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A B S T R A C T

The southernmost Miocene coral bioherms in western Saudi Arabia (Wadi Waqb Member) record a short episode 
of coral growth in the incipient Red Sea that was terminated by a salinity crisis. Here, we investigate the 
paleoecological significance of these coral-dominated deposits to better understand ecosystem dynamics during 
the early stages of Red Sea basin evolution. The coral bioherms form mound stacks on a ramp-like slope 
morphology predefined by an unconformity on the underlying Precambrian to Cenozoic basement complex. 
Thus, they are distinctly different from modern tropical coral reefs with their typical geometry of shallow 
fringing reef and back-reef lagoons. The Miocene bioherms are embedded in fine-grained sediment containing 
planktonic foraminifera, suggesting an open marine setting below storm wave base, consistent with meso- to 
oligophotic conditions. Euphotic allochems such as Halimeda plates and benthic foraminifera (including abun
dant epiphytic taxa) are interpreted to have been shed downslope from shallow water areas such as seagrass 
meadows. Notably, the large benthic foraminifer Miogypsina globulina is recorded for the first time in Saudi 
Arabia, allowing us to assign the lower investigated succession to the Burdigalian and to identify the Burdiga
lian–Langhian transition, thus refining the previous age determination of the Wadi Waqb Member based on 
planktonic foraminifera. The precise age enables correlation of the investigated deposits in a context with upper 
Oligocene to Lower/Middle Miocene successions in the Mediterranean, revealing strong paleoenvironmental 
similarities, including the dominance of massive coral growth, similar to modern meso-oligophotic settings. As 
the Wadi Waqb Member was deposited before the global cooling trend of the Middle to Late Miocene, our 
findings support the notion that the ecology of early Cenozoic coral ecosystems was fundamentally different from 
modern corals reefs that migrated upward in the water column into shallower water environments during the 
Tortonian.

1. Introduction

The early development of coral bioconstructions in the Red Sea 
represents a key—but still poorly understood—episode within the 
Miocene ecological reorganization of tropical shallow-marine ecosys
tems. During the Early to Middle Miocene, the Red Sea formed as an 
incipient ocean basin resulting from the fragmentation of the Tethyan 

realm, and occupied a cul-de-sac paleogeographic position of the Med
iterranean that likely imposed particular oceanographic, hydro
chemical, and biogeographic constraints on reef-building organisms 
(Perrin, 2002; Bosworth et al., 2005; Torfstein and Steinberg, 2020; 
Pisapia et al., 2024). Despite several studies describing Miocene coral 
occurrences along the Red Sea margins (Egypt: Perrin et al., 1998; the 
Midyan area, i.e., the Northern Red Sea coast of Saudi Arabia: Hughes 
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and Johnson, 2005; Hughes, 2014; El-Sorogy et al., 2020; in the study 
area: Pisapia et al., 2024), these deposits have neither been evaluated 
within the framework of the major Cenozoic shift from larger benthic 
foraminifera (LBF)-dominated carbonate systems to coral-coralline algal 
ecosystems (Pomar et al., 2017), nor in terms of the ecological drivers 
that enabled the first establishment of coral bioherms in this restricted 
basin.

During the Cenozoic, tropical to subtropical shallow-marine car
bonate systems underwent a profound ecological transformation asso
ciated with significant changes in the biota and resulting in differences 
in depositional architecture (Pomar, 2020). Paleogene platforms were 
largely dominated by non-framework building biota, particularly pho
tosymbiotic LBF such as nummulitids, discocyclinids, alveolinids, and 
orthophragmines, together with molluscs and echinoderms. These as
semblages thrived under warm, meso-oligotrophic conditions, with a 
weakly stratified water column limiting vertical nutrient flux. During 
the Eocene-Oligocene transition, associated with a major cooling step, 
the carbonate factory underwent a significant shift with the spreading of 
coral bioconstructions (Pomar et al., 2017). More specifically, carbonate 
ramps with coral mounds are documented in the Rupelian of the Cas
telgomberto Limestone unit (Lessini Mountains, Southern Alps of 
Northern Italy: Tusberti et al., 2024) and the Majella (Central Apen
nines, Italy: Vecsei and Sanders, 1997; Brandano et al., 2019), as well as 
in the Chattian of the Salento (southern Italy: Pomar et al., 2014; 
Bosellini et al., 2021). The subsequent progressive ecological expansion 
of scleractinian coral bioconstructions from meso-oligophotic into 
euphotic settings during the Middle to Late Miocene marks a sharp 
transition in which framework-building organisms became increasingly 
important carbonate producers (Montaggioni and Braithwaite, 2009; 
Pomar et al., 2017).

The marked biotic shift from LBF-dominated to framework-building 
coral dominated shallow-water ecosystems is linked to long-term 
Cenozoic cooling, which enhanced water-column stratification, pro
moting the development of pycnoclines, and facilitated internal-wave 
activity (Pomar et al., 2017). These processes increased vertical 
nutrient transport and plankton availability, favoring suspension 
feeders, including facultative taxa such as corals. Unlike LBF, corals rely 

more strongly on particulate organic matter in their heterotrophic mode, 
and thus benefit from turbulent hydrodynamic conditions that enhance 
food delivery (Pomar and Hallock, 2007; DeCarlo et al., 2015). The 
ecologic changes had major consequences for carbonate-platform ar
chitecture, promoting margin accretion and the development of coral- 
dominated buildups.

Throughout the Early and Middle Miocene, coral bioconstructions in 
many regions of the Mediterranean and Indo-Pacific were typically 
represented by small, low-relief mounds that developed under oligo
photic to mesophotic conditions, except during specific intervals (Dan
ian, Bartonian–Priabonian, Rupelian and Chattian) when larger coral 
mounds formed (Pomar et al., 2017; Bosellini et al., 2025). Only after 
the Middle Miocene Climatic Optimum (MMCO), particularly from the 
late Tortonian onward, large euphotic reef systems became widespread, 
associated with further cooling and the upward migration of corals to
wards shallow, warmer-water refugia (Pomar and Hallock, 2008). This 
transition reflects a reorganization of coral ecosystems and symbiotic 
relationships under changing thermal and light regimes, facilitating the 
emergence of better-adapted clades of the symbiotic zooxanthellae of 
corals (Symbiodinium; Pochon et al., 2006; Pomar and Hallock, 2008).

Within this global ecological reorganization, the Miocene coral de
posits of the Red Sea are of specific interest. The opening of the Red Sea 
as a narrow, semi-restricted basin, coeval with the fragmentation of the 
Tethys, created oceanographic conditions distinct from those of the open 
Indo-Pacific and Mediterranean provinces (Perrin, 2002; Bosworth 
et al., 2005; Torfstein and Steinberg, 2020; Öğretmen et al., 2025). 
Reduced seawater exchange, potential differences in hydrochemistry, 
and biogeographic filtering may have influenced the timing, composi
tion, and ecological functioning of early coral communities in this basin 
(Perrin et al., 1998; Pisapia et al., 2024). Yet, despite taxonomic and 
sedimentological descriptions of Miocene coral occurrences along the 
Red Sea margins, their role within the broader Miocene coral expansion 
and their paleoecological significance remain poorly constrained.

Here we present the first paleoecological investigation of the 
southernmost known Miocene coral-dominated deposits in Saudi Ara
bia. Based on detailed outcrop descriptions, stratigraphic logging, 
drone-based mapping, taxonomic identification of foraminifera and 

Fig. 1. (A) Location of the study area in the northern Red Sea; (B) Study area to the north of the town of Umluj; (C) close-up of the Al-Wajh site with outline of the 
orthomosaic and locations of the Al-Wajh sections (AW3, AW4, AW6) and location of Fig. 4 indicated; (D) close-up of the Umluj site with outline of the orthomosaic 
and locations of the Umluj sections (UNC, UN3, UN7) indicated. Satellite imagery from Sentinel-2, Copernicus Sentinel data [2024]. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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associated organisms, and facies analysis, we develop an ecological 
model for the earliest coral bioherms in the incipient Red Sea. By 
comparison with coeval systems from the Mediterranean (Brandano 
et al., 2016; Pomar et al., 2017), we place these deposits in the context of 
the Miocene ecological transition from LBF-dominated to coral- 
dominated carbonate factories.

1.1. Study area

Rifting of the Red Sea basin commenced during the early Oligocene, 
followed by a second rapid rifting phase taking place in the Late Miocene 
(Augustin et al., 2021; Rasul et al., 2015; Camp and Roobol, 1992; Stern 
and Johnson, 2019). The extensional tectonics led to the formation of 
half-graben structures (Stephen et al., 2005; Tubbs et al., 2014). Early 
sedimentation in the north of the rift graben during the late Oligocene to 
Early Miocene (Chattian M–Aquitanian) consisted of thin continental 
red beds, overlain by Aquitanian (ca. 23–20 million years ago, Ma) 
shallow to marginal marine conglomerates, sands, and mudstones that 
spread further south (Hughes and Johnson, 2005). In the Burdigalian 
(roughly 20–15 Ma), the first marine incursion in the Red Sea took place 
through the connection to the Mediterranean (Bosworth et al., 2005; 
Segev et al., 2017), as reflected by synrift sediments consisting of Glo
bigerina marls and shales in the central rift basins (Hughes and Johnson, 
2005). The coral buildups of the Wadi Waqb Member have been inter
preted to have developed along the footwall margins of rotated base
ment blocks related to the rifting of the Red Sea (Pensa et al., 2025a). 
First coral taxa invaded the Red Sea during the Burdigalian from the 

Mediterranean (Pisapia et al., 2024), leading to carbonate deposition 
along the northern Red Sea shores (Pensa et al., 2025, 2025b). The coral 
bioherms disappeared again during the late Serravallian (<12 Ma) when 
the Red Sea was isolated from the open ocean through tectonic move
ments, closing the connection to the Mediterranean, as reflected by km- 
thick evaporite successions deposited in the rift sub-basins (e.g., Orszag- 
Sperber et al., 1998). This salinity crisis set in roughly ten million years 
earlier than the Messinian salinity crisis in the Mediterranean at ca. 6–5 
Ma (Bosworth et al., 2020; Torfstein and Steinberg, 2020; Pensa et al., 
2025). In the Pliocene (ca. 5–3 Ma), normal marine conditions were 
restored with a newly established connection to the Indian Ocean via the 
Bab-al-Mandab (McClay et al., 1998), while the connection to the 
Mediterranean via the Gulf of Suez remained closed by tectonic uplift 
(Bosworth et al., 2020).

Along the Saudi Arabian Red Sea coastline, the coral-rich carbonate 
unit of the Wadi Waqb Member (Jabal Kibrit Formation) extends in 
discontinuous outcrops stretching from the northern Midyan area in to 
the southern reaches of the Gulf of Aqaba (Fig. 1A), to the area of Umluj 
where the study area is located (Hughes and Johnson, 2005; Hughes, 
2014; Al-Kahtany, 2017; Pensa et al., 2025) (Fig. 1). As visible on sat
ellite images along the northern Red Sea coast, the carbonates of the 
Wadi Waqb Member wrap around the morphology of the paleo- 
shoreline of northern Saudi Arabia (Pensa et al., 2025, 2025b). This 
depositional environment received abundant siliciclastic sediments 
eroded from the uplifted basement at the graben shoulders (Hussain and 
Al-Ramadan, 2009). The stratigraphic description of the Miocene of the 
Saudi Arabian Red Sea coast is largely based on the Midyan area in the 

Fig. 2. Schematic stratigraphy of the study area (after Hughes, 2014).
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North of Saudi Arabia (Fig. 2; e.g., Hughes and Johnson, 2005; Pensa 
et al., 2025), with limited paleoecological interpretation inferring 
warm-water conditions within the photic zone based on the coral 
assemblage (but see El-Sorogy et al., 2020).

Studies on the Wadi Waqb Member in the Midyan area at the 
northern Red Sea coast of Saudi Arabia have pointed to a Burdigalian 
age (Al-Kahtany, 2017; Hughes, 2014; Hughes and Johnson, 2005; 
Hussain and Al-Ramadan, 2009). The carbonates unconformably overlie 
crystalline basement assigned to a Precambrian age, and siliciclastic 
sediments assigned to the Early Miocene Al-Wajh Formation (Al-Kah
tany, 2017) (Fig. 1D). The Midyan area has been strongly affected by 
tectonic movements, causing both, syn- and post-sedimentary disruption 
of the coral-rich carbonates. Magmatic activity locally has led to hy
drothermal overprint (Hughes, 2014).

The coeval outcrops studied here are located in the foot-hills west to 
the flanks of the uplifted mountain range delineating the Red Sea basin 
north of Umluj (25◦33′20.5”N, 37◦07′25.7″E to 25◦07′54.0”N, 
37◦24′04.2″E; Fig. 1A). The northern site, here informally termed “Al 
Wajh site”, covers outcrops sticking out of modern desert dunes, forming 
a double-S shape (Fig. 1B). The second site to the south, here informally 
named “Umluj site”, features an outcrop of the carbonate to the west of 
the basement that is cut in dip direction by a fault-controlled wadi 
(Fig. 1C).

2. Methods

Field work at the Al Wajh and Umluj sites took place in 2022 and 
2023. After reconnaissance and photographic documentation of the 
outcrops, we examined and documented the stratigraphy and the ge
ometries of the outcrops in detail (for geographical coordinates see 
Supplementary Table 1), and collected samples for subsequent microf
acies, taxonomic, and mineralogic analyses. Stratigraphic sections were 
logged where outcrop conditions permitted. In March 2023, two un
manned aerial system (UAS) surveys were conducted with the support of 
the company FalconViz, covering 0.25 km2 and 0.52 km2 for the Al Wajh 

and the Umluj sites, respectively (Fig. 1C, D). Photos were captured 
using a DJI Zenmuse P1 45-megapixel camera (resolution of 8192 ×
5460 pixels). In total, 5257 and 12,380 photos were captured at the Al 
Wajh and Umluj sites, respectively. Using Agisoft Metashape Profes
sional (v. 2.1.0 build 17,532, Agisoft LLC © 2023), we created digital 
twins of each outcrop following a standard Structure from Motion/ 
Multi-View Stereo (SfM/MVS) workflow for drone data (e.g., Scardino 
et al., 2025). From the digital twins, digital terrain models and geore
ferenced orthomosaics were also created. Orthomosaics and quality re
ports for each outcrop are provided in the Supplementary Material 1 and 
2. In order to assess overall distribution of coral mounds and bioherms 
across each outcrop, we manually annotated each orthomosaic in QGIS 
(v. 3.40.4). The positional data to all references are available in Sup
plementary Table 1.

Facies definition and description is based on field observations 
complemented by thin section analyses. A total of 150 thin sections were 
prepared for microfacies and taxonomic analyses, polished to 40 μm 
thickness. We followed the Dunham (1962) for classification of texture 
as modified by Insalaco (1998). The generic and suprageneric classifi
cation of foraminifera follows Loeblich and Tappan (1987). For corals, 
we use the taxonomic identification previously published on one of the 
outcrops studied here as part of the same larger project (Pisapia et al., 
2024).

X-ray diffraction (XRD) was conducted in the laboratories of the 
Crystallography and Geomaterials Research Group of the Department of 
Geosciences, University of Bremen. Dried bulk samples were ground to a 
fine powder (<20 μm particle size) and prepared with a Philips back
loading system. For XRD analysis, a Bruker D8 Discover diffractometer 
was used. The instrument was equipped with a Cu-tube (kα 1.541 Ǻ, 40 
kV, 40 mA), and a fixed divergence slit of ¼◦, a monochromatization via 
energy discrimination on the highest resolution Linxeye detector system. 
The measurements have been done as a continuous scan from 3 to 65◦

2θ, with a calculated step size of 0.016◦ 2θ. Mineral identification was 
done with the Philips software X'Pert HighScore™ Vs. 1.2 (Degen et al., 
2014). The determination of well crystallized minerals like quartz, 

Fig. 3. Umluj site, prograding clinoforms (ca. 20◦) towards the modern Red Sea. (A) Photographic panorama taken from the wadi looking north, height of outcrop ca. 
100 m. Yellow lines indicate depositional surfaces. (B) Drone image of the front of the prograding ramp illustrating the stacked clinoforms. Blue and yellow arrows 
point to the same spots in (A) and (B) for orientation. (For interpretation of the references to colour in this figure caption, the reader is referred to the web version of 
this article.)
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calcite or aragonite has a standard deviation of ±1–3% (Hardy and 
Tucker, 1988; Vogt et al., 2002).

3. Results

3.1. Depositional architecture

The Wadi Waqb Member (Fig. 3) is generally well exposed in the 
study area, with outcrops vertically extending over about 100 m. The 
outcrops are locally disturbed by tectonic fracturing producing brecci
ated sections. The exposure is spatially limited upslope by erosion and 
downslope by a cover of modern sand dunes.

In the study area, the base of the Wadi Waqb Member consists of fine- 
grained dolomitic microbialites, discontinuously draping an erosional 
paleo-coastal morphology (in particular the double-S shape at the Al 
Wajh site: Fig. 1B). Where the contact is visible, the Miocene carbonate 
sediments rest unconformably on siliciclastic sediments or Precambrian 
basement (Fig. 2). At the Al Wajh site, horizontally bedded red silici
clastics are exposed beneath the unconformity (Fig. 4), indicating minor 
if any potential post-depositional tectonic inclination. At the Umluj site, 
the contact between the sedimentary basement and the overlying suc
cession of prograding clinoforms of the Wadi Waqb Member is exposed 
along dip direction in a modern wadi (Fig. 1C). The fine-grained mi
crobial carbonates grade upward into the coral-dominated carbonate 
unit studied here.

Overall, the carbonate outcrops at both sites show the geometries of 
a distally steepened ramp with the slope showing abundant amalgam
ated in situ coral mounds embedded bioclastic debris with abundant 
coral rubble. The individual prograding clinoforms formed by this 
sediment are up to a few meters thick and dip basinwards at ~20◦

(Fig. 3). The drone imagery reveals that on the upper slope the coral 
colonies on the carbonate ramp slope cover more area and get more 
elongated along strike direction (Fig. 5).

3.2. Section logs, outcrop descriptions, and facies

The different outcrops have been investigated by means of detailed 
stratigraphic logging and facies and microfacies analysis. Rock textures 
have been described, and the main components forming the carbonate 
factory have been identified.

The morphology of the coral colonies varies significantly with depth 
at both sites. In both sites, stratigraphic section logs reveal that the coral 

colonies, mainly poritids, have higher profiles (up to 3 m) on the lower 
slope where they form amalgamated stacks, while the elongated chains 
of colonies towards the upper the ramp are characterized by a low 
profile (about 1 m). Notably, larger massive to columnar Porites colonies 
dominate the lower part of the succession, whereas colonies of various 
taxa (Dipsastrea, Diploastrea, Favites vasta) are present in the upper part 
of the slope profile, with Cyphastrea serailia forming extensive flat col
onies at the top (for taxonomic identification of the corals from these 
outcrops, see Pisapia et al., 2024). Sediment between coral mounds 
contain skeletal grains from shallower-water settings (e.g., Halimeda 
plates, epiphytic foraminifera, ooids, and articulated red algae), meso
photic components (rhodoliths and crusts of red algae, nummulitids, and 
Amphistegina) as well as components from open marine environments 
(planktonic foraminifera).

Based on outcrop observations and thin section analyses, a total of 
four coral-related carbonate facies were distinguished (Table 1): coral 
boundstone (Facies CB), calcareous-algal dominated packstone (Facies 
CAP), coral floatstone (Facies CF) and bivalve-rhodolith rudstone to 
floatstone (facies RBF-R). Facies CB and CF are subdivided into subfacies 
CBpl and CFpl (with planktonic foraminifera) and subfacies CBnpl and 
CFnpl (without planktonic foraminifera).

3.3. Al Wajh site

The sections AW3, AW4 and AW6 are located in the southern part of 
the Al Wajh site. Sections AW3 and AW4 are covered by the drone 
survey (Fig. 1B). The taxonomic identification of corals in the AW4 
section has been previously published as part of the larger project 
(Pisapia et al., 2024), showing a dominance of poritids and a generally 
low diversity with 10 taxa identified to genus or species level. The 
sections AW3 and AW4, part of the same outcrop, are separated by a 
fault and are parallel sections along dip direction.

3.3.1. Section AW3 (Fig. 6)
Below section AW3, a largely covered basal microbialite layer is 

present that is not included in the logged section. Above, section AW3 
begins with a 13.7 m thick succession of carbonate deposits character
ized by coral bioherms forming mounds; hence, corals and associated 
skeletal grains are prominent components. The basal 2.9 m of the AW3 
section comprise coral bioherms forming mounds embedded in a fine- 
grained matrix (facies CB, subfacies Sf CBpl). In the lower portion, the 
inter-mound facies consists of a wackestone-packstone rich in red algal 

Fig. 4. Photograph of the Al Wajh site (left is N, right is S), showing the contact between horizontal siliciclastics (below) and lowermost sediments of the Wadi Waqb 
Member carbonates (atop), here: microbialites. Bold yellow dashed line indicates unconformity at the base of the Wadi Waqb Member; thin yellow dashed lines 
illustrate the bedding of the underlying siliciclastic sediments. (For interpretation of the references to colour in this figure caption, the reader is referred to the web 
version of this article.)
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fragments, Halimeda ghosts, and benthic foraminifera, including 
encrusting acervulinids and Planorbulina, along with planktonic fora
minifera. Section upwards, the inter-mound facies grades into a 
grainstone-packstone with a more diverse assemblage of grains, 
including echinoderms, decapods, articulated and non-articulated red 
algae (including Mesophyllum) and bryozoans. Coral preservation is 
variable; Porites skeletons appear largely dissolved, however, they are 
indicated by crusts of red algae typical for encrusting corals. Benthic 
foraminifera include encrusting taxa (e.g., victoriellids and Nubecularia), 
large symbiont-bearing benthic genera (hyaline: Operculina, Hetero
stegina and Amphistegina; porcelaneous: Peneroplis), as well as small 
benthic taxa (e.g., Cibicides and miliolids such as Quinqueloculina). The 
planktonic foraminiferal assemblage includes specimens referred to the 
genera Trilobatus, Praeorbulina, and Globigerinoides. The deposits show 
evidence of dolomitization and moldic porosity, and some parts of the 
outcrop are covered by modern debris.

Above this level, between 2.9 and 8.0 m, coral mounds continue to be 

present; however, poor preservation limits paleoecological interpreta
tion. The available evidence suggests a predominance of Porites mounds 
between 4.7 and 7.4 m. Large portions of this interval are covered by 
modern debris.

A more distinct coral mound facies emerges at 8.2 m, where the inter- 
mound facies is more heterogeneous, consisting of a wackestone- 
grainstone (Sf CBpl). The skeletal assemblage is highly diverse, 
featuring corals encrusted by red algae, red algal branches, bivalves, 
decapods, echinoderms, and branching bryozoans. Benthic foraminifera 
are diverse and include small miliolids (e.g., Pyrgo, Spiroloculina), small 
epiphytic taxa (e.g., Cibicides, Lobatula), and forms encrusting corals (e. 
g., Sphaerogypsina, Miniacina). Notably, the symbiont-bearing genus 
Peneroplis occurs associated with Planorbulina and Textularia. Small 
planktonic foraminifera (including Globigerinoides ruber, possibly Trilo
batus sicanus) are abundant. Scattered quartz detritus is present.

Towards the top of the section (from 11.8 to 13.7 m), preservation of 
the skeletal grains becomes poorer. The facies of the uppermost deposits 

Fig. 5. (A) Orthomosaic of the Al Wajh site indicating the distribution of the exposed coral framestone, as well as of the logged sections AW4 and AW6. (B) 
Orthomosaic of the Umluj site indicating the distribution of the exposed coral mounds, of the logged sections UNC and UN3, as well as of the close-ups shown in C and 
D. (C) Close-up of coral framestone near the top of the UNC section. (D) low-relief coral mounds on top of the Umluj outcrops.
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is a highly heterogeneous coral-Halimeda floatstone with packstone 
matrix (CFpl). Other skeletal components include abundant ostracods 
and serpulids and benthic foraminifera such as Planorbulina, Cibicides, 
and small miliolids, as well as planktonic foraminifera.

3.3.2. Section AW4 (Fig. 7)
The 44.85 m thick AW4 section, although being located close to the 

fault, exhibits minor brecciation. At the base (0–0.45 m), two layers of 
floatstone with a fine-grained wackestone-packstone matrix show a 
skeletal assemblage that mostly consists of coral fragments and bivalves 
with red algal crust fragments, potentially Mesophyllum, and evidence of 
Gastrochaenolites borings (CFnpl).

Between 0.45 and 6.55 m, several stacked coral mounds and inter- 
mound floatstones can be distinguished (Sf CBpl). The coral surfaces 
are extensively encrusted by red algae, serpulids, and foraminifera such 
as victoriellids and homotrematids. The wackestone-packstone matrix of 
the floatstone consists of coral fragments, particularly Porites, red algal 
nodules and crusts, articulated red algae fragments, Halimeda plates, 
echinoderms, bryozoans, and molluscs, including bivalves (e.g., oysters) 
and gastropods. The benthic foraminiferal assemblage is diverse, 
featuring taxa referred to the symbiont-bearing genera (e.g., Operculina, 
Amphistegina), small miliolids (Spiroloculina), textularids, Planorbulina, 
Rosalina, Elphidium, and Cibicides. The planktonic foraminiferal assem
blage includes globigerinids, such as Praeorbulina glomerosa and Globi
gerinoides ruber. Some detrital quartz is present.

Between 6.55 and 7.65 m, the deposits transition into a strongly 

altered, matrix-dominated floatstone with a fine-grained matrix (CFpl). 
The composition remains similar, featuring red algal nodules and crusts, 
coral fragments, Halimeda, gastropods, and echinoderms. The benthic 
foraminiferal community includes small miliolids (e.g., Pyrgo, Quin
queloculina), symbiont-bearing Operculina and Peneroplis, encrusting 
homotrematids (Miniacina), Cibicides, and Textularia. The planktonic 
assemblage continues to feature globigerinids (including Trilobatus 
sicanus).

From 7.65 to 11.80 m, the deposits are affected by tectonic brecci
ation, with the uppermost meter being covered by debris. The lithology 
remains a floatstone with a fine-grained matrix, containing abundant 
Halimeda, coral fragments with red algal crusts, bryozoans, molluscs 
(bivalves and gastropods) (facies CF, subfacies CFpl). The foraminiferal 
assemblage includes planktonic globigerinids (including Praeorbulina 
glomerosa), and benthic taxa such as Cibicides, small miliolids, and 
Textularia. Some quartz grains and other terrigenous detritus are 
present.

Between 11.80 and 39.15 m, the succession comprises thick layers 
with sparse coral colonies (facies CB, subfacies Sf CBpl). The inter- 
mound sediment predominantly consists of wackestones to packstones, 
locally evolving into floatstones where coral debris becomes more 
abundant. The floatstone matrix varies from packstone to wackestone 
and contains Halimeda, gastropods, bryozoans, red algal fragments and 
crusts (including Spongites and Lithoporella), articulated red algae 
(Jania), serpulids, echinoderms, oysters, and decapods. Porites fragments 
remain abundant. Encrusting components include foraminifera such as 

Table 1 
Facies described from Al Wajh and Umluj localities, based on the textural and compositional features determined qualitatively.

Facies CB CAP CF RBF-R

Subfacies Sf CBpl (planktonic foraminifera 
present, ooids present), 
Sf CBnpl (planktonic foraminifera 
absent)

N/A CFpl (planktonic foraminifera 
present), 
CFnpl (planktonic foraminifera 
absent)

N/A

Texture Coral boundstone (large mounds) 
with inter-mound sediment 
(wackestone to packstone/ 
grainstone)

Packstone Coral floatstone with wackestone to 
packstone matrix

Floatstone to rudstone with large 
bivalves (possibly cardiids) and 
rhodoliths within a grainstone matrix

Components Dominant 
In situ coral colonies (mainly 
Porites). 
Abundant 
Articulated and non-articulated red 
algae (including genera Sporolithon 
and Mesophyllum). 
Green algae (Halimeda) 
Frequent 
Echinoderms, bivalves, gastropods, 
ostracods, decapod crustaceans, 
bryozoans, serpulids 
Benthic foraminifera: 
Symbiont-bearing 
Large hyaline: Operculina, 
Heterostegina, Amphistegina. 
Miogypsina globulina (only in UN7 
section) 
Large porcelaneous foraminifera: 
Peneroplis, Dendritina, Archaias, 
Borelis melo, B. curdica 
Small benthics: Textularia, Cibicides, 
small miliolids (Quinqueloculina, 
Spiroloculina, Pyrgo) 
Encrusting foraminifera: 
acervulinids, victoriellids, 
Nubecularia, Sphaerogypsina, 
Miniacina, Planorbulina. 
Planktonic foraminifera (Sf CBPL) 
Praeorbulina, Globigerinoides ruber, 
Trilobatus sicanus 
Rare 
Quartz grains 
Ooids

Dominant 
Fragments of non-articulated red algae, 
green algae (Halimeda plates) 
Abundant 
Serpulids, bryozoans, echinoderms, 
gastropods, bivalves (including oysters 
heavily bored by Entobia) 
Encrusting foraminifera: victoriellids 
Planktonic foraminifera: Globigerinids 
such as Trilobatus trilobus, T. bisphericus, 
Praeorbulina glomerosa, Globigerinoides 
subquadratus 
Frequent 
Benthic foraminifera: 
Symbiont-bearing 
Large hyaline: Operculina 
Large miliolids: 
Borelis (B. melo and B. curdica), 
Peneroplis (including P. evolutus), 
Spirolina, Dendritina 
Small benthics: discorbids, Rosalina, 
Cibicides, Textularia 
Rare 
Quartz grains

Dominant 
Coral fragments 
Abundant 
Non-articulated red algal crust 
fragments (Mesophyllum), 
Frequent 
Halimeda plates, gastropods, 
bivalves, solitary corals, ostracods, 
serpulids, articulated red algal 
fragments 
Gastrochaenolites borings 
Benthic foraminifera 
Symbiont-bearing 
Large porcelaneous foraminifera: 
Peneroplis, Spirolina, Borelis, Sivasina 
Small benthics: Cibicides, Elphidium, 
small miliolids (Quinqueloculina, 
Triloculina, Pyrgo) 
Encrusting foraminifera: victoriellids 
(Biaritzina), Miniacina, Planorbulina, 
acervulinids (including Gypsina). 
Planktonic foraminifera (CFpl) 
Rare 
Quartz grains

Dominant 
Large bivalves (possibly cardiids) 
Abundant 
Non-articulated red algae forming 
crusts and rhodoliths (including 
genera Neogoniolithon, Lithoporella, 
Spongites). 
Coral (including Porites) 
Frequent 
Articulated red algae, echinoderms, 
molluscs. 
Benthic foraminifera 
Symbiont-bearing  
Large hyaline: Amphistegina 
Large porcelaneous foraminifera: 
Peneroplis, Borelis 
Small benthics: Neorotalia, Elphidium, 
small miliolids (Quinqueloculina, 
Triloculina, Pyrgo) 
Encrusting foraminifera: 
Acervulina, Miniacina, Victoriella. 
Rare 
Planktonic foraminifera 
Quartz grains

G. Mateu-Vicens et al.                                                                                                                                                                                                                         Palaeogeography, Palaeoclimatology, Palaeoecology 696 (2026) 113874 

7 



Miniacina, victoriellids, Acervulina, and Sphaerogypsina. The benthic 
foraminiferal assemblage includes Cibicides, small miliolids, symbiont- 
bearing Peneroplis and possible Sorites, and textulariids, while plank
tonic foraminifera feature Praeorbulina sp. and other globigerinids.

In the uppermost interval (39.15 to 44.85 m), the outcrop is char
acterized by large Porites coral colonies forming mounds reaching about 
1 m in vertical dimension. The inter-mound sediment is a packstone- 
wackestone (CFpl), with coral fragments, bryozoans, Halimeda, echi
noid spines, gastropods, thin red algal thalli, and bivalves. Coral 
encrustation is present, notably by Miniacina. The foraminiferal com
munity includes benthic groups including symbiont bearing genera 
(Peneroplis, Spirolina, Borelis), Elphidium and small miliolids, as well as 
planktonic foraminifera. In addition, siliciclastic detritus is present.

3.3.3. Section AW6 (Fig. 8)
The AW6 section exhibits a 63.5 m thick succession dominated by 

coral colonies, encrusting red algae, and foraminifera, with strong 
diagenetic overprint (dolomitization) and tectonic brecciation.

The basal 0–4.9 m interval is highly fractured and brecciated, 
showing strong diagenetic alteration (recrystallization). The matrix 
consists of wackestone-packstone, transitioning into brecciated float
stone (facies CF, subfacies CFpl). Skeletal components are scarce and 

include benthic foraminifera (miliolids), solitary corals, and articulated 
red algal fragments. Dolomitized Porites fragments are encrusted by 
foraminifera such as victoriellids (Biaritzina) and acervulinids (including 
Gypsina). Some planktonic foraminifera and poorly sorted quartz grains 
are present.

Between 4.9 and 5.7 m, the section is composed of tectonic breccia 
with Porites fragments. The 5.7–7.9 m interval is covered by debris. 
From 7.9 to 8.5 m, floatstone with a wackestone matrix (facies CF, 
subfacies CFpl) prevails that is strongly diagenetically altered, showing 
recrystallization and some black impregnation. Bioclasts include gas
tropods, bivalves, and benthic foraminifera, including Peneroplis and 
miliolids.

The 8.5–25.05 m interval is dominated by coral colonies forming 
mounds exceeding 2 m in vertical and 5 m in lateral extension, 
embedded in a packstone matrix (facies CB, subfacies Sf CBpl). Com
ponents in the matrix include Porites fragments, bivalves, articulated and 
encrusting red algae (including Mesophyllum), serpulids, gastropods, 
decapods, bryozoans, and echinoid spines. Halimeda increases in abun
dance towards the top, culminating in a Halimeda floatstone. Encrusting 
foraminifera include acervulinids, while other benthic foraminifera are 
abundant, in particular the symbiont-bearing Borelis, Sorites, Amphiste
gina and Operculina, as well as small miliolids (including Spiroloculina), 

Fig. 6. Stratigraphic log of the facies succession at outcrop AW3, Al Wajh site. Vertical scale in meters. The poor preservation of the grey intervals prevents precise 
identification of components and textures; however, mold structures attributable to corals can be recognized. (A) Outcrop view showing the logged section indicated 
by a red line. (B) Upper part of the coral boundstone interval (Facies CB). (C) Coral mold showing sediment infill between colonies. (D) Microfacies (sample AW3–11) 
corresponding to the coral framework (Cor) forming Facies CB, with encrusting bryozoans (Bry) and planktonic foraminifera (Plk). (E) Microfacies (sample AW3–9) 
showing sediment (Mat) infilling a poritid coral, including encrusting bryozoans (Bry). (F) Sediments (sample AW3–7) filling spaces between colonies at the base of 
Facies CB, consisting of packstones to wackestones with a fine-grained matrix (Mat), characterized by abundant dissolved components together with red-algal 
fragments (RAl) and miliolid foraminifera (Mil). (G) Benthic foraminifer of the genus Lobatula (sample AW3–10). (H) Detail of sediment infilling spaces between 
coral (Cor) colonies, locally containing quartz grains (Qtz) indicative of terrigenous input (sample AW3–10). (I) Planktonic foraminifera (Plk) from packstone to 
wackestone sediments infilling inter-mound spaces (sample AW3–11), including Praeorbulina glomerosa (Pgl). (J) Dissolution features affecting packstone–wacke
stone facies (sample AW3–9), including molds of planktonic foraminifera. (K) Mold of the coral genus Porites (Por) (sample AW3–7), with micritic matrix infilling the 
corallites. (L) Symbiont-bearing porcelaneous foraminifer of the genus Peneroplis (Pen) (sample AW3–7). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

G. Mateu-Vicens et al.                                                                                                                                                                                                                         Palaeogeography, Palaeoclimatology, Palaeoecology 696 (2026) 113874 

8 



Cibicides, discorbids, Planorbulina, Bulimina, and Textularia. Planktonic 
foraminifera include Trilobatus sicanus and T. bisphericus. Some quartz 
grains are present.

The interval between 25.05 and 26.7 m is strongly diagenetically 
altered, but some Porites colonies embedded in a fine-grained matrix can 
be identified. The interval from 26.7 to 39.7 m is covered by modern 
detritus. From 39.7 to 45.9 m, large coral colonies mounds dominate, 
with inter-mound sediment containing Halimeda, articulated and non- 
articulated red algae (e.g., Sporolithon), and peloids (Facies CB, subfa
cies Sf CBnpl). The benthic foraminiferal assemblage is diverse and in
cludes miliolids, Peneroplis (or possibly Dendritina), and abundant 
Borelis. The 45.9–47.3 m interval is covered by debris. Between 47.3 and 
48.5 m, the deposits consist of poorly preserved packstone containing 
Porites fragments, Halimeda, non-articulated red algae, and miliolids.

From 48.5 to 51.3 m, coral colonies increase in size, with individual 
massive Porites colonies reaching up to 2 m in height, forming mounds 
embedded in a packstone matrix (facies CB, subfacies Sf CBpl). Skeletal 
components include Porites fragments, Sporolithon, Halimeda, encrusting 
bryozoans, bivalves, and echinoderms. Benthic foraminifera include 
miliolids, symbiont-bearing Peneroplis, Sphaerogypsina, Textularia, and 

Cibicides refulgens, while planktonic foraminifera include globigerinids, 
including Globigerinoides ruber and Trilobatus trilobus. The 51.3–58.3 m 
interval is covered by debris.

Between 58.3 and 63.5 m, the section contains sparse coral colonies 
in a poorly preserved wackestone-packstone matrix (facies CB, subfacies 
Sf CBpl). Other bioclasts include gastropods, bivalves, and red algal 
fragments. Notably, ooids are present throughout this interval. The 
benthic foraminiferal assemblage includes miliolids, symbiont-bearing 
Peneroplis and Spirolina, and Planorbulina, while planktonic forami
nifera include globigerinids, Trilobatus trilobus, and Praeorbulina 
glomerosa.

3.4. Umluj site

The Umluj site represents a discontinuous 3 km long outcrop of a 
prograding ramp that is cut by a wadi, revealing carbonate deposits 
reaching some 100 m in height. Section UNC is positioned along the 
slope of the ramp and continues into outcrop UN3 that is the top of the 
ramp to the north of the wadi; UNC and part of UN3 are covered by the 
drone survey of the Umluj site; UN7 is the face of the ramp to the south 

Fig. 7. Stratigraphic log of the facies succession at outcrop AW4, Al Wajh site. Vertical scale in meters. (A) Poorly preserved coral colonies at the top of the lower 
Facies CB interval. (B) Outcrop view of the upper Facies CB interval. (C) Coral mounds at the top of the section separated by Facies CF. (D) Detail of coral mounds 
showing partially dissolved colonies. (E–M) Packstone to wackestone sediments filling inter-mound spaces within the lower Facies CB interval. (E) Serpulid worm 
tubes (Ser) (sample AW4–7). (F) Micritic matrix (Mat) infilling corals and containing miliolid foraminifera (Mil) (sample AW4–7). (G) Packstone grains including 
benthic foraminifera of the genus Textularia (Tex) (sample AW4–8). (H) Detail of the planktonic foraminifer Praeorbulina glomerosa (Pgl) (sample AW4–8). (I) 
Planktonic foraminifera (Plk) associated with the encrusting foraminifer Miniacina (Min) (sample AW4–8). (J) Bryozoan fragments (Bry) together with the encrusting 
foraminifer Planorbulina (Pla) (sample AW4–8). (K) Miliolid foraminifera (Mil) and a fragment of the large hyaline symbiont-bearing foraminifer Heterostegina (Het) 
(sample AW4–8). (L) Fragments of the green alga Halimeda (Hal), bryozoans (Bry), and planktonic foraminifera (Plk) (sample AW4–8). (M) Green algal fragments, 
including Halimeda (Hal) and dasyclads (Das), within a micritic matrix (Mat). (N, O) Packstone to wackestone sediments forming the matrix of Facies CF. (N) Partially 
dissolved Halimeda (Hal) and red algal fragments (RAl) (sample AW4–10). (O) Red algal fragments (RAl) and planktonic foraminifera, including Praeorbulina 
glomerosa (Pgl) and Trilobatus sicanus (Tsi), within a micritic matrix (sample AW4–12). (P–S) Packstone to wackestone sediments filling inter-mound spaces within 
the upper Facies CB interval. (P) Serpulid worms (Ser) encrusting red algae (RAl), themselves encrusting coral (Cor) (sample AW4–15). (Q) Halimeda (Hal) phylloids 
within a micritic matrix (sample AW4–17). (R) Red algal fragment (RAl) encrusted by bryozoans (Bry) and the encrusting foraminifer Miniacina (Min) (sample 
AW4–18). (S) Fragment of the coral Porites (Por) encrusted by red algae (RAl) (sample AW4–18). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)

G. Mateu-Vicens et al.                                                                                                                                                                                                                         Palaeogeography, Palaeoclimatology, Palaeoecology 696 (2026) 113874 

9 



of the wadi (for locations see Fig. 1C).

3.4.1. Section UNC / outcrop UN3 (Fig. 9)
The section logged on the slope of the ramp (UNC) exhibits a pro

grading clinoform sequence. The section was logged in the lower part of 
the outcrop below overhangs that prohibited further upslope logging. 
Based on the sediment composition, textures and structures, four main 
facies (CB, including subfacies CBpl and CBnpl; CAP; CF- only subfacies 
CFnpl; RBF-R) are described.

From 0 to 5.5 m, at the base of the outcrop, facies CB, subfacies CBpl 
consists of coral colonies embedded in inter-mound sediment corre
sponding to packstone with frequent Halimeda, bivalves, bryozoans, and 
articulated and non-articulated red algal fragments. Encrusting fora
minifera, such as acervulinids, are present, along with benthic forami
nifera, including Planorbulina, Cibicides, and symbiont-bearing 
Peneroplis, as well as planktonic foraminifera, such as Praeorbulina 
glomerosa and Trilobatus sicanus.

From 5.5 to 8 m, sediment prevails consists of packstone, which is 

diagenetically heavily altered at the base (facies CAP). Main components 
are Halimeda, red algal fragments, serpulids, bryozoans, echinoderms, 
gastropods, and heavily bored bivalves, and oysters with Entobia bor
ings. Planktonic foraminifera, such as globigerinids, and encrusting 
foraminifera, such as victoriellids, are abundant. Nummulitid fragments 
(Operculina), discorbids, Cibicides, and Rosalina, are also present, along 
with detrital quartz.

From 8 to 9.5 m, the dominant facies (facies CF, subfacies CFnpl) 
consists of red algal-dominated floatstone with some coral fragments 
and packstone matrix with small miliolids and symbiont bearing fora
minifera (Borelis, Peneroplis), serpulid and bryozoan fragments. This 
facies passes into 1-m thick packstone (facies CAP) with red algal frag
ments, bryozoans, gastropods, bivalves, serpulids, and echinoderms. 
Benthic foraminifera include small miliolids and symbiont-bearing 
Borelis, Peneroplis, Sivasina (probably S. egribucakensis) and Spirolina, 
and Textularia. Planktonic foraminifera, such as globigerinids, including 
Trilobatus trilobus and Praeorbulina sp., are also present.

The upper part, from 10.5 to 33 m, and presumably above, though 

Fig. 8. Stratigraphic log of the facies succession at outcrop AW6, Al Wajh site. Vertical scale in meters; crossed intervals correspond to portions of the section covered 
by thick debris. (A) General view of the outcrop, with the logged section indicated by a red line. (B) Detail of coral bioconstructions at the top of the section (red 
arrow); the yellow box outlines a hammer used for scale, and the black box marks a close-up view of the coral colonies. (C) Packstone matrix of the coral floatstone 
(Facies CF) at the base of the section, showing an encrusting foraminifer (EnF), probably a victoriellid, attached to a poritid coral (Por). (D–F) Packstone to 
wackestone sediments forming intercolonial deposits of Facies CB in the lower part of the section. (D) Section of the symbiont-bearing porcelaneous foraminifer 
Borelis (Bor) (sample AW6–8). (E) Halimeda (Hal) ghosts embedded in a micritic matrix (sample AW6–10). (F) Dolomitized Porites (Por) (sample AW6–11). (G–I) 
Packstone sediments forming intercolonial deposits in the middle part of the section, characterized by intense dissolution affecting skeletal grains. (G) Fragments of 
red algae (RAl) associated with symbiont-bearing porcelaneous foraminifera of the soritid family (Sor), including Peneroplis (Pen) (sample AW6–12). (H) Ghost 
structures of skeletal grains, including Borelis (Bor) (sample AW6–13). (I) Red algal fragment of the genus Sporolithon (Spo) encrusting a bryozoan (Bry) (sample 
AW6–16). (J–L) Packstone to wackestone sediments of Facies CB in the upper part of the section. (J) Halimeda (Hal) ghosts associated with planktonic foraminifera 
(sample AW6–18). (K) Ooids (Ooi) and the foraminifer Peneroplis (Pen) (sample AW6–22). (L) Planktonic foraminifera (Plk), including Trilobatus sicanus (Tsi) and 
Praeorbulina glomerosa (Pgl) (sample AW6–23). (For interpretation of the references to colour in this figure caption and legend, the reader is referred to the web 
version of this article.)
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unlogged due to an overhang, the interval is dominated by coral mounds 
with a packstone-wackestone matrix (facies FA, subfacies Sf CBnpl). Red 
algal fragments and crusts, including Mesophyllum, are present, along 
with bivalves, gastropods, echinoderms, ostracods, serpulids, and 
decapod fragments. Foraminifera include encrusting forms, such as 
Miniacina, victoriellids, and acervulinids, as well as benthic forms, 
including symbiont-bearing Operculina, soritids and Borelis (including 
both B. melo and B. curdica), in association with Cibicides, and small 
miliolids. Planktonic foraminifera were not identified.

The outcrop continues on the top of the prograding ramp as UN3 and 
in the East of the outcrop reaches the unconformable onlap on the sili
ciclastic basement. Directly upslope of UNC, section UN3 is character
ized by abundant coral mounds creating a large-scale wavy morphology 
on the progradational foresets dipping westward. The mounds show 
vertical thickness of less than 1.5 m, and laterally extend over several 
meters.

Towards the contact to the basement, the top layer of the succession 
features floatstone to rudstone textures with abundant large bivalves 
(possibly cardiids), some articulated, and red algal fragments and some 
rhodoliths within a grainstone matrix (facies RBF-R). Microfacies anal
ysis of the grainstone matrix reveals abundant non-articulated red algae 
(including Neogoniolithon, Lithoporella, and Spongites) that locally 
encrust in situ Porites colonies. Other frequent components are articu
lated algae and echinoderms. Molluscs are also present. Foraminifera 
identified include benthic forms such as symbiont-bearing Borelis, 
Peneroplis and Amphistegina, small miliolids (Pyrgo, Triloculina), Pla
norbulina, Neorotalia, and Elphidium. Encrusting foraminifera include 
Miniacina, Acervulina, and Victoriella. Further components include 
planktonic foraminifera and detrital quartz. The outcrop shows diage
netic impregnation, ranging from pink to black.

3.4.2. Outcrop UN7 (Fig. 10)
The UN7 outcrop is tectonically disturbed. At the base of the outcrop, 

microbialite beds (facies FI) are present, overlain by westward-dipping 
beds with a dip direction of 260◦W. These beds correspond to facies 
CB, subfacies Sf CBnpl and are characterized by mound structures pre
dominantly composed of coral genus Porites, forming dense clusters with 
individual mounds reaching approximately 1.5 m in thickness. The 
matrix is fine-grained (packstone to wackestone), and the sediment is 
poorly sorted and poorly bedded.

The outcrop is generally strongly altered diagenetically, likely due to 
its proximity to a fault. Above the microbialite beds, the microfacies is 
very similar, with a fine-grained matrix containing articulated red algae, 
Ditrupa, and other mollusc fragments. Porites fragments and siliciclastic 
detritus are present throughout. The lowermost part of the succession is 
particularly notable for the very abundant presence of the LBF species 
Miogypsina globulina, which is highly significant for biostratigraphic 
correlation (see below: 3.6 Age constraints). This association places the 
succession largely within the Langhian stage of the Middle Miocene.

The outcrop is hypothesized to be stratigraphically below UNC 
outcrop, representing the earliest colonization phase of the 
environment.

3.5. Diagenetic alterations

Thick sparry calcite veins are present in the outcrops, and in 
particular towards the top of the succession, black impregnated corals 
towards the top of the succession in the Al Wajh site are abundant. In 
thin sections, silica cements are observed in some leached samples.

XRD analyses (Supplementary Table 2) indicate that the carbonates 
are largely dolomitized (average 75%, minimum 29%, maximum 96%; 
n = 23). In most samples, quartz is very rare (below 5%) or absent; only 
in very rare cases quartz contents reach 67%.

Fig. 9. Stratigraphic log of the facies succession at outcrop UNC and outcrop sketch of UN3, Umluj site. Vertical scale is in meters; the horizontal dimension of the 
sketch is 30 m. (A) UNC outcrop showing the logged section indicated by a red line. (B) Coral mounds at the UN3 outcrop; sediment filling intercolonial spaces is 
represented by rhodolith–bivalve rudstone to floatstone with a packstone to grainstone matrix (Facies RBF-R). (C) Detail of rhodoliths corresponding to Facies RBF-R. 
(D) Detail of bivalves corresponding to Facies RBF-R. (E–F) Packstone to wackestone deposits representing intercolonial sediments of Facies CB. (E) Fragment of the 
green alga Halimeda (Hal) (sample UNC-1). (F) Planktonic foraminifer Trilobatus sicanus (Tsi) (sample UNC-2). (G) Packstone (Facies CAP) containing the larger 
benthic foraminifer Heterostegina (Het) and quartz grains (Qtz) (sample UNC-4). (H) Packstone matrix of Facies CF containing Borelis (Bor) foraminifera (sample UNC- 
5). (I) Packstone (Facies CAP) containing Sivasina egribucakensis (Siv) (sample UNC-6). (J–L) Packstone deposits corresponding to intercolonial sediments in the upper 
part of the section (Facies CB). (J) Gastropod fragments (Gas) and miliolid foraminifera (Mil) embedded in a micritic matrix (sample UNC-7). (K) Heavily altered 
skeletal grains including red-algal fragments (RAl) and symbiont-bearing porcelaneous foraminifera of the genus Archaias (Arc) (sample UNC-8). (L) Fragment of the 
coral Porites (Por) encrusted by red algae (RAl) and infilled by micritic matrix (Mat). (For interpretation of the references to colour in this figure caption and legend, 
the reader is referred to the web version of this article.)
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3.6. Age constraints (Fig. 11)

The foraminiferal assemblage identified here includes various taxa of 
significant biostratigraphic relevance. Relevant planktonic foraminifera 
species identified here include Trilobatus sicanus, T. bisphericus, T. trilo
bus, Globigerinoides subquadratus, and Praeorbulina glomerosa. According 
to BouDagher-Fadel (2015), the biostratigraphic range of T. sicanus ex
tends from the middle of the N8a biozone to the top of N9b, while 
T. bisphericus spans from the base of N7b to the top of N9a. T. trilobus has 
a broader range, extending from the base of N4b to the present. 
P. glomerosa appears from the base of N8b to the lower part of N9b, 
whereas G. subquadratus extends from the lower part of N4b to the end of 
N15b. In particular the lowest occurrence of P. glomerosa marks the base 
of the M5b zone sensu Wade et al. (2011), corresponding to the latest 
Burdigalian.

Observed benthic taxa with biostratigraphic significance that have 
been identified here include Borelis melo and B. curdica, along with 
Miogypsina globulina, which is reported here for the first time in the Wadi 
Waqb Member. Miogypsina globulina has only been found in the lower
most part of the Umluj outcrop. As highlighted by Pisapia et al. (2024), a 
clear faunal affinity existed between the Red Sea and the Mediterranean 
during the Early and Middle Miocene. Consequently, the stratigraphic 
distribution of the benthic foraminifera in the studied outcrops follows 
the pattern observed in the Mediterranean province. The occurrence of 
Borelis curdica in the absence of B. melo has traditionally been regarded 
as indicative of a Burdigalian, or at least pre-Langhian, age (Jones et al., 
2006; Hughes, 2014; Yazdi-Moghadam et al., 2018; Roozpeykar et al., 
2021). However, recent revisions addressing the systematics, biostrati
graphic range, and palaeogeographic distribution of the genus Borelis 

challenge this interpretation (Bassi et al., 2021, 2024). According to 
these authors, B. melo ranges from the Aquitanian to the Messinian, 
whereas B. curdica extends from the lowermost Burdigalian to the end of 
the Tortonian (Bassi et al., 2021).

In the Mediterranean region, the biostratigraphic range of Miogyp
sina globulina is restricted to the Burdigalian (Drooger, 1993), corre
sponding to the upper part of planktonic foraminiferal Zone N5b 
through the end of Zone N7b (BouDagher-Fadel and Price, 2013). A 
comparable stratigraphic range is also recognized in the Indo-Pacific 
domain (Drooger, 1993; Briguglio, 2018). Notably, Sivasina egribuca
kensis has been identified in the lower part of the UNC section. This 
species was originally described by Sirel and Özgen-Erdem in Sirel et al. 
(2013), subsequently reported from SBZ21–22 A by Serra-Kiel et al. 
(2016), and later extended up to the Tortonian by Sirel et al. (2020). 
Moreover, Martín-Martín et al. (2025) recorded its occurrence in SBZ14 
(Lutetian), indicating a highly debated and potentially broader strati
graphic distribution.

The age derived from these biostratigraphic constraints for the 
studied outcrops aligns with other sites where the Wadi Waqb Member 
has been examined (see Hughes, 2014). As noted by Hughes (2014), the 
absence of the genus Orbulina, along with the reported taxa, supports a 
transition from the uppermost Lower Miocene to the earliest Middle 
Miocene. However, the occurrence of M. globulina in the lowermost parts 
of the Umluj outcrop, together with data provided by the poor plank
tonic assemblages, allows for the first time to constrain the Wadi Waqb 
Member and thus the first coral colonization of the Red Sea to a latest 
Burdigalian age.

Fig. 10. Outcrop UN7, Umluj site. (A) General view of the UN7 outcrop, with shaded areas highlighting coral mounds. (B) Detail of the upper coral mounds (red box 
in A); the yellow box outlines a hammer used for scale. (C–E) Heavily altered packstone to grainstone sediments forming intercolonial deposits. (C) Bioclasts 
including red-algal fragments (RAl) (sample UN7–1). (D) Barnacle fragments (Bar) associated with the larger benthic foraminifer Miogypsina globulina (Mio) (sample 
UN7–1). (E) Detail showing two specimens of M. globulina (Mio) (sample UN7–1G). (For interpretation of the references to colour in this figure caption, the reader is 
referred to the web version of this article.)
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4. Discussion

4.1. Outcrop architecture and facies

Field relationships as revealed by drone imagery, as well as sedi
mentological features observed in the outcrops and through facies an
alyses, imply that the zooxanthellate coral colonies of the Wadi Waqb 
Member developed mound-like structures in deeper settings, forming 
stacked configurations on the depositional slope, while they are ar
ranged into chains parallel to strike on the upper ramp slope (Fig. 10). 
The geometries observed on outcrop scale exhibit stacked prograding 
clinoforms (sensu Bosellini, 1984; Quiquerez and Dromart, 2006; 
Patruno and Helland-Hansen, 2018), dipping basinwards at ~20◦. These 
geometries are consistent with the definition of a distally steepened 
ramp (sensu Pomar, 2020) and ramp zonations as described in the 
literature (e.g., Buxton and Pedley, 1989; Pomar et al., 2017) (Fig. 11). 
Under shallow euphotic conditions - corresponding to the inner ramp -, 
carbonate production likely occurred within seagrass meadows and ooid 
shoals, with scattered coral colonies as manifested by epiphytic fora
minifera and ooids. Slightly deeper, towards the inner to middle ramp, 
carbonate production was primarily associated with rhodoliths. In 
deeper water environments along the slope, sedimentation was char
acterized by coral mounds that amalgamate into a near-continuous 
framework, growing on previously stabilized substrates.

This facies zonation compares with other facies models for the pre- 
late Tortonian where corals bioherms did not form rims reaching close 
to sea level but mostly thrived in meso-oligophotic middle ramp settings, 
or sparsely occurred in euphotic seagrass-dominated environments 
(Pomar and Hallock, 2008; Pomar et al., 2017). Between the coral 
mounds, debris derived from bioherm erosion as well as sediment 
transported from shallower zones accumulated. The volumetric contri
bution of the euphotic carbonate factory, however, was minor, and its 
export downslope was insufficient to mask the mesophotic factory. 

Accordingly, the Wadi Waqb Member in the study area is interpreted to 
represent a morphologically inherited ramp system with mesophotic 
coral mounds developing below the wave base (Fig. 11).

4.2. Taxonomic indicators for mesophotic conditions

The outcrops studied here feature a low coral diversity with ten taxa 
showing biogeographic affinities to the Arabian Gulf and Mediterranean 
regions (Pisapia et al., 2024). The dominance of massive poritids, 
Favites, and Dipsastrea suggests meso- to oligophotic conditions. The 
coral frameworks were extensively colonized by encrusting forami
nifera, including acervulinids (e.g., Gypsina, Sphaerogypsina), homo
trematids (Miniacina), victoriellids (Biarritzina), and nubeculariids. 
Similar assemblages have been reported from Paleocene to Lower 
Miocene coral mounds and have been interpreted as indicators for oligo- 
mesophotic conditions (Pomar et al., 2014, 2017). Encrusting biota 
identified in the Wadi Waqb Member also include melobesioid red algae 
(Mesophyllum, Sporolithon), confirming a diminished light availability 
characterizing the mesophotic realm. Additionally, the inter- and intra- 
colony matrix contains LBF (relatively flat Amphistegina, Operculina, 
Heterostegina) that are indicative of mesophotic conditions (cf. Pomar 
et al., 2017).

While the coral taxa forming the Miocene bioherms show remarkable 
similarities with modern shallow-water assemblages in the Red Sea 
(Pisapia et al., 2024), the carbonate facies closely resemble those from 
modern mesophotic coral ecosystems in the modern Red Sea proper 
(Westphal et al., 2025). El-Sorogy et al. (2020) interpreted the zoox
anthellate corals identified in the Wadi Waqb Member as taxa growing 
in normal-saline, tropical seas (water temperature of 22–26 ◦C, mini
mum 18 ◦C) in water depths of up to 50 m, rarely reaching 80 m. They 
also recognized that the corals form isolated build-ups parallel to the 
shoreline rather than continuous fringing reefs. According to Pisapia 
et al. (2024), the abundance of massive growth forms including 

Fig. 11. Stratigraphic range of the most-meaningful stratigraphic markers reported in this study. Planktonic taxa, particularly Trilobatus bisphericus, T. sicanus and 
Praeorbulina glomerosa, have allowed to place the Al Wajh and UNC and UN3 outcrops in the transition from Burdigalian to Langhian. The occurrence of Miogypsina 
globulina in UN7 indicates a lower stratigraphic position, within the Burdigalian.
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Poritidae, Favites, and Dipsastraea points to meso-oligophotic conditions 
by analogy with ecological assemblages of corals on modern reefs, 
consistent with the interpretation proposed herein.

4.3. Planktonic and euphotic influence

Along the slope profile, the persistent presence of fragmented and 
slightly reworked skeletal grains, such as green algae Halimeda, articu
lated red algae Jania, and mastophoroids (Spongites, Neogoniolithon, 
Lithoporella), point to parautochthonous deposition from a shoreward 
source. Epiphytic foraminifera including symbiont-bearing porcela
neous genera (Peneroplis, Spirolina, Dendritina, Sivasina, Sorites) further 
point to phytal substrates such as seagrass beds (e.g., Khokhlova, 2013; 
Mateu-Vicens et al., 2014). The extinct Miogypsina globulina is charac
terized by lateral chamberlets in both ventral and dorsal sides and, in 
analogy to the recent genus Baculogypsinoides, which hosts symbionts in 
the lateral chamberlets (Hohenegger, 2011) interpreted to belong to the 
symbiont-bearing morphotype. Miogypsina is known to have thrived in 
extremely shallow-water environments (e.g., Drooger, 1993; Schiavi
notto and Benedetti, 2021), in many cases associated with backreef 
shoals or seagrass meadows (e.g., Frost et al., 1983; Tournadour et al., 
2020). Miogypsinids, in analogy with Neorotalia and ornatorotaliids 
(Benedetti et al., 2025), their possible ancestors, can be considered 
epiphytic taxa. Sessile and encrusting forms without symbionts, such as 
Planorbulina, are associated with seagrass leaf turnover (Mateu-Vicens 
et al., 2010), while small miliolids such as Quinqueloculina and Trilocu
lina, suspension feeders such as Elphidium, and facultative motile species 
with a flat surface of attachment such as cibicidids (Lobatula) and 
rosalinids are common in seagrass and macroalgal habitats (Benedetti 
and Frezza, 2016; Benedetti et al., 2023). This aligns with a coral mound 
development in low-energy, meso-oligophotic settings, as observed in 
the Mediterranean during the Burdigalian (Brandano et al., 2010, 2016) 
and other Cenozoic systems (Pomar et al., 2014, 2017). The observed 
ooids in the Wadi Waqb Member support the presence of the very 
shallow-water carbonate depositional environments fringing the coast
line, sedimentologically connected to the deeper, mesophotic, slope 
depositional environment.

The co-occurrence of planktonic foraminifera with oligophotic- 
mesophotic biota (e.g., coral frameworks, mesophotic foraminifera) 
and shallow-water phytal components (e.g., seagrass-associated fora
minifera, Halimeda) as well as ooids points to a middle- to outer-ramp 
setting, where sediment accumulation resulted from the combined 
contribution of shallow-water shedding, autochthonous production, and 
decantation of the pelagic fraction. Planktonic taxa in the sedimentary 
matrix include globigerinids (Globigerinoides ruber, G. subquadratus; 
Trilobatus trilobus, T. sicanus T. bisphericus; Praeorbulina glomerosa), 
whose modern analogs thrive in the upper 100 m of the water column 
(Schiebel and Hemleben, 2017). The absence of deeper-dwelling 
planktonics further supports deposition in middle to outer ramp set
tings under open-marine conditions.

The consistent presence of planktonic foraminifera supports depo
sition in an open-ramp setting, where water exchange was not restricted 
by barrier reefs isolating a lagoon from the open sea. This interpretation 
is further supported by the coral growth pattern, which consists of 
amalgamated mounds distributed along the slope, consistent with 
mesophotic conditions. Reduced irradiance at these depths likely limited 
photosynthetic rates and, consequently, carbon assimilation, resulting in 
lower carbonate accretion rates and explaining the absence of large 
coral edifices.

In the modern world, mesophotic buildups are typically found in 
extremely clear, oligotrophic waters at depths greater than 30–50 m 
(Lesser et al., 2009; Hinderstein et al., 2010; Pyle and Copus, 2019). In 
case of the deposits studied here, water transparency presumably was 
low as it was influenced by terrigenous input from the rift graben 
shoulders, as manifested by the occurrence of quartz and other silici
clastic grains. This detrital contribution suggests that the coral 

communities may have occupied shallower settings than those typical of 
the modern mesophotic zone. Nevertheless, the dominance of a fine- 
grained matrix through most of the succession—except in the upper
most interval at the Al Wajh site—indicates that these ecosystems were 
generally established below the fair-weather wave base, where back
ground hydrodynamic energy was low. Under such conditions, episodic 
resuspension events would have increased turbidity and reduced light 
penetration, making light availability and sediment stress key environ
mental controls on coral growth and community structure.

4.4. Progradation and productivity

A mesophotic ecology also goes along with the extremely low pro
gradation rates observed for the Wadi Waqb Member. The chronological 
constraints, based on the occurrence of the planktonic foraminifera 
T. bisphericus, T. sicanus, Praeorbulina glomerosa and the benthic species 
Miogypsina globulina (Aquitanian-Burdigalian), place the Wadi Waqb 
Member precisely in the uppermost Burdigalian (ca. 16.5 Ma), reaching 
into the Langhian (ca. 14.4 Ma). This age previously had been enigmatic, 
because age-diagnostic microfossils are scarce and no specific indicators 
to discriminate Burdigalian from Langhian ages had been reported (see, 
e.g., Hughes, 2014), and geochemical age dating is not possible because 
of diagenetic and hydrothermal overprint (own unpublished data). The 
microbialite drape forming basis of the succession also points to water 
chemistry deviating from normal marine conditions, presumably influ
enced by the cul-de-sac position, arid conditions, and thermohaline in
fluence. Presumably the conditions prevailing during the deposition of 
the basal carbonates of the Wadi Waqb Member were prohibitive to
wards coral colonization, that only was possible when freshening 
through the connection to the Mediterranean took place. In this sce
nario, the microbialites then acted as physical substrate for the coral 
bioherms as described by Zamagni et al. (2009) for the northern Tethys. 
Coral growth ended when the Red Sea turned into a saline basin for 
almost 10 Ma until the end of the Messinian (Segev et al., 2017) and 
allow to relate the Wadi Waqb Member to other Cenozoic coral buildups, 
for example from the Mediterranean.

Taking into account that the morphological and stratigraphic top of 
the coral-dominated carbonate succession has been eroded in the study 
area, we observe an approximate maximum progradation of less than 1 
km in 2 Ma. In contrast to the younger (upper Tortonian) Llucmajor 
carbonate platform of the Balearic Islands, which prograded at rates an 
order of magnitude higher (approximately 20 km in 1 Ma; Pomar and 
Ward, 1995), the progradation rate of the Wadi Waqb Member appears 
markedly lower, even when accounting for associated uncertainties. 
This substantial difference suggests significantly reduced carbonate 
productivity in the Wadi Waqb Member system. The contrast reflects the 
dominance of a fully developed photozoan carbonate factory in the 
upper Tortonian Llucmajor platform, whereas carbonate production in 
the Wadi Waqb Member resulted from a mixed photozoan-heterozoan 
factory, inherently characterized by lower net accretion rates.

4.5. Comparison with the Mediterranean

From the Cenozoic prior to the Late Miocene, several similar as
semblages and architectures of coral-dominated carbonate factories 
have been described (see extensive review by Pomar et al., 2017). Our 
interpretation is similar to those of early Cenozoic coral ecosystems from 
the Mediterranean that are well known to have formed ramp geometries 
under mesophotic conditions. Most described examples of Cenozoic 
coral ecosystems in the mesophotic zone are from the Mediterranean 
Eocene (pre-Pyrenees and Pyrenees, Spain: Plaziat and Perrin, 1992; 
Eichenseer, 2003; Mateu-Vicens et al., 2012), Oligocene (Apulia, Italy: 
Bosellini et al., 2021, 2024), and Lower Miocene (Sardinia, Italy, Cor
sica, France and South-Central Turkey: Bassant et al., 2004; Janson 
et al., 2007, 2010; Brandano et al., 2016). Pre-upper-Tortonian bio
constructions dominated by small coral buildups with calcareous red 
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algae and encrusting foraminifera were thriving in the mesophotic zone, 
while the euphotic shallow-water zone was characterized by seagrass 
meadows (see Pomar and Hallock, 2008; Pomar et al., 2017; Gumati, 
1992; Plaziat and Perrin, 1992; Eichenseer, 2003; Spring and Hansen, 
1998; Baceta et al., 2005, 2011; Aguirre et al., 2007; Mateu-Vicens et al., 
2012; Morsilli et al., 2012). During the Burdigalian, coral development 
in the Mediterranean occurred primarily within extensional tectonic 
settings, such as those in Sardinia and Corsica (Casula et al., 2001; 
Faccenna et al., 2002). These regions were influenced by both tectonic 
and volcanic activity associated with the opening of the Balearic and 
Provençal basins, which likely impacted nutrient availability and ocean 
circulation patterns. Nevertheless, in some aspects the coral bioherms of 
the Wadi Waqb Member depart significantly from the model established 
for the Mediterranean pre-late-Tortonian time. For instance, the bio
herms studied here exhibit a decreasing relief with shallower water 
depth along the slope profile, with low-relief structures on the upper 
slope that are aligned in strike direction (Fig. 6), while the Mediterra
nean is typically characterized higher-relief bioherms in the upper part 
of the mesophotic zone (e.g., Brandano et al., 2016).

With the new recalibrated stratigraphy based on the identification of 
Miogypsina globulina, the Wadi Waqb Member can be considered coeval 
with the Miocene of Corsica (Brandano et al., 2016). In addition to 
regional tectono-volcanic influences, the late Burdigalian marks the 
onset of the Monterey Carbon Isotope Excursion, coinciding with the 
MMCO. These events reflect a period of globally increased seawater 
fertility and warm, humid conditions (Woodruff and Savin, 1991; 
Zachos et al., 2001). Given these global and regional changes, including 
elevated nutrient levels and climatic warming, mesophotic conditions 
may have provided more favorable settings for coral development. In the 
case of the Red Sea, characterized by even warmer conditions than the 
Mediterranean, high surface-water temperatures likely prevented coral 
colonization in shallow waters, confining coral growth to deeper, cooler 
mesophotic environments.

4.6. Depositional model

Our interpretation of the overall depositional environment and 

ecosystem points to a non-actualistic ramp setting with coral mounds, 
distinctly different to modern shallow-water coral systems which typi
cally feature reef rims and lagoons. Furthermore, the observed presence 
of in situ coral colonies along the slope profile, in a fine-grained sedi
ment matrix containing euphotic components as well as open water 
components (Halimeda and planktonic foraminifera, respectively), 
clearly indicate a middle to outer ramp setting, with the coral mounds 
thriving below the wave base level. The red algal encrustations on the 
coral colonies and the fine-grained matrix, often including planktonic 
foraminifera are compatible with open-marine, mesophotic conditions, 
which is consistent with other coeval examples in the Mediterranean 
region (Brandano et al., 2016). Our interpretation differs from earlier 
studies focused on the Wadi Waqb Member in the Midyan area, inter
preting the slope sediments as fore-reef of a modern-style coral reef 
system (e.g., Pensa et al., 2025, 2025b, and references therein). How
ever, modern fore-reef successions are usually devoid of massive in-situ 
coral bioherms and down-shed Halimeda plates which characterize the 
outcrops studied here. Furthermore, no facies typical for modern coral 
reef systems, such as lagoonal or reef-crest deposits, were identified in 
the study area. In fact, the sediments forming the stacked clinoforms 
show the same general composition throughout, i.e., large Porites col
onies, fine-grained and poorly sorted matrix, and planktonic forami
nifera indicating the open ocean influence. Thus, the geometries are 
fundamentally different from modern, “Caribbean type”, coral reefs 
with a euphotic reef rim and a protected lagoon (Pomar et al., 2017). 
The occurrence of coral taxa in the Wadi Waqb Member that are also 
present in the euphotic zone of the modern Red Sea (Pisapia et al., 2024) 
suggests that the evolutionary history of Symbiodinium played a role in 
facilitating the upward migration of corals. This interpretation is 
consistent with patterns observed in the Miocene Mediterranean (Pomar 
and Hallock, 2008; Brandano et al., 2016).

The origin of the stratigraphic surfaces that define the clinoforms, 
and the mechanisms driving progradation in a setting below the wave 
base, remains unclear. One potential control is syndepositional tec
tonics, as proposed for deposits in the Midyan region where sediment 
was remobilized episodically by storms or fault-induced earthquakes 
(Hughes, 2014). Tectonic activity related to the rifting of the Red Sea 

Fig. 12. Depositional model of the carbonate ramp hosting the coral bioherms of the Wadi Waqb Member of the Kibrit Formation (Burdigalian to Langhian, Northern 
Red Sea, Saudi Arabia). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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during or shortly after the presence of the coral ecosystems is corrobo
rated by the field evidence for post-depositional hydrothermal fluids 
locally brecciating and staining the on the carbonate deposits. Alterna
tively, internal waves generated along a pycnocline may have played a 
role in shaping the mounded geometries. At the inferred bathymetric 
range of coral development, a pycnocline may have formed as a result of 
density gradients driven by continental input and evaporation in a 
narrow, shallow basin. Under these conditions, internal waves propa
gating along the pycnocline could have enhanced nutrient transport 
towards the coral ecosystems (Pomar et al., 2017). The buildups could 
also have been bathymetrically constrained by light availability, as 
suggested for coeval similar systems in Corsica (Brandano et al., 2016; 
Tomassetti et al., 2013). Similar as described from the Midyan region 
(Hughes, 2014), the outcrops of the Wadi Waqb Member in the Al Wajh 
and Umluj areas are discontinuous, and their relatively poor preserva
tion hinders the identification of erosion surfaces and other disconti
nuities in the geological record.

Considering the ecological significance of the identified components, 
which enable estimation of the bathymetric position within the system, 
and applying an ecostratigraphic approach (sensu Pomar, 2020), a 
depositional model is proposed (Fig. 12) in which coral buildup initiated 
within the mesophotic zone. This development occurred during a phase 
of global climatic reorganization associated with the MMCO, followed 
by the Miocene Climatic Transition at the onset of the Middle Miocene 

(Miller et al., 2020), corresponding to the age of the Wadi Waqb 
Member. The sea-level fluctuations linked to this climatic variability 
likely operated at multiple scales, with higher-frequency, lower-ampli
tude cycles superimposed on longer-term trends, exerting strong control 
on carbonate accretion patterns (Fig. 13). During transgressive phases, 
corals would have attempted to maintain their position within the photic 
zone through vertical aggradation, leading to mound formation. Corals 
established at greater depths would have required higher growth rates to 
remain within the lighted zone, which may explain why some buildups 
are larger and more elevated than others along the slope. Bioclastic 
sediment shedding during this initial phase would have been very 
limited. Subsequently, during a high-frequency relative sea-level fall, 
sediment shedding increased, promoting the accumulation of sediment 
between coral mounds. This process likely smoothed the slope and led to 
interfingering between sediments and coral bioconstructions. With the 
ensuing sea-level rise, the underlying coral mounds and interfingered 
sediments provided a suitable substrate for the development of new 
coral bioconstructions, which initiated the formation of a new 
clinoform.

5. Conclusions

The present study is the first ecological interpretation of the Miocene 
Wadi Waqb Member (Saudi Arabia) at the southern reaches of its 
occurrence, and thus at the southern extension of the marine flooding of 
the incipient Red Sea at that time. The Wadi Waqb Member is of late 
Burdigalian to Langhian age, as indicated by the LBF Miogypsina glob
ulina at the base of the succession, which, together with planktonic 
foraminifera assemblages, is in agreement with previous studies 
(N7–N8). Carbonates of the Wadi Waqb Member were deposited on a 
ramp predefined by erosional morphology. Large coral colony stacks 
formed in the mesophotic environments on the slope of the ramp, with 
smaller colonies developed on the upper ramp where the carbonate 
depositional system grades towards euphotic conditions. The presence 
of ooid shoals and seagrass meadows in adjacent euphotic settings is 
evidenced by allochthonous ooids and epiphytic foraminifera preserved 
in the slope sediments. The non-actualistic depositional model for the 
Wadi Waqb Member proposed here is similar to coeval and older 
Cenozoic coral ecosystems from the Mediterranean, interpreted as 
mesophotic, environments with a non-stratified water column (cf. 
Pomar et al., 2017). Our study thus corroborates the hypothesis that 
modern coral reefs developed only after the late Cenozoic cooling, 
migrating into shallower environments after water-column stratification 
developed.
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Fig. 13. Ecostratigraphical model of coral mound evolution. Coral growth 
initiates in the mesophotic zone (A) and continues upward during sea-level rise 
with limited sediment shedding (B). A sea-level fall increases sediment infill 
between mounds (C). Renewed sea-level rise fosters new coral growth, forming 
a new clinoform (D). Red dotted line marks an erosive surface. (For interpre
tation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)

G. Mateu-Vicens et al.                                                                                                                                                                                                                         Palaeogeography, Palaeoclimatology, Palaeoecology 696 (2026) 113874 

16 



Acknowledgements

We acknowledge the reviews by Ben Rendall and an anonymous 
reviewer that helped to improve the manuscript. The authors are 
grateful to Red Sea Global for access to the study area, and to Alexander 
Petrovic, Thomas Teillet, Tihana Pensa, Chiara Pisapia, and Nicolas 
Boehm (all KAUST), Marlena Joppien and Lea Tabea Fuchs (University 
of Bremen/KAUST), and Eike C. Bornholdt (University of Potsdam) for 
their help in the field. We thank Aboud al Afifi and Volker Vahrenkamp 
(KAUST) for useful information for preparing the field work. The drone 
survey was undertaken by FalconViz (Thuwal, Saudi Arabia); thanks are 
due to Khaled Abdelgawad and his team for this collaboration. This 
study is part of a larger project on the Miocene deposits of the northern 
Saudi Arabian Red Sea coast and was funded through King Abdullah 
University of Science and Technology (KAUST) baseline funding to 
Hildegard Westphal. Guillem Mateu Vicens has been funded by the 
Ministerio de Ciencia e Innovación of the Spanish Government (project 
PID2022-137860NB-I00).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.palaeo.2026.113874.

Data availability

The authors confirm that all data necessary for supporting the sci
entific findings of this paper have been provided.

References

Aguirre, J., Baceta, J.I., Braga, J.C., 2007. Recovery of marine primary producers after 
the cretaceous Tertiary mass extinction: paleocene calcareous red algae from the 
Iberian Peninsula. Palaeogeogr. Palaeoclimatol. Palaeoecol. 249, 393–411.

Al-Kahtany, K.M., 2017. Facies development of the Middle Miocene reefal limestone in 
Northwest Saudi Arabia. J. Afr. Earth Sci. 130, 134–140. https://doi.org/10.1016/j. 
jafrearsci.2017.03.012.

Augustin, N., van der Zwan, F.M., Devey, C.W., Brandsdóttir, B., 2021. 13 million years 
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