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ABSTRACT 

 

Peritidal carbonate-evaporite successions, since they are developed in the transition between 

continental and marine realms, provide essential keys for palaeobathymetric and 

palaeoclimatic interpretations. As a result, several facies models have been proposed to assist 

on the interpretation of ancient tidal flat deposits, and peritidal successions have been 

extensively used for cyclicity analyses. In this study, well-exposed, Lower Cretaceous 

peritidal deposits (Oncala Group, Cameros Basin, N Spain) are analysed and compared with 

the most commonly-used present-day analogues (from Shark Bay, the Arabian Gulf and the 

Bahamas) and with ancient peritidal successions, providing their palaeoenvironmental and 

palaeoclimatic interpretation, assessing the usefulness and limitations of the facies models, 

and evaluating the suitability of these deposits for analysis of decimetre to metre-scale cycles. 

The studied peritidal deposits consist of thinly-bedded to laminated dolostones, dolomitic 

stromatolites, stromatolite breccias, flat-pebble and edgewise breccias, and calcite and quartz 

pseudomorphs after anhydrite nodules. Abundant resemblances of the peritidal deposits of the 

Oncala Group with those of Shark Bay, including that they are largely composed of 

microbialites and intraclasts, makes the peritidal deposits of the Oncala Group one of the best 

fossil analogues of this present-day setting. However, the presence of anhydrite nodules 

indicates pervasive evaporite precipitation in the supratidal zone, which is a feature that does 

not occur in supratidal flats of Shark Bay, but is characteristic of arid sabkhas of the Arabian 

Gulf. Nevertheless, the fact that carbonate-evaporite tidal flats of the Oncala Group were 

laterally related with siliciclastic tidal flats with large freshwater input and broadly inhabited 

by dinosaurs, suggests that anhydrites precipitated under less arid climates than those of the 

Arabian Gulf nowadays, pointing to semiarid climatic conditions during deposition. 

Moreover, the fact that peritidal deposits with anhydrite nodules were exclusively formed in a 
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low-subsidence area of the Cameros Basin suggests that the rate of accommodation space 

creation also played an important role in their development. Regarding the comparison with 

other fossil peritidal sediments, the studied deposits show more abundant similarities with 

Proterozoic and Cambrian successions, composed mainly of stromatolites, microbial 

laminites, and intraclasts, than with other Mesozoic peritidal deposits, in which bioclasts and 

burrowing are usually more abundant. This highlights the difficulties for assigning specific 

features to certain geological ages. Finally, peritidal facies of the Oncala Group may change 

laterally and vertically to any other facies, showing a patchy lateral distribution of facies and 

an unsystematic vertical stacking pattern. The sedimentary features of the stromatolite, 

breccia and thinly-bedded to laminated carbonate facies do not allow their assignment to a 

unique tidal zone. Moreover, sedimentary features indicative of subaerial exposure, such as 

anhydrite nodules formed in the capillary zone, occur within any of the carbonate facies and 

show limited lateral extent. This results in a succession that cannot be clearly subdivided into 

subsequent shallowing-upward cycles not even by using erosive surfaces or the anhydrite 

nodule layers as marker horizons of the upper part of the cycles, because their limited lateral 

extent prevents reliable correlations. Similar composite lateral and vertical facies relationships 

have been documented both in the present-day analogues and in ancient successions, which 

suggests that this kind of facies relationships may be common in peritidal successions and 

highlights the caution that must be taken when trying to perform cyclicity analysis on them. 

 

Keywords: Tidal flat, coastal sabkha, microbialites, anhydrite nodules, facies mosaic, 

Cameros Basin. 

 

1. Introduction 
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Carbonate and evaporite sediments deposited in peritidal environments, i.e. ‘around’ the tidal 

zone (Wright, 1984), are widespread in the geological record and have been object of 

intensive research efforts. Peritidal deposits record the interplay between marine and subaerial 

processes, forming conspicuous sedimentary sequences with valuable palaeobathymetric 

indicators. Thus, their stratigraphic and sedimentological characterization is crucial in basin 

analysis. In order to be able to interpret ancient peritidal successions, present-day carbonate 

tidal flats and associated shallow subtidal sediments have been studied since the 1960s to 

comprehend, among different issues, the sedimentary processes that take place in peritidal 

settings, the environmental controls on carbonate tidal flats from different areas of the world, 

and the lateral facies distribution, as well as the vertical stacking patterns. As a result of these 

researches, some facies models have been proposed based on present-day carbonate and 

carbonate-evaporite peritidal environments, which are commonly used for interpreting ancient 

peritidal successions. The recent models (Fig. 1) are based on (see Tucker and Wright, 1990; 

Pratt, 2010; James and Jones, 2016): a) tidal flats from the Bahamas, developed in a humid 

region and adjacent to nearly normal marine salinity subtidal areas, b) tidal flats from Shark 

Bay, developed in a semi-arid region and adjacent to hypersaline subtidal areas, and c) tidal 

flats from the Arabian Gulf, developed in arid tidal flats and adjacent to hypersaline subtidal 

areas. In addition, the discovery of shallowing-upward successions that recorded the gradual 

transition from subtidal to supratidal environments in some trenches of the tidal flats of the 

Arabian Gulf (Shearman, 1966, 1978; Evans et al., 1969; Kendall and Skipwith, 1969; 

Kinsman and Park, 1976), the Bahamas (Shinn et al., 1969), and Shark Bay (Woods and 

Brown, 1977; Hagan and Logan, 1977), inspired the proposal of decimetre to metre-scale, 

shallowing-upward, idealized peritidal cycles based on these tidal flats (Fig. 1), which assign 

a specific subtidal, intertidal or supratidal character to each peritidal facies. These idealized 

cycles are still in use specially for interpreting ancient successions, although more recent 
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studies have shown that other type of vertical stacking patterns exist, as it has been 

documented in the tidal flats of the Arabian Gulf (e.g. Alsharhan and Kendall, 2003; 

Kirkham, 2011; Strohmenger et al., 2011). Furthermore, largely due to the application of the 

idealized cycles to the fossil record, numerous authors have subdivided many ancient peritidal 

successions into shallowing-upward cycles, and have subsequently carried out cyclicity 

analysis based on them (e.g. Strasser, 1988; Jimenez de Cisneros and Vera, 1993; Bosence et 

al., 2000; Overstreet et al., 2003; Coskun Tunaboylu et al., 2014; Yang and Lehrmann, 2014; 

Le Goff et al., 2015; Zhang et al., 2015), with the aim of recognizing sea-level changes and 

interpreting their origin (e.g. climatic, orbitally-forced, autocyclic, etc.). However, other 

authors have drawn the attention to the fact that carbonate-evaporite peritidal settings are 

much more complex than reflected in the idealized cycles, because tidal flats are characterized 

by a facies mosaic (see Wagner and van der Togt, 1973; Wilkinson and Drummond, 2004; 

Kendall and Alsharhan, 2011; Jahnert and Collins, 2012, 2013), whose distribution is not only 

and directly related with depositional depth (Rankey, 2004; Wilkinson and Drummond, 

2004). As noted by Rankey (2004), “even centimetre-scale changes in topography across 

ecologically stressful environments such as tidal flats can give rise to drastic changes in 

facies and habitat”. Rankey (2004) listed several factors, different from water depth, that have 

a significant influence on facies distribution, such as, topographic gradients, wave or tidal 

energy, distance to sources of sediment, turbidity, and ecological parameters, among others. 

As a consequence, the application of the idealized facies models to the study of many fossil 

peritidal successions may be problematic. A classic example of the difficulties in interpreting 

simple, metre-scale, ancient peritidal cycles are the Lofer cycles of the Triassic Dachstein 

Limestone (Northern Calcareous Alps), where the first cyclicity analysis on peritidal deposits 

was carried out and related to orbital controls (Fischer, 1964). Different authors have 

interpreted  Lofer cycles in different ways, including deepening upward (Fischer, 1964; Haas 
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et al., 2007) and shallowing upward (Goldhammer et al., 1990; Satterley, 1996), as well as 

local rhythms of alternating intertidal and subtidal deposits with no clear deepening or 

shallowing trend (Enos and Samankassou, 1998). Samankassou and Enos (2019) described 

diverse metre-scale cyclicity patterns in the Dachstein Limestone, including “both shoaling 

and deepening upward, symmetrical, truncated, and couplets without a depth vector”, and 

reported lack of lateral continuity of beds.  

Furthermore, some authors have also tried to synthesize the most expectable features of 

peritidal successions through time (e.g. Pratt, 2010; James and Jones, 2016), considering, 

among others, that microbial communities dominated the Precambrian peritidal systems, the 

later decline of stromatolites (Walter and Heys, 1985; Riding, 2006; Peters et al., 2017), 

changes in bioclastic concentration patterns (Kidwell and Brenchley, 1994), and the evolution 

of burrowing organisms (Buatois and Mángano, 2011, and references therein). These attempts 

have resulted in the proposal of different metre-scale, shallowing-upward, peritidal cycles for 

different periods in geological time (see Pratt, 2010; James and Jones, 2016). 

The present work analyses the well-exposed, Lower Cretaceous, peritidal deposits of the 

Oncala Group (Cameros Basin, N Spain), and evaluates the usefulness of the most 

commonly-used existing facies models and of the idealized cycles for interpreting the 

sedimentary, climatic and even tectonic processes that may have controlled their formation, 

their stacking pattern and their lateral relationships. This study illustrates the strong 

limitations for differentiating shallowing-upward cycles in some ancient peritidal successions 

and, thus, for performing cyclicity analysis. Moreover, the abundant similarities of the Oncala 

peritidal deposits with other fossil peritidal deposits in the geological record, especially from 

the Proterozoic, highlight the difficulties for assigning specific sedimentary features to certain 

geological ages.  
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2. Geological setting 

 

The studied deposits of the Oncala Group are part of the sedimentary infill of the Cameros 

Basin (northern Spain; Fig. 2; Mas et al., 1993, 2002), which was formed during the 

extensional tectonics that took place in Iberia from the Late Jurassic to the Early Cretaceous 

as a consequence of the opening of the Western Tethys and North-Atlantic domains (Álvaro 

et al., 1979; Salas et al., 2001; Tugend et al., 2015; Martín-Chivelet et al., 2019). The 

Cameros Basin was the northwesternmost basin of the Mesozoic Iberian Extensional System 

(Fig. 2A; Mas et al., 1993; Guimerà et al., 1995; Mas et al. in Martín-Chivelet et al., 2019), 

occupying, thus, the innermost position of this system, and was also connected to the Basque-

Cantabrian Basin to the north during certain periods (Figs. 2A, B; Benito et al., 2001, 2005; 

Benito and Mas, 2006; Quijada et al., 2013a; Suarez-Gonzalez et al., 2013; Mas et al., 2019). 

The Cameros Basin recorded up to 6500 m of vertical thickness of Tithonian to lower Albian 

sediments deposited in coastal and continental environments (Fig. 2C; Mas et al., 1993, 2011, 

2019; Quijada et al., 2013a, 2016a; Suarez-Gonzalez et al., 2013, 2014, 2015, 2016; Omodeo 

Salè et al., 2014, 2019).  

Specifically, the Oncala Group was deposited in the eastern sector of the Cameros Basin 

(Figs. 2C, D) in shallow, coastal and tide-influenced sedimentary palaeoenvironments 

(Quijada et al., 2013a, 2013b, 2016a). The thickness of the Oncala Group (up to 2500 m) 

varies largely and abruptly along the basin, as it was controlled by NW-SE synsedimentary 

faults (Fig. 2E; Gómez-Fernández, 1992; Quijada et al., 2013a), evidencing the strong 

influence of tectonics on the creation of accommodation space during its deposition. 

Laminated carbonate-sulphate deposits were extensively deposited in the eastern areas of the 

Oncala Group, while coeval siliciclastic sediments were laterally deposited towards the 

western areas (Figs. 2C-E; Quijada et al., 2013a, 2013b, 2014, 2016a). The laminated 
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carbonate-sulphate deposits were deposited in shallow coastal salinas (Fig. 2E; Quijada et al., 

2013a, 2013b; Quijada, 2015). The laterally related siliciclastic deposits of the western areas, 

which consist of heterolithic layers with abundant dinosaur tracks and meander loop bodies, 

were deposited in broad, low-gradient, fluvial-tidal flats, traversed by tide-influenced, shallow 

meandering channels (Fig. 2E; Quijada et al., 2013a, 2016a). Marine influence in the Oncala 

Group came from marine areas located to the north, in the Basque-Cantabrian Basin, as 

indicated by palaeocurrent data and palaeogeographical reconstructions (Fig. 2B; Quijada et 

al., 2013a, 2016a; Mas et al., 2019), and by the identical sulphur isotopic compositions of the 

gypsum deposited in both the Cameros and the Basque-Cantabrian Basins (average δ
34

S value 

≈ 20‰V-CDT; Ábalos et al., 2008; Iribar and Ábalos, 2011; Quijada et al., 2016b), which are 

consistent with the lowermost Cretaceous seawater signature (Paytan et al., 2004).  

The area studied in this work is located in the northeastern zone of the Cameros Basin, close 

to the town of Ambasaguas (La Rioja, Spain; Fig. 2D), an area that was characterized by very 

low subsidence rates during sedimentation (Fig. 2E; Quijada, 2015). Specifically, in this area, 

the Oncala Group comprises only up to 105 m of mainly thinly-bedded to laminated 

dolostones, which are interbedded, in its middle to upper part, with stromatolite and dolomitic 

intraclast breccia facies, disrupted by pseudomorphs after sulphate nodules (Fig. 3A). These 

deposits are the main aim of this study. 

 

3. Methods 

 

A complete stratigraphic section from base to top of the Oncala Group (~100 m thick) was 

measured at decimetre scale in the study area close to the town of Ambasaguas (Fig. 3A). The 

middle to upper part of the Oncala Group, which is the aim of this study, was analysed along 

a well-exposed 250 m-wide and 60 m-high outcrop (Fig. 3B), and a stratigraphic log of this 
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60 m-thick interval was measured at the decimetre scale (Fig. 3A, B). The analysis of this 

outcrop allowed us to identify the most representative and best exposed stratigraphic interval, 

which was then measured, at centimetre scale, in two detailed 15 m-thick sections separated 

around 100 m (represented in Figs. 3C and 3D). 

A total of 105 rock samples were collected for laboratory studies along the detailed 

stratigraphic sections and from other areas along the studied outcrop. For each sample, a 

polished and uncovered thin section was prepared to 30 µm thickness for petrographic 

analysis under transmitted-light microscopy. Half of each thin section was stained with 

Alizarin Red S and potassium ferricyanide for identification of carbonate minerals (Dickson, 

1966). 65 thin sections were prepared to 25x48 mm size, and other 40 thin sections (mostly of 

stromatolites and large structures, such as large nodules and edgewise breccias) were prepared 

to 50x80 mm size.  

The morphological description of stromatolites of the Oncala Group follows the methodology 

and terminology proposed by Walter (1972), Preiss (1976) and Grey and Awramik (2020), 

using different scales in this study, from the mode of occurrence of the stromatolite beds, to 

their internal structure, and finally, to the lamina shape. Therefore, the stromatolite beds of the 

Oncala Group are classified, according to their thickness and lateral extent, as biostromes, 

when they have a much greater lateral extent than thickness, or as bioherms, when they occur 

as circumscribed structures whose width is not much greater than the thickness (Grey and 

Awramik, 2020). Moreover, attending to the shape of the stromatolite beds, the studied 

biostromes are classified as tabular or domed, and the bioherms as subspherical or domed 

(Walter, 1972; Preiss, 1976). According to the same authors, the stromatolite beds may be 

internally composed of domal (discrete structures with an approximately constant radius of 

curvature), columnar (discrete structures with the dimension in the direction of growth greater 

than at least one of the transverse dimensions), or stratiform individual structures (for non-

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



10 
 

columnar/domal stromatolites with flat continuous laminae). In detail, the shapes of the 

laminae of the stromatolites of the Oncala Group are described as columnar or wavy (when 

they show flexures of wavelength greater than 2 mm; Walter 1972). 

 

4. Peritidal facies of the Oncala Group in the Ambasaguas area 

 

The deposits of the middle to upper part of the Oncala Group in the Ambasaguas area are 

composed of vertically-stacked thinly-bedded to laminated dolostones and dolomitic 

stromatolites, stromatolite breccias, and flat-pebble and edgewise breccias, which may be 

disrupted by calcite and quartz pseudomorphs after anhydrite nodules. All these facies may 

occur in different proportions through the succession and may show different facies 

relationships between them. As a result, an array of different possible facies stacking patterns 

can be observed, which have been analysed thoroughly in the two laterally-equivalent detailed 

stratigraphic sections measured in the most representative and best exposed stratigraphic 

interval of the study area (Figs. 3C, D), and are described and interpreted below. Facies 

features and interpretation are summarised in Table 1. 

 

4.1. Stromatolites (St) 

 

Stromatolites are the dominant facies of many stratigraphic intervals of the lower and middle 

part of the detailed sections (Figs. 3C, D). In these intervals, stromatolites consist typically of 

5 to 120 cm-thick domed (and less frequently tabular) biostromes (Fig. 4), which show a 

lateral continuity of few metres (when they are centimetre-scale in thickness) to tens of metres 

or even more than 100 m (when they are several decimetres in thickness). Biostromes are 

generally comprised of domal and columnar structures (Figs. 4A-C), although some stratiform 
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stromatolites may occur as well. In some biostromes the curvature of the domes decreases 

upward, even changing to stratiform in the upper part (Fig. 4D).  

In the stromatolite-dominated intervals, stromatolites overlie, pass laterally to and are overlain 

by thinly-bedded to laminated dolostones and stromatolite breccias, and locally flat-pebble 

breccias (Figs. 3C, D, 4, 5, 6, 7; see details about these facies in sections 4.2, 4.3 and 4.4). 

The lower contact between the stromatolites and the underlying facies is generally non-

erosive (gradual or sharp; Figs. 3C, D, 4A, 5), although, locally, stromatolites may directly 

overlie a sharp and flat erosive surface of limited lateral extension (up to 15 m) that truncates 

the underlying deposits, consisting of stromatolite breccias and stromatolites, and 

pseudomorphs after anhydrite nodules, which may disrupt these facies (Fig. 4B; see section 

4.5 for details of pseudomorphs after anhydrite nodules formation). The lateral and upper 

limits between the stromatolites and the overlying thinly-bedded to laminated dolostones 

(including the space among domes and columns) is generally non-erosive (Figs. 3C, D, 4A), 

although locally an erosive surface may be observed at the top of some stromatolites (Figs. 

4B, C). In contrast, when stromatolites are overlain by and laterally in contact with the 

stromatolite breccias (Figs. 3C, D, 5, 6A-B), an erosive surface, with limited lateral extension 

(from several decimetres to few meters) and commonly irregular shape, is generally observed 

at the top and lateral boundaries of stromatolites, although, occasionally, stromatolite breccias 

overlie stromatolites by a non-erosive boundary (Figs. 3C, D, 5).  

In the upper part of the detailed sections, where thinly-bedded to laminated dolostones 

predominate (see detailed description below in section 4.3), stromatolites occur generally as 

subspherical or domed bioherms (up to 40 cm thick and less than 1 m of lateral continuity), 

which are formed by domal and columnar structures (Figs. 3C, D, 7A, B). In this upper part, 

stromatolites commonly overlie and pass laterally to thinly-bedded to laminated dolostones, 

typically by a non-erosive contact (Figs. 3C, D, 7A, B). Occasionally, stromatolites may 
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overlie, by a non-erosive contact, flat-pebble and edgewise breccia layers (see detailed 

description below in section 4.4). In the upper part of the detailed sections, stromatolite 

bioherms are generally overlain by thinly-bedded to laminated dolostones, which adapt to 

their shape and also fill the space among them (Figs. 7A, B).  

All along the succession, stromatolites display wavy and columnar (less than 1 cm in diameter 

and 2 cm in height) laminae at mesoscopic scale (Figs. 7C, D). Under the microscope, 

stromatolite laminae show: 1) agglutinated textures, made up of peloids (which are 

occasionally coated by oolitic cortices and are identical to those in the thinly-bedded to 

laminated dolostone facies described in section 4.3), structureless dolomicritic intraclasts, 

fragments of stromatolites, ostracods, quartz grains, and scarce foraminifers; Figs. 8A-D); and 

2) dense dolomicritic textures (Fig. 8A, B, E), which commonly display filamentous bodies 

arranged in domed palisades and resembling microbial filaments (Figs. 8B, E, F). 

Many stromatolites are disrupted by pseudomorphs after anhydrite nodules (see section 4.5; 

Figs. 3C, D, 4B, 5). Additionally, some stromatolite laminae contain dispersed calcite and 

quartz pseudomorphs after lenticular gypsum crystals less than 1 mm in size (Fig. 8G). 

Furthermore, up to 400 µm-large, quartz and calcite pseudomorphs after monoclinic, probable 

gypsum crystals, oriented perpendicularly to lamination, are present at the top of some 

stromatolitic laminae (Fig. 8H).  

 

4.1.1. Sedimentary processes 

The occurrence of stromatolites indicates that benthic microbial communities were developed 

in the studied tidal flats. Determining the depositional depth of stromatolites is complicated 

because they can be formed both in subtidal and intertidal zones, as shown by present-day 

analogues from the Bahamas and Shark Bay (see Reid et al., 1995; Browne et al., 2000; 

Jahnert and Collins, 2011, 2012; Suosaari et al., 2019). However, studies of modern and 
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ancient stromatolites show that their gross morphologies are strongly controlled by 

accommodation space, hydrodynamics, and sedimentation patterns (Andres and Reid, 2006; 

Arenas and Pomar, 2010; Jahnert and Collins, 2012; Suosaari et al., 2019; Martín-Bello et al., 

2019). Taking this into account, the upward gradual decrease in the curvature of some 

stromatolite domes (Fig. 4D) was probably related with a gradual decrease in water depth 

from the subtidal to the upper intertidal zone, produced by the progressive accretion of the 

stromatolites in the tidal flats. Similar changes in stromatolite morphologies have been 

reported in other ancient stromatolite-bearing successions (Arenas and Pomar, 2010; Lasemi 

et al., 2012; Słowakiewicz et al., 2013; Bouton et al., 2016; Suarez-Gonzalez et al., 2019a, b; 

Martín-Bello et al., 2019; Vennin et al., 2019).  

As occurs in present-day carbonate tidal flats (Logan et al., 1974; Woods and Brown, 1977; 

Shinn, 1983; Demicco and Hardie, 1994; Scholle and Ulmer-Scholle, 2003), the erosive 

surfaces at the top and lateral boundaries of the stromatolites (Figs., 3C, D, 4C, 5, 6A-B) 

would have been produced in the upper intertidal to supratidal zones after subaerial exposure 

of the stromatolites (see further discussion on the significance of these erosive surfaces in 

section 5.2) and subsequent erosion and reworking by storms, waves or tidal currents. 

Moreover, stromatolites could have also been eroded in subtidal to lower intertidal zones due 

to wave action and to tidal scour, similarly to what is observed in modern counterparts (Logan 

et al., 1974; Jahnert and Collins, 2012; Suosaari et al., 2019). 

The presence of different textures within the stromatolites (Figs. 8A-F) suggests that different 

accretion mechanisms occurred during their development. The dolomicritic laminae (Figs. 

8A, B, E, F) are interpreted as being formed by microbially-influenced in situ precipitation 

(see Chafetz and Buczynski, 1992; Reitner, 1993; Vasconcelos et al., 1995; Vasconcelos and 

McKenzie, 1997; Arp et al., 1998; Riding, 2000; van Lith et al., 2003; Dupraz et al., 2004; 

Bontognali et al., 2010; Flügel, 2010; Spadafora et al., 2010; Warren, 2016), with some of 
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them still preserving relicts of the mat microbes as filamentous microstructures. The 

agglutinated laminae (Figs. 8A-D) are interpreted as the result of trapping and binding by the 

mucilaginous surface of microbial mats of grains available in the surrounding environment 

and mobilized by tidal currents, waves and storms onto the microbial mat surface (see Suarez-

Gonzalez et al., 2016, 2019a, and references therein). 

The presence of pseudomorphs after gypsum crystals within and on top of some stromatolite 

laminae indicates that stromatolites were developed under relatively high salinity conditions. 

The gypsum crystals oriented perpendicularly to lamination (Fig. 8H) grew likely vertically at 

the sediment-water interface, whereas the dispersed lenticular crystals (Fig. 8G) are 

interpreted as intrasediment precipitates (see Magee, 1991; Kendall, 1992; Ortí, 2010; 

Quijada et al., 2013b, 2014), which can be formed both in the phreatic and vadose zones of 

the sediment column within tidal flats (e.g. Kirkham, 2011; Strohmenger et al., 2011; Warren, 

2016), as well as in continental saline lakes and mud flats (e.g. Salvany, 1997; Ortí, 2010; 

Warren, 2016). The pseudomorphs after anhydrite nodules that disrupt abundant stromatolites 

are also indicative of high salinities in the tidal flats, but these evaporite minerals precipitate 

only in the capillary zone and, thus, indicate that the progressive accretion of the stromatolites 

in the tidal flats made them enter the supratidal zone (see discussion on anhydrite nodule 

formation in section 4.5.1). 

 

4.2. Stromatolite breccias (St Br) 

 

Stromatolite breccias are generally associated with stromatolites in abundant stratigraphic 

intervals of the lower and middle part of the detailed sections, but they may also be associated 

with thinly-bedded to laminated dolostones in this part of the sections (Figs. 3C, D, 4B, 5, 6, 

7D, 9A). The lower and lateral contact of the stromatolite breccias with stromatolite and 
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thinly-bedded to laminated dolostone facies is generally erosive (Figs. 3C, D, 5, 6A, B, 9), 

although non-erosive boundaries occur occasionally (Figs. 3C, D, 5). The upper contact of the 

stromatolite breccias is generally non-erosive, although locally they are truncated by a sharp 

and flat erosive surface (Fig. 4B). The thickness of stromatolite breccia layers range from few 

centimetres to several decimetres and their lateral extension may be up to tens of metres, 

although thickness and lateral extension may increase or decrease abruptly depending on the 

morphology of the contact surfaces with the underlying, overlying and adjacent facies. 

Stromatolite breccias are clast-supported (Fig. 9B) and are made up of dolomicritic clasts 

(commonly showing filamentous microstructures) and fragments of agglutinated stromatolite 

laminae (Figs. 9C-E). Clasts are generally millimetre-size, although clasts up to 15 cm are 

occasionally present, being generally elongated, with long diameters 2 to 8 times their short 

diameter. Breccia clasts are commonly coated by thin (around 20-50 µm in thickness, 

although up to 150 µm may occur), smooth, concentric cortices, composed of alternating 

dolomicritic laminae and laminae replaced by quartz and calcite spar (Fig. 9C). Interparticle 

space may be filled with peloidal packstone (Fig. 9C) to grainstone (Fig. 9D) and, in some 

cases, by dolomicritic menisci lining the grain contacts and by spar cements (Fig. 9E).  

Stromatolite breccias are commonly disrupted by pseudomorphs after anhydrite nodules (see 

detailed description in section 4.5; Figs. 3C, D, 4B, 5). 

 

4.2.1. Sedimentary processes 

The composition and microfabrics of breccia clasts indicate that the breccias mainly derived 

from the reworking of the associated stromatolites. Early lithification of microbial mats plus 

their recurrent desiccation in the intertidal to supratidal zones favoured breaking of the 

stromatolite laminae into elongated fragments. These intraclasts were eroded and redeposited 

by tidal currents, waves and/or storms mainly in the intertidal and supratidal zones, and also 
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into the subtidal zone, similarly to what is observed in present-day carbonate tidal flats mainly 

during storms (Logan et al., 1974; Woods and Brown, 1977; Shinn, 1983; Demicco and 

Hardie, 1994; Scholle and Ulmer-Scholle, 2003). As a consequence, stromatolite breccias 

were mainly deposited laterally to partially eroded stromatolites, on top of them, and in the 

space between stromatolite domes and columns, and less commonly associated with thinly-

bedded to laminated dolostones. The common coating of breccia clasts (Fig. 9C) was 

probably the result of precipitation from carbonate-saturated water under agitated conditions 

that allowed rotation of the fragments. Comparable coated grains have been reported from 

few present-day intertidal flats from the Arabian Gulf (Loreau and Purser, 1973; Shinn, 

1973), very shallow subtidal to intertidal deposits of Tithonian age (Husinec and Read, 2006), 

peritidal deposits of the Permian Capitan Reef Complex (Esteban and Pray, 1983), and 

shallow marine Proterozoic deposits (Swett and Knoll, 1989). 

Dolomicritic menisci observed in the interparticle porosity of some stromatolite breccias (Fig. 

9E) are typically the result of diagenesis in the vadose zone, reflecting the water distribution 

within the pores near grain contacts due to capillary forces (Dunham, 1971; Longman, 1980; 

Moore, 1989; Tucker and Wright, 1990; Flügel, 2010; Mauz et al., 2015). Thus, they were 

probably precipitated in the upper intertidal zone or even in the supratidal zone.  

 

4.3. Thinly-bedded to laminated dolostones (L) 

 

Thinly-bedded to laminated dolostones (Figs. 10, 11), which are the predominant facies in the 

upper part of the studied stratigraphic sections (Figs. 3C, D), underlie, overlie and are laterally 

related to stromatolites (Figs. 3C, D, 4A, C, 6B, 7A, B), as described in section 4.1, but they 

may also be interbedded with stromatolite breccias and flat-pebble and edgewise breccias by a 

non-erosive contact (Figs. 3C, D). Thinly-bedded to laminated dolostones may be locally 
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truncated by an irregular erosive surface with limited lateral extension (less than 10 meters), 

which is in turn overlain by flat-pebble and edgewise breccias (Figs. 3C, D, 12A, B), or by a 

concave-up erosive surface (continuous laterally for few metres) filled with thinly-bedded to 

laminated dolostones (Figs. 3C, D, 10B). 

Thinly-bedded to laminated dolostone layers are less than 1 cm to 10 cm thick, show usually 

flat base and top (Fig. 10A), and are laterally continuous for hundreds of metres. Some beds 

and laminae are lens-shaped with a flat base and a convex top (Fig. 10A). Moreover, thinly-

bedded to laminated dolostones overlying stromatolite bioherms of the upper part of the 

studied sections drape smoothly the bioherms and the space among them, adapting to the 

underneath shape and forming a continuous layer with lateral thickness variations, thicker in 

the space among bioherms and progressively thinner towards their top (Figs. 7A, B). Some 

thinly-bedded to laminated dolostones show a crenulated appearance (Fig. 10C).  

Internally, thinly-bedded to laminated dolostones are composed of interbedded mudstone 

laminae and peloidal packstone to grainstone laminae (Fig. 11). Mudstone laminae display 

commonly a dense dolomicritic texture, but filamentous (Fig. 11A) and clotted-peloidal 

textures occur occasionally. Peloidal laminae are mainly composed of well-sorted (less than 

500 µm long), rounded and elongated (long diameters 2 to 3 times their short diameter) 

micritic grains with a large amount of framboidal pyrite and no internal fabric (Fig. 11C). 

These characteristics allow to interpret these peloids as faecal pellets (see Flügel, 1982; 

Scholle and Ulmer-Scholle, 2003). In some laminae, pellets are coated by thin (less than 50 

µm in thickness), concentrically-laminated, oolitic cortices (Fig. 11D). Peloidal laminae may 

be homogeneous, graded with a slightly erosional base, or rippled (Figs. 10D, 11B). The 

alternation of rippled peloidal laminae and mudstone laminae forms occasionally lenticular, 

wavy and flaser bedding (Figs. 10D, 11B).  
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Some thinly-bedded to laminated dolostone beds show desiccation mudcracks (Fig. 10E). 

Moreover, some strata contain dispersed or coalescing, calcite and quartz pseudomorphs after 

lenticular gypsum crystals, which may deform the surrounding carbonate matrix (Fig. 10F) 

and are commonly associated with desiccation mudcracks (Fig. 10E). In addition, this facies 

is commonly disrupted by pseudomorphs after anhydrite nodules (see detailed description in 

section 4.5), especially in the lower-middle part of the studied succession (Figs. 3C, D, 4A, C, 

7B, 10B). 

 

4.3.1. Sedimentary processes 

According to Demicco and Hardie (1994), thinly-bedded and laminated carbonates constitute 

the major kind of layering found in modern and ancient peritidal carbonate deposits. These 

authors indicate that this kind of layering may be the result of different processes (including 

settling-out from suspension and deposition as bed load), and that microbial mats commonly 

play a major role in its origin, which was probably the case of the thinly-bedded to laminated 

dolostones of the Oncala Group. At the outcrop scale, the lens shape and convex top of some 

layers (Fig. 10A), and the fact that some beds drape smoothly the subspherical-domed 

bioherms and the space among them (Figs. 7A, B), are consistent with the development of 

microbial mats and biofilms, which may create positive reliefs and cover any irregularities of 

the sediment surface. Moreover, the crenulated appearance of some layers (Fig. 10C) is also 

consistent with microbial mat development (cf. Kendall and Skipwith, 1968; Logan et al., 

1974; Strohmenger et al., 2011). At microscale, the filamentous (Fig. 11A) and clotted-

peloidal textures observed in some mudstone laminae are probably indicative of microbial 

activity as well, by analogy with similar textures in literature ( Chafetz and Buczynski, 1992; 

Reitner, 1993; Arp et al., 1998; Riding, 2000; Dupraz et al., 2004; Flügel, 2010; Spadafora et 

al., 2010). 
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In addition to mud production and agglutination by microbial mats, reworked peloidal and 

mud sediment accumulated in the flats. This resulted in a distinctive interbedding of mudstone 

and peloidal laminae (Figs. 10D, 11B), which reflects the repetitive alternation of calm and 

agitated water conditions that takes place in tidal environments (Reineck and Wunderlich, 

1968; Demicco and Hardie, 1994; Dalrymple, 2010). Under calm water conditions, mud was 

deposited and peloids settled down, resulting in mudstone laminae and homogeneous peloidal 

packstone laminae. Under predominantly agitated water conditions, peloids were reworked 

and transported as bed load and formed ripples, and thin concentrically-laminated coatings 

were developed around some of them (Fig. 11D), indicating also regular agitation to move 

grains (see Tucker and Wright, 1990; Flügel, 2010). Additionally, peloids were resuspended 

during storms and subsequently settled when calm conditions were recovered, similarly to 

what occurs in present-day peritidal settings (e.g. Shinn et al., 1969; Hardie and Ginsburg, 

1977; Tucker and Wright, 1990), producing graded peloidal laminae with a slightly erosive 

base.  

Most thinly-bedded to laminated dolostone beds do not show subaerial exposure evidence, 

which suggests that they were deposited under predominantly subaqueous conditions in the 

subtidal and lower intertidal zones. However, the presence of desiccation mudcracks at the 

top of some layers (Fig. 10E) indicates that this facies formed in intertidal to supratidal flats 

as well, in which they were subject to subaerial exposure. The erosive surfaces that truncate 

some thinly-bedded to laminated dolostones and are overlain by flat-pebble and edgewise 

breccias (Figs. 12A, B) were probably the result of erosion of subaerially-exposed, early-

lithified, peloidal and muddy sediment during storms, similarly to what occurs in upper 

intertidal to supratidal zones of present-day carbonate-evaporite tidal flats (see Hagan and 

Logan, 1974; Hardie and Ginsburg, 1977; Woods and Brown, 1977; Shinn, 1983; Tucker and 

Wright, 1990; Demicco and Hardie, 1994). The scarce concave-up erosive surfaces filled with 
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thinly-bedded to laminated dolostones (Fig. 10B) could have also been the result of erosion of 

subaerially-exposed sediment during storms, or could have resulted from the formation of 

shallow tidal creeks as those observed in present-day tidal flats (e.g. Strohmenger et al., 2011; 

Warren, 2016).  

As interpreted for stromatolite facies  (see discussion in section 4.1.1), the presence of 

pseudomorphs after gypsum (Figs. 10E, F) and after anhydrite nodules in some thinly-bedded 

to laminated dolostones reveals that relatively high water salinities were achieved in these 

environments during sedimentation.  

 

4.4. Flat-pebble and edgewise breccias (P Br) 

 

Flat-pebble and edgewise breccia layers (up to 10 cm in thickness) are interbedded with 

thinly-bedded to laminated dolostones and occur mainly in the upper part of the studied 

stratigraphic sections (Figs. 3C, D). Flat-pebble and edgewise breccias show generally 

slightly erosive bases (Fig. 12A, B), and serve occasionally as nuclei for subspherical-domed 

bioherms in the upper part of the sections (Figs. 3C, D, 12A-D). These breccias consist of up 

to 5 cm-long, subrounded, tabular dolostone clasts, arranged forming flat-pebble breccias and 

fans of edgewise breccias (Figs. 12A-D). Clasts consist of mudstone and peloidal packstone 

to grainstone identical to those of the thinly-bedded to laminated dolostones, and they are 

commonly coated by thin concentrically-laminated cortices (Figs. 12C, E). The interparticle 

space of the breccia is filled with peloidal and intraclastic grainstone to packstone-grainstone 

(Figs. 12E, F), which includes scarce ostracods. 

 

4.4.1. Sedimentary processes 
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Attending to the identical composition of the breccia clasts and the thinly-bedded to laminated 

dolostones, flat-pebble and edgewise breccias are interpreted as the result of reworking during 

storms and spring tides of previously desiccated and indurated, inter- to supratidal, mud and 

peloidal sediment. Similar breccias have been extensively documented in upper inter- to 

supratidal areas of present-day carbonate tidal flats (see Hagan and Logan, 1974; Hardie and 

Ginsburg, 1977; Woods and Brown, 1977; Shinn, 1983; Tucker and Wright, 1990; Demicco 

and Hardie, 1994). The characteristic arrangement of edgewise clasts into tightly-packed fans 

is typically the result of wave action or storm events in this type of environments (Sanderson 

and Donovan, 1974; Mount and Kidder, 1993). 

 

4.5. Pseudomorphs after anhydrite nodules (A) 

 

Subspherical nodules, up to 40 cm in size, occur within all carbonate facies (Figs. 3C, D, 4A-

C, 5, 10B, 13), especially from the lower and middle part of the detailed sections (Figs. 3C, 

D). These nodules coalesce commonly forming irregularly-shaped layers of varying lateral 

extension (from several centimetres to metres) and thickness (from several centimetres to 

decimetres), which are generally parallel to stratification (Figs. 4A, B, 5, 13A, C) . Nodules 

may deform the deposits around them (Figs. 4B, 5, 13E). Sharp and flat erosive surfaces of 

limited lateral continuity (up to 15 m) truncate some anhydrite nodule layers and the 

carbonate deposits that contain them (Fig. 4B). 

Nodules are composed of aggregates of calcite and quartz pseudomorphs after crystals (less 

than 500 µm-long) displaying acicular and orthorhombic habits (Figs. 13F-I). Nodules contain 

abundant matrix inclusions, such as peloids, dolomicrite and stromatolite breccia clasts (Figs. 

13D, F).  
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4.5.1. Sedimentary processes 

The distinctive acicular and orthorhombic habits of the crystals that make up the nodules 

(Figs. 13G, I) permits to interpret them as anhydrite laths (see Shearman and Fuller, 1969; 

Shearman, 1978, 1983). The matrix inclusions contained in the nodules (Figs. 13D, F) 

indicate that the anhydrite grew replacively within the carbonate matrix, and the deformation 

of the sediment around the nodules (Figs. 4B, 5, 13E) suggests that the anhydrite also 

displaced the sediment. Observations on anhydrite nodules growing in present-day coastal 

sabkhas show that precipitation of intrasediment anhydrite nodules occurs exclusively in the 

capillary zone (Warren, 1991, 2016; Alsharhan and Kendall, 2003), which implies that the 

studied nodules of the Oncala Group precipitated in the supratidal zone above the water table. 

The fact that nodules disrupt commonly either thinly-bedded to laminated dolostones, 

stromatolites and stromatolite breccias (Figs. 3C, D, 4A-C, 5, 10B, 13B, D, E) implies that 

these facies entered the capillary zone soon after deposition. The sharp and flat erosive 

surfaces that truncate some anhydrite nodule layers and the carbonate deposits that contain 

them (Fig. 4B) resemble the erosive surfaces observed in present-day sabkhas, which result of 

the ongoing growth of displacive and replacive sulphates in the capillary zone above the water 

table that jacks up the sabkha surface until the near surface sediments leave the capillary zone 

and enter the vadose zone, in which they dry out and are blown away by the wind (Warren, 

1991, 2016). 

 

5. Discussion 

 

The peritidal deposits of the Oncala Group are analysed to provide an integrated interpretation 

of the tidal flats in which they were formed and to examine the usefulness and limitations of 

the carbonate and carbonate-evaporite facies models for interpreting ancient deposits. To 
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achieve this, the palaeonvironments in which these deposits were accumulated are 

reconstructed, aided by the comparison with present-day analogues. Subsequently, the vertical 

and lateral relationships of the studied peritidal deposits are analysed, in order to understand 

the facies distribution along the tidal flats and to establish the suitability of these deposits for 

analysis of decimetre to metre-scale cycles. Afterwards, these deposits are analysed from a 

palaeoclimatic perspective and, finally, they are compared with other ancient, carbonate and 

carbonate-evaporite peritidal successions. 

 

5.1. Palaeoenvironmental reconstruction of the peritidal deposits of the Oncala Group and 

comparison with present-day analogues 

 

The detailed sedimentological analysis of the peritidal facies of the Oncala Group allows us to 

interpret that these sediments were deposited in carbonate-evaporite tidal flats characterized 

by hypersaline water conditions and by the extensive growth of microbial mats, which 

resulted in the development of stromatolites and likely contributed to the formation of the 

mudstone laminae of the thinly-bedded to laminated dolostones. Reworking of intraclasts, 

derived from desiccation and breaking of stromatolites and thinly-bedded to laminated 

dolostones, provided additional sources of sediment in the tidal flats, which were accumulated 

as stromatolite breccias and flat-pebble and edgewise breccias. In addition, faecal pellets 

(commonly oolitized) were also abundant carbonate particles in the tidal flats, and they were 

agglutinated within microbial mats and accumulated in the thinly-bedded to laminated 

dolostones, in the stromatolite breccias and in the flat-pebble and edgewise breccias. Bioclasts 

were not abundant in the tidal flats of the Oncala Group, and comprised only ostracods and 

scarce foraminifers. Moreover, the presence of pseudomorphs after gypsum crystals and after 

anhydrite nodules disrupting the carbonate facies of the Oncala Group support that the tidal 
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flats were characterized by relatively high water salinity.Sediment components and facies of 

the Oncala Group match with those typical in present-day carbonate tidal flats, especially with 

those from Shark Bay (Fig. 1). Thus, their comparison may help to interpret the sedimentary 

setting in which the ancient peritidal sediments were deposited. Shark Bay is a microtidal, 

double-bay inlet system situated on Western Australia’s coastline, world-wide known for its 

microbial mats and stromatolites (Logan and Cebulski, 1970; Jahnert and Collins, 2012; 

Suosaari et al., 2016, 2019). Shark Bay is compartmented into three major embayments 

(Jahnert and Collins, 2012), being Hamelin Pool the most notable and studied one. Hamelin 

Pool is a U-shaped shallow (maximum depth = 10 m) embayment, semi-closed to the north 

from the rest of Shark Bay by a large carbonate-sand and seagrass bank (Logan and Cebulski, 

1970; Jahnert and Collins, 2012; Suosaari et al., 2016, 2019). Hamelin Pool is set in a semi-

arid climate (average annual rainfall = 20-22 cm, and average annual evaporation = 200-220 

cm; Logan and Cebulski, 1970; Suosaari et al., 2016), which coupled with a restricted tidal 

exchange, results in hypersaline water conditions (salinity varying from 50 to 92‰; Suosaari 

et al., 2016). Warmer average water temperatures vary between 22ºC and 31ºC and cooler 

average water temperatures fluctuate between 14.6ºC and 22.8ºC (Suosaari et al., 2016). 

Water composition in Hamelin Pool is characterized by pH values between 7.5 and 8.5, and 

shows high concentrations of Mg, K, S, Na, Cl and Ca, characteristic of a highly evaporative 

marine environment (Jahnert and Collins, 2013). Tidal flats bordering Hamelin Pool have 

been extensively studied and used for establishing the most commonly used facies model for 

carbonate tidal flats developed in semi-arid regions and associated to hypersaline subtidal 

areas (Fig. 1B herein; e.g. James and Jones, 2016). Sediments of the tidal flats of Hamelin 

Pool are largely composed of different types of microbialites, oolitic, skeletal, peloidal, and 

intraclastic sands, and intraclastic breccias, which may be locally disrupted by gypsum 

crystals in upper intertidal to supratidal zones (see Fig. 1B; Davies, 1970; Logan and 
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Cebulski, 1970; Hagan and Logan, 1977; Woods and Brown, 1977; Jahnert and Collins, 2011, 

2012; James and Jones, 2016). These main components, except the skeletal sands, are very 

similar to those of the peritidal deposits of the Oncala Group, which supports the 

interpretation that the studied fossil succession was developed in tidal flats characterized by 

high water salinities in which microbial mats were extensively produced and reworked.  

Moreover, observations on the distribution of different microbialite gross morphologies in 

Hamelin Pool and their relationships to environmental controls are useful to interpret the 

peritidal deposits of the Oncala Group. Jahnert and Collins (2012) and Suosaari et al. (2019) 

described that, in low-gradient and low-agitated areas of Hamelin Pool, extensive flat 

microbial mats are produced in the intertidal zone and low-relief discrete buildups in the 

lower intertidal and shallow subtidal. On the contrary, in areas characterized by moderate to 

high activity of waves and tides (commonly corresponding with areas of steeper gradients), 

discrete microbial buildups with relief greater than 10 cm are developed, which may be 

associated with stromatolite breccias (Jahnert and Collins, 2012; Suosaari et al., 2019). In 

these moderately to highly agitated areas, flat microbial mats are developed only locally in the 

intertidal areas . Similar environmental controls on microbialite morphology also operated in 

the carbonate tidal flats of the Oncala Group, where the predominance of domed stromatolite 

biostromes or flat extensive mats associated to thinly-bedded to laminated dolostones in 

different stratigraphic intervals (Figs. 3C, D) would have been caused by variations in water 

agitation and/or by differences in the topographic gradient (Fig. 14A). Thus, stratigraphic 

intervals of the lower and middle part of the detailed sections dominated by domal and 

columnar stromatolite biostromes were probably related with stronger agitation conditions 

and/or steeper topographic gradients (Fig. 14B), whereas stratigraphic intervals of the upper 

part of the sections dominated by thinly-bedded to laminated dolostones were likely related 

with less agitated conditions and lower topographic gradients (Fig. 14C). This interpretation is 
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consistent with the fact that stratigraphic intervals of the Oncala Group with abundant domal 

and columnar stromatolite biostromes contain also stromatolite breccias, which need agitation 

to be formed, whereas intraclast breccias are much less abundant in intervals dominated by 

thinly-bedded to laminated dolostones, suggesting calmer conditions. Considering the strong 

similarities with peritidal deposits from Shark Bay, the peritidal deposits of the Oncala Group 

may be one of the best fossil analogues of these Australian carbonate tidal flats. 

However, despite all the similarities with Shark Bay sediments, one of the most characteristic 

sedimentary feature of the studied fossil deposits, the anhydrite nodules, do not occur in the 

Australian analogue, but are a common constituent of sabkha deposits developed in the 

supratidal flats of the Arabian Gulf. Therefore, a comparison of the studied peritidal facies 

with those of the Arabian Gulf may be helpful to understand additional processes that took 

place in the ancient counterpart. 

The most complete documentation of modern coastal sabkhas centres on the southern coast of 

the Arabian Gulf, in the Emirate of Abu Dhabi. The coast of Abu Dhabi consists essentially of 

a microtidal, barrier island-lagoon system, fringed by extremely gently-dipping (slopes <1º; 

Court et al., 2017), carbonate-evaporite tidal flats (Wagner and van der Togt, 1973; Evans, 

1995; Strohmenger et al., 2011; Warren, 2016). The peritidal belt that serves as facies model 

includes lagoons, crossed by tidal channels that gradually bifurcate and shallow landwards, 

wide intertidal flats, and sabkhas (Purser and Evans, 1973; Evans, 1995; Alsharhan and 

Kendall, 2003; Riegl et al., 2010; Warren, 2016). Water temperatures in the lagoons range 

from 15 to 40ºC, air temperatures on the intertidal flat range from 5ºC in winter to 50ºC in 

summer (average temperatures = 23-33ºC), and sediment surface temperatures on the sabkhas 

are even more variable, with reported values up to 60-80ºC (Lokier, 2013; Warren, 2016). 

Mean annual rainfall in Abu Dhabi is 72 mm and mean annual evaporation is 2.75 m, greatly 

exceeding precipitation (Lokier, 2013; Warren, 2016). This results in increased salinities in 
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the lagoons, which range between 50 and 75‰ (Evans, 1995; Riegl et al., 2010; Warren, 

2016). Water composition in the lagoons is characterized by pH values around 7.9, high 

concentrations of Ca, Mg, Na, K, Cl and SO4, and alkalinity values around 170 (Wood et al., 

2002). Deposits of Abu Dhabi lagoons are mainly composed of burrowed, skeletal-peloidal 

sands and lime-peloidal muds, intertidal deposits are made up of laminated lime and peloidal 

muds in the lower zones and laminated microbial mats in the higher zones (both of which are 

commonly disrupted by gypsum crystals), and supratidal deposits are characterized by a 

gypsum mush and anhydrite and/or gypsum nodules grown within a carbonate and siliciclastic 

matrix (see Fig. 1C; Shearman, 1978; Butler et al., 1982; Warren and Kendall, 1985; Tucker 

and Wright, 1990; Strohmenger et al., 2011; Warren, 2016; Court et al., 2017). Although 

composition of carbonate sediments in the subtidal flats of Abu Dhabi is aragonite and high- 

and low-Mg calcite, dolomite precipitation occurs in the microbial mats (Evans, 1995; 

Strohmenger et al., 2011; Warren, 2016). 

Several sedimentary facies of the tidal flats of Abu Dhabi (laminated lime and peloidal muds, 

and laminated microbial mats) show close resemblances with one of the most abundant facies 

in the peritidal deposits of the Oncala Group, the thinly-bedded to laminated dolostones, 

which are composed of interbedded laminae of peloidal grainstone-packstone and mudstone, 

and show microbial mat features. This supports also the interpretation that thinly-bedded to 

laminated dolostones were preferentially developed in relatively calm, protected, low-gradient 

areas (Figs. 14A, C). 

Furthermore, the most striking similarity between the Oncala Group and Abu Dhabi peritidal 

deposits is the presence of anhydrite nodules (calcitized and silicified in the case of the 

Oncala Group), which indicate that the supratidal flats of the studied fossil succession were 

subject to intense evaporation rates that led to precipitation of intrasediment capillary 

evaporites. Moreover, the nodular sulphate horizons in sabkha deposits of Abu Dhabi are 
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commonly truncated by erosive surfaces caused by deflation of sediment jacked up above the 

capillary zone (Warren, 1991, 2016), which are similar to the flat and sharp erosive surfaces 

observed in some stratigraphic intervals of the Oncala Group (Fig. 4B). Several authors 

consider that these erosive surfaces in ancient deposits constitute an unequivocal evidence 

that anhydrite precipitation occurred shortly after deposition in a sabkha environment, and 

was not produced by the burial conversion of gypsum to nodular anhydrite as occurs in other 

ancient successions (see Warren and Kendall, 1985; Warren, 1991; Kirkham, 1997; Alsharhan 

and Kendall, 2003; Warren, 2016). This makes the studied peritidal deposits one of the best 

examples of true coastal sabkha-type successions in the geological record, contrasting with 

many ancient sequences that have been misinterpreted as sabkha deposits just due to the 

presence of nodular anhydrite (see Warren, 2016, p. 250). 

In addition to causing precipitation of evaporites, high water salinity in the tidal flats of Abu 

Dhabi has been interpreted as an important factor favouring the formation of primary 

dolomite in the microbial mats of the present-day analogue (Tucker and Wright, 1990; 

Machel, 2004; Bontognali et al., 2010). Nevertheless, the fact that dolomite distribution is 

closely tied to the presence of microbial mats, suggests that microbes play also an important 

role in its precipitation, either under the influence of bacterial sulphate reduction or by 

providing a template for mineral nucleation (Bontognali et al., 2010). Similarly, in the 

peritidal deposits of the Oncala Group, conditions favourable for penecontemporaneous 

dolomite precipitation could have been achieved by the combination of high salinity and 

microbial activity. 

Finally, comparison of the peritidal deposits of the Oncala Group with tidal flat sediments of 

the Bahamas shows also some similarities. The most extensive documentation on these 

present-day tidal flats comes from northwest Andros Island, the largest island in the Bahamas 

archipelago. The northwestern low flat side of the island is occupied by an up to 5 km wide 
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and more than 70 km long belt, which includes three gross geomorphic zones: an adjacent 

marine area, a channelled belt (which comprises tidal channels, beach ridges, levees, ponds, 

intertidal flats, areas of algal mats, mangroves, and swamps) and an inland marsh (Shinn et 

al., 1969; Tucker and Wright, 1990). The climate in Andros Island is tropical-maritime, with 

wet summers, dry winters and fairly uniform temperatures (annual average temperature of 

25ºC; Hardie and Garrett, 1977). Annual rainfall averages about 129 cm a year, and can be as 

high as 232 cm or as low as 52 cm (Bergman et al., 2010), and average annual evaporation is 

approximately 100-120 cm (Broecker et al., 2001). Water salinities in the tidal flats range 

from 36 to 47‰, but they may exceptionally reach 80‰  and may be as low as 5‰ during a 

prolonged rainy period, which causes biologic stress in the flats (Hardie and Garrett, 1977; 

Bergman et al., 2010). Subtidal areas show pH water values around 8, alkalinity ≈ 2 mEq kg
-1

, 

and Ca
2+

 concentrations ≈ 11 mmole kg
-1

 (Broecker and Takahashi, 1966; Morse et al., 1984; 

Broecker et al., 2001). Numerous sedimentological studies in Andros Island tidal flats provide 

detailed information on this setting (e.g. Shinn et al., 1969; Hardie, 1977; Tucker and Wright, 

1990; Rankey, 2002; Bergmann et al., 2010; James and Jones, 2016). Sediment in the 

adjacent, subtidal, marine area is mainly composed of pellets and bioclasts (gastropods and 

bivalves), and is intensely burrowed. Sedimentation on the channelled belt mostly takes place 

during major sporadic storms, when sediment from the adjacent nearshore is put into 

suspension and carried on to the tidal flats through the channels. Sediments in the subtidal 

channels of western Andros Island consist of pellets and bioclasts, and show common 

burrowing structures. Supratidal levees are formed on the banks of the channels by 

accumulation of pellets during storms and preserve a thin lamination. Dammed by the levees, 

intertidal flats and subtidal ponds are formed. Sediments in these environments consist of 

pellets and mud, and are generally intensely burrowed. Finally, sediments in the supratidal 

marsh consist of laminated pelleted silt and mud. Microbial mats are widespread in the upper 
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intertidal and supratidal zones, which are often desiccated and cemented into crusts. These 

cemented crusts are frequently broken up into intraclasts and reworked to form edgewise 

breccias. Furthermore, root structures are common in upper intertidal and supratidal zones. 

Similarly to the sediments of the tidal flats of Andros Island, the peritidal deposits of the 

Oncala Group are largely composed of pelletal and muddy sediment. However, subtidal to 

low intertidal sediments of Andros Island are intensely burrowed, and lamination and 

microbial mats are only preserved in the high intertidal and supratidal deposits, where 

environmental conditions are harsher for burrowing organisms. This contrasts with the good 

preservation of the thinly-bedded to laminated carbonates of the Oncala Group deposited from 

subtidal to supratidal flats. This difference is likely caused by higher water salinities in the 

tidal flats of the Oncala Group, which might have favoured water stratification and limited the 

presence of burrowers, plus a high rate of accumulation of organic matter, which possibly 

created anoxic conditions in the sediments (Quijada et al., 2013b). Moreover, the peritidal 

succession of the Oncala Group contains abundant stromatolites and stromatolite-derived 

breccias, which are not developed in the modern Bahamas counterpart. Finally, the edgewise 

breccias of the tidal flats of Andros Island formed by reworking of cemented, upper intertidal 

to supratidal sediments are similar to the flat-pebble and edgewise breccias of the Oncala 

Group. 

 

5.2. Vertical and lateral facies relationships in the Oncala Group and implications for 

cyclicity analysis on ancient peritidal deposits 

 

As described in sections 4.1 to 4.5, the peritidal facies of the Oncala Group show a wide 

variety of vertical and lateral relationships between them and occur in different proportions 

through different stratigraphic intervals of the studied sections (Figs. 3C, D), which result in 
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an array of different possible facies combinations along the studied succession (Figs. 3C, D, 

4A-C, 5, 6A-B, 7A-B, 9A, 10B, 12A-D, 13B, D, E). On the one hand, unsystematic vertical 

stacking pattern complicates the subdivision of the studied succession into shallowing-upward 

cycles as those of the idealized cycles based on the present-day peritidal carbonate models 

(Fig. 1), or into cycles of other trend. On the other hand, the patchy lateral facies distribution 

suggests that the different subenvironments of the tidal flats were not arranged according to 

linear water depth variations from subtidal to supratidal zones. Actually, the sedimentological 

analysis of the peritidal facies of the Oncala Group demonstrates that most of the facies may 

be deposited in a wide range of tidal zones, from subtidal to intertidal areas or even supratidal 

areas. Thus, the combination of the analysis of the sedimentological features and of the lateral 

and vertical facies changes allows us to interpret the wide array of possible facies 

relationships that took place in the tidal flats of the Oncala Group (Fig. 14). In this sense, the 

fact that thinly-bedded to laminated dolostones occur underlying, overlying and laterally 

changing to stromatolites, as well as filling the space between stromatolite domes and 

columns, indicates that both facies were developed adjacent to each other and at similar 

depositional depths (Fig. 14). Factors different from water depth, such as agitation or 

topographic gradient (see section 5.1), probably controlled the development of one or the 

other facies in similar zones of the tidal flat. Likewise, the presence of stromatolite breccias 

underlying, overlying and changing laterally to stromatolites, as well as interbedded with 

thinly-bedded to laminated dolostones, indicates that the fragments of desiccated stromatolite 

laminae were transported all over the tidal flat, and deposited most commonly close to 

stromatolite domes but also on top of thinly-bedded to laminated sediment (Fig. 14B). 

Stromatolite breccias were subsequently overgrown by microbial mats or draped by pelletal 

and micritic sediment when calmer water conditions were restored (Fig. 14B). In the case of 

flat-pebble and edgewise breccias, they are interbedded with the thinly-bedded to laminated 
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dolostones from which they derived. The fact that they are commonly overlain by domed 

stromatolites (Figs. 12A-D) suggests that the cm-sized intraclasts that compose these breccias 

constituted topographic irregularities that, when subsequently covered by microbial mats, 

acted as nucleation points for stromatolite growth (Fig. 14C). 

Considering the wide range of tidal zones in which most of the carbonate peritidal facies of 

the Oncala Group may have been deposited, recognition of subsequent cycles in the studied 

succession would require additional criteria to establish their limits, such as erosive surfaces 

or desiccation cracks, which would be indicative of subaerial exposure in the upper part of the 

cycles. However, layers showing desiccation cracks are scarce through the studied sections 

and, where observed, have limited lateral extent. In turn, erosive surfaces developed mainly at 

the top of stromatolites and, less commonly, at the top of thinly-bedded to laminated 

dolostones, and generally overlain by stromatolite breccias or flat-pebble and edge-wise 

breccias, although common, have also limited lateral extent (Figs. 3C, D, 5, 6, 9A, 10B, 12C, 

D) and are impossible to correlate between the two detailed sections (Figs. 3C, D). In this 

regard, the most abundant sedimentary features in these tidal flat deposits that give 

information about subaerial exposure are the anhydrite nodules (precipitated in the capillary 

zone) and the sharp and flat erosive surfaces that truncate some stromatolite and stromatolite 

breccia layers and the pseudomorphs after anhydrite nodules that commonly disrupt them 

(Fig. 4B), which are the result of deflation . However, these features cannot be used as 

correlatable limits of shallowing-upward cycles either, because their limited lateral continuity 

makes their correlation impossible in stratigraphic sections just 100 m apart (Figs. 3C, D) and, 

thus, they do not record equivalent vertical evolution even in such close areas of the tidal flat. 

Moreover, the fact that subaerial exposure features may occur within all the carbonate facies 

prevents the assignment of a specific carbonate facies to supratidal conditions. In fact, the 

limited lateral continuity of these features suggests that subtle (even centimetre in scale) 
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topographic variations in the tidal flats produced probably slight heights in which vadose 

conditions were developed and anhydrite nodules and deflation surfaces could be formed, 

whereas in laterally-related lower areas, which remained in the phreatic zone for most of the 

time, anhydrite could not precipitate and sediment was not deflated (Fig. 14). Furthermore, 

development of anhydrite nodules and of deflation surfaces in the Oncala Group was strongly 

controlled by the rate of creation of accommodation space because they required that the 

sediment remained in the vadose zone for a certain period of time to be formed. Thus, high 

subsidence rates, like those operating in the southern areas of the Cameros Basin for coeval 

times (see Geological Setting; Fig. 2E), prevented formation of anhydrite nodules, as proven 

by the fact that subaqueous salina gypsum precipitated abundantly in these highly subsiding 

areas but primary anhydrite nodules were absent (Quijada et al. 2013a, 2013b, 2014). On the 

contrary, comparatively low subsidence rates, like those that took place in the area close to 

the town of Ambasaguas studied in this work (Fig. 2E), allowed development of pervasive 

anhydrite nodules. This confirms considerations by Warren and Kendall (1985), who 

indicated that “in an ancient evaporative basin, sabkhas would be expected to have formed on 

the paleotopographic highs, whereas salinas would be expected to be associated with the 

paleotopographic lows”. All these considerations indicate that the occurrence of anhydrite 

nodules as those studied in this work cannot be directly used as a criterion for establishing the 

limits of consecutive and correlatable peritidal cycles.  

As a consequence, the vertical and lateral facies relationships of the Oncala Group 

demonstrate that subdividing the studied peritidal succession into decimetre to metre-thick 

shallowing-upward cycles, similarly to what has been performed in other numerous ancient 

peritidal successions (e.g. Strasser, 1988; Jimenez de Cisneros and Vera, 1993; Bosence et al., 

2000; Overstreet et al., 2003; Coskun Tunaboylu et al., 2014; Yang and Lehrmann, 2014; Le 

Goff et al., 2015; Zhang et al., 2015), would be highly speculative, because the vertical 
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arrangement of the different facies does not uniquely respond to variations in water depth and 

because all the carbonate facies can be formed from subtidal to upper intertidal, or even 

supratidal, zones. Actually, not even the subaerial exposure features, such as anhydrite 

nodules, can be used as definite clues to delimit shallowing-upward cycles. As a consequence, 

the lateral and vertical facies relationships of the peritidal deposits of the Oncala Group show 

the strong limitations in some peritidal fossil successions for analysis of simple, metre-scale 

facies cycles. 

In fact, important limitations on defining clear repetitive cycles on peritidal successions are 

becoming increasingly evident also in present-day tidal flats. For example, although some 

works on tidal flats of Hamelin Pool synthesized the distribution of peritidal facies into an 

idealized cycle in order to make the comparison with fossil deposits easier (Fig. 1B; e.g. 

James and Jones, 2016), recent detailed studies in Hamelin Pool show an intricate mosaic of 

facies that is not only and directly related with depositional depth, but also controlled by other 

environmental factors (Jahnert and Collins, 2011, 2012; Suosaari et al., 2019). Similarly, 

although the facies of Andros Island tidal flats have been summarized into an idealized cycle 

(Fig. 1A; e.g. James and Jones, 2016), the morphosedimentary maps of the flats reflect a 

patchy environmental distribution (Hardie and Garret, 1977; Rankey, 2002). Thus, the mosaic 

facies distribution in the tidal flats of Hamelin Pool and Andros Island bears a resemblance to 

the patchy lateral facies relationships present in the peritidal deposits of the Oncala Group. 

In the same way, the peritidal facies of Abu Dhabi are not arranged as shore-parallel belts, but 

show a much more intricate arrangement (see facies maps in Purser and Evans, 1973; Wagner 

and van der Togt, 1973; Kirkham, 1997; Alsharhan and Kendall, 2003), which results of an 

intricate system of subtle bathymetric highs and lows superimposed upon the regional slope 

(Kendall and Skipwith, 1969; Wagner and van der Togt, 1973; Riegl et al., 2010), as well as 

variations in the orientation to strong NW winds and in the inclination of the regional slope 
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(Riegl et al., 2010). This mosaic facies distribution is also reflected in the vertical facies 

stacking patterns. Although the progradational, idealized sabkha cycle (Fig. 1C), based on the 

shallowing-upward cycle observed in several trenches of Abu Dhabi sabkhas (Shearman, 

1966, 1978; Evans et al., 1969; Kendall and Skipwith, 1969; Kinsman and Park, 1976), “has 

perhaps been the most influential in assisting geologists to interpret ancient coastal sabkha 

cycles” (Kirkham, 1997), more recent studies have shown that other type of vertical stacking 

patterns exist in the tidal flats of the Arabian Gulf (e.g. Alsharhan and Kendall, 2003; 

Kirkham, 2011; Strohmenger et al., 2011). Kirkham (1997) even documented the presence of 

a transgressive sabkha cycle in some localities, which records the reverse vertical succession 

(i.e. from supratidal facies to intertidal and, finally, subtidal facies) of what is typically 

described in idealized sabkha cycles. Thus, the presence of vertical facies stacking patterns in 

the Abu Dhabi tidal flats that differ from the idealized cycle, confirms that different vertical 

facies relationships may also occur in ancient successions, as observed in the peritidal 

deposits of the Oncala Group.  

Taking into account that the patchy facies distribution and random stacking pattern observed 

in the peritidal succession of the Oncala Group is also common in present-day tidal systems, it 

is to be expected that similar facies relationships may occur in other ancient peritidal deposits. 

In fact, several Proterozoic and Cambrian peritidal successions made up of facies similar to 

those of the Oncala Group (e.g. Wildbread Formations, La Flecha Formation and Krol Group; 

see more details in section 5.4) are characterized by rapid lateral and vertical facies changes 

consistent with a patchwork distribution of sedimentary environments (Keller et al., 1989; 

Sami and James, 1994; Jiang et al., 2003). This confirms that the patchy facies distribution 

observed in the peritidal deposits of the Oncala Group is probably common in the fossil 

record. In this sense, a numerical model based on lithotope distributions developed by 

Wilkinson and Drummond (2004) proved that successions of carbonate platform deposits 
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(characterized by depositional surfaces composed of a mosaic of facies patches) are predicted 

to show lateral impersistence of facies and vertical random stacking patterns. Moreover, these 

authors considered that the results of their model suggest that  “realistic high-resolution 

lithostratigraphic correlation might be generally unattainable” in peritidal systems. In this 

sense, these authors purposely did not rescale their numerical model to the scales of modern 

and ancient successions because they demonstrated that lithologic heterogeneity was rather 

scale-independent.  More recently, several authors have gone in depth in the composite 

sedimentary record that results from mobile facies mosaics of carbonate platforms (e.g. 

Wright & Burgess, 2005; Burgess, 2006; Rankey, 2016). All these considerations, based on 

direct observations of present-day and ancient successions as well as on numerical models, 

emphasize the caution that must be taken when trying to subdivide peritidal successions into 

cycles and, when doing so, the close attention that should be paid to the sedimentological 

interpretation and to the facies relationships before assigning a definite subtidal, intertidal or 

subtidal character to each facies.  

Consequently, the unsystematic stacking pattern and patchy facies distribution observed in the 

peritidal succession of the Oncala Group, as well as in present-day tidal flats, challenge the 

idea that peritidal systems can be envisaged as demarcated facies belts arranged according to 

linear water depth variations from supratidal to subtidal zones, as it is implicit in some facies 

models. Therefore, the present study questions the extended view of peritidal successions as 

stacked shallowing-upward cycles, which is the base of abundant cyclicity analysis in ancient 

deposits, and emphasizes the necessity of detailed sedimentological analysis and good 

stratigraphic correlations before performing any further interpretations about cyclicity on 

peritidal deposits. 

 

5.3. Palaeoclimatic considerations  
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Comparison of the carbonate-evaporite peritidal facies of the Oncala Group with those of the 

present-day analogues show that climatic conditions are a major factor controlling deposition 

in these settings. Tropical-maritime climatic conditions of the tidal flats of Andros Island 

allow development of vegetation in the supratidal zone and, thus, supratidal and upper 

intertidal sediments are commonly disturbed by root structures. Drier climatic conditions in 

Shark Bay and the Arabian Gulf prevent development of vegetation in the tidal flats, and even 

allow precipitation of evaporites in the supratidal zone. Due to significantly lower annual 

rainfall (72 mm) and much higher annual evaporation (2,75 m) in the Arabian Gulf than in 

Shark Bay, evaporite precipitation is much larger in the sabkhas of Abu Dhabi and anhydrite 

nodules can be formed (Shearman, 1978; Butler et al., 1982; Warren and Kendall, 1985; 

Warren, 2016). In supratidal flats of Shark Bay, where the annual rainfall is 20-22 cm and the 

annual evaporation is 200-220 cm, only disperse gypsum crystals occur (Davies, 1970; Logan 

and Cebulski, 1970; Hagan and Logan, 1977; Woods and Brown, 1977; James and Jones, 

2016).  

The analogies of the supratidal features of the Oncala Group with those of the Arabian Gulf 

sabkhas could suggest that the studied ancient peritidal flats were developed in an arid 

climatic region, which would be consistent with some global and local palaeoclimate 

interpretations for Berriasian times (Platt, 1989; Hallam et al., 1991; Zharkov et al., 1998; 

Abbink et al., 2001; Diéguez et al., 2009; Föllmi, 2012). However, it must be reminded that 

fluvial-tidal siliciclastic flats with large freshwater input and inhabited by abundant dinosaurs 

were coevally developed in western areas of the Oncala Group (Fig. 2E; see Geological 

Setting above), which does not seem consistent with such arid conditions. In fact, 

palaeoclimate interpretations of the well-studied Purbeck deposits of southern and eastern 

England indicate markedly seasonal semi-arid climates for this period (Allen, 1998; 
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Riboulleau et al., 2007; Schnyder et al., 2009), as well as in the Asturian Basin (Arenas et al., 

2015), which seem more consistent with the siliciclastic deposits of the Oncala Group. 

Furthermore, studies on deposits of the same age accumulated in the western sector of the 

Cameros Basin interpreted also that the climate in this region was semiarid (Mas et al., 2019). 

Thus, the presence of anhydrite nodules within the peritidal deposits of the Oncala Group 

opens the possibility that synsedimentary anhydrite could develop in tidal flats under semi-

arid climatic conditions, and not only under an arid climate like that of the Arabian Gulf at 

present times. 

 

5.4. Comparison of the peritidal deposits of the Oncala Group with other ancient peritidal 

successions 

 

Peritidal deposits of the Oncala Group have been compared with other ancient peritidal 

successions in order to evaluate how common this type of carbonate-evaporite peritidal 

deposits is in the fossil record. Interestingly, peritidal deposits composed mainly of 

stromatolites, microbial laminites, and intraclasts are most common in Proterozoic and 

Cambrian successions, such as the Rocknest and Wildbread Formations from the 

northwesternmost part of the Canadian Shield (Hoffman, 1975; Grotzinger, 1986; Sami and 

James, 1994), the La Flecha Formation from the Argentine Precordillera (Keller et al., 1989), 

and the Krol Goup from the Lesser Himalaya (Jiang et al., 2003). Contrastingly, peritidal 

deposits of the Lower Cretaceous Oncala Group do not show many resemblances to the 

theoretical facies cycles proposed for Mesozoic times, in which bioclasts and intense 

bioturbation are more abundant and stromatolites and intraclasts derived from them are not 

the main components (Pratt, 2010; Lasemi et al., 2012; James and Jones, 2016). Therefore, 

peritidal deposits of the Oncala Group show abundant anachronistic features, which are 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



39 
 

probably related with the high water salinity in the subtidal areas that limited the presence of 

fauna and enhanced dolomite lithification of microbial mats. This highlights the caution that 

must be used when trying to assign specific features to certain ages in the geological record 

(e.g. Pratt, 2010; James and Jones, 2016), and it shows that peritidal deposits similar to those 

of the Oncala Group may be found in ancient successions of any period of time. 

 

6. Conclusions 

 

Carbonate-evaporite peritidal deposits of the Oncala Group were formed in hypersaline tidal 

flats colonized by extensive microbial mats from subtidal to intertidal and even supratidal 

zones. Stromatolite morphologies and facies abundance varied along the tidal flats depending 

on differences in agitation conditions and the topographic gradient . In more agitated water 

and probably steeper areas, domal and columnar stromatolites were developed, and were 

associated with abundant dolomitic intraclast breccias derived from desiccation of 

stromatolite laminae in intertidal and supratidal areas and subsequent reworking by currents, 

waves or storms. In flatter, less agitated areas, thinly-bedded to laminated dolostones were 

extensively produced by the development of flat microbial mats and by the accumulation of 

reworked pelletal and mud sediment. These features are strongly similar to those of present-

day tidal flats of Shark Bay, which makes the peritidal deposits of the Oncala Group one of 

the best fossil analogues of this modern counterpart. 

Progressive sediment accretion filling the accommodation space made the carbonate facies 

enter the supratidal zone, where disruption by intrasediment precipitation of anhydrite nodules 

occurred. Moreover, the carbonate deposits and the anhydrite nodules that left the capillary 

zone were eventually deflated, resulting in sharp and flat erosive surfaces. These erosive 

surfaces indicate that the anhydrite nodules of the Oncala Group were true sabkha evaporites 
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as those precipitating in the supratidal flats of the Arabian Gulf, and not the result of burial 

conversion of gypsum to nodular anhydrite as occurs in other ancient successions. However, 

contrasting with the Arabian Gulf sabkhas developed in an arid setting, anhydrite nodules of 

the Oncala Group probably formed under a semi-arid climate, which opens the possibility that 

anhydrite could develop in tidal flats of less arid regions. 

Moreover, the present study provides an excellent example to prove that tidal flats may be 

characterized by a mosaic of facies patches, instead of demarcated facies belts arranged 

according to linear water depth variations, because it shows that any peritidal facies may 

overlie, underlie or change laterally to any other one. This facies arrangement produces a 

vertical succession of facies that cannot be subdivided into shallowing-upward decimetre to 

metre-thick cycles, not even by using possible subaerial exposure indicators, such as erosive 

contacts at the top of stromatolites and thinly-bedded to laminated dolostones, desiccation 

mudcracks, anhydrite nodule layers or deflation surfaces, because their limited lateral extent 

makes their correlation impossible and indicates that subtle topographic variations 

conditioned the development of exposure features. Therefore, the Oncala Group questions the 

extended view of peritidal successions as stacked shallowing-upward cycles, which is the 

base of abundant cyclicity analysis in ancient deposits, and emphasizes the necessity of 

detailed sedimentological analysis and good stratigraphic correlations  before performing any 

further interpretations about cyclicity . 

Finally, peritidal deposits of the Oncala Group show abundant features more typical in 

Proterozoic and Cambrian peritidal deposits than in Mesozoic counterparts, such as presenting 

microbialites and intraclasts as main sediment components. This highlights the caution that 

must be used when trying to assign specific features to certain ages in the geological record. 
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FIGURE CAPTIONS 

 

Fig. 1. Idealized, shallowing-upward, peritidal cycles based on the carbonate tidal flats of the 

Bahamas (A), Shark Bay (B) and the Arabian Gulf (C). Modified from James and Jones 

(2016) by adding information from Shinn et al. (1969) and Hardie and Ginsburg (1977) for 

the Bahamas, from Woods and Brown (1977) for Shark Bay, and from Tucker and Wright 

(1990) for the Arabian Gulf. The ledges highlight the deposits from different zones of the 

tidal flats. 

 

Fig. 2. (A) Mesozoic basins of the Iberian Peninsula. ‘CB’ = Cameros Basin, ‘MIES’ = 

Mesozoic Iberian Extensional System’, ‘BCB’ = Basque-Cantabrian Basin, ‘PB’ = Pyrenean 

Basin, ‘AsB’ = Asturian Basin, ‘LB’ = Lusitanian Basin, ‘AlB’ = Algarve Basin. The red 

rectangle marks the location of the Cameros Basin and the black rectangle indicates the area 

shown in Fig. 2B. From Mas et al. (2004) and Campos-Soto et al. (2019). (B) 

Palaeogeographic map of the Iberian Peninsula during the Berriasian. Red ellipse marks the 

location of the Cameros Basin. Based on Quijada et al. (2013a). (C) Stratigraphic framework 

and depositional sequences (DS) filling the eastern sector of the Cameros Basin. The 

stratigraphic position of the deposits studied in this work is marked with a red star. Modified 

from Mas et al. (2004). ‘Gr’ = Group. (D) Geologic map of the Cameros Basin, in which the 

location of the studied deposits in its northeastern sector is marked with a red star. Red 

rectangle shows the area represented in Fig. 2E. The geological map has been modified from 

Mas et al. (2002) by adding the mapping of the Oncala Group from Quijada et al. (2013a) and 

Quijada (2015). (E) Paleogeographic reconstruction of the eastern Cameros Basin during 

deposition of the middle-upper part of the Oncala Group, showing the location of the study 

area (red rectangle). Western areas of the Oncala Group were occupied by broad siliciclastic 
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tidal flats, which passed eastwards to carbonate-sulphate coastal salinas. Note that the 

thickness of the Oncala Group varied largely along the basin due to NW-SE synsedimentary 

faults and that the study area developed in a low-subsidence area characterized by longer 

periods of subaerial exposure than the coastal salinas developed southwards. Modified from 

Quijada et al. (2013a). 

Fig. 3. (A) Complete stratigraphic section from base to top of the Oncala Group in the study 

area, close to the town of Ambasaguas (see location in Fig. 2D). The green arrow indicates 

the 60 m-thick log measured at the decimetre scale in the middle to upper part of the Oncala 

Group (see location in Fig. 3B), and the red bracket marks the most representative and best 

exposed stratigraphic interval analysed, where two detailed sections, shown in Figs. 3C and 

3D, were measured (see their locations in Fig. 3B). ‘sm’ = siliciclastic mudstone, ‘c’ = 

carbonate, “vf” = very fine-grained sandstone, ‘f’= fine-grained sandstone, ‘m’ = medium-

grained sandstone. (B) Field photograph of the studied outcrop showing the location of the 60 

m-thick stratigraphic log measured in the middle to upper part of the Oncala Group (green 

arrow; the upper part of the section is not observable in the picture) and the position of the 

two detailed sections of the most representative and best exposed interval, which are shown in 

Figs. 3C and 3D (red lines). Car for scale in the left part of the photograph. (C and D) 

Detailed stratigraphic sections measured along the most representative and best exposed 

stratigraphic interval of the analysed outcrop. The columns to the right of each section 

indicate the facies present at each stratigraphic level. The ledges highlight the different facies: 

stromatolites (‘St’), stromatolite breccias (‘St Br’), flat-pebble and edgewise breccias (‘P Br’), 

thinly-bedded to laminated dolostones (‘L’), and siliciclastic mudstones (‘S’). 

 

Fig. 4. (A) Field photograph of vertically-stacked stromatolites (St) and thinly-bedded to 

laminated dolostones (L) disrupted by anhydrite nodules (A). Note that the contacts between 
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the carbonate facies are non-erosive. (B) Field photograph of vertically-stacked stromatolites 

(St) and stromatolite breccias (St Br) disrupted by anhydrite nodules (A). Note that some 

levels of anhydrite nodules are not laterally continuous. Notice that the anhydrite nodules and 

the carbonate matrix that contains them are truncated by sharp and flat erosive surfaces 

(arrows), which are, in turn, overlain by stromatolites. (C) Field photograph of a stromatolite 

biostrome composed of columnar structures (St), overlain by thinly-bedded to laminated 

dolostones (L) disrupted by anhydrite nodules (A). Note that the top of the stromatolites is 

truncated by a slightly erosive surface (highlighted with a dashed line). (D) Domed 

stromatolite biostrome grading from domal structure at the base to stratiform structure 

upward. 

 

Fig. 5. (A) Field photograph and (B) line drawing of laterally and vertically related 

stromatolites (St) and stromatolite breccias (St Br), which may include up to 15 cm-sized 

stromatolite clasts (pink arrows). Note that the carbonate facies, especially the stromatolite 

breccias, are disrupted by anhydrite nodules (A), which coalesce forming irregularly-shaped 

layers parallel to stratification that deform the deposits around them. Note that some contacts 

between the stromatolites and the breccias are erosive (red arrows), and some others are non-

erosive (green arrows).  

 

Fig. 6. Field photographs of stromatolite facies. (A) Space between eroded stromatolite 

columns (highlighted with a dashed line) filled by stromatolite breccia (arrow). Scale is a 

0.50€ coin (diameter = 24.25 mm). (B) Space between eroded stromatolite columns 

(highlighted with a dashed line) filled by alternating layers of carbonate mudstone (black 

arrows) and stromatolite breccia (red arrows).  
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Fig. 7. Stromatolite facies. (A) Field photograph of a subspherical stromatolite bioherm 

(black arrow) overlain by thinly-bedded to laminated dolostones by a non-erosive surface. 

Note that the thinly-bedded to laminated dolostones drape smoothly the bioherm adapting to 

its subspherical shape (red arrow). The curvature of the thinly-bedded to laminated dolostones 

over the stromatolite bioherm decreases progressively upward (yellow arrow). (B) Field 

photograph of a slightly-eroded, domed stromatolite bioherm (St), which overlies, is laterally 

related to and is overlain by thinly-bedded to laminated dolostones (L). Note that the 

carbonate facies are locally disrupted by anhydrite nodules (A). (C) Field photograph of a 

stromatolite dome. Note that the stromatolite consists internally of wavy (blue bracket) and 

columnar laminae (red bracket). (D) Scanned image of a stromatolite thin section. Note that 

stromatolite lamination consists of wavy laminae (blue brackets) alternating with columnar 

laminae (red brackets). Arrows point to stromatolite breccias associated with the stromatolite.  

 

Fig. 8. Thin section photomicrographs of stromatolite facies. (A) Dolomicritic (pink bracket) 

and agglutinated laminae (yellow bracket). (B) Agglutinated laminae (arrows), composed 

mainly of peloids, and a dolomicritic microdome (highlighted with a dashed line) showing 

filaments oriented upward. (C) An agglutinated lamina composed of peloids (arrows) and 

oolitized intraclasts (oi). (D) An agglutinated lamina containing foraminifers (f), peloids (p) 

and ostracods (o). (E) Upward oriented filamentous microstructure that resembles moulds of 

microbial filaments. (F) Close view showing calcified microbial filaments (arrows). (G) 

Calcite pseudomorphs after lenticular gypsum within a stromatolite. (H) Calcite and quartz 

pseudomorphs after monoclinic, probable gypsum crystals, oriented perpendicularly to 

stromatolite lamination (arrow). 
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Fig. 9. Stromatolite breccia facies. (A) Field photograph of eroded stromatolite columns 

(highlighted with dashed lines) overlain by a stromatolite breccia. (B) Field photograph of 

clast-supported breccia composed of elongated  clasts derived mainly from stromatolites. (C) 

Thin section photomicrograph of breccia clasts composed of coated stromatolite fragments. 

Interparticle space is filled with pelletal packstone. (D) Thin section photomicrograph of 

dolomicritic and stromatolite-derived clasts within a peloidal grainstone matrix. (E) Thin 

section photomicrograph of a stromatolite breccia showing dolomicritic menisci partially 

filling the interparticle porosity. 

 

Fig. 10. Field photographs of thinly-bedded to laminated dolostone facies. (A) General 

appearance of thinly-bedded to laminated dolostones. Note that most layers are laterally 

continuous and show flat base and top, but some layers display a lens shape with flat base 

(black dashed line) and convex top (yellow dashed line). Different colours correspond to 

different textures (light grey corresponds generally to mudstone, and dark grey to packstone 

to grainstone). (B) Thinly-bedded to laminated dolostones truncated by a concave-up erosive 

surface (highlighted by a dashed line), which is overlain by thinly-bedded to laminated 

dolostones. Note that some anhydrite nodules (A) disrupt the thinly-bedded to laminated 

dolostones. (C) Plain view of a crenulated carbonate layer. (D) Laminated dolostones showing 

wavy and lenticular bedding made up of alternating mudstone laminae (light grey) and rippled 

peloidal laminae (dark grey). (E) Top of a dolostone layer showing desiccation mudcracks 

associated with pseudomorphs after lenticular gypsum. (F) Calcite pseudomorphs after 

lenticular gypsum within thinly-bedded to laminated dolostones. 

 

Fig. 11. Thin section photomicrographs of thinly-bedded to laminated dolostones. (A) 

Mudstone layer displaying upward oriented filamentous microstructure that resembles moulds 
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of microbial filaments. (B) Alternating laminae of mudstone (darker laminae) and peloidal 

packstone (lighter laminae). Note that the bracketed lamina displays current-ripple cross-

lamination. Arrows point to dolomicrite intraclasts. (C) Peloidal packstone to grainstone 

lamina. Note the brownish-greenish colour of some peloids caused by the oxidation of the 

framboidal pyrite within them. (D) Coated peloids showing thin, concentric, oolitic cortices 

around them. 

 

Fig. 12. Flat-pebble and edgewise breccias. (A) Field photograph of an edgewise breccia 

made up of coated clasts arranged into tightly-packed fans (P Br). Note that the breccia 

overlies an erosive surface (arrow) that truncates the underlying thinly-bedded to laminated 

dolostones (L), and that stromatolite domes (Sr) nucleated on top of the edgewise breccias. 

Scale is a 0.50€ coin (diameter = 24.25 mm). (B) Field photograph of a flat-pebble breccia 

composed of cm-size tabular clasts (P Br) overlain by a stromatolite (Sr). Note that the 

breccia overlies an erosive surface (red arrow) that truncates the underlying thinly-bedded to 

laminated dolostones (L). Notice that the stromatolite nucleates on a coated flat pebble (green 

arrow). Scale is a euro coin (diameter = 23.25 mm). (C) Field photograph of a breccia 

consisting of cm-size tabular clasts. Note that the clasts are coated by thin, darker, 

concentrically-laminated cortices, and that a stromatolite (arrow) nucleated on top of the 

breccia clasts (green arrow). Scale is a euro coin. (D) Field photograph of a flat-pebble 

breccia on top of which a stromatolite (arrow) nucleated. (E) Thin-section photomicrograph 

of a breccia composed of thinly-coated clasts of peloidal packstone. (F) Detail of interparticle 

space of a breccia, which is filled by peloidal and intraclastic packstone-grainstone (‘p’ = 

peloids, ‘op’ = oolitized peloids, ‘i’ = intraclasts composed of mudstone and peloidal 

packstone).  
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Fig. 13. Pseudomorphs after anhydrite nodules. (A) Field photograph of subspherical nodules 

coalescing into continuous layers (arrows). (B) Field photograph of subspherical nodules 

(arrows) within laminated dolostones (lower part) and stromatolites (upper part). (C) Field 

photograph of quartz (Q) and calcite (Cc) pseudomorphs after coalescent nodules. (D) Field 

photograph of subspherical nodules (dark grey colour) within a stromatolite breccia (light 

grey colour). Note that some breccia clasts are incorporated as inclusions within the nodules 

(arrows). (E) Field photograph of nodules (arrows) displacing and disrupting stromatolite 

lamination. (F) Thin section photomicrograph of nodules containing abundant matrix 

inclusions. (G) Thin section photomicrograph of the calcite pseudomorphs after anhydrite 

crystals that make up the nodules. Note the orthorhombic habit of the pseudomorphs. (H) 

Thin section photomicrograph of calcite pseudomorphs after anhydrite nodules. The rectangle 

marks the area shown in Fig. 13I. (I) Detail of a calcite pseudomorph after an anhydrite 

nodule (see location in Fig. 13H). Note the acicular habit of the original crystals. 

 

Fig. 14. Diagrams showing idealized depositional context of the peritidal facies of the Oncala 

Group. See location in Fig. 2E. (A) Distribution of facies according to agitation and local 

topographic gradients. Note that stromatolites and stromatolite breccias dominated in areas of 

higher agitation and steeper gradients, whereas thinly-bedded to laminated dolostones 

dominated in areas of lower agitation and lower gradients. (B) Close-up view of areas 

dominated by stromatolites and stromatolite breccias. (C) Close-up view of areas dominated 

by thinly-bedded to laminated dolostones. See explanation in text. ‘MHW’ = Mean High 

Water, ‘MLW’ = Mean Low Water. 

 

Table 1. Summary of the carbonate-evaporite peritidal facies of the Oncala Group. 
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Table 1. Summary of the carbonate-evaporite peritidal facies of the Oncala Group. 

Facies Sedimentary 

features 

Sedimentary 

components 

Associated 

facies 

Contacts with 

other facies 

Interpretation 

S
tr

o
m

at
o

li
te

s 
(S

t)
 

Lower-

middle 

part of 

the 

studied 

sections 

5-120 cm thick 

biostromes 

(domed or less 

frequently 

tabular), with 

domal, 

columnar and 

tabular 

structures. 

 

Alternating 

agglutinated 

textures 

(composed of 

dolomitic 

peloids, 

intraclasts and 

fragments of 

stromatolites, 

ostracods, quartz 

grains, and 

scarce 

foraminifers) 

and dense 

dolomicritic 

textures. 

Occasional 

pseudomorphs 

after gypsum. 

St overlie, 

pass laterally 

and are 

overlain by 

L, St Br and 

locally P Br. 

Commonly 

disrupted by 

A. 

 

Lower contact 

is non-erosive 

or, locally, 

there is a sharp 

and flat erosive 

surface. 

Upper and 

lateral contact 

with L is 

typically non-

erosive and 

erosive with St 

Br. Locally the 

upper contact 

is a sharp and 

flat erosive 

surface. 

Microbial 

buildups 

formed from 

subtidal to 

intertidal 

zones by 

sediment 

trapping and 

binding and by 

microbially-

mediated 

precipitation. 

Upper 

part of 

the 

studied 

sections 

Up to 40 cm-

thick bioherms 

(subspherical 

or domed), 

with domal 

and columnar 

structures. 

St overlie L 

and PBr, 

and underlie 

and pass 

laterally to 

L. 

Typically non-

erosive 

contacts. 

Stromatolite 

breccias  

(St Br) 

Few cm to 

several dm-

thick layers 

with up to tens 

of metres of 

lateral 

extension. 

Clast-

supported. 

Dolomitic clasts 

derived mainly 

from 

stromatolites. 

Clasts are mm-

sized, elongated 

and commonly 

coated. 

St Br 

overlie, pass 

laterally and 

are overlain 

by St and L. 

Commonly 

disrupted by 

A. 

Lower and 

lateral contact 

is typically 

erosive. 

Upper contact 

is non-erosive 

or, locally, 

there is a sharp 

and flat erosive 

surface. 

Reworking of 

desiccated 

stromatolites in 

subtidal to 

supratidal 

zones. 

Thinly-bedded 

to laminated 

dolostones (L) 

1-10 cm-thick 

layers of 100s 

of metres of 

lateral 

continuity. 

Interbedded 

mudstone and 

peloidal 

packstone to 

grainstone 

L underlie, 

overlie and 

pass laterally 

to St, St Br 

Generally non-

erosive. 

Locally an 

irregular 

erosive surface 

Accumulation 

of peloidal and 

mud sediment 

and 

development of 
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Occasional 

lenticular, 

wavy and 

flaser bedding, 

and 

desiccation 

cracks. 

laminae. 

Occasional 

pseudomorphs 

after gypsum. 

and P Br. 

Commonly 

disrupted by 

A. 

overlain by P 

Br or a 

concave-up 

erosive surface 

filled with L. 

flat microbial 

mats in 

subtidal to 

supratidal 

zones. 

Flat-pebble and 

edgewise 

breccias 

(P Br) 

Up to 10 cm-

thick layers. 

Mudstone and 

peloidal 

packstone to 

grainstone 

dolomitic clasts. 

Clasts are up to 

5 cm-long, 

subrounded, 

tabular and 

commonly 

coated. 

Interbedded 

with L and 

overlain by 

St. 

Locally 

disrupted by 

A. 

Slightly 

erosive base 

with lateral 

extension of 

less than 10 m. 

Non-erosive 

upper contact. 

Reworking of 

desiccated mud 

and peloidal 

sediment in 

upper 

intertidal to 

supratidal 

zones. 

Pseudomorphs 

after anhydrite 

nodules (A) 

Up to 40 cm-

sized 

subspherical 

nodules 

coalescing into 

layers of cm-m 

lateral 

extension and 

cm-dm 

thickness. 

Aggregates of 

acicular and 

orthorhombic 

crystals replaced 

by calcite and 

quartz and 

containing 

abundant matrix 

inclusions. 

Disrupting 

L, St Br, St 

and P Br. 

Occasionally 

truncated by 

sharp and flat 

erosive 

surfaces of up 

to 15 m of 

lateral 

continuity. 

Intrasediment 

precipitation in 

the capillary 

zone of 

supratidal 

areas. 
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