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Abstract
Hitherto undescribed fine-grained carbonate deposits of inferred microbial origin unconformably rest atop a truncated base-
ment complex along the western coastline of northwestern Saudi Arabia. These carbonates form drapes on the basement 
complex as well as mounds aligned along a dominant fracture direction (ENE-WSW strike). They are directly overlain by 
uppermost Burdigalian to Langhian strata of the Wadi Waqb Member (Jabal Kibrit Formation), which feature the earliest 
coral bioherms associated with the nascent Red Sea, suggesting an early to middle Miocene age for the underlying putative 
microbialites. Outcrop geometries reveal that the carbonate unit has undergone no significant post-depositional tilting and 
is largely preserved at its original depositional angle (up to 35°). Thin-section petrography and X-ray diffraction (XRD) 
analysis confirm that the carbonates are predominantly composed of dolomite. Micromorphological features, including 
textures consistent with mineralized extracellular polymeric substances (EPS), and capsule-like forms reminiscent of 
bacterial remains, closely resemble those found in microbialites from modern hypersaline or highly alkaline lacustrine 
environments. Similarly, crystal splays resemble occurrence in the fossil record that have been interpreted to be indicative 
of high-alkalinity conditions. Taken together, the observations suggest a restricted environment characterized by elevated 
levels of salinity and/or alkalinity during the early stages of Red Sea rifting and underline that microorganisms played a 
significant role in carbonate deposition during this stage. The stratigraphic relationship between the microbialites and the 
overlying coral-bearing deposits indicates that the basin evolved into a fully marine environment in the late Burdigalian.
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Introduction

The Red Sea basin started to rift during the Early Oligo-
cene with a second rapid rifting phase in the Late Miocene 
(Augustin et al. 2021; Rasul et al. 2015; Camp and Roobol 
1992; Stern and Johnson 2019), leading to the formation 
of half-graben structures (Stephen et al. 2005; Tubbs et al. 
2014). The reconstruction of the environmental develop-
ment during the rifting is based on fragmentary sedimentary 
evidence from outcrops and boreholes (Fig. 1; e.g., Bos-
worth 2015). Early sedimentation in the rift graben during 
the Late Oligocene to Early Miocene (Chattian-Aquitanian, 
i.e. roughly 25-20 million years ago, myr) is characterized 
by thin continental red beds, overlain by Aquitanian shal-
low to marginal marine conglomerates, sands, and mud-
stones (Hughes and Johnson 2005). The first marine (partly 
microbial) carbonate deposits have been reported from the 
Aquitanian Musayr Formation in the Midyan area, that are 
coeval with evaporites of the Yanbu Formation deposited 
farther south (Fig. 1; Hughes 2014; Koeshidayatullah et al. 
2016).

In the Burdigalian (roughly 20-15 myr), a major marine 
incursion into the northern Red Sea occurred from the Med-
iterranean (Bosworth et al. 2005; Segev et al. 2017; Pensa 
et al. 2025), initiated by the colonization by corals and the 
formation of extensive carbonate deposits in the incipient 
ocean (in Saudi Arabia: Wadi Waqb Member, Jabal Kibrit 
Formation, Fig. 1, e.g., Hughes 2014; Pisapia et al. 2024; 
Mateu-Vicens et al. 2026; in Egypt: Purser et al. 1996; Per-
rin et al. 1998). More specifically, coral taxa migrated into 
the northern Red Sea through the connection from the Medi-
terranean during the Burdigalian (Pisapia et al. 2024), thriv-
ing in the mesophotic zone on the flanks of the slopes of the 
incipient ocean basin (Mateu-Vicens et al. 2026, and refer-
ences therein). New biostratigraphic data based on benthic 
foraminifera constrain the Wadi Waqb Member and thus the 
first coral colonization of the Red Sea to a latest Burdigalian 
age (Mateu-Vicens et al. 2026).

Notably, in the study area, the Burdigalian coral-domi-
nated deposits are underlain by as yet undescribed sheets of 
fine-grained dolomitic carbonates. These carbonates uncon-
formably overlie the truncated Precambrian basement and 
siliciclastic sediments assigned to an early Miocene age 
(Hughes 2014; Al-Kahtany 2017) and have the potential to 
provide important insights into the initial evolution of the 
early syn-rift Red Sea basin. However, despite their envi-
ronmental and geodynamic significance, these dolomitic 
carbonates have not been investigated so far.

The coral bioherms of the Wadi Waqb Member vanished 
during the Late Serravallian (<12 myr; Fig. 1), likely in 
response to tectonic movements that isolated the Red Sea 
from the open ocean, leading to hypersaline conditions 

(Bruckner et al. 2013; Segev et al. 2017). The formation 
of thick evaporite deposits (Kial and Mansiyah formations), 
locally reaching 2500 metres in thickness (Orszag-Sperber 
et al. 1998), marks a salinity phase that began roughly ten 
million years before the Messinian Salinity Crisis in the 
Mediterranean (Bosworth et al. 2020; Torfstein and Stein-
berg 2020). Stromatolites and evaporites at the top of the 
carbonate succession have been described mainly from the 
northwestern (Egyptian) side of the Red Sea (e.g., Burchette 
1988; Orszag-Sperber et al. 1998; Purser and Plaziat 1998), 
and they are also reported from the northernmost part of 
the eastern Red Sea margin (i.e., the Midyan area) (Pensa 
et al. 2025). Normal marine conditions were re-established 
in the Red Sea during the Pliocene through a connection 
to the Indian Ocean via the Bab al Mandab Strait (McClay 
et al. 1998). At that time, connection to the Mediterranean 
remained minimal to absent, because the Gulf of Suez was 
still closed due to tectonic uplift (Bosworth et al. 2020).

Here, we investigated previously undescribed dolomitic 
carbonates in the basal part of the Burdigalian Wadi Waqb 
Member in Saudi Arabia (Figs. 1, 2). By integrating field 
observations with findings from thin-section petrography, 
scanning electron microscopy (SEM) and X-ray diffraction 
(XRD), we elucidate the formation of these deposits, partic-
ularly the potential role of microbial processes, and discuss 
their environmental and geodynamic significance.

Study area

The Wadi Waqb Member (Jabal Kibrit Formation, Fig. 1) 
occurs in discontinuous outcrops along the Saudi Arabian 
Red Sea coastline, extending from the Midyan area in the 
North to the Umluj (also known as Umm Lajj) area in the 
South (Hughes and Johnson 2005; Hughes 2014; Koeshi-
dayatullah et al. 2016; Al-Kahtany 2017) (Fig. 2). The 
coral-rich carbonates in the upper part of the Wadi Waqb 
Member have previously been assigned to Burdigalian age 
(Hughes and Johnson 2005; Hussain and Al-Ramadan 2009; 
Hughes 2014; Al-Kahtany 2017), although new biostrati-
graphic data indicate that they may extend into the latest 
Burdigalian-Langhian interval (Mateu-Vicens et al. 2026). 
The carbonates of the lower part unconformably overlie 
the Precambrian crystalline basement and siliciclastic sedi-
ments assigned to the early Miocene Al-Wajh Formation 
(Al-Kahtany 2017).

The stratigraphy of the Miocene along the Saudi Arabian 
Red Sea coast is largely inferred from studies in the Midyan 
area on the North-Eastern Red Sea coastal area of Saudi Ara-
bia (Hughes and Johnson 2005). Palaeo-ecological informa-
tion on these deposits remains limited and is mostly derived 
from coral assemblages in the Wadi Waqb Member in that 
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area, generally indicating photic, warm-water conditions 
(El-Sorogy et al. 2020). This was corroborated by a study 
of Wadi Waqb Member outcrops farther south (Pisapia et 
al. 2024). The present study focuses on outcrops between 
Umluj in the South and Al Wajh in the North (Fig. 2). These 
outcrops are situated in the foothills west of the flanks of the 
uplifted mountain range that delineates the Red Sea basin 
north of Umluj (25,55569° N, 37,12381° E to 25,25688° 
N, 37,30097° E; Fig. 2). The study area comprises 

discontinuous outcrops that protrude through modern desert 
dunes and form a distinctive double-S shape (Fig. 2b).

Methods

Field work took place in April and October 2022, as well as 
in January and April 2023. After reconnaissance, description 
and photographic documentation of the outcrop geometries, 

Fig. 1  Simplified schematic stratigraphy of the north-eastern Red Sea region, after Hughes (2014). The position of the fine-grained dolomite depos-
its discussed here is marked by a red arrow
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systematic sampling was undertaken to investigate the 
facies distribution and stratigraphy.

In order to support the interpretation of the outcrops, a 
series of unmanned aerial system (UAS) surveys were con-
ducted in March 2023.

A total of 36 thin sections were prepared for textural 
analysis of the microbialite unit (18 embedded in blue resin 
for highlighting porosity), polished to 40 µm thickness, and 

studied with a petrographic microscope in polarized light. 
For a more detailed analysis, eight samples were investigated 
by means of scanning electron microscopy (SEM). Prior to 
analysis, the SEM samples have been cut perpendicular to 
the laminae and polished with corundum powder (borcarbid 
400 and 600). The sample surfaces were cleaned in an ultra-
sonic bath and rinsed with Millipore water. Subsequently, 
the surfaces were etched with 0.3% (0.1 N) hydrochloric 

Fig. 2  (a) Study area along the Saudi Arabian Red Sea coast north 
of the town of Umluj; arrow on globe indicates position of satellite 
image; (b) Close-up of the Al-Wajh site where the Wadi Waqb Member 
is surrounded by modern sand dunes, locations of Fig. 3 are indicated; 
(c) Close up of the Umluj site where the Wadi Waqb Member overlies 

Proterozoic basement; (a-c) Satellite imagery from Sentinel-2, Coper-
nicus Sentinel data [2024]; (d) Simplified geological map of the Al 
Wajh site; (e) Simplified geological map of the Umluj site; (d, e) Maps 
based on Pellaton (1982)
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acid for 20 seconds, dried, and coated with iridium (10 nm). 
SEM analysis was performed with a Teneo-VS SEM avail-
able at KAUST Imaging and Characterization Core Lab.

For mineralogy, X-ray diffraction (XRD) analyses were 
conducted at the Crystallography and Geomaterials Research 
Group, Department of Geosciences, University of Bremen. 
Five dried bulk samples (Supplementary Materials Table 1) 
were ground to a fine powder (<20 µm particle size) and 
prepared with a Philips backloading system. For XRD anal-
ysis, 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°, and monochroma-
tization via energy discrimination on the highest resolution 
Linxeye detector system. Measurements were performed as 
continuous scans from 3 to 65° 2θ, with a calculated step 
size of 0.016° 2θ. Mineral identification was conducted with 
the Philips software X’Pert HighScore™ Vs. 1.2 (Degen et 
al. 2014). The determination of well-crystallized minerals 
like quartz, calcite or aragonite has a standard deviation of ± 
1-3 % (Hardy and Tucker 1988; Vogt et al. 2002).

Results

Outcrop geometries

The fine-grained basal carbonate unit of the Wadi Waqb 
Member is well exposed in the study area (Fig. 2). Based 
on morphology, the fine-grained carbonate deposit can be 
differentiated into drapes and mounds. The drapes form 
layers, up to 5 m thick, atop the basement complex that 
consists of crystalline rocks and older Miocene siliciclas-
tic sediments (Fig. 3). Whereas the base of the fine-grained 
carbonate drapes is distinct and marks an unconformity 
(Fig. 3c), the top of the unit is less well defined and grades 
into a coral-dominated carbonate unit with coral bioherms 
embedded in bioclastic sediment, indicating normal-marine 
conditions (Pisapia et al. 2024). The overall geometry of the 

fine-grained carbonate drapes shows a southeast-ward dip of 
up to 35°, contrasting with the nearly horizontal bedding of 
the underlying Lower Miocene siliciclastic strata (Fig. 3c). 
The carbonate drapes are observed to remain equally thick 
along the ramp slope, stretching over at least 150 m along 
strike and 75 m in a downslope direction in the outcrops 
(Fig. 3b, c). The exposure is spatially limited upslope by 
erosion (Fig. 3a), and downslope by a cover of younger sed-
iment or modern sand dunes, implying that the true exten-
sion of the drapes might stretch over even larger distances.

In the lower part of the outcrops, locally non-strata-
bound and commonly vertically-oriented mound structures 
are present, forming chains of 10s of m length and 1-2 m in 
height that appear to follow tectonic fractures aligned to the 
regional Zabargad Fracture Zone (cf. Petrovic et al. 2023) 
(Fig. 3d, e). In the following, the facies and textures of the 
drapes and the mounds are described separately (see Table 
1).

Macrofacies

Drapes

The fine-grained drapes consist internally of decimetre-thick 
layers with irregular to wavy boundaries. The surfaces of 
individual layers show irregular, wavy to bulbous patterns. 
Individual bulbs reach about a decimetre in diameter (Fig. 
4a-e). In cross section, these layers are formed by stacks 
of successive precipitates showing clear boundaries, and in 
some cases, darker bases (Fig. 4e). Locally, the bulbous pat-
terns co-occur with fans of elongate crystal-like features. 
Generally, the drapes consist of dense lithologies with low 
visible porosity and a low content of clastic grains. Biogenic 
grains are generally rare throughout the carbonate deposits. 
Scarce miliolids and planktic foraminifers are limited to the 
upper part.

Mounds

The mound-shaped carbonate deposits exhibit large-scale 
bulbous (Fig. 5a, b) to vertical chimney-shaped structures 
of several decimetres in diameter, reaching up to a metre 
in height (Fig. 5c). Some chimney-shaped structures show 
internal lamination, whereas incorporated clastic grains are 
rare (Fig. 5c). The surfaces of the mound-shaped carbon-
ate deposits are irregular and knobbly to pustular (Fig. 5b). 
Vertically broken sections macroscopically reveal a dense 
lithology with mm-scale clotted (i.e. thrombolitic) internal 
textures, commonly succeeded by several cm-thick dense 
crusts that show lamination or radial crystal bundle features 
(Fig. 5d-f).

Fig. 3  Outcrops of fine-grained carbonate deposits at the Al Wajh site. 
(a) Satellite image of outcrops of the fine-grained carbonate unit being 
overlain by the coral unit of the Wadi Waqb Member. Position of (c, d, 
e) are indicated. White arrows indicate the lateral extension of the fine-
grained carbonate drape. Satellite imagery from Sentinel-2, Coperni-
cus Sentinel data (2024) (b) Geomorphology image from unmanned 
aerial system (UAS) survey of a chain of microbialite-like mounds 
at the base of the coral-dominated unit of the Wadi Waqb Member, 
roughly aligned along the regionally dominant fault direction of the 
Zabargad Fracture Zone (ENE-WSW). Position of (5 a) is indicated; 
(c) Field aspect of the Wadi Waqb Member overlying siliciclastic base-
ment. Positions of (d, e) are indicated. (d) Field aspect of the fine-
grained carbonate unit overlain by the coral-dominated unit of the 
Wadi Waqb Member; (e) Field aspect showing the contact between 
horizontal siliciclastic rocks at the base and the fine-grained lowermost 
carbonate drapes of the Wadi Waqb Member atop



1 3

Page 7 of 20     26 Facies           (2026) 72:26 

Microfacies

Drapes

Thin sections of the drapes show clotted textures and radial-
crystalline splays. The clotted textures are characterized 
by clots approximately 50 µm in diameter. In some thin 

sections, mm-scale layers with clotted textures (with cement 
filling space between clots) alternate with dense micrite lay-
ers (Fig. 6a), locally intergrown with crystalline precipitates 
(Fig. 6b). These crystalline precipitates can merge into layers 
of dense bundles of crystals (Fig. 6c). The only biotic grains 
observed are local accumulations of miliolids and sporadic 
planktic foraminifers (Fig. 6d). Although their preservation 

Table 1  Schematic of the different scales of observations from geometries, macrofacies and microfacies to ultrafacies for drapes and mounds. 
For further explanation see text
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is poor, taxa such as Praeorbulina glomerosa, Globigerinoi-
des aff. ruber, Trilobatus trilobus and T. bisphericus, have 
been identified, whose occurrence is consistent with a Bur-
digalian to Langhian age (cf. Mateu-Vicens et al. 2026).

Mounds

Within the mound-shaped features, clotted textures are pres-
ent that can form a dense lithology lacking clear lamination 
(Fig. 7a). In the mounds, radial-crystalline splays are the 
dominant texture. They are composed of bundles of elon-
gate crystal-like shapes up to several cm in length (Fig. 7b, 
c). These splays can form fans that grow to form continuous 
layers (Fig. 7c). Typically, the clotted textures are geneti-
cally succeeded by radial-crystalline crusts, whereas the 
opposite also occurs but is less common (Fig. 7d). Locally, 
pores are occluded by late diagenetic sparry calcite cement.

Ultrafacies

Drapes

SEM analysis revealed that the textures of drapes dis-
play small-scale heterogeneity, characterized by domains 
with clotted, thrombolitic textures, alternating with denser 
patches featuring fine needles and fine-grained cement (Fig. 
8a, b). At higher magnification, the clotted regions, particu-
larly within pore spaces and their fillings, contain aggre-
gates of globular biomorphs (Fig. 8b-d). These structures 
range from ~5 µm to ~50 µm in diameter. In cross-section, 
these structures can appear hollow (Fig. 8b, yellow arrows), 
with some of them showing a mineralized core partially fill-
ing the internal space (Fig. 8d). The external mineralized 
walls are well defined, measuring approximately 2 µm thick 
(Fig. 8d). In the smaller structures, an additional coating of 
irradiant fine needles (0.5-1 µm) is observed (Fig. 8c, d).

Notably, sheet-like structures morphologically resem-
bling calcified extracellular polymeric substances (EPS; cf. 
Dohnalkova et al. 2011) are widespread in all samples, in 
many cases embedding fibrous elongated crystals (Fig. 8e, 
f). No biodetrital carbonate grains were identified, though 
local siliciclastic grains appear encrusted within the micritic 
matrix.

Mounds

Like the drapes, the SEM analyses of the mound structures 
(Fig. 8g-l) exhibit small-scale heterogeneity. They also 
show porous clotted, thrombolitic parts and denser ones fea-
turing fine needles and fine-grained cement (Fig. 8g). Addi-
tionally, the clotted regions contain aggregates of globular 
biomorphs (Fig. h-k), most of which are larger than those 

observed in the drapes, reaching up to ~100 µm in diameter. 
Such globular structures are particularly abundant in mound 
and chimney-like samples, where they occur piled in multi-
layers to form elongate pseudo-crystals, locally dominating 
the rock fabric and significantly contributing to its overall 
texture and porosity (Figs. 8g-j, 9a-c). Again, the globules 
are hollow (Fig. 8i-l), or exhibit mineralized partial fillings 
(Fig. 8j, l). As in the drape samples, the mound samples 
show widespread sheet-like structures resembling calci-
fied EPS (cf. Dohnalkova et al. 2011), embedding fibrous 
elongated crystals (Figs. 8k; 9d, f). The samples from the 
mounds are also devoid of biodetrital carbonate grains.

Mineralogy

XRD analyses (Supplementary Materials Table 1) reveal 
that the carbonate composing the carbonates of drapes and 
mounds consist of up to 99% dolomite with varying amounts 
of calcite that petrographically has been determined as a late 
cement. In addition, traces of phyllosilicates, other silicates, 
apatite and gypsum have been identified.

Discussion

Signatures of microbial activity

This study provides the first detailed description of putative 
microbialites in the basal part of the Burdigalian-Langhian 
Wadi Waqb Member on the Red Sea coast of Saudi Ara-
bia, directly overlying older Miocene siliciclastics and Pre-
cambrian crystalline basement. The overall geometry of the 
fine-grained carbonate drapes follows the pre-existing ero-
sional morphology of the basement that dips basinward by 
up to 35° The underlying horizontal sedimentary layers of 
the basement complex (Fig. 2c) indicate that non-significant 
post-depositional tectonic tilting has taken place, suggest-
ing that the uniform downslope thickness is a depositional 
feature.

Although substantial progress has been made in under-
standing the geomicrobiology of carbonate microbialites 
and their use as archives of past environmental conditions 
and microbial processes, the interpretation of fossil micro-
bialites remains challenging, requiring robust and informa-
tive biosignatures such as morphological features indicative 
of microbial activity (microbial textures, relics of microor-
ganisms) or hydrocarbon derivatives of biolipids produced 
by – and diagnostic of – specific organisms (“organic bio-
markers”) (Riding 2002; Shen et al. 2018; Suarez-Gonzalez 
et al. 2019; Pei et al. 2024). While initial organic biomarker 
analyses of the fine-grained dolomites examined here were 
unsuccessful (own unpublished data 2025), morphological 
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biosignatures are preserved in great detail. For instance, the 
observed aggregates of globular structures in clotted regions 
(Fig. 8b-d, h-k) are compatible with mineralized and fos-
silized bacterial colonies (cf. Westall et al. 2000; Arp et al. 
2003; Riding 2002). In drape samples, these structures occur 
predominantly as small aggregates, primarily within pore 
spaces, suggesting a cryptoendolithic or chasmoendolithic 
mode of colonization (similar to the modern cyanobacte-
rium Acaryochloris marina; Behrendt et al. 2011). Observed 
features, including the globules and sheet-like structures, 
the latter resembling mineralized EPS (cf. Dohnalkova et 
al. 2011), are in agreement with architecturally complex 
calcifying biofilms (Arp et al. 1999a, b, 2003), which may 
have played a key role in the formation and early diagenesis 
of the carbonate deposits. The cross-sectional morphology 
of the globules is consistent with mineralized sheaths and 
capsules surrounding bacterial cells, particularly in associa-
tion with colonial cyanobacteria (Kamennaya et al. 2012). 
Such protective layers, primarily composed of EPS, are, in 
fact, well-documented sites for carbonate precipitation in 
both modern and ancient settings (Arp et al.1999a, b, 2003; 
Kremer 2006; Kremer et al. 2012; Kazmierczak et al. 2012; 
Al-Bassam and Halodova 2018; Pei et al. 2024). The inner 
cores may represent remnants of intracellular prokaryotic 
structures, such as cell walls and membranes, which are 
also susceptible to biomineralization (Schultze-Lam et al. 
1996; Boyan et al. 2020; Garuglieri et al. 2024). Based on 
the size, morphology, and spatial distribution of the glob-
ules observed under SEM, these structures are provisionally 
interpreted as monospecific coccoid bacterial colonies.

One possible interpretation is that the coccoid bacteria 
are cyanobacteria. A potential presence of cyanobacterial 
remains in the microbialites as in Fig. 8 would not be sur-
prising as these microorganisms are known to be ecologi-
cally versatile. More specifically, cyanobacteria can thrive 
under euphotic to oligophotic conditions and may be partly 
mixotrophic (Keesing et al. 2012; Sellanes et al. 2021; 
Jung et al. 2023; Muñoz-Marín et al. 2024). Consequently, 
they inhabit a wide range of environments. However, 
microbialites formed by microbial communities including 
cyanobacteria commonly exhibit considerable morpho-
logical variability across space, reflecting local variations 
in environmental parameters including light quality and 
intensity as well as hydrodynamic conditions (e.g., Zankl 
1993; Andres and Reid 2006; Reid et al. 2024; Noffke and 
Awramik 2026). The fact that the carbonate drapes cover the 

slope at a roughly constant thickness (Fig. 3c), over at least 
75 m in dip direction at an angle of about 35° (Fig. 3b, c), 
hence spanning a water depth gradient of more than 30 m, 
may argue against euphotic microorganisms as major com-
ponents of the microbial communities that have led to the 
precipitation of the microbialites studied here.

The outcrop-scale morphology of the microbialites stud-
ied here, forming uniform blankets on the unconformity and 
mound- and chimney-like shapes following fault directions 
(Figs. 3d, 10), might well be explained by communities 
with chemoautotrophic or heterotrophic microorganisms as 
key components of the microbialites. As a general pattern, 
the migration of hydrothermal or chemically distinct fluids 
along faults, can enhance microbial activity and mineral 
precipitation as fluid flow can deliver nutrients and redox-
sensitive substrates that drive the formation of localized 
microbial mounds and chimneys (e.g., Polgári and Gyol-
lai 2021; Fogret et al. 2024). In this case, the mounds and 
chimney-type morphologies arranged along faults (Fig. 
10) might reflect a seepage-related development of micro-
bialites, where fluids related to the opening of the Red Sea 
might have supplied enzymatic substrates to the microbial 
communities in surface environments or promoted their 
mineralization through mixing with chemically different 
surface waters.

Environmental significance of the base Wadi Waqb 
Member microbialites

The microbialites at the base of the Wadi Waqb Member 
provide a valuable record for reconstructing environmental 
conditions in the nascent Red Sea during the early stages 
of rifting. The consistent near-complete absence of bioclas-
tic components within these microbialites, with the notable 
exception of local miliolids and sparse planktic foraminifers 
(Fig. 6d), is particularly informative in this context. Miliol-
ids can inhabit environments ranging from normal-marine 
to hypersaline conditions (Murray 2006), whereas certain 
planktic foraminifera such as globigerinids can tolerate 
salinities up to 45 PSU (Schiebel and Hemleben 2017), 
exceeding those observed in the present-day Red Sea (ca. 
37–40 PSU; e.g. Mezger et al. 2016). Hence, the presence 
of extensive microbialites as well as the rare and exclu-
sive presence of miliolids and planktic foraminifera might 
indicate elevated salinities at the time of deposition. At the 
same time, the presence of planktic foraminifera indicates 
some connectivity between the Red Sea basin and the open 
ocean, despite the basin’s restricted state at that time. Mili-
olids and planktic foraminifers were identified only in the 
uppermost parts of the microbialites, just below the coral 
unit. Thus, their occurrence likely reflects the progressive 
establishment of more open-marine conditions during the 

Fig. 4  Morphologies associated with the carbonate drapes at the study 
sites. (a) Drape stretching along the slope with wavy upper surface; 
(b) Close-up of the wavy surface; (c, d) bulbous surfaces; (e) Stacked 
layers of fine-grained carbonates forming a drape; (f, g) Cross sec-
tions revealing the stacked layers; (h) Splays embedded in bulbous 
structures. Hammer head is 18 cm long. (e, h) Umluj site, all others: 
Al Wajh site
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Burdigalian, ultimately facilitating normal-marine environ-
ments that supported the development of coral bioherms 
(e.g., Perrin et al. 1998; Hughes et al. 2014; Pisapia et al. 
2024). Possibly, the normal-marine water body introduced 
water column stratification that allowed for the planktic 
foraminifers to thrive coevally with the microbialites on the 
seafloor.

Taken together, the microbialites record an early biotic 
phase in the nascent Red Sea, predating its further opening 
in the upper Burdigalian, when the establishment of a con-
nection to open-marine environments, particularly the Med-
iterranean, enabled the colonization of the Red Sea by corals 
and associated fauna. Microbialites have previously been 
reported from the top of the coral-rich Wadi Waqb Member, 
where in the early Langhian the connection to the Mediter-
ranean closed tectonically, leaving the Red Sea to undergo a 
prolonged evaporite event that lasted until the Pliocene (e.g. 
Orszag-Sperber et al. 1998; Pensa et al. 2025). In the Wadi 
Waqb Member outcrops in the study area, the erosive top 
of the formation is cutting down into the coral-dominated 
deposits, and the contact to the sedimentary succession suc-
ceeding the Wadi Waqb Member is not preserved (Pisapia 
et al. 2024).

On the Egyptian side of the northern Red Sea, lami-
nated microbialites encrusting Precambrian basement are 
interpreted as evidence of the early Miocene, pre-evaporite 
restricted marine phase in this region (Perrin et al. 1998). 
Similarly, a stromatolitic unit occurs atop Precambrian strata 
in Egypt on steep slopes along the Red Sea coast (Purser and 
Plaziat 1998). The morphological characteristics of the stro-
matolites described by these authors closely resemble those 
observed at the base of the Wadi Waqb Member in the out-
crops studied here. Similar features include their downslope 
extension over distances of 20-50 m before being truncated 
at the top by erosion, as well as domal shapes and bulbous 
surfaces. However, these stromatolites occur atop the coral 
unit and immediately precede the evaporites precipitated 
during the Langhian hypersaline phase, leading to the Red 
Sea salinity crisis, indicating that they are in a younger strati-
graphic position compared to the microbialites described 
here. To our knowledge, these younger occurrences have 
not yet been investigated from a geobiological perspective.

Crusts exhibiting strong morphological similarities 
to those studied here have been observed on subvertical 
slopes in the modern Red Sea (off Sudan: Brachert and 

Dullo 1991; off Saudi Arabia: Lüdmann et al. 2024). These 
crusts, suspected to be at least partly microbial in origin, 
occur in mesophotic to aphotic zones along the steep slopes 
of pinnacles and platforms. They display bulbous surfaces 
with cup-shaped, curved outer rims and sediment fill. The 
crusts are approximately 10,000 years old (Brachert and 
Dullo 1991), dating back to the deglacial period, when the 
previously restricted connection between the Red Sea and 
the Indian Ocean via the Bab-al-Mandeb strait was reopen-
ing, and hypersaline conditions were beginning to subside. 
Microbialites thus appear to be a recurrent feature of the 
Red Sea basin that is characterized by aridity and restricted 
connection to the open ocean.

Microbialites formation and authigenesis

Carbonate microbialites with stromatolitic or clotted, throm-
bolitic textures are known from a wide range of modern and 
ancient environments, and formed in subaqueous settings 
through a variety of processes (authigenic mineralization 
and/or trapping and binding) involving diverse microbial 
communities (Reid et al. 1999; Riding 2002; Dupraz and 
Visscher 2005; Warthmann et al. 2011; Suarez-Gonzalez et 
al. 2019; Landing and Johnson 2024). Compared to earlier 
periods in Earth’s history (particularly the Precambrian), 
however, marine carbonate microbialites are relatively rare 
today and are mostly restricted to settings with high sedi-
ment load (e.g., the stromatolites in the subtidal zones of 
the Exuma Cays, Bahamas: Reid et al. 1995; Andres et al. 
2006), or environments characterized by high salinity or 
alkalinity (Riding 2000; Peters et al. 2017).

The hydrochemical settings favoured by microbialite for-
mation range from freshwater to hypersaline systems, with 
alkalinity in many cases playing a pivotal role in mineral-
ization (e.g., Arp et al. 1999a, b, 2003; Dupraz et al. 2009; 
Chagas et al. 2016). Metabolism-induced carbonate pre-
cipitation is usually significant in these systems, although 
the underlying mineral (trans)formation processes are more 
complex (see e.g. Reitner et al. 1995; Trichet and Défarge 
1995; Arp et al. 1999a, b, 2003; Reitner 2004; Dupraz et al. 
2009; Pei et al. 2024). Regardless, classic examples of mo-
dern microbial carbonates such as the stromatolites of Shark 
Bay (Australia) form under elevated salinity and alkalinity 
(Suosaari et al. 2016). Similarly, recently documented stro-
matolites on the Al Wajh carbonate platform in the north-
ern Red Sea develop in intertidal, high-alkalinity settings 
influenced by repeated wetting-drying cycles and exposure 
to extreme temperatures (Vahrenkamp et al. 2024). In this 
case, the role of microbial processes in carbonate forma-
tion has been confirmed through SEM imaging and DNA 
analysis.

Fig. 5  Morphologies of fine-carbonate mounds at the Al Wajh site. (a) 
Close-up image of microbial mound from UAS survey to illustrate 
the morphology of these biological buildups (see square in Fig. 3b 
for exact position). (b) Vertically extended mound-shaped deposit; (c) 
Bulbous shape; (d) Surface of a bulbous shape; (e-g) Cross sections 
revealing a clotted, thrombolitic, inner (marked by “T”) and a dense 
outer part (marked by “D”). Hammer head 18 cm long; hand lens 2.5 
cm across
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Morphologically, at both field- and macroscopic scales, 
the Miocene microbialites studied here appear to exhibit 
remarkable similarities to (microbial) carbonate deposits 
from other high-salinity environments (e.g. the Messinian 
of the Mediterranean: Arenas and Pomar 2010; Villafañe et 
al. 2018; Suarez-Gonzalez et al. 2019, 2022) as well as from 
the alkaline Pyramid Lake in Nevada (USA), which also 
contain fine-grained dolomite (Benson et al. 1994, 1995; 
Arp et al. 1999b; Benson 2004). Although these deposits 

require more detailed, multi-scale comparison with the Mio-
cene microbialites investigated herein before drawing firm 
conclusions, this might suggest that the latter may also have 
formed in a hypersaline and/or alkaline environment that 
existed during the earliest stages of the incipient Red Sea.

A hypersaline setting would be consistent with the 
occurrence of primary or very early-diagenetic dolomite 
(cf. Vasconcelos and McKenzie 1997; Bontognali et al. 
2010), which is indicated by the mimetic dolomitization 

Fig. 7  Thin-section micrographs 
from the carbonate mounds. (a) 
Clotted texture, crossed polars; (b, 
c) Crystal bundles (yellow arrows) 
and crystals arranged in converging 
fans; (d) Crystal bundles (yellow 
arrows) followed by clotted tex-
ture. Blue epoxyused in (b) and (c)

 

Fig. 6  Thin-section micrographs 
from microbialite drapes col-
lected at the study site. (a) Clotted 
texture; (b) Clotted texture, in parts 
associated with needle-shaped 
crystals (indicated by yellow 
arrows); (c) Dense micritic part 
with crystal splays (indicated by 
yellow arrows), crossed polars; (d) 
Pocket with miliolid benthic fora-
minifers and planktic foraminifers 
(white and black arrows, respec-
tively) including [a] Globigerinoi-
des aff. ruber, [b] Praeorbulina 
glomerosa, [c] Trilobatus trilobus, 
[d] T. bisphericus, [e] G. ruber, [f] 
unidentified planktic foraminifer. 
Blue epoxy used in (b) and (d)
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of overlying corals, preserving delicate details and lacking 
destructive dolomite crystal growth (Pisapia et al. 2024). 
Stable oxygen and carbon isotopes also point to a diagenetic 
rather than a primary origin of the dolomite (Herlambang et 
al. 2022). Other examples of interest for future comparison 

include the high-salinity Messinian microbialites of the 
Mediterranean (e.g., Suarez-Gonzalez et al. 2022). Further-
more, the splays observed in the drapes and mounds mac-
roscopically resemble fan-like crystal bundles in deposits 
from various ancient high-alkalinity settings, including the 

Fig. 8  SEM micrographs of microbialites from drapes (a-f) and mound 
structures (g-l). (a) Low magnification view; (b) Globular structures 
with cross-sectioned globules indicated by yellow arrows; (c) Small 
globular structures coated by needle-shaped precipitates; (d) Hol-
low globular structure coated by needle-shaped precipitates (yellow 
arrow); (e) Sheets resembling mineralized extracellular polymeric 

substances (EPS) (yellow asterisks); (f) Details of fine-scale EPS-like 
sheets; (g) Low magnification view of sample from mound structure; 
(h) Globular structures piled in multi-layered groups; (i-k) Sectioned 
globular structures. (l) EPS-like sheets (yellow asterisks indicate the 
regions covered by the sheets)
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Precambrian of North America (Corsetti et al. 2004), the 
Triassic of Armenia (Friesenbichler et al. 2018), and the 
Pleistocene of Ethiopia (Jaramillo-Vogel et al. 2023). In 
the Ethiopian Danakil Depression, for instance, such splays 
have been interpreted as fibrous aragonite precipitated 
under extremely high alkalinity, not necessarily induced by, 
but co-occurring with, microbial activity, and subsequently 

partly or entirely replaced by calcite during diagenesis (Jara-
millo-Vogel et al. 2023). While the Lower Miocene setting 
in the nascent Red Sea basin probably indeed exhibited high 
alkalinity and high salinity due to its cul-de-sac position, 
SEM imagery (Fig. 8h) reveals that the elongate crystals are 
composed of coccoid shapes interpreted as microbial relics. 
This is reminiscent of the elongate aggregates described by 

Fig. 9  Scanning electron microscope (SEM) micrographs of biofilm-
like structures. (a-c) Overview of the biofilm-like matrix dominating 
“chimney”-type samples; (d) Mineralized EPS-like sheet covering the 

globule piles in a “chimney”-type sample; (e) EPS-like sheets observed 
in a drape sample; black asterisks indicate the EPS-like substance; (f) 
“Chimney”-type sample containing crystal bundles
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Friesenbichler et al. (2018) as “mimicking crystal shape” 
and interpreted to be of biotic origin.

Taken together, the Miocene microbialites discussed 
here solely formed through authigenic mineralization, as 
indicated by their massive crystalline fabric with few bac-
terial relics and a lack of detrital components. However, it 
remains unclear whether carbonate formation was mainly 
driven by metabolism or occurred rather passively by the 
mineralization of EPS (“organomineralization”, e.g., Reit-
ner et al. 1995; Trichet and Défarge 1995; Reitner 2004; Pei 
et al. 2024). Another remaining question concerns the tim-
ing of dolomitization, or whether the dolomite formed as a 
primary precipitate. Microbial dolomite formation remains 
one of the great and longstanding mysteries in carbonate 
sedimentology (e.g., McKenzie 1991; Krause et al. 2012; Di 
Loreto et al. 2019), and the microbialites analysed here may 
help to gain a better understanding of microbially-induced 
precipitation under anomalohaline conditions.

Conclusions

This study marks the first morphological description of hith-
erto enigmatic, fine-grained carbonate deposits at the base 
of the coral-dominated upper Wadi Waqb Member along 
the Red Sea coast of Saudi Arabia, unconformably overly-
ing Precambrian basement and early Miocene siliciclastics 
in the northern part. The carbonate deposits draping the 
unconformity are inferred to be microbialites of Burdigalian 
age. The microbial origin is evidenced by a variety of fea-
tures, including sedimentological and micromorphological 

characteristics such as clotted textures, consistent with 
mineralized extracellular polymeric substances (EPS), and 
capsule-like features reminiscent of bacterial relics. Based 
on the geological setting and field geometries, as well as on 
the morphology and oligotypic faunal content of the micro-
bialites, we hypothesize that the best genetic scenario for 
the formation of the basal microbialites of the Wadi Waqb 
Member involves a high-salinity and/or high alkalinity, 
relatively deep ‘lacustrine’ environment existing during the 
Burdigalian or earlier. The duration of this saline lake phase 
preceding the first coral ecosystems in the incipient Red Sea 
during the Burdigalian remains uncertain.
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