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ABSTRACT
Sedimentary patterns and hydrodynamic transport processes on modern carbonate platforms in arid climates 

are understudied compared to platforms in humid-tropical climates. The Al Wajh platform – located in the 

Arabian–African desert belt – is a large land-attached carbonate platform in the Red Sea providing an excellent 

opportunity to fill this gap. The platform covers some 1800 km² and is almost completely enclosed by a 115 km 

long reef-shoal belt. More than 200 sediment surface samples were analyzed in order to investigate the lateral 

sediment distribution within the lagoon. The seafloor map was refined integrating sample depths with previous A
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published bathymetric information. Conductivity and temperature profiles were measured to study the lagoonal 

water body. The lagoon is dominated by poorly sorted, sand-sized sediments with low total organic carbon 

content, while carbonate fines content shows significant lateral variation. Aragonite dominates sediment 

mineralogy with high-Mg calcite and low-Mg calcite being significant admixtures. Fine-grained siliciclastics are 

found across the entire lagoon, with angular quartz locally enriched in near-shore and distal areas. Seven 

component assemblages are defined ranging from benthic foraminifera and mollusc-rich to reef debris-rich 

component assemblages. Platform-interior ooids are for the first time documented from the modern Red Sea. 

The heterogeneous distribution of carbonate fines shows no water depth related trends, while the component 

assemblage arrangement is depth related. Hydrodynamics are interpreted to be the main mechanism 

controlling carbonate fines distribution in the lagoon. A near-shore enrichment of angular sand-sized quartz 

suggests influx through wadis during flash floods, while an almost even distribution of fine-grained siliciclastics 

possibly indicate aeolian import.  These findings provide new insights to the importance of hydrodynamic 

transport processes for sediment distribution in a land-attached platform lagoons in an arid climate. Finally, this 

study presents a comparison with other modern platforms and discusses implications for improving strategies 

of hydrocarbon field development in rift-basin carbonates.

Keywords Dunham texture, grain size, mineralogy, ooids, sediment heterogeneities, total organic carbon.

INTRODUCTION
Facies models for ancient carbonate platforms are largely based on modern analogues. The models are 

commonly defined in terms of proximity to coastline with water depth dictating component size, type and 

sorting. This is an implicit relationship to hydrodynamic energy with low energy and mud-rich settings implying 

protected and deep-water; with open and shallow-water settings indicating high energy, diminished mud 

content and increased sorting. However, more recent studies have found much more heterogeneous facies 

patterns related to carbonate production (biota), nutrient fluxes, geomorphology and complex patterns of 

currents and energy input both in deep and shallow carbonate depositional environments. Most studies are 

concentrated on humid tropical settings, in particular on platforms such as the Great Bahama Bank (e.g. 

Reijmer et al., 2009; Rankey & Reeder, 2010; Dravis & Wanless, 2017; Weij et al., 2018; Purkis et al., 2017b, 

2019), the Maldives archipelago (e.g. Betzler et al., 2005; Gischler, 2006; Morgan & Kench, 2016) and Belize 

(e.g. Purdy et al., 1975; Gischler & Zingeler, 2002). Similar findings have been documented in a few studies of 

carbonate dominated ramps situated in arid climate zones, such as offshore the United Arab Emirates (UAE) 

(e.g. Purser, 1973; Purser & Seibold, 1973; Purkis et al., 2005), Kuwait (Gischler & Lomando, 2005) and Qatar 

(Purkis et al., 2017a). 
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This study presents an example from a large lagoon of a land-attached carbonate platform developed 

under arid climate conditions in the Red Sea. Although the Red Sea represents a unique laboratory to 

investigate modern tropical (T-factory) shallow water rift basin carbonates (Schlager, 2005; Reijmer, 2021), 

only a few studies in the past 30 years have focused on the distribution of sediments in these settings (e.g. 

Piller & Pervesler, 1989; Piller & Mansour, 1994; Piller & Rasser, 1996; Purkis et al., 2015). The Al Wajh 

platform is one of the largest modern carbonate platforms in the Red Sea with an enclosed lagoon (Fig. 1A) 

and may represents an analogue for carbonate reservoirs in rift basin settings (Purkis et al., 2015). Due to its 

location in the Afro-Arabian desert belt, the platform experiences limited seasonal precipitation, which differs 

considerably from difference compared to the intensively studied platforms from the tropics. 

The land-attached platform is almost completely enclosed by a seaward 115 km reef-shoal belt and 

spreads over an area of more than 1800 km². The platform interior is characterized by a lagoon with a 

maximum water depth of around 42 m, dozens of pinnacle reefs and several small islands, most of which are 

associated with carbonate sand spits. The lagoon has a restricted connection with the Red Sea via three larger 

shallow channels (maximum depth = 16 m), several smaller channels (<2 m) and across shallow flooded reef 

rims (<1 m water depth; Fig. 1A). The sediment composition and processes controlling its generation and 

distribution within the Al Wajh lagoon has been little studied. Initial maps were based on satellite images and 

direct seabed observation and give only an approximate facies distribution (Bruckner et al., 2012; Purkis et al., 

2015).

In order to investigate lateral Holocene surface sediment distribution in the large Al Wajh carbonate 

platform lagoon; grain size analyses, X-ray diffractometry (XRD; n = 204), component analysis (n = 185) and 

total organic carbon (TOC) measurements (n = 155) were performed on seafloor samples. Based on the fine-

grained content (<0.063 mm), sediment samples are categorized according to a modified Dunham (1962) 

classification. Moreover, 16 conductivity, temperature and depth (CTD) profiles were measured to study the 

oceanographic conditions within the platform interior. This study improves the principal understanding of 

surface sediment composition distribution, mineralogy and TOC content within modern rimmed, land-attached 

carbonate platforms situated in arid climate zones. In addition, since the initial mineralogy (aragonite versus 

calcite), the mud-content and related Dunham texture play an important role during diagenesis for pore 

preservation and pore creation (e.g. Melim et al., 2002; Petrovic, 2020), the new insights, in turn, improve 

strategies for hydrocarbon and geothermal exploration and field development in reservoirs formed in similar 

carbonates in the subsurface.

Geological setting
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The Red Sea has a total length of about 2000 km, a maximum width of 355 km and an average depth of 490 m 

(Yao et al., 2014), with a maximum depth around 2860 m (Augustin et al., 2014). It is situated between the 

African and Arabian plates and covers the bulk of the active Red Sea rift basin. According to Augustin et al. 

(2019), the basin spreading rate is characterized as ultraslow, with recent rates ranging from around 10 mm yr-

1 in the northern part to around 15.5 mm yr-1 in the southern part of the Red Sea (DeMets et al., 2010). 

Continental rifting was most likely initiated during Early Oligocene (Rasul et al., 2015) and a second important 

rifting phase is described for the Late Miocene accompanied by intensive volcanic activity on the western 

Arabian Plate (Camp & Roobol, 1992; Stern & Johnson, 2019). The oldest dated ocean crust is Early Pliocene 

(3 to 5 Ma; Gurvich, 2006.). Due to extensional tectonics, the modern Red Sea basin is characterized by half-

graben structures such as rotated and tilted fault blocks (Polis et al., 2005; Tubbs et al., 2014) covered by 

around 3 to 5 km thick Miocene to Holocene sediments (Hughes & Johnson, 2005; Rasul et al., 2019). On both 

flanks, the basin is characterized by mountain ranges which rise to 3000 m in the south of Yemen.

Fault blocks, salt diapirs and fan deltas (Dullo & Montaggioni, 1998; Bosence, 2005) mainly influence 

the recent seabed morphology of Red Sea shelves. These also control the occurrence and distribution of 

modern carbonate build-ups in the Red Sea (Purkis et al., 2012; Rowlands et al., 2014; Rowlands & Purkis, 

2015). Similar relations are also documented for Miocene carbonate build-ups situated in the Red Sea (e.g. 

Bosence et al., 1998; Cross et al., 1998; Purser, 1998; Purser et al., 1998; Cross & Bosence, 2008). Thick 

evaporite sequences, which are often deformed forming salt diapirs, were deposited during Middle Miocene 

(Mitchell et al., 1992; Hughes & Johnson, 2005) while delta fans were formed during times of regression and 

high precipitation (e.g. Roberts & Murray, 1988; Purkis et al., 2010; Rowlands et al., 2014).

The Al Wajh carbonate platform is situated in the northern part of the Zabargad Fracture Zone which 

extends NNE–SSW through the Red Sea along a similar orientation as the Dead Sea Fault (Bonatti et al. 1984; 

Ligi et al., 2018). Named in reference to Zabargad Island in the SSW (Egyptian margin; e.g. Nicolas & Boudier, 

1987; Marshak et al., 1992), the zone also hosts the Mabahiss Deep in the centre and is interpreted to be a 

transfer zone between two axial rift segments experiencing extension through a strike–slip fault (Crane & 

Bonatti, 1987; Ligi et al., 2018). Overall, the shape of the Al Wajh platform is most likely influenced by fault 

systems related to the Zabargad Fracture Zone and its position on the edge of a tilted rift block (Dullo & 

Montaggioni, 1998).

Climate and oceanography
The semi-enclosed Red Sea is located in the subtropical zone with arid conditions in the most northern part 

and more humid conditions in the southern part. The prevailing wind direction is NNW with an average speed 

of 4 m s-1 (1980 to 2015; Dasari et al., 2018). During winter, strong south-westerly winds also occasionally A
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occur (Raitsos et al., 2013; Davis et al., 2019). These are related to the influence of the Asian Monsoon system 

on the southernmost part of the Red Sea leading to a wind direction reversal (Edwards, 1987). According to 

Langodan et al. (2017a), long-term observations on the intensity of the NNW and south-westerly winds indicate 

a trend of decreasing wind strength over the last decades. During the summer, the eastward blowing jet stream 

and strong zonal winds deliver Fe-rich aeolian sediments from Sudan and Egypt (Jian et al., 2009). During 

winter, westward blowing winds in the northern Red Sea (Table 1; Langodan et al., 2017a, 2018; Patlakas et 

al., 2019) carry dust from the Arabian Peninsula (Hickey & Goudie, 2007; Jian et al., 2009 Rohling et al., 2013; 

Prakash et al., 2015). In addition, local land breezes and sea breezes in the central Red Sea can exceed wind 

speeds of 8 m s-1, while varying daily between 0 to 5 m s-1 (Davis et al., 2019). 

The Red Sea is connected to the Indian Ocean by the 150 km wide Strait of Bab el Mandeb, where the 

shallowest sill (Hanish Sill) within the strait is only 137 m deep (Murray & Johns, 1997; Sofianos et al., 2002). 

Due to the shallow water depths, the Red Sea is isolated from the large current systems in the Indian Ocean, 

leading to poor water exchange and a very slow surface water renewal (every six years; Maillard & Soliman, 

1986). Relatively nutrient-rich marine water enters through the Strait of Bab el Mandeb into the ocean basin 

(e.g. Acker et al., 2008). The surface water circulation within the Red Sea is controlled by winds resulting in 

eddies and sub-gyres (Eshel & Naik, 1997; Sofianos & Johns, 2007; Shaltout, 2019). During the summer, 

average water surface temperature ranges from 28˚C in the north to 30˚C in the south, while the average 

winter temperature is around 23 ± 1˚C. Locally within sheltered lagoons, sea surface temperature can reach up 

to 34˚C (Rasul et al., 2015; Shaltout, 2019). Low precipitation (Ø 1 to 20 cm yr−1) and high evaporation (ca. 

2 m y−1; Maillard and Soliman, 1986; Sofianos et al., 2002; Siddall et al., 2004) result in sea surface salinities 

ranging from 36.5‰ in the south to 41‰ in the northern Red Sea and can locally reach 52‰ within lagoons. 

The tidal range in the entire ocean basin varies from 20 to 90 cm (Rasul et al., 2015). Numerical simulations 

(Langodan et al., 2017b) indicate wave heights of up to a maximum of 4 m. These high-amplitude waves occur 

during the winter month (monsoon related; Ralston et al., 2013) in the entire Red Sea. During summer, they 

dominantly occur in the north and in the area between the cities of Jeddah, Jazan (both east coast) and Port 

Sudan (west coast). 

The Al Wajh lagoon is dominantly influenced by north-westerly winds blowing south, oblique to the axis 

of the Red Sea (Langodan et al., 2017a). These cause longshore currents along the coasts and islands. Strong 

episodic easterly jets triggering dust storms occur especially during winter months (Table 1; Jian et al., 2009). 

These jets are highly variable in velocity and orientation due to the topography of nearby mountain ridges and 

valleys (Langodan et al., 2017). Strong storm events impact the Al Wajh platform from the north-west but also 

from the south with winds reaching 15 m sec-1 in velocity and leading to wave heights on the outer rim that can 

exceed 2 m and storm surges pushing sea water into the lagoon (personal shipboard observation). Simulations A
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indicate similar surge heights (Drews, 2015). Bruckner et al. (2012) and Zhan et al. (2021) documented strong 

currents on the inner and open ocean side of channels intersecting the reef-rim (Table 1). Winds, currents and 

topography-driven wave interference (Langodan et al., 2017b) can drive wave height inside the Al Wajh lagoon 

to above 2 m. Furthermore, temperature measurements during scuba dives in combination with CTD 

measurements (Table 2) indicate seasonal variations in the water-body stratification, differing between sectors 

of the lagoon and which are likely caused by significant seasonal changes in air temperatures and evaporation 

(Table 1). In combination, prevailing winds and seasonal storms impacting the lagoon from multiple directions, 

tides and unstable water stratification related to seasonal changes in temperature and evaporation are likely to 

cause water circulation inside the lagoon with strong periodic alteration in strength and direction. This 

conclusion is supported by a modelling study based on limited data (Zhan et al., 2021). 

Sedimentary system of the Al Wajh platform
Al Wajh is a land-attached and nearly rectangular carbonate platform that can be classified as a Tropical-

factory (Schlager, 2005; Reijmer, 2021). It has a length of around 55 km at the ocean-facing side (70 km at the 

coast), and a width of 30 km in the north-west and 23 km in the south-west (Fig. 1). The platform is almost 

completely rimmed by a coral reef belt (Rowlands et al., 2012) and can be divided into a northern and a 

southern part that are separated by an approximately 400 m wide main inlet channel (Channel I; Fig. 1A). The 

southern part has a maximum width of 4 km and is composed of two large islands and lagoons, and coral reefs 

interfingered with carbonate sand shoals (Purkis et al., 2015). Towards the south-west, the reef belt is up to 6 

km wide, internal lagoons are 5 to 10 m deep, and there are several elongated islands up to 4 km long and a 

few 100 m wide. The north-west reef belt has a maximum width of 4 km and is intersected by several channels 

with a width from 10 m to around 100 m wide. Compared to the south-west, only a few small islands and one 

large island occur in the north-west part. Towards the northern part, the reef belt narrows to a maximum width 

of 2 km close to a large, elongated island (Ghawar Island). At its northern end, the width of the reef belt 

increases to up to 4 km. Here a 0.5 to 1.0 km wide channel intersects the belt (Channel III; Fig. 1A).

The Al Wajh lagoon can be subdivided into five areas based on its morphology (Fig. 1A): (i) south-east 

inner lagoon; (ii) south-east outer lagoon; (iii) central lagoon; (iv) north-west inner lagoon; and (v) north-west 

outer lagoon.  The south-east inner lagoon covers approximately 180 km2, has a maximum depth of 10 m and 

hosts several islands and a branched channel system with channels perpendicular and parallel to the 

shoreline. With a size of approximately 105 km2, the south-east outer lagoon (Fig. 1A) has a maximum depth of 

ca 30 m, is fringed by the reef belt in the south-west and south-east, and islands in the north-east and north-

west which exhibit north-west/south-east oriented sediment spits. It is connected to the central lagoon via two 2 

to 4 km wide channels.  The central lagoon (approximately 260 km2) has a maximum water depth of around 42 

m and is characterized by a few small islands and tens of well-distributed pinnacle reefs and patch-reefs A
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(Rowlands et al., 2012). The north-west inner lagoon covers the largest area, approximately 305 km2. In the 

east, it is characterized by dozens of small islands and patch reefs, and has a maximum water depth of 30 m, 

while in the west it is a shallower lagoon (max. water depth of 20 m) that is surrounded by a well-developed 

reticulate reef system (Purkis et al., 2015; Chalastani et al., 2020).  The north-west outer lagoon (approximately 

145 km2) has a maximum depth of 40 m and contains dozens of patch reefs. In previous studies, the shallower 

areas of the Al Wajh lagoon (<15 m) have been reported to be dominated by grain-supported facies, while the 

deeper areas (>15 m) are dominated by carbonate mud-rich facies (wackestone facies; Purkis et al., 2015). 

Mangroves are present almost in the entire lagoon, while seagrass meadows (Halodule sp. and Halophila sp.) 

are locally reported in the north-west outer lagoon and the south-east inner lagoon in water depth of less than 5 

m (Chalastani et al., 2020). 

The coastline of the Al Wajh platform consists of mixed siliciclastic-carbonate beaches, fossil reefs and 

alluvial deposits (ranging from gravel in the north to sand terraces in the south) of Late Pleistocene to Mid-

Holocene age (Khanna et al., 2021), plus smaller saline sand flats (Bruckner et al., 2012; Fig. 1A), wadis and 

local sabkhas with microbial mats (Chalastani et al., 2020). The main wadi system of the hinterland drains into 

the Red Sea north of the Al Wajh platform (Abdelkareem et al., 2020). It transports siliciclastic sediments from 

the hinterland to the shelf during rare but intense rain events causing flash floods (Rasul et al., 2015). Similar 

transport mechanisms are described for the western Red Sea coast (Egypt; Piller and Mansour, 1994). 

Numerous smaller and localized wadi systems enter the Al Wajh platform lagoon through the 70 km long 

coastline. Most of them give the impression of being rather inactive because of coral assemblages directly in 

front of the mouths of the wadi (Bruckner et al., 2012). Towards the east of the Al Wajh platform, the hinterland 

is characterized by a 30 to 40 km wide rift basin that is covered by Quaternary sediments and Holocene soils 

(Prakash et al., 2016), and beyond that the Arabian Shield escarpment that is formed by metamorphic, igneous 

and volcanic rocks, with ages ranging from Precambrian to Miocene (Grainger, 2007). Based on observations 

of frequent dust storms and supported by numerical simulations, the region around the Al Wajh platform is 

affected by the highest dust deposition rates along the Red Sea coast (Prakash et al., 2015).

MATERIAL AND METHODS
Fieldwork and sampling
During the research cruises Al Wajh I (June 2018) and II (April 2019) with R/V EXPLORER, 158 seafloor 

samples were collected with a Van Veen grab sampler (1000 cm²) and associated seafloor depths were 

recorded. To minimize the effect of mud-loss during Van Veen grab sampling, the uppermost centimetre of the 

highly water-saturated grab sample was removed on deck before sampling. In addition, 43 sediment surface 

samples collected between 2006 and 2009 during SCUBA dives (Purkis et al., 2015) were integrated into this 

study (Fig. 1B).A
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Conductivity, temperature and depth profiles of the lagoon water body were measured at 16 locations 

(Fig. 1A; Table 2) with an OCEAN SEVEN 310 Multi-parameter CTD (Idronaut, Brugherio, Italy; sample rate 

200 m s-1, winch speed around 0.5 m s-1) mounted in a steel cage. Bottom water conditions were measured at 

all 16 locations by situating the CTD for 10 s on the seabed. In addition, a GoPro 7 Hero (GoPro, San Mateo, 

CA, USA) was installed on the CTD to record high-resolution images of the seabed (Fig. 2A and B).

Seafloor mapping
In order to produce a seafloor map, a satellite image and single-beam sonar-based bathymetry calculated with 

spectral modelling (Purkis et al., 2015), was updated by sample depths of the 201 collected Van Veen grab 

using Petrel software. The map was produced by using a grid size of 250 x 250 m and convergent 

interpolation. Influence radius around the new introduced sample depth was set at 4 km.

Sediment and components analysis 
Subsamples of the bulk samples (n = 201) were rinsed and afterwards placed in 40 ml Nunc containers and 

dried in an oven at 40°C. Afterwards, samples were weighed and wet sieved to separate coarse fractions (>2 

mm, 1 to 2 mm, 0.5 to 1 mm, 0.250 to 0.5 mm, 0.125 to 0.250 mm, 0.063 to 0.125 mm and >0.063 mm) from 

fine fractions (<0.063 mm). All samples were dried (40°C), weighed to calculate the weight percentage and 

subdivided into modified grain size classes according to Folk and Ward (1957): gravel (>2 mm), sand (2 to 

0.063 mm) and a fine fraction (<0.063 mm), while sorting and mean grain size were calculated using Gradistat 

software (Blott & Pye, 2001). Sediment samples were classified according to a modified Dunham (1962) 

nomenclature using the following fine fraction content ranges (0.063 mm): 100 to 90% (mudstone); 90 to 74% 

(mudstone to wackestone); 74 to 58% (wackestone); 58 to 42% (wackestone to packstone); 42 to 26% 

(packstone); 26 to 10% (packstone to grainstone); and 10 to 0% (grainstone).

For the preparation of thin sections for component analysis, the coarse grain size fraction (>0.063 mm) 

was embedded in epoxy resin. Thin sections (n = 182) were studied with a LEICA DM750 polarizing 

microscope (Leica, Wetzlar, Germany) and the grain composition was quantified by manual point-counting 200 

components per section. Component assemblages (CA) are based on grain composition and were defined via 

the abundance of different components: bivalves, gastropods, foraminifera, echinoderms, coral fragments, reef 

debris (undefined coralgal fragments), red algae, serpulids, peloids, ooids, bryozoans, Halimeda and quartz. 

Thin sections were half stained with Alizarin-S red to distinguish fast calcite from quartz.

Total organic carbon analysis and X-ray diffraction measurements
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For total organic carbon (TOC) and X-ray diffraction (XRD) measurements, sediments were dried at 40°C and 

powdered by hand in a mortar to homogenize the sediment. TOC content (n = 155) was measured using a 

Leco CS-744 elemental analyzer (Bruker, Billerica, MA, USA) at the University of Bremen (Germany). The 

mineralogy of homogenized samples (n = 201) was measured with a Bruker D2 (Bruker, Billerica, MA, USA). 

The alignment of the instrument was checked by using Al2O3 as a standard. Samples were scanned using a 2 

angle between 20° to 80° with a speed of 0.01°s-1 and results were analyzed with Profex 4.0.2 software. 

Percentages of the different minerals were determined via the peak height. In order to study the pure carbonate 

mineralogy, the analysis method presented by Swart et al. (2009) was applied, assuming that samples are 

composed completely of aragonite, high-Mg calcite (HMC), and low-Mg calcite (LMC).

RESULTS
Lagoonal bathymetry
Water depths range from 0 m at the beach to 42 m in the central of the Al Wajh lagoon (Fig. 1B). The 

processed seafloor map reveals a gently inclined seafloor starting from the Channel III entrance (Fig. 1A) and 

the north-west shoreline and dipping towards the SSW into the north-west outer lagoon (depth profile a; Fig. 

1B) with a maximum water depth of 42 m (the deepest part of the platform interior). In the central lagoon, the 

NNE–SSW depth profile b (dip-section; Fig. 1B) indicates a large-scale depression with a diameter of 

approximately 15 km. A smaller depression in the north-west outer lagoon has a diameter of  5 to 7 km and 

approximately 40 m maximum water depth. Both depressions are separated by a slightly elevated area (25 to 

30 m water depth; Fig. 1B). Compared to the north-west outer and inner lagoon, the south-east outer and inner 

lagoon are shallower with a maximum water depth of ca 30 m. Water depths in the channels along the 

coastline and between the islands (south-west inner lagoon) range from 2 to 10 m. Data points along the 

western reef belt indicate a steep reef slope of 3° to 5° degree towards the lagoon, while data from the north-

west and south-east suggests a gently inclined reef slope (Fig. 1B). 

Grain size analysis and Dunham texture
Images of the central lagoonal seafloor present an intensively bioturbated but otherwise rather featureless 

‘marine desert’-like environment (Fig. 2A and B), dominated by sand-sized, carbonate sediments (Figs 2C, 2D, 

3A and 3B).  Most of the samples have grain sizes ranging from very coarse silt to very coarse sand (Fig. 3B) 

and are poorly sorted, while well-sorted sediments only occur in a water depth range from 15 to 30 m (Fig. 3C 

and D). Sand-dominated sediments occur over the entire platform and occur in all water depths from close to 

the shoreline to the central lagoon (Fig. 3A). Sediment samples consisting of more than 20% of gravel-sized 

particles (>2 mm) occur dominantly in water depths ranging from 2.5 to 15 m and 20 to 42 m (Fig. 4A and B). 

Samples consisting of more than 80% of sand-sized particles appear dominantly in water depths ranging from 

0 to 20 m (Fig. 4C and D). Sediments consisting of more than 55% of the fine fraction occur dominantly in A
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water depths >15 m (Fig. 4E and F), while sediments with less than 15% of the fine fraction are found 

dominantly in water depths <15 m.

While the bulk of data present no distinct lateral mean grain size or sorting trends (Fig. 3A), two sample 

profiles in the north-west inner lagoon (north–south, profile a; WNW–ESE, profile c) show an increase in the 

fine fraction (<0.063 mm; Fig. 4E) and a simultaneous decrease in sand content (>0.063 to 2 mm; Fig. 4C) 

away from the prominent channel III. While the north–south profile (profile a) is accompanied by increasing 

water depth, the WNW–ESE profile (profile c) runs parallel to the 15 to 20 m water depth contour lines (Fig. 

1B). A decrease in fine fraction content can be observed from the north-west inner lagoon towards the central 

lagoon (profile b, Fig. 4E), while sand content (Fig. 4C) and water depths increase (Fig. 1B). In the central 

lagoon, sediments collected in front of Channel I (Fig. 1A), in the south-west reef belt, and close to the largest 

islands have a very low percentage of particles <0.063 mm (<5%; Fig. 4E). Samples collected in the south-east 

inner lagoon between the islands and a few samples collected close to the shoreline show a lower percentage 

of sediment grain sizes <0.063 mm (5 to 20%; Fig. 4E). Sand-sized (>0.063 to 2 mm) dominated samples 

(>65%) occur dominantly close to the shoreline, in all channels, around islands and reefs (Fig. 4C). Samples 

dominated by gravel (>2 mm) are scattered throughout the entire lagoon (Fig. 4A).

Classifying the samples according to the Dunham (1962) nomenclature (Fig. 5A) results in a similar 

heterogeneous lateral distribution pattern. Grainstone textures appear dominantly in a water depth ranging 

from 0 to 15 m (Fig. 5B), while packstone to grainstone textures occur dominantly in water depths from 15 to 30 

m. Packstone and wackestone to packstone textures appear mainly in water depths exceeding 10 m and with 

an increasing trend towards the deeper water (Fig. 5B). Mudstone to wackestone and mudstone texture occurs 

in water depths ranging from 15 to 40 m, while the highest abundance occurs in water depths between 25 to 30 

m. Interestingly, grain-supported fabrics make up nearly 50% of the sediments at depths exceeding 30 m.

Component analysis and assemblages
The sediments sampled proximal to reefs consist mainly of pristine and reworked reef debris (Fig. 2C) and to a 

minor degree of red algae, benthic foraminifera, bivalve and gastropod shells/shell fragments, peloids, 

echinoderm fragments/spines, Halimeda plates, bryozoans and serpulids (Table 3; Fig 6). The calcifying brown 

algae Padina (Fig. 2E) was found washed up on almost all beaches and in living position in several shallow 

marine areas (<2 m) around the islands. Seagrass meadows of Thalassia testudinum were discovered north-

east of Breem Island and north-west of Um Al-Zaid Island (Fig. 1A). Samples in the lagoonal areas distal to 

reefs and the coastline consist dominantly of benthic foraminifera (e.g. Miliolida (Soritidae), Rotaliida, 

Hauerinidae), bivalve and gastropod shells/shell fragments and echinoderm fragments/spines (Fig. 2D), and 

minor amounts of red algae, peloids, Halimeda plates, bryozoans, ooids, serpulids and undefinable debris from A
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a fossil reef (Table 3). Recently formed ooids (Fig. 6F), previously unreported for the modern Red Sea, were 

found in channels of the south-east inner lagoon and in the north-west inner lagoon near CTD location 10 (Fig. 

1). Halimeda plates are present but only as a minor component occurring in sediment samples from <15 m 

water depths east of Ghawar Island, in front of Channel I, in the southern part of the south-east inner lagoon, 

and along the shoreline within the central lagoon (Figs 1A and 7B). Angular quartz grains (>0.063 mm) occur 

dominantly close to the shoreline and near CTD location 10 (Fig. 1). However, they were present in samples 

from the entire lagoonal areas, over the full range of water depths.  Seven component assemblages (CA1 to 

CA7) have been defined based on component frequency and assemblages (Fig. 6A to G; Table 3).

Component assemblage CA1: foraminifera – molluscs – echinoderm (inner lagoon, distal to reefs)

This component assemblage (Fig. 6A) is characterized by gastropods (25.2% average), benthic foraminifera 

(22.1% average), bivalves (19.8% average) and echinoderm fragments (17.7% average), followed by peloids 

(5.2% average), reef debris (2.8% average), pristine coral fragments (0.8% average), red algae (2.5% average) 

and angular quartz grains (2.2% average). Locally this component assemblage contains of bryozoans and 

Halimeda plates. The mean grain size is fine-grained sand, while the content of fines ranges from 1.1 to 93.7% 

(Table 3). The component assemblage occurs dominantly in water depths >15 m in the north-west and south-

east outer lagoon, the central lagoon and the north-west inner lagoon (Fig. 7A and B).

Component assemblage CA2: foraminifera – molluscs – echinoderm - reef debris (inner lagoon, proximal to 

reefs)

This component assemblage (Fig. 6B) is similar to CA1 but has a substantial component of reef debris 

admixed. It is characterized by an almost equal content of benthic foraminifera (16.5% average), reef debris 

(14% average), gastropods (14.7% average) and bivalves (12.3% average), followed by peloids (8.9% 

average), echinoderm fragments (8.7% average), red algae (2.2% average), angular quartz grains (2.9% 

average) and pristine coral fragments (0.9% average). Locally this component assemblage also contains a 

minor amount of bryozoans, Halimeda plates and ooids. Rounded reef debris show thin micritic coatings 

(cortoids). Mean grain size is fine-grained sand, while the fines content ranges from 0.6 to 93.1% (Table 3). 

This component assemblage occurs mainly in the central lagoon, the south-east outer and inner lagoon, and 

the north-west outer lagoon at almost all water depths (Fig. 7A and B).

Component assemblage CA3: foraminifera – molluscs – red algae – peloids (inner lagoon, proximal to reefs)

This component assemblage (Fig. 6C) is another variant of CA1 and characterized by benthic foraminifera 

(21.6% average), gastropods (18.6% average), bivalves (14.1% average), red algae (14.4% average), peloids 

(12% average) and echinoderm fragments (11.2% average), with a minor admixture of reef debris (5.8% 

average), pristine coral fragments (1.4% average) and angular quartz grains (1.2% average). Mean grain size A
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is very fine-grained sand, while the fines content ranges from 2.4 to 87.3% (Table 3). The component 

assemblage occurs only locally in water depths >15 m (Fig. 7A and B).

Component assemblage CA4: bioclastic – siliciclastic (various environments)

This assemblage (Fig. 6D) is characterized by a relatively high content of angular quartz grains (22.7% 

average), gastropods (18% average), benthic foraminifera (16.2% average), bivalves (11.9% average) and 

peloids (11.2% average), followed by echinoderm fragments (8.1% average), reef debris (6.5% average), 

pristine coral fragments (0.6% average) and red algae (3.3% average). Locally the component assemblage 

also contains a minor amount of ooids. The mean grain size is fine-grained sand, and the fines content ranges 

from 10.1 to 83.6% (Table 3). This component assemblage appears mostly in the central lagoon and the north-

west inner lagoon in water depths ranging from 15 to 30 m (Fig. 7A and B).

Component assemblage CA5: coated bioclastic – siliciclastic (tidal-influenced)

The assemblage (Fig. 6E) is characterized by a high content of angular quartz grains (40% average), reef 

debris (12.6% average) and peloids (11% average), followed by bivalves (9.6% average), gastropods (9.4% 

average), benthic foraminifera (6.8% average), echinoderm fragments (5.2% average), ooids (2% average) and 

pristine coral fragments (0.6% average). Quartz grains and rounded reef debris shows thin micritic coatings 

(cortoids). The mean grain size is fine-grained sand, and the fines content ranges from 12.8 to 30.4% (Table 

3). This component assemblage occurs exclusively in the north-west inner lagoon close to CTD location 10 

(Fig. 1A) in water depths ranging from 15 to 25 m (Fig. 7A and B).

Component assemblage CA6: ooid-peloidal (tidal-channel)

This assemblage (Fig. 6F) is defined by a single sample in the data set but listed because of its implications for 

the hydrodynamic conditions in the lagoon. It is characterized by a high content of ooids (60%) and peloids 

(22%), followed by reef debris (14%), benthic foraminifera (2%) and bivalves (1%). The mean grain size is very 

fine-grained sand, with a fines content of 0.7% (Table 3). The sample was obtained in the south-west inner 

lagoon in <5 m water depths (Fig. 7A and B).

Component assemblage CA7: reef debris (close proximity to reefs)

This component assemblage (Fig. 6G) is characterized by a high content of reef debris (62.2% average) and 

pristine coral fragments (3.6% average), with other components being benthic foraminifera (9.7%), peloids 

(7.6%), bivalves (6.8% average), gastropods (6.8% average) and echinoderm fragments (5.8% average). 

Locally the component assemblage contains Halimeda plates (Fig. 6H), bryozoan and ooids. The mean grain 

size is medium sand, and the fines content ranges from 0.9 to 38.1% (Table 3). This component assemblage 
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occurs exclusively around patch reefs, islands and along the reef belt in water depths ranging from 0 to 20 m 

(Fig. 7A and B).

Total organic carbon analysis
Total organic carbon contents range from 0.09 to 0.64% (Fig. 8A and C). Samples with the highest TOC 

contents are associated with the deepest locations in the lagoon (Fig. 8C). Except for one sample, sediments 

with TOC contents higher than 0.4% occur in water depths >20 m, while sediments with TOC contents of 0.4 to 

0.2% appear in water depths ranging from 18 to 40 m. However, TOC values of less than 0.2% were found at 

all water depths (Fig. 8C). A cross plot shows a positive correlation between increasing TOC and increasing 

fine fraction content (<0.063 mm; Fig. 8A).

Laterally, there is an increase in TOC from the shallow north-west inner lagoon towards the south-west 

outer reef rim (Fig. 8A). The highest TOC values appear in samples originating from the central lagoon and, the 

north-east and south-west outer lagoon close to the outer reef belt. 

Mineralogy analysis
Aragonite is the dominant mineral ranging in content from 28 to 87% for the sample (Table 4), with a mean of 

53%, followed by HMC (6 to 41%, mean 21%), and LMC (2 to 22%, mean of 8%; the fractional abundances of 

normalized carbonate mineralogy can be found in Table 5). The highest aragonite contents occur in the south-

east inner and outer lagoon and in the central lagoon. A pattern is not clear in the north-west outer lagoon (Fig. 

9A). The highest HMC values are mostly in the north-west outer lagoon and the central lagoon along the reef 

belt, while the abundances are more varied in the south-east inner and outer lagoon (Fig. 9C). The highest 

LMC contents occur in the north-west inner and outer lagoon and in the central lagoon towards the reef belt 

(Fig. 9E). Aragonite content shows a decreasing trend with respect to water depth ranging from approximately 

60 to 90% in shallow-water to 50 to 70% in the deep lagoon (Fig. 9B). In contrast, HMC (Fig. 9D) and LMC 

(Fig. 9F) increase around 5 to 10% with increasing water depths.

In addition to carbonate minerals, siliciclastic minerals such as quartz and feldspar (for example, 

orthoclase and albite) are present throughout the lagoon. Almost all samples are composed of more than 3% 

siliciclastic minerals (Fig. 10A). Quartz content ranges from <1 to 23%, with a mean of 4%, while feldspar 

varies from <1 to 26%, with a mean of 5% (Table 4). Quartz and feldspar are distributed almost evenly in the 

entire lagoon except a few locations. Higher siliciclastic content is found dominantly close to the shoreline in 

the north-west inner lagoon, in the central lagoon and scattered in the south-east inner lagoon (Fig. 10A and 

C). Cross plots reveal that both quartz (Fig. 10A) and feldspar (Fig. 10D) occur in all water depths with the 

highest concentrations in water depths ranging from 15 to 37 m.A
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Bottom water measurements and conductivity, temperature and depth profile analysis
The CTD measurements in the Al Wajh lagoon were conducted during the cruise in March/April 2019, thus 

representing daytime spring conditions (Table 2). They reveal a step-like temperature decrease from the sea 

surface towards the deeper parts of the lagoon by 2 to 3°C, while salinity also increases step-like by around 0.8 

to 1 PSU (Practical Salinity Unit; Fig. 11). Towards the shoreline, measurements show a linear decreasing 

temperature (1 to 2°C) and a similar increasing salinity trend, as well as a high-salinity lens within the first 3 m 

(ca 42 PSU; Fig. 11B).

Bottom water temperature within the Al Wajh lagoon ranges from 21 to 22.6°C, while salinity ranges 

from 41.6 to 41.9 PSU (Table 4). The oxygen level ranges from 6.6 to 7.7 ppm (Fig. 8A; Table 2;). The lowest 

values occur in the north-west (40 m water depth) and south-east (30 m) outer lagoons, while the highest 

values appear in the north-west inner and outer lagoon (Fig. 8A).

DISCUSSION AND INTERPRETATION
Morphology-derived implications for the sedimentary system in the Al Wajh lagoon
While the overall shape of the Al Wajh platform is most likely controlled by the landfall of the large-scale 

Zabargad strike slip fault system (Nicolas & Boudier, 1987; Marshak et al., 1992) and rift-block tectonics (e.g. 

Cross & Bosence, 2008), the seafloor morphology of the lagoon is significantly influenced by an interplay of 

carbonate and siliciclastic sedimentation patterns.

The seafloor map of the north-west inner lagoon indicates a gently inclined and tens of kilometres wide 

fan-like morphology dipping SSW (Fig. 1B), which is ornamented with Pleistocene carbonate islands (Behairy, 

1983; Bruckner et al., 2012). The fan shape is well defined by the outlines of the north-west inner lagoon (Fig. 

1A and B). Compared to that, the south-east inner lagoon slopes steep towards the WSW, while an edge 

characterized by larger islands (Fig. 1B). The fan-like morphology in the north-west suggests an influence of 

temporary terrestrial sediment input from mainland point sources (Rowland et al., 2014) active during past time 

periods of more intense precipitation (e.g. Arz et al., 2003; Nicolson et al., 2020). The steeper slope in the 

south-east inner lagoon is related to the carbonate islands, most likely grown on top of a fan-delta such as can 

often be found along the Red Sea coast (Rowland et al., 2014). A relationship between siliciclastic fan-deltas 

and carbonate build-ups growing on top of them has previously been observed in modern carbonates (Dullo & 

Montaggioni, 1998) and also for Miocene carbonate build-ups of the Red Sea area (e.g. Purser, 1998; Purser 

et al., 1998; Bosence et al., 1998; Cross et al., 1998; Bosence, 2005; Cross & Bosence, 2008).  The overall 

smooth seafloor topography in the deepest parts of the lagoon (central and north-west outer lagoon) could 

indicate differences between in situ sediment production, scouring and accumulation by currents and lack A
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thereof and/or influence by differential subsidence. Pre-existing topography related to karstification (Purkis et 

al., 2010) or erosion during exposure (last glacial) cannot be excluded. Differential sedimentation controlled by 

carbonate production, currents and waves could overprint or highlight pre-existing morphological features. The 

shallower water depths in the south-east outer lagoon than in the north-west (Fig. 1B) likely indicate a 

combination of morphological highs inherited from ancient topography (e.g. Purkis et al., 2010) and higher off-

reef sedimentation shedding. The differences in the inner reef slope morphology, which is steeper on the 

south-west flank and gently inclined in the north-west and south-east, is interpreted to be the result of wave-

induced winnowing and tidal currents (Zhan et al., 2021) transporting sediment from the reef belt into the 

lagoon. This causes a topographic smoothing on the north-west/south-east axis. 

Component assemblage and carbonate fines distribution
Sediment analysis reveals a heterogeneous distribution of fines (Fig. 7A), while component assemblages (CA) 

follow a distinct vertical trend with increasing abundance of assemblages distal to reefs (CA1 to CA3) and 

decreasing abundance of proximal reef component assemblage CA7 (Fig. 7B) with increasing water depth. The 

isolated occurrence of angular quartz grains (CA4) in the central and north-west outer lagoon suggests 

episodic flash floods or/and currents transporting coarser siliciclastics into the deeper lagoon (25 to 40 m water 

depth). Ooids (Fig. 7C) have not been described so far for the modern Red Sea. In combination with coated 

grains associated with CA5 and CA6, occurrence of ooids indicate strong tidal currents in the north-east and 

south-west inner lagoon. 

The distribution and proportion of carbonate fines (<0.063 mm) is complex in the Al Wajh lagoon. 

Down to 15 m water depth, samples contain on average less than 30% fines and not more than 60%. In water 

depths exceeding 15 m the fines content varies widely ranging from <1 to >99% (Fig. 4F). However, the 

varying content of fines neither shows a distinct relation to component assemblages nor the occurrence and 

frequency of individual components (Fig. 7D). The origin of fines and their spatial distribution on carbonate 

platforms and in associated lagoons has been an intensively discussed topic in the carbonate community 

during recent decades (e.g. Gischler et al., 2013). Previous studies indicate as main sources the disintegration 

of codiacean algae (Stockman et al., 1967; Wefer, 1980; Loreau, 1982; Macintyre & Reid, 1995), breakdown of 

skeletal grains (Ellis & Milliman,1985; Gischler & Zingeler 2002; including fish excrement, see Perry et al., 

2011), abrasion of ooids (Trower et al. 2017, 2019) and inorganic precipitation (e.g. whitings, Shinn et al. 1989; 

Robbins et al., 1997; Bustos-Serrano et al., 2009). Thin section analysis points to the local occurrence of fines 

produced by the algae Halimeda (Fig. 6H), while Padina (Fig. 2E) are found on several beaches and shallow 

water areas (<2 m) around islands. In combination with the presences of seagrass meadows of Thalassia 

testudinum (Chalastani et al., 2020) and their role as fines producers (Enríquez & Schubert, 2014; seagrass 

carbonate production, Perry & Beavington-Penney, 2005), the green and brown algae are probably major A
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contributors of carbonate fines in the sediments of the shallow lagoon (<15 m water depth). Halimeda and 

Padina algae were described as important fines producers along the shoreline south of Al Wajh platform 

(Yanbu to Jeddah; Durgaprasada Rao and Behairy, 1986). However, the overall low fines content of sediment 

samples from the upper 15 m of water depth suggests winnowing of carbonate mud towards the deeper lagoon 

(>15 m water depth) by wind-induced currents, waves and/or tides (Table 1). Although individual components 

and CAs present no obvious correlation to the carbonate mud content, the occurrence of component 

assemblage CA1 to CA3 is often accompanied by a fines content >30%. So far, carbonate producing green 

and brown algae have not been observed below 15 m water depth in the lagoon nor have whitings been 

observed. Hence, biological and physical breakdown of components (for example, foraminifera, red algae and 

bryozoans) and abrasion of carbonate particles (e.g. Trower et al., 2019) in water depths below 15 m could be 

an important in situ contribution to the overall fines content in addition to transport of fines from shallow waters 

by currents. To better understand the origin and distribution of carbonate fines in the different parts of Al Wajh 

lagoon requires more intensive geochemical and high-resolution petrographic analysis (for example, scanning 

electron microscopy).

Sediment distribution patterns – evidence for complex current systems in the Al Wajh lagoon
The presence of ooids and coated grains in the north-west and south-east inner lagoons (Fig. 7A and C) clearly 

indicate that currents play a major role in the sediment distribution in the Al Wajh lagoon. This finding is further 

supported by gradients in the fines content along sampling profiles perpendicular and parallel to depth contour 

lines (Figs 1B and 4E; profiles a and c, respectively). The disappearance of ooids and the increase of fines 

content towards the south (dip profile) and east (strike profile; Fig. 4E) indicate the waning of tidal currents 

away from the northern inlet and suspension fall-out of fines. Profile c through the central lagoon (Fig. 1B), 

however, shows a different pattern. Here the highest fines content is not found at the deepest water depth (42 

m) but close to the backside of the outer reef belt at depth of <30 m (Fig. 4E). It is likely that fines produced in 

the shallow outer reef belt are winnowed by tidal and wave currents and deposited in the deeper near-reef 

lagoon. This trend in fines content is opposite to the trend in the coarse fraction with a higher sand-size content 

in the deepest parts of the lagoon (Fig. 4C). In addition, the full spectrum of fines content (>1 to >99%) was 

found in water depths ranging from 15 to 42 m in the entire lagoon (Fig. 4F). These trends are reverse to what 

is often described in textbooks, where below wave base mud content increases and sand content decreases 

with increasing water depths. 

Due to the shelter provided by the reef, wavelengths and wave heights are respectively shorter and 

smaller in the Al Wajh lagoon compared to the open ocean waves of the Red Sea (e.g. Shanas et al., 2017; 

Zhan et al. 2021). Computer models indicate a maximum wave height of 1.5 m (Purkis et al., 2015) and 

observed wavelengths ranging from 5 to 10 m are unlikely to impact the floor of the lagoon in <15 m water A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

depth. An origin of fines from wave induced winnowing alone should lead to predictable gradients in the fines 

content away from shallows and downwind, for instance, from the north-west towards south-east following the 

prevailing wind direction. A predominance of in situ production of fines in areas with a water depth of >15 m 

would likely lead to blankets of more or less homogeneous mud content in the deeper parts of the lagoon. 

However, the lateral heterogeneity of fines content (Fig. 4E) does not concur with either as the sole factor 

affecting fines distribution. Instead, it is concluded that internal currents within the lagoon driven by wind 

patterns, storms and tides (Table 1) and influenced by the distribution of islands and shallows are likely 

important additional factors determining the distribution of sediments (Fig. 11). Simulation models of current 

systems in the Al Wajh lagoon support this finding (Zhan et al., 2021). Data from this study suggests that even 

in carbonate lagoons with water depths in excess of 40 m, grain size distribution and especially the occurrence 

of fine-grained sediments are significantly heterogeneous. In concurrence with other studies (e.g. Purkis et 

al.,2015; Weij et al., 2018) it is concluded that such sediment heterogeneities are controlled by water energy 

and component assemblages, rather than exclusively water depths.

Lateral distribution and factors controlling total organic carbon content
Total organic carbon content in modern shallow-water carbonate sediments is usually rather low. For instance, 

TOC values in the Arabian/Persian Gulf range from 0.8 to 1.5% (Evans, 1966; average 0.7 ± 0.3% TOC; Al-

Ghadban et al., 1994), while average global values range from 0.2 to 2.5% TOC (Crevello et al., 1984; 

Emerson, 1985). However, TOC values can locally be high, for example reaching 5% on the Belize shelf 

(Rafalska-Bloch, 1985). Compared to that, TOC contents measured in Al Wajh sediment samples are rather 

low (<0.64%). This is possibly related to the overall oligotrophic domain of the Red Sea (e.g. Raitsos et al., 

2013), but also the apparently well-ventilated bottom waters in the Al Wajh lagoon resulting in well-oxygenated 

bottom water conditions (Fig. 8A; Table 2), and intensive bioturbation (Fig. 2A and B). Nevertheless, cross-plot 

analysis (Fig. 8B) presents a positive relationship between increased water depth and TOC content. Moreover, 

there is also a slightly positive correlation between TOC and component assemblage CA7 (Fig. 12A). Individual 

components (for example, foraminifera) and their frequency indicate no correlation with the TOC content. 

Potential sources for the organic matter could be in situ production but also transport of particulate matter from 

the outer reef belt and patch reefs. Although the Red Sea suffers from an overall limited availability of nutrients, 

organic matter produced during rare seasonal algae blooms have been reported from inside the Al Wajh 

lagoon (Acker et al., 2008; Raitsos et al. 2013). The effect of dust input as a nutrient source for in situ organic 

matter production is currently under investigation.

Gischler & Lamondo (1999) discuss the absence of currents as a factor influencing the preservation of 

organic content in shallow water lagoons. They documented unusual high TOC values in the 8 m deep, 

Halimeda dominated lagoon of the Turneffe atoll in Belize (Ø 5.6%, 15% maximum) and explained these A
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values as the result of low-oxygen conditions due to restricted water circulation. However, as discussed above, 

the Al Wajh lagoon is well-ventilated. There are two hypothetical scenarios for reducing hydrodynamic 

circulation in the Al Wajh lagoon: (i) a sea-level drop that restricts the connection to the open ocean; or (ii) an 

increased freshwater inflow during humid periods from rivers and rain (for example, during pluvial periods; Arz 

et al., 2003). However, under the present environmental condition of active water circulation, the Al Wajh 

lagoon has a low potential to accumulate and preserve organic matter.

Carbonate mineral distribution and terrestrial sediment input
The relative high aragonite concentration in sediments from shallow water depths (Fig. 10B), is most likely 

derived from coral and other reef biota from the outer reef belt, reefs inside of the Al Wajh lagoon, codiacean 

algae, and to a smaller extent from seagrass meadows as described from other locations (Enríquez & 

Schubert, 2014). Towards the deeper lagoon the aragonite originates from whole shells or is a product of 

bioerosion (e.g. Adjas et al., 1990; Chazottes et al., 1995; Chazottes et al., 2002; Perry et al., 2015), physical 

erosion from daily waves and during storm events (e.g. Flügel, 2010; Gischler et al., 2013), and abrasion of 

carbonate particles during transport (Trower et al., 2017, 2019).  A ternary plot shows only a correlation 

between CA7 and aragonite content, while other component assemblages show no trend (Fig. 12B). There is 

only a weak negative relationship between the fine fraction size and high aragonite content (Fig. 12C), and a 

weak positive relationship between aragonite content and sand-sized sediments (Fig. 12D). This contrasts with 

the findings of Durgaprasada Rao & Behairy (1984) who described a distinct positive relation between 

carbonate fines and aragonite concentration for a shallow lagoon (<20 m) in front of Jeddah (central Red Sea). 

The difference is possibly an additional source for aragonite fines from either a more intense breakdown of 

skeletal carbonate particles, or an inorganic source of aragonite fines (whitings) that have been described 

elsewhere in the Red Sea (Durgaprasada Rao & Behairy, 1986). This study observed a relatively higher 

aragonite content in the south-east inner and outer lagoon and interpreted this to reflect either: (i) wind driven 

winnowing of aragonite-rich, fine-grained sediments from the north-west towards the south-east; or more likely 

(ii) an increased local aragonite production in the south-east platform.

The overall higher HMC content (avg. 21%; Table 4) in the deeper parts of the lagoon (Fig. 9C) 

correlates well with the relative abundance of component assemblage CA1 to CA3 (Figs 7A and 12B). This 

corresponds to observations made in other locations such as the Belize lagoon (Reid et al., 1992) and Great 

Bahama Bank (Reijmer et al., 2009). Due to the occurrence of red algae particles in almost all component 

assemblage and especially in CA3, it is assumed that red algae contribute to the HMC values, besides faecal 

pellets (e.g. Reijmer et al. 2009; Flügel, 2010) and fish excrement (Perry et al., 2011; Salter et al., 2012).
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The LMC content in Al Wajh lagoonal sediments is relatively high (average 8%; Table 4) compared to 

sediments from Great Bahama Bank (average 0.2%, Reijmer et al., 2009), Maldives atolls (average 3%, 

Klostermann & Gischler, 2015) and Belize lagoon (average 3%, Reid et al., 1992), Bi-mineralic gastropod and 

bivalve shells (Mackenzie et al., 1983; Flügel, 2010) and benthic foraminifera (e.g. Debenay et al., 1999) are 

potential sources of LMC in carbonate platforms. The current study interprets these components to also be 

contributors to the LMC content.  There is a further presumption of wind and wave erosion of diagenetically 

stabilized Pleistocene islands and reefs (Bruckner et al., 2012; Khanna et al., 2021), as additional sources of 

LMC (e.g. Plaziat et al., 1998). In comparison, dust is an unlikely source for the LMC since the calcite content 

of Holocene soils along the Red Sea coastline and in the hinterland is relatively low amounting to only 5% by 

volume (Prakash et al., 2016). The prominent difference in LMC content between the south-east part (<10%) 

and the north-west part (>15%) in the Al Wajh lagoon (Fig. 9E) is opposite to the pattern observed in aragonite 

content, which is higher in the south-east and lower in the north-west (Fig. 9A). Since the sediment samples do 

not indicate a dramatic change in biota and composition between both areas, these trends are interpreted to be 

the product of winnowing of aragonitic fines from the reef belt and patch reefs towards south-east. However, 

more research needs to be done to clearly differentiate between the different sources and their contribution to 

the total carbonate mineralogy in lagoonal sediments.

Siliciclastic minerals composed mainly of quartz (Fig. 10C) and feldspar (Fig. 10E) are significant in 

their contribution to the overall surface sediments (average 4.5%) and are evenly distributed over the lagoon 

with the exception of a somewhat higher content in some near shore areas and localized in the central lagoon 

(Fig. 10A). The dominance of quartz and feldspar suggests as a potential source Holocene soils along the 

coastline and in the hinterland (Prakash et al., 2016), as well as igneous and metamorphic rocks of the Arabian 

Shield escarpment (Edgell, 2006). The absence of widespread shoreline-proximal to distal trends in the Al 

Wajh lagoon suggests that aeolian dust may be the source of siliciclastic mineral input (Fig. 9A). This 

interpretation is supported by studies using dust traps and computational simulations, which indicate significant 

dust deposition in coastal environments along the eastern Red Sea coastline (Prakash et al., 2015). However, 

the occurrence of angular quartz particles larger than 0.063 mm in the entire lagoon and the isolated 

occurrence of bioclastic and siliciclastic-rich CA4 in the deeper central and north-west outer lagoon (Fig. 7A), 

indicate an additional influx of siliciclastic sediments through flash floods associated with episodic heavy rain 

events (Fig. 11A). This is supported by sample profile d (Fig. 10A, C and E) in the north-west inner lagoon, 

which shows a relatively high siliciclastic content close to the shoreline decreasing towards the deeper lagoon. 

A similar observation of mineral content in Egyptian coastal areas of the Red Sea has been related to flood 

input through wadis after rains (Piller and Mansour, 1994). Moreover, Bruckner et al. (2012) proposed that a 

small amount of terrestrial minerals may enter the lagoon via wave reworking of sandy beaches along the 

shoreline.A
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Comparison of the land-attached Al Wajh platform lagoon with lagoons from other shallow-water 
carbonate settings
Complex lagoonal current systems and bathymetry seem to be a crucial parameter in addition to in situ 

sediment production and winnowing in shallows controlling the sediment distribution in the Al Wajh lagoon (Fig. 

11A). The ever-changing energy conditions from tides, winds and storm driven currents, and the platform 

morphology, lead to a lateral, heterogeneous sediment distribution rather than a homogeneous facies belt 

following simple depth gradients. 

Similar observations of energy and facies relationships are documented by other authors in different 

shallow-water settings. Based on the sediment distribution in two atolls of the West Maldives archipelago 

(Rasdhoo and Ari atolls; Table 6), Gischler (2006) interpreted water energy (for example, tidal currents) as a 

crucial parameter controlling the deposition of fines inside of both lagoons. Betzler et al. (2015) supported this 

interpretation by presenting similar findings for the South Malé Atoll lagoon (East Maldives archipelago; Table 

6). Both studies also clearly describe the importance of sheltered areas for the accumulation of fines in atoll 

lagoons, while an increase of fines content accompanied by increasing water depth is only applicable for ultra-

deep lagoons (>50 m). Furthermore, published data of all three lagoons suggest a patchy facies distribution on 

a km-scale (Gischler, 2006, Betzler et al., 2015).

The area of the flat-topped Great Bahama Bank is more than ten times larger than the Maldives atolls 

(Table 6). Due to the mainly shallow-water depths on the platform top (<9 m; Harris et al., 2015), surface 

sediments are dominated by grainy facies (e.g. Reijmer et al., 2009), forming mosaic tiles on a tens of 

kilometres scale. Several authors relate this patchy distribution to the prevalent and complex current regime 

(e.g. Harris et al., 2015; Weij et al. 2018). Moreover, large-scale accumulation of carbonate fines (for instance 

produced by whitings; e.g. Robbins et al., 1996, 1997; Purkis et al., 2017b) are well-documented for sheltered 

positions such as leeward Andros Island and Eleuthera Islands, deposited in similar water depths to grainy 

facies (e.g. Reijmer et al., 2009). This and the patchy facies pattern emphasises the minor role of water depth 

in the accumulation of carbonate fines on flat-topped platforms, as also discussed by Weij et al. (2018) and 

Purkis et al. (2019).

The Belize margin (Table 6) is characterized by a shoal-barrier reef protecting an elongated, land-

attached, carbonate–siliciclastic mixed lagoon (e.g. Purdy et al., 1975). The lagoon deepens over a distance of 

200 km accompanied by a change in topography from flat in the north (-6 m maximum water depth) to a 

‘bucket-like’ geometry in the south (-46 m maximum water depth; Purdy et al., 2003; Purdy & Gischler, 2003). 

Although the water depths change significantly, while biogenic components only vary slightly, the carbonate 

mud content remains nearly constant from north to south (Purdy & Gischler, 2003) and therefore can be A
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described as a facies belt. Interestingly, a similar belt-like sediment distribution is documented for the well-

studied Khor Al Bazm lagoon on the Abu Dhabi ramp (Table 6; e.g. Purser & Evans, 1973; Wagner & Van der 

Togt, 1973). Muddy sediments are only documented on the leeward side of the barrier or individual wind-

protected nearshore areas, while grainy facies dominate the rest of the lagoon (e.g. Purser & Evans, 1973). 

Although the examples discussed represent shallow-water carbonate platforms in vastly different settings and 

climate realms, and have different carbonate producers and depth gradients, they all seem to follow similar 

depositional trends. Internal current patterns and barriers, such as reefs, sand shoals and islands, protecting 

an area from surface waves and currents seem to be more important for the accumulation of carbonate fines 

than water depths, as discussed by Weij et al. (2018) for flat-topped carbonate platforms. In land-attached, 

barrier-protected lagoonal settings and flat-topped giant platforms with islands (Purkis et al., 2019), sheltering 

results in elongated facies belts behind barriers, with the effect of the obstruction extending over tens to 

hundreds of kilometres depending on the dimension of the platform and associated barriers. In contrast, 

lagoons in atolls or atoll-like settings, tend to be characterized by facies mosaics kilometres in size (Fig. 5A). 

The Al Wajh data and Maldives studies (Gischler, 2006; Betzler et al., 2015) clearly indicate a crucial influence 

of lagoon-internal currents on the distribution of carbonate-fines. The presence of patch-reefs and islands 

within the lagoon further increases the complex distribution patterns of fines and related Dunham textures (Fig. 

5). Therefore, a simple depth related distribution of sediments cannot be expected in shallow-water carbonate 

lagoons because of the likely existence of complex hydrodynamic conditions in natural systems. Currents and 

current patterns will determine textural heterogeneities in combination with morphology, not depth.

Finally, it is important to mention that the sediment/facies maps discussed in this section are based on 

sample grids of different scales. For instance, the sample density on the Belize lagoon (Purdy & Gischler, 

2003) is lower compared to the Maldives (Gischler, 2006) and the current Al Wajh studies (respectively, 5 km 

versus <2 km). Smaller scale sediment changes (hundreds of metres to km-scale) have not yet been 

investigated but may introduce additional heterogeneity in facies patterns of lagoonal systems. A succession of 

studies on facies patterns on Great Bahama Bank (e.g. Purdy, 1963; Enos, 1974; Reijmer et al., 2009) show 

that the size of sample grids is of great importance in assessing the true nature of facies mosaics versus belts. 

Over Great Bahama Bank a reduction of sample grid size from >10 km (Purdy, 1963) to <10 km (Reijmer et al., 

2009) revealed significant facies heterogeneity and the presence of patchiness. 

Implications for the development of lateral property heterogeneities in lagoonal rift basin carbonate 
reservoirs 
Studies of modern carbonate platforms offer not only insights on the formation and architecture of modern and 

ancient carbonate platforms but also provide analogue information on property distributions in hydrocarbon and 

geothermal reservoirs in carbonate rocks. The fabric, texture and mineralogy of carbonate sediments play an A
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important role in the distribution and preservation of primary porosity and its alteration during diagenesis (e.g. 

Ahr, 2008). Mud-supported versus grain-supported textures are of fundamental importance for the permeability 

in subsurface sequences and are often preserved through diagenetic alterations (e.g. Lucia, 1999). The new 

data from the Al Wajh lagoon reveal a significantly more complex pattern of compositional heterogeneity (Fig. 

5A) than previously suggested based on optical seabed observations and satellite images (Purkis et al., 2015). 

Around 10% wackestone and packstone textures occur in a shallow-water depth (<10 m), while >10% 

packstone to grainstone texture appears in the deeper lagoon (30 to 40 m water depth; Fig. 5B). Mudstone 

textures are now also documented for the Al Wajh lagoon. The degree of heterogeneity revealed by the data 

mirrors observations previously made on of the Great Bahama Bank that heterogeneity increases with 

sampling density (Reijmer et al., 2009). The presented data in this study indicates gradual component 

assemblage transitions over distances of tens to hundreds of metres (Fig 5A). 

Grain-rich/mud-poor sediments occur within and in front of channels producing sedimentary bodies of 

potentially high permeability. Similar sediments also occur around build-ups (patch-reefs) and islands and in 

the central lagoon in proximity to any reefs. This suggests that reservoirs in land-attached carbonate platforms 

of rift basins likely have a high potential for patchy grainstone reservoir bodies that extend over distances of a 

few kilometres into the lagoon. Surrounding mud-rich sediments will likely diminished connectivity between the 

more grain-rich sediment bodies. 

Considering the size of the Al Wajh lagoon, the remaining large distance between samples (<2 km) 

and the evidence for a complex current system in the lagoon, it is expected that the complexity of sedimentary 

patterns will increase significantly with additional sample collection. This has significant implications for the 

heterogeneity of fluid flow properties to be expected in reservoirs found in carbonates that formed in analogous 

settings. Many reservoir models, however, poorly reflect patchy depositional heterogeneities such as found in 

Al Wajh lagoon and elsewhere and instead assume smooth transitions between facies belts. Property 

distributions in three-dimensional flow models based on such an assumption will predict a much more 

homogeneous subsurface flow leading to erroneous reservoir modelling results with delayed timings for water 

breakthrough and overestimation of recovery for given development scenarios. The new findings may also 

influence the interpretation of ancient carbonates, as discussed for shoal-reef (e.g. Riegl & Purkis, 2009) and 

platform carbonate (e.g. Strasser & Védrine, 2009; Rankey, 2016; Dyer et al., 2018) successions.

CONCLUSIONS
Al Wajh is one of the largest land-attached carbonate platforms in the oligotrophic Red Sea and is likely the 

largest existing modern analogue for ancient rift basin carbonate platforms. An almost closed reef-shoal belt 

and a complex interior consisting of a 42 m deep lagoon, patch and pinnacle reefs and coral reef islands A
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characterize the platform. Surface sediment samples were analyzed to improve the understanding of 

mechanisms controlling sediment origin and depositional heterogeneities on carbonate platforms and in 

subsurface reservoirs analogues. The results lead to the following major conclusions.

1 1 Seafloor topography of the Al Wajh lagoon is mainly influenced by ancient, tens of kilometres wide 

fan-like morphologies derived from previous periods of localized terrestrial sediment input, which provided the 

seeds for ancient and modern reefs. On a local-scale, a combination of patch reefs, in situ carbonate 

production, palaeo-morphology and sediment winnowing by currents controls the modern bathymetry.

2 Seven component assemblage were identified, ranging from benthic foraminifera and mollusc-rich 

sediments from the deeper lagoon to reef debris, high-energy ooid-rich, and siliciclastic bearing sediments.

3 Grain-size analyses document that water depths and sediment distribution within the lagoon are 

partially related. Component assemblage distribution shows a distinct relation to water depths. In particular 

mud-content seems to be rather independent of water depths. Instead, winnowing by waves and currents in 

combination with carbonate production control the fines distribution resulting in a heterogeneous pattern.

4 Total organic carbon (TOC) content in the Al Wajh lagoon sediment samples is rather low (<0.7%). The 

low content is related to the overall oligotrophic environment, well-ventilated bottom waters, and biological 

consumption. However, TOC values show a positive correlation with increasing water depth and increasing 

fines fraction.

5 Lagoonal sediments are dominated by aragonite, with significant contributions of high-Mg calcite 

(HMC) and low-Mg calcite (LMC). While aragonite content reaches its highest value in the south-east, highest 

HMC and LMC contents occur in the north-west of the Al Wajh lagoon.

6 Modern terrestrial sediment input is likely controlled by aeolian transport (dust), as well as flash-flood 

events through wadis during rare heavy rain events. Local proximal-distal trends suggest a combination of 

sediment influx from point sources and wave-induced beach sediment reworking.

7 A comparison of the Al Wajh lagoon with other modern carbonate platforms indicates water energy 

(besides biota) as a crucial parameter controlling lateral fines distribution, and therefore the associated 

Dunham classification patterns in shallow water carbonate settings (facies belt versus mosaic tiles).
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8 The apparent importance of water energy for carbonate fines distribution and textures (Dunham) in the 

Al Wajh lagoon highlights the necessity for a better understanding of palaeo-currents for the prediction of 

lateral facies and property heterogeneities in carbonate platforms and subsurface reservoirs.

The findings of this study further substantiate previous investigations of carbonate platforms in that, 

morphology, biota and water energy are the main mechanisms controlling lateral sediment heterogeneities. 

Furthermore, using the Al Wajh lagoon as a modern analogue, the heterogeneity documented in the 

distribution of sediment and sedimentary fabrics suggests that significant property heterogeneities should be 

expected in ancient reservoirs in carbonates formed in similar settings.  The data presented in this manuscript 

is a first but necessarily coarse-scale investigation, which forms the essential foundations for future research.
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FIGURE CAPTIONS
Fig. 1. (A) Satellite image of the Al Wajh carbonate platform (GoogleEarth, 2020), including prevailing wind and 

storm directions (grey arrows). Yellow dashed lines show the subdivision of the platform into five areas. Green 

dots mark conductivity, temperature and depth (CTD) measurement locations (No. 1 to 16). The dotted line 

(white) shows the position of schematic profile A–A’ (see also Fig. 11B). Dashed lines (white) mark the three 

main channels (I to III) connecting the lagoon with the Red Sea. Yellow arrows show the main drainage paths 

in the Al Wajh area (Abdelkareem et al., 2020), while orange arrows mark smaller, local wadis. Inset box: 

overview map of Red Sea region, including surrounding states. (B) Satellite image of the Al Wajh platform 

showing a newly produced bathymetry map, which is based on single-beam sonar based bathymetry 

calculated with spectral modelling (Purkis et al., 2015) and sampling depth locations. Black dashed lines show 

the subdivision of the platform into five areas: (i) south-east inner lagoon; (ii) south-east outer lagoon; (iii) 

central lagoon; (iv) north-west inner lagoon; and (v) north-west outer lagoon.

Fig. 2. (A) and (B) Recorded seafloor images from two conductivity, temperature and depth (CTD) sites (5 and 

11) depicting a featureless environment, including different bioturbation such as shrimp burrows (white arrows) 

and grazer (yellow arrows; Seilacher, 2007); very small holes could indicate natural gas escape structures 

(grey arrows). Note: pipes visible on the images are part of the steel cage. (C) to (D) Photographs of 

characteristic sediment samples. (C) Sediment samples collected proximal to reefs composed mainly of 

(reworked) reef debris and minor benthic foraminifera and gastropods, while (D) samples collected distal to 

reefs consist of benthic foraminifera, molluscs shells/shell fragments and echinoderm spines. (E) Image of 

brown algae Padina.  B: bivalve, E: echinoderm, ES: echinoderm spine, F: benthic foraminifera, G: gastropod, 

C: coral fragment, RD: reef debris (reworked).

Fig. 3. Satellite images of the Al Wajh platform showing sediment (A) mean grain size and (C) sorting. Yellow 

dashed lines mark the lagoon divisions. (B) Bar chart indicates a slight decrease of mean grain size with 

increasing water depth. (D) Overall, sediments from almost all water depths are poorly sorted, while well-sorted 

sediments only occur in a water depth ranging from 15 to 30 m. Note: due to the complex hydrodynamic 

behaviour of carbonate shells, bioclasts and skeletal components, the influence of flow energy does not 

necessarily result in well sorted carbonate sediments (e.g. Menard & Boucot, 1951; Brenchley & Newall, 1970; 

Messina & Labarbera, 2004).

Fig. 4. Satellite images of the Al Wajh platform illustrating (A) gravel, (C) sand and (E) fine fraction distribution. 

Grain size and water depth relationships keyed to (B) gravel fraction, (D) sand fraction and (F) fine fraction. 

Gravel fraction cross-plot shows a trimodal distribution with its highest peaks in 0 to 10 m, 15 to 25 m and 30 to 

40 m water depths. Sand fraction cross-plot presents two endmembers: lowest contents in water depth >26 m A
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and highest content in water depth <15 m. Fine fraction cross-plot shows an increasing fine-grained content 

trend with increasing water depth. Yellow dashed lines mark the lagoonal subdivision (please see Fig. 1). 

Fig. 5. (A) Abundance of Dunham (1962) texture related to water depths. (B) The bar chart shows an 

increasing trend of mud-supported texture with increasing water depth. Note: due to the single data point, the 

abundance of Dunham texture categories in 40 to 42 m water depths is to be discounted. Yellow dashed lines 

mark the lagoonal subdivision (please see Fig. 1). 

Fig. 6. Thin section images of component assemblage recorded in plain polarized light (PPL). (A) CA1: T – 

distal to reefs, (B) CA2: inner lagoon – proximal to reefs, (C) CA3: inner lagoon – proximal to reefs, (D) CA4: 

various environments, (E) CA5: tidal-influenced, (F) CA6: tidal-channel, (G) CA7: close proximity to reefs. (H) 

Green algae Halimeda fragments associated with CA7. B: bivalve, CG: coated grain, E: echinoderm, ES: 

echinoderm spine, F: benthic foraminifera, G: gastropod, H: Halimeda, IC: intraclasts, O: ooid, P: peloids, Q: 

quartz, RA: red algae, RD: reef debris (reworked), S: serpulid. Note: Thin sections are stained with Alizarin-S 

(red), except (F) and (H).

Fig. 7. (A) Satellite image of the Al Wajh platform showing the aerial distribution of component assemblage 

CA1 to CA7 (Table 3). (B) Component assemblage versus water depth plot show trend of increasing CA1 

abundance with increasing water depth, while CA7 decreases with increasing depth. (C) Satellite image of the 

Al Wajh platform showing the occurrence and frequency of Halimeda plates and ooids. (D) Fine fraction versus 

water depth plot. Yellow dashed lines mark the lagoonal subdivision (please see Fig. 1)

Fig. 8, (A) Satellite image of the Al Wajh platform displaying total organic carbon (TOC) content. (B) Fine-

grained fraction (<0.063 mm) versus TOC cross plot shows an increase in TOC with increasing fine fraction 

content. (C) TOC versus water depth cross-plot shows an increase in the TOC trend with increasing water 

depth. Yellow dashed lines mark the lagoonal subdivision (please see Fig. 1). 

Fig. 9. Satellite images of the Al Wajh platform showing distribution of sediment samples (A) aragonite, (C) 

high Mg-calcite (HMC) and (E) low Mg-calcite (LMC) content. Mineralogy versus water depth relationships for 

(B) aragonite, (D) HMC and (F) LMC. Aragonite decreases with increasing water depth, while HMC and LMC 

increase. Fractional abundance of carbonate mineralogy is normalized (Table 5), assuming that samples 

consist completely of LMC, HMC and aragonite (Swart et al., 2002; Reijmer et al., 2009). Yellow dashed lines 

mark the lagoonal subdivision (please see Fig. 1). 
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Fig. 10. Satellite images of the Al Wajh platform displaying amounts of (A) bulk siliciclastics, (C) quartz and (E) 

feldspar at sample sites. Cross-plots of (B) total siliciclastics, (D) quartz and (F) feldspar with water depth. 

Highest siliciclastic content occurs around 20 m water depth (B), while almost all samples are composed of 

>3% siliciclastics. Note: majority of samples are plotting between 3% and 11% siliciclastic content (yellow bar). 

Yellow dashed lines mark the lagoonal subdivision (please see Fig. 1). 

Fig. 11. (A) Schematic model of depositional processes on the Al Wajh carbonate platform. (B) Schematic 

south-west/north-east dip-section illustrates the Al Wajh platform morphology from shoreline towards the reef 

belt. Two temperature and salinity profiles (CTD 4 and 11; Fig. 1) indicate lateral water body variations within 

the lagoon. Location of the dip-section is also shown in Fig. 1.

Fig. 12. (A) Total organic carbon (TOC) versus fine fraction (<0.063 mm) cross-plot colour coded for 

component assemblage shows that CA7 hosts the highest TOC and fine fraction content. (B) Ternary plot 

presents carbonate mineralogy [aragonite, high Mg-calcite (HMC) and low Mg-calcite (LMC); Table 5] in 

relation to component assemblages CA1 to CA7. (C) Cross-plot of aragonite content versus fine fraction 

(<0.063 mm) and (D) cross-plot of aragonite content versus sand content (2 to 0.063 mm).

TABLE CAPTIONS

Table 1. Climate and oceanographic condition in the Al Wajh area.

Table 2. Location of conductivity, temperature and depth (CTD) measurements and other measured properties 

at the seafloor (collected during research cruise  Al Wajh II in 2019)

Table 3. Compositional (in %) and grain size characteristics of the seven defined component assemblages – 

CA1 to CA7 – including fine fraction content variation and mean grain size (n = 182).

Table 4. Fractional abundance (%) of the five primary minerals: aragonite, high Mg-calcite (HMC), low Mg-

calcite (LMC), quartz and feldspar.

Table 5.  Fractional abundance of carbonate mineralogy (%) assuming samples consist completely of low Mg-

calcite (LMC), high Mg-calcite (HMC) and aragonite (Swart et al., 2002; Reijmer et al., 2009).
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Table 6. Comparison of the Al Wajh lagoon with various carbonate platform settings. Maldives archipelago 

(Gischler, 2006; Betzler et al., 2015; Klostermann & Gischler, 2015), Great Bahama Bank (Reijmer et al., 2009; 

Harris et al., 2015; Purkis et al., 2019), Belize margin (Purdy et al., 1975; Burke, 1982; Purdy & Gischler, 2003; 

Centurioni & Niiler, 2003; Purdy et al., 2003) and Abu Dhabi (Wagner & Van der Togt, 1973; Purser & Evans, 

1973). 
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Table 1 

 Winter Summer 

Prevailing wind direction
1
  NNW NNW (SSE) 

Average wind strength
2
  >6 m/s >4 m/s 

Maximum storm strength3 15 m/s 

Maximum storm surge height4 >1.5 m 

Prevailing dust storm direction
1
 East West–WSW 

Average air temperature (maximum)
4
 ~21°C (>24°C) ~33°C (>40°C) 

Average humidity range
1
  >50% >30% 

Mean rainfall (1980 to 2015)
5
  <0.25 mm/day <0.1 mm/day 

Mean evaporation – Red Sea
6
  >1.8 m/yr <0.7 m/yr 

Sea surface water temperature
7
  21 – 23°C 29 – 31°C 

Bottom water temperatures  

(30 m water depth)9 
21 – 26°C 26 – 29°C 

Tide daily
8
  0.1 – 0.8 m 0.1 – 0.8 m 

Tidal current speed
7
 <0.1 – 0.5 m/s <0.1 – 0.5 m/s 

 

1
e.g. Patlakas et al., 2019; 

2
e.g. Raitsos et al. 2013; 

3
Langodan et al., 2017 & 2018; 

4
Drews, 2015; 

5
Viswanadhapalli et al.,2017; 

6
Dasari et al., 2018; 

7
Abdulaziz 2012; 

8
Zhan et al., 2021; 

9
VCV pers. Scuba Dive data and CTD; 

10
GASGI 2021 
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Table 2 1 

No. Latitude Longitude 

Date 

(time) 

(GMT+3) 

Water 

depth [m] 

O2 

[ppm] 
pH 

Salinity 

[PSU] 

Temperature 

[°C] 

1 25° 34.934'N 36° 41.276'E 
22 Mar 

(15:40) 
23.2 7.3 8.1 41.6 21.4 

2 25° 37.444'N 36° 39.829'E 
22 Mar 

(16:10) 
29.6 7.3 8.2 41.8 21.0 

3 25° 36.523'N 36° 40.348'E 
22 Mar 

(16:30) 
30.0 6.9 8.2 41.8 21.1 

4 25° 34.379'N 36° 45.008'E 
23 Mar 

(16:40) 
32.1 6.8 8.2 41.8 21.0 

5 25° 39.997'N 36° 37.353'E 
26 Mar 

(17:00) 
37.0 6.6 8.1 41.8 21.2 

6 25° 30.691'N 36° 52.685'E 
27 Mar 

(15:00) 
30.0 6.9 8.1 41.9 21.6 

7 25° 38.715'N 36° 40.904'E 
29 Mar 

(16:10) 
34.8 7.7 8.0 41.8 21.5 

8 25° 43.462'N 36° 35.990'E 
31 Mar 

(16:50) 
23.8 7.4 8.0 41.7 21.7 

9 25° 41.883'N 36° 42.861'E 
07 Apr 

(11:00) 
25.3 7.7 8.1 41.8 22.1 

10 25° 45.720'N 36° 36.849'E 
07 Apr 

(16:15) 
21.7 7.6 8.2 41.7 22.0 

11 25° 38.091'N 36° 50.139'E 
08 Apr 

(08:00) 
37.2 7.3 8.2 41.9 22.3 

12 25° 33.004'N 36° 52.939'E 
08 Apr 

(8:40) 
37.1 7.2 8.2 41.8 21.6 

13 25° 31.961'N 36° 53.033'E 
08 Apr 

(08:50) 
33.1 7.0 8.2 41.9 22.6 

14 25° 30.839'N 36° 50.779'E 
08 Apr 

(09:10) 
29.5 6.6 8.2 41.9 22.6 

15 25° 31.661'N 36° 49.095'E 
08 Apr 

(09:30) 
36.3 7.0 8.3 41.8 21.8 

16 25° 35.288'N 36° 48.082'E 
08 Apr 

(10:00) 
36.8 7.1 8.3 41.9 21.8 A
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Table 3 

  Composition* (%)   

    Bi GA FO EC CO RD RA SE PE OO BR HA QZ 

Fines content 

(%) Mean grain size 

CA1 

(n: 83) 
Range 9–33 9–48 10–52 5–35 0–2 0–9 0–9 0–5 0–44 – 0–3 0–2 0–8 1.1–93.7 

Very coarse silt 

to very coarse 

sand 

 
Average 19.8 25.2 22.1 17.7 0.8 2.8 2.5 0.9 5.2 – 0.5 0.02 2.2 49.9 Fine sand 

 
Std dev. 5.3 7.2 6.3 4.8 1.3 2.9 1.6 1.0 7.4 – 0.6 0.2 2.0 22.6 – 

CA2 

(n: 35) 
Range 3–30 4–35 2–30 3–21 0–6 9–24 0–9 0–3 0–26 0–5 0–2 0–7 0–9 0.6–93.1 

Very coarse silt 

to medium sand 

 
Average 12.3 14.7 16.5 8.7 0.9 14.0 2.2 0.5 8.9 0.3 0.3 0.3 2.9 32.6 Fine sand 

 
Std dev. 6.2 6.8 6.7 6.0 1.5 5.7 2.8 0.8 8.0 1.0 0.5 1.3 2.9 24.1 – 

CA3 

(n: 5) 
Range 9–21 16–20 17–26 6–22 0–2 0–9 10–14 0–2 1–18 – 0–1 – 1–2 2.4–87.3 

Very coarse silt 

to fine sand 

 
Average 14.6 18.6 21.6 11.2 1.4 5.8 12.4 0.4 12.0 – 0.8 – 1.2 16.2 Very fine sand 

 
Std dev. 5.8 1.7 4.3 6.3 0.9 3.6 2.1 0.9 7.0 – 0.4 – 0.8 7.9 – 

CA4  

(n: 13) 
Range 3–24 7–30 8–25 1–19 0–2 1–16 0–6 0–2 0–28 0–1 0–1 – 10–40 10.1–83.6 

Very fine sand 

to coarse sand 

 
Average 11.9 18.0 16.2 8.1 0.6 6.5 3.3 0.8 11.2 0.2 0.5 – 22.7 32.1 Fine sand 

 
Std dev. 5.9 7.2 6.3 5.3 0.7 5.5 1.8 1.0 10.5 0.4 0.7 – 0.4 22.2 – 

CA5  

(n: 5) 
Range 5–13 5–15 4–12 2–8 0–2 7–17 0–5 0–3 2–27 1–3 – – 21–61 12.8–30.4 Fine sand 

 
Average 9.6 9.4 6.8 5.2 0.6 12.6 1.6 1.2 11.0 2.0 – – 40.0 20.3 Fine sand 

 
Std dev. 3.6 4.0 4.8 2.6 0.9 4.4 1.9 1.3 11.0 1.0 – – 1.0 7.9 – 

CA6  

(n: 1) 
Range – – – – – – – – – – – – – – – A
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Average 1.0 – 2.0 – – 14.0 1.0 – 22.0 60.0 – – – 0.7 Very fine sand 

 
Std dev. – – – – – – – – – – – – – – – 

CA7  

(n: 40) 
Range 0–17 0–19 1–25 0–19 0–19 

30–

93 
0–28 0–2 0–29 0–1 0–3 

0–

10 
0–5 0.9–38.1 

Very coarse silt 

to very coarse 

sand 

 Average 6.8 6.7 9.7 5.8 3.6 62.2 6.7 0.2 7.6 0.1 0.4 0.5 1.0 13.1 Medium sand 

  Std dev. 5.1 4.5 6.8 4.9 5.3 18.5 6.5 0.4 7.7 0.2 0.7 1.7 1.3 8.0 – 

*BI: bivalve, GA: gastropod, FO: foraminifera, EC: echinoderm, CO: coral, RD: reef debris, RA: red algae, SE: serpulid, PE: peloid, OO: ooid, BR: bryozoan, HA: Halimeda, QZ: quartz
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Table 4  

Mineralogy Mean (%) Maximum (%) Minimum (%) 

HMC 21 41 6 

LMC 8 22 2 

Aragonite 53 87 28 

Quartz 4 24 <1 

Feldspar 5 26 <1 
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Table 5 

Mineralogy Mean (%) Maximum (%) Minimum (%) 

HMC 24 44 6 

LMC 10 28 2 

Aragonite 58 90 48 
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Table 6 

Location Climate Name (Lagoon)-type Main influence 
Dimension 

(km) 

Maximum 

water 

depth 

(m) 

Component 

assemblage 

distribution 

Maldives Archipelago  

(Indian Ocean) 
Tropical 

Rasdhoo 

Atoll 
Atoll 

Tidal currents, 

westerly winds 
10 x10 7 to 40 Belt-like (patchy) 

  Ari Atoll Atoll – 30 x 89 22 to 80 Belt-like 

  Malé Atoll Atoll – 18 x 36 20 to 70 Patchy 

Great Bahama Bank  

(Western Atlantic Ocean) 
Tropical – Isolated, flat-topped* 

Easterly trade winds, 

storms, tidal currents 
590 x 160 9 to 30 Patchy 

Abu Dhabi 

(south-west 

Arabian/Persian Gulf) 

Arid 
Khor Al 

Bazm 

Ramp 

(barrier protected) 

North-west Shamal 

winds, tidal currents 100 x 10 6 to 27 Patchy 

Belize margin 

(Western Caribbean Sea) 
Tropical – 

Shelf 

(barrier protected) 

Microtidal, north-east 

surface currents 
260 x 24 6 to 46 Belt-like 

Al Wajh  

(Red Sea) 
Arid – 

Land-attached 

(barrier protected) 

North-east and 

south-west winds, 

tidal currents 

30 x 70 5 to 42 Patchy 

*Great Bahama Bank does not have a lagoon, only sheltered areas behind islands.  
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