies to reef facies (with in situ corals) with some contribution of terrigenous constituents. The second one corresponds to a high-energy environment, where a large number of coral banks was subject to major action by energetic agents (normal waves, storms, normal fluvial discharges, and runoffs). It corresponds to the proximal zone of the platform in the outer region of the gulf, and is represented by margins, reefs, washover, and alluvial-deltaic fans.



The marine-distal sector corresponds to an environment with wide energy variation (from very low to high). It is represented by isolated reef and marshal facies, with significant terrestrial contribution, as a direct result of the proximity of the source areas, whose distribution is limited to high structures along a platform with a steep slope. This environment corresponds to the distal zone of the platform in the outer region of the gulf.



The distribution of the coquina petrofacies, conceived according to the energy relations between the active sedimentary agents (fluvial energy and wave energy) for each sector, allowed the construction of a 3D paleoenvironmental model for the coquina of the Amaral Formation. This was strongly controlled by the taphonomic mechanisms, namely bioestratinomics, and reflects an evolutionary trend from a lagoon-barrier depositional system, influenced by fluvial inputs and sea level rise, to a lagoon alluvial-delta system, through high- and low-energy transitional episodes (Figure 10).



The 3D model for the coquina of the Amaral Formation provides the basis for designing theoretical models of facies distribution. This model is capable of predicting the evolution of coquina facies within a mixed depositional system in the context of a heterogeneous platform (Figure 11). Such heterogeneity, due to the tectonic complexity of the Lusitanian Basin and its intense differential saliferous diapirism, results, regarding continuity, in two types of platforms: continuous (e.g., Pombal platform at SW, and Berlengas platform at E–SE), and isolated (e.g., Ota platform).





5. Discussion


The sedimentary infill of the Lusitanian Basin is related with the formation of a shallow/epicontinental sea at the beginning of the Jurassic [35], conditioned by intense tectonic activity and saline diapirism. The large lateral and temporal facies variations result from the structural complexity of the basin [20], which hinders the stratigraphic positioning of the recognized units; moreover, it makes it difficult to establish the lateral correlation between genetically distinct facies, which is particularly evident with regard to the units defined for the Upper Jurassic of the Basin, namely, for the Amaral Formation.



Choffat [40], studying the outcrops of the Torres Vedras and Montejunto region (i.e., the lagoon-barrier sector in this work), defined the Lusitanian stage as being constituted, from the base to the top, by three intervals: “Couches à Pholadomya protei”, “Couches de Alcobaça”, and “Couches à Lima alternicosta”. Afterwards, he recognized that the marine sediments of the “Couches à Pholadomya protei” were analogous to those of the Oxfordian [41]; he redefines the Lusitanian stage as comprising only the “Couches de Alcobaça” and the “Couches à Lima alternicosta”, to be of marine nature with “sequanian fauna”, brackish, or lacustrine [41]. Later, Choffat [42] considers that the Lusitanian is composed of the “Calcaires de Montejunto” and “Marnes de Abadia”, and defines, for the first time, the uppermost deposits of the Lusitanian, i.e., the upper part of the “Assise de Abadia”, as “Corallien d’Amaral” [43,44]. The author describes the “Corallien d’Amaral” as a unit composed of carbonate deposits of small depth (intraclastic limestones, dolomitic limestones, oolitic limestones, and limestone conglomerates with reef limestone intercalations), represented by biofacies rich in fragments of echinoids, bivalves, stromatoporoids, spicules of spongiary, and microfauna (foraminifera, algae, and ostracods), and related to intertidal and coastal environments with clear marine influences [24].



In this work, the Amaral Formation is considered as composed of coquina, sandstones, and mudstones formed in the context of a mixed clastic-carbonate platform, spread within a wider region of the Lusitanian Basin, from Arruda dos Vinhos (south) to Pombal (north). The coquina deposits are made up of concentrations of elements that reflect different mechanisms of taphonomic alteration (fragmented, recrystallized, micritized, among others), namely, bivalves, gastropods, echinoderms (of echinoid spines and central body), corals, stromatoporoids, spongies, and microfossils (foraminifera, algae, and ostracods).



Leinfelder et al. [28] also recognized the faunal diversity of the Amaral Formation reefs in the Upper Jurassic record of the Lusitanian Basin, as well as the paleoenvironmental implications of their distribution in the context of a mixed carbonated platform. The authors consider that sequence stratigraphy seems to be the only method that can allow the design of depositional models for this interval in the basin [29,30,31,32,33,34]. However, this involves considering the different source areas and the structure of the basin. If these parameters are not considered, it may lead to paleoenvironmental interpretations that tend to define different lithostratigraphic units for deposits that, in fact, correspond to lateral variations of the same unit. This is the case, for example, of the Ota Limestone, considered so far as an independent unit [28], though a coeval of the Amaral Formation.



Finally, Fürsich et al. [35] consider the sedimentary record historically (and here also) assigned to the Amaral Formation as representing the Alcobaça Formation. Later, Fursich et al. [45] interpreted the Alcobaça Formation as related to a complex mosaic of low- to high-energy, carbonate- or siliciclastic-dominated shallow shelf settings; coastal embayments and lagoons; and coastal plains with rivers, lakes, and playas. Such interpretation regarding the depositional settings meets, in general, the different environments proposed here, but only for the central part of the Lusitanian Basin (between the Praia da Consolação and Praia do Salgado sections, i.e., the lagoon-barrier sector in this work).



As previously referred, the Amaral Formation presents a great diversity in terms of genetically distinct facies and fossil record. Thus, the application of the methodology to classify taphofacies and petrofacies developed for the Morro do Chaves Formation to the study of the Amaral Formation was adjusted in order to allow the integration of the interaction between the taphonomic mechanisms, the tectonostructural context of the Lusitanian Basin, the diversity of the recognized fossil record, and the depositional environments related to the coquina deposits.



As such, considering the paleoenvironmental distribution of the petrofacies model established by Garcia et al. [13] for the Morro do Chaves Formation, i.e., alluvial-fluvial/lacustrine-sabkha, and considering the particular characteristics of the Amaral Formation, it is possible to relate this unit with lagoon, lagoon-barrier, and marine-distal environments.



From the taphonomic point of view, the coquina deposits of the Amaral Formation present higher variety of allochemical components (bioclastic and nonbioclastic), including different types of bioclasts and oncolites/oolites. In this sense, the representativeness of each of these components in the studied outcrops of the Lusitanian Basin allowed us to understand the relationships and intensity of the energetic agents responsible for the taphonomic changes recorded among the analyzed fossil assemblages. Thus, it was possible to refine the spatial relationships of taphofacies/petrofacies distribution and the corresponding associations in the theoretical 2D models for the distribution of taphofacies for the coquina deposits of the Amaral Formation, and in the 3D models of the depositional systems for each studied sector.



The biostratigraphic correlation between the Amaral Formation and other units established for the Upper Jurassic of the Lusitanian Basin is still complex and controversial. However, through this investigation, it is possible to recognize different assemblages of preserved elements of the Amaral Formation throughout the Lusitanian Basin, which refers to the different depositional environments referred to above. In this context, the spatial distribution of taphofacies and the corresponding petrofacies represent an important contribution for the establishment of theoretical models for the distribution of taphofacies and 3D models of depositional systems. On the other hand, this work can help the improvement of the predictive capacity in exploration procedures of coquina deposits and the understanding of similar deposits of coquina in the Brazilian pre-salt.




6. Conclusions


The studies carried out in the coquina of the Amaral Formation (Lusitanian Basin, Portugal) allowed us to recognize the relevance of using knowledge in the field of evolutionary taphonomy to understand the genesis of the coquina deposits. In this context, different taphonomic processes/mechanisms were identified that led to the recognition of a variety of taphofacies/petrofacies.



The interpretation of the bioestratinomic and fossil-diagenetic processes inherent to the taphonomic alteration allowed for the elaboration of a facies classification and the spatial prediction of coquina facies in any analogous reservoir, as well as the design of theoretical facies distribution models in the context of mixed platforms in different morpho-structural contexts within the same basin.



According to the compositional, textural, and taphonomic aspects, ten taphofacies and four lithofacies were identified for the Amaral Formation, which allowed the definition of 84 petrofacies based on the types and intensity of the identified sedimentary and taphonomic processes and on the diversity of their constituents. Among these, five facies resulted from intense fossil-diagenetic processes, which led to the almost total replacement of the original constituents. Such data, combined with the lateral and vertical variations in each individual outcrop and in all the outcrops, supported the design of paleoenvironmental models of the coquina deposits of the Amaral Formation that illustrate the spatial distribution of the depositional sequences identified by sector (lagoon, lagoon-barrier, and marine-distal).



The analysis of taphofacies and petrofacies of the Amaral Formation allowed the development of theoretical models for their evolution, depending on the paleogeographic and structural contexts, the intensity of the energetic agents, and the fossil diversity. These reflect the rise and fall of the base level, identified through the interpretations of the transgressive–regressive cycles in the studied sections, in the context of a marine environment with the configuration of a gulf. The petrofacies distribution also enables the identification of different marine depositional environments, affected by the action of normal and storm waves and by normal and flood fluvial discharges, the latter responsible for the loading of terrestrial sediments into the carbonate system. In addition, due to the tectonic complexity of the Lusitanian Basin and its intense differential saliferous diapirism, that distribution also reflects the heterogeneity of the platform, which assumes two distinct types: continuous (e.g., Pombal platform at SW, and Berlengas platform at E–SE), and isolated (e.g., Ota platform).



The resulting geological models, related to the Morro do Chaves (Sergipe–Alagoas Basin, NE Brazil) and the Amaral (Lusitanian Basin, Portugal) formations supported the construction of theoretical models of coquina deposits for an ideal bank and platform that allow the adaptation for subsurface analogs, as in the case of contiguous coquina reservoirs in the pre-salt oil province of Brazil. However, the use of such theoretical models in other coquina deposits requires an adequate adjustment to the structural, stratigraphic, and petrographic–petrophysical aspects of the analogue; only then can they have the necessary robustness and reliability for simulation procedures with a low degree of uncertainty.



The in-depth analysis of the records, in the light of the geological model designed for the Amaral Formation, should lead to its expansion and detailing, making it possible to locate, in the Lusitanian Basin, facies of coquina similar to those already recognized in the Sergipe–Alagoas Basin and in the Brazilian pre-salt. As such, FSRBnob1CmD, FTSRBnob1CmD, FSRBnob1Bob1CmD, FTSRBnob1Bob1CmD, FSRBob1CmD, FTSRBob1CmD, FSRBnob1CmH, FTSRBnob1CmH, FSRBnob1Bob1CmH, FTSRBnob1Bob1CmH, FSRBob1CmH, FTSRBob1CmH, FSRBnob2CmD, FTSRBnob2CmD, FSRBnob2Bob1CmD, FTSRBnob2Bob1CmD, FSRBnob2Bob2CmD, FTSRBnob2Bob2CmD, FSRBob2CmD, and FTSRBob2CmD petrofacies, which present the best quality as reservoir facies, are predictably located in the offshore of the basin.



The methodology underlying the classification of coquina proposed for the Morro do Chaves Formation is valid for the Amaral Formation, with the necessary adaptations resulting from the particular characteristics of the petrofacies recognized in the latter, which exhibit higher diversity in the fossil record and are conditioned by regional tectonics and the most frequent occurrence of transgressive events. Therefore, the particularities of the facies described for the Amaral Formation enabled us to improve the classification of facies for other coquina deposits.
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Figure 1. Stratigraphic framework of the Lusitanian Basin for the Pliensbachian–Aptian, i.e., discarding the underlying (RIFT 1 and marine invasion) and the overlying (DRIFT 3, inversion and uplift) intervals (modified after Pena dos Reis et al. [20]). 
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Figure 2. (a) Geographical location of the Lusitanian Basin; (b) Jurassic geological map of the Lusitanian Basin; (c) Location of the lagoon sector showing the Cumieira Section, the Abiul Section, and five control outcrops; (d) Location of the Cumieira Section, the Abiul Section, and ten control outcrops in detail; (e) Location of the lagoon-barrier sector showing the Praia do Salgado Section and the Praia da Consolação Section; (f) Location of the lagoon-barrier sector showing the Praia do Salgado Section and two control outcrops in detail; (g) Location of the marine-distal sector showing the Pedralvo Section and eight control outcrops. 
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Figure 3. Environmental energy factors controlling the distribution of petrofacies characterized in this work which define the main petrofacies clusters (A, B and C) (according to Garcia et al. [13]). 
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Figure 4. Petrofacies characterization and petrofacies clusters, associated with depositional environments, degree of remobilization, and fossil-diagenetic intensity (modified after Garcia et al. [13]). 
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Figure 5. Photographs showing the results of different mechanisms of taphonomic alteration in coquina deposits, namely, (a) disarticulated elements with orientation; (b) unbroken elements with low fragmentation (partial); (c) unbroken and broken elements disarticulated with preferential orientation; (d) elements with chaotic orientation; (e,f) abrasion intense processes; (g) fragmentation intense processes; (h) fragmentation intense processes and important contribution of terrigenous constituents. 
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Figure 6. Photographs showing the results of different mechanisms of taphonomic alteration in coquina deposits, namely, (a) elements with orientation and/or imbrication; (b) elements with chaotic orientation; (c,d) micritization; (e) unbroken elements with joined valves, fragmented, and recrystallized; (f) recrystallization; (g,h) formation of concretions. 






Figure 6. Photographs showing the results of different mechanisms of taphonomic alteration in coquina deposits, namely, (a) elements with orientation and/or imbrication; (b) elements with chaotic orientation; (c,d) micritization; (e) unbroken elements with joined valves, fragmented, and recrystallized; (f) recrystallization; (g,h) formation of concretions.



[image: Jmse 09 01319 g006]







[image: Jmse 09 01319 g007 550] 





Figure 7. Photographs showing the results of different mechanisms of taphonomic alteration in coquina deposits, namely, (a) resedimented elements; (b) resedimented element with an excellent state of preservation; (c–e) accumulated Anthozoa class elements. 






Figure 7. Photographs showing the results of different mechanisms of taphonomic alteration in coquina deposits, namely, (a) resedimented elements; (b) resedimented element with an excellent state of preservation; (c–e) accumulated Anthozoa class elements.



[image: Jmse 09 01319 g007]







[image: Jmse 09 01319 g008 550] 





Figure 8. Regional correlation framework of the profiles described for the Amaral Formation with the correlation of the depositional sequences based on the T–R cycles and the fossiliferous diversity. 
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Figure 9. Paleoenvironmental sketch of the upper Kimmeridgian of the Lusitanian Basin (modified after Pena dos Reis et al. [38]; modified after Garcia et al. [39]). 






Figure 9. Paleoenvironmental sketch of the upper Kimmeridgian of the Lusitanian Basin (modified after Pena dos Reis et al. [38]; modified after Garcia et al. [39]).



[image: Jmse 09 01319 g009]







[image: Jmse 09 01319 g010 550] 





Figure 10. Paleoenvironmental/paleogeographic model showing the main types of sedimentary deposits and fossil records recognized in the studied areas. 






Figure 10. Paleoenvironmental/paleogeographic model showing the main types of sedimentary deposits and fossil records recognized in the studied areas.



[image: Jmse 09 01319 g010]







[image: Jmse 09 01319 g011 550] 





Figure 11. Theoretical models of distribution of taphofacies for the coquina deposits of the Amaral Formation in the context of a heterogeneous platform, namely, of two types: (a) continuous platform (e.g., Pombal platform for SW and Berlengas platform for E–SE); (b) isolated platform (e.g., Ota platform). Shown are 3D paleoenvironmental models of the depositional systems for the sectors studied based on the distribution of the taphofacies in the different sectors of the platform, namely, (c) depositional model of the marine-distal sector; (d,e) depositional models of the lagoon-barrier sector; (f) depositional model of the lagoon sector. 
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