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Abstract: This study utilizes lithofacies characteristics, petrographic, XRD, and stable isotope data of
Al-Mejarma beachrocks, Red Sea, Saudi Arabia, to interpret its depositional setting, origin of cement,
and coastal evolution. The beachrock is 1.15 m thick, medium to very coarse-grained sandstone with
scattered granules. It shows massive to graded bedding, horizontal, ripple, and shore parallel to
slightly oblique planar cross-laminations, with a remarkable absence of bioturbation. It was deposited
by shore-parallel longshore currents in a relatively high-energy beach environment. The framework
comprises quartz, feldspars, and lithic fragments admixed with biogenic remains of algae, mollusca,
foraminifera, corals, and echinoids. They are cemented by high magnesium calcite in the form
of isopachous rims and pore-filling blades, and rarely, as a meniscus bridge. The mean values of
5180VPDB and 513CVpDB are 0.44%. and 3.65%o, respectively, suggesting a seawater origin for the
cement. The framework composition, facies geometry, and association with back-barrier lagoon
impose a deposition as a shoreface-beach barrier through two stages corresponding to the middle
and late Holocene. The first stage attests landward migrating sediment accumulation and rapid
marine cementation. The sediments stored offshore during the early and middle Holocene humid
periods migrated landward from offshore and alongshore by onshore waves and longshore drift
during the middle and late Holocene sea-level highstand. They were cemented to form beachrock
and subsequently emerged as the late Holocene sea-level fell.

Keywords: stable isotopes; coastal sand barrier; Red Sea coastal evolution; late Holocene climate and
sea level; beachrock petrography

1. Introduction

Marine processes play an important role in shaping coastal landforms through the
dynamic interplay between geomorphic setting, climate, hydrodynamics, sediment trans-
port, and biogeochemistry [1-5]. The Holocene climate and sea-level changes are the
primary drivers of the world’s coastal evolution [6]. These changes determine the trends
of emergence and submergence, and the formation of several coastal geomorphological
features [7-10]. Understanding the past changes in sea level and climate is crucial for
effective future long-term and safe coastal development planning [11]. Several proxies
including vertical variations in sedimentary facies, upcore fossil and isotopic changes,
marine notches, coral reef terraces, and geoarchaeological records have been applied to
infer coastal evolution [8,12-14] and sea-level changes [7,10,13,15-17].

Beachrocks are carbonate-cemented sediments of variable composition and grain sizes
typically found within the supratidal, intertidal, and upper subtidal zones mostly along
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tropical and subtropical coastlines [18-24]. They form during sea-level stillstands or minor
regression [7,12]. Various biotic and abiotic processes have been put forward to account
for beachrock cementation [20,25,26]. These processes include the mixing of marine and
meteoric waters [26], direct precipitation of calcium carbonate in pore spaces as a result
of evaporation [27], CO, degassing of intertidal groundwater during tidal pumping and
spraying [28], and direct or indirect activity of organisms [29,30]. The cement style of
beachrocks is affected by coastal zone morphodynamics [31]. Meniscus high Mg-calcite
cements grow during the beach phase accretion, when the locus of beachrock formation
occurs in the undersaturated sediment in the upper intertidal to supratidal zone, whereas
acicular cements form during the landward shift of the beachface, as the beachrocks are
exposed to saturated conditions [31]. The texture of the beachrock cement can then reveal
short-term cycles of beach progradation and retrogradation [31]. However, such changes
may not be apparent where beachrock forms under very arid conditions, such as along the
Saudi Red Sea coast.

Beachrocks are widely distributed along the Saudi Red Sea and Gulf of Agaba
coasts [32-36]. Despite their considerable extent, the research on beachrock along the
Saudi Red Sea coast is still in earlier stages and is underrepresented. A single published
study focused on the cementation patterns, cement composition, and microfabrics of Al-
Shuaiba beachrocks [33]. This study showed that the cement consists mainly of aragonite
and high Mg-calcite in the form of micritic coatings, isopachous to asymmetric aragonite
rim, and cryptocrystalline partial pore-fillings. The cement of the beachrocks of Al-Shuaiba
grows selectively around carbonate grains and does not grow around siliciclastic grains.
Cement nucleation on carbonate grains was easier as they provide good “seed crystals” for
carbonate cement growth [33].

Another interesting beachrock occurrence crops out along the eastern shoreline of
the back-barrier Al-Mejarma Lagoon on the Saudi Red Sea coast (Figure 1). It displays
sedimentary structures and textural attributes that indicate a high-energy environment and
are therefore inconsistent with the low-energy lagoonal system. The present study aims
to interpret the depositional setting and the origin of cement in beachrock that is exposed
along the eastern coast of Al-Mejarma Lagoon, Central Red Sea, Saudi Arabia, based on
field observations, petrography, and carbon and oxygen isotopic data.
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Figure 1. Landsat image showing the location of the area of study: (a) Location map of the study

area; (b) Close up of Al-Mejarma Lagoon showing the extension of the beachrock and the location of
the measured section.

2. Holocene Climate and Sea Level in the Red Sea Region

The equatorial regions have experienced a shift in climate and sea level during the
Holocene [37,38]. Several unequivocal geological and archaeological archives indicate
increased precipitation rates during the early-middle Holocene in the eastern Sahara and
Saudi Arabian regions [39-42]. The humid climate was associated with the northward and
eastward expansion of the East African Summer Monsoon [42,43]. The humid interval was
followed by a progressive increase in aridity during the late Holocene associated with the
southward shift of the Intertropical Convergence Zone (ITCZ) [44,45].

The Red Sea region has a generally hot and arid climate throughout the year with low
precipitation (<63 mm/y) and high evaporation (2.06 £ 0.22 m/y) rates [46,47]. The Red
Sea surface water temperature ranges between 22 and 32 °C [48] and increases from north
to the south showing wide variability. In winter, it is 22 °C at the entrance of the Gulf of
Suez, about 27 °C at the southern end of the Red Sea and the highest temperature is 28.2 °C
recorded at a latitude of N 20°. In contrast, the Red Sea surface water temperature during
summer varies from 28 °C at the entrance of the Gulf of Suez to 31 °C at the southern
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end of the sea, whereas the highest temperature of 32.5 °C is shifted a little to the south at
N 16° [49].

The wave characteristics in the Red Sea area are strongly controlled by the persistent
winds that increase the longshore transport [50]. The wind systems of the Red Sea area are
dominated by the north-westerly (NNW) wind that blows year-round extending to the
southern end of the Red Sea [51]. This wind system generates the most energetic waves in
the Red Sea basin. These waves propagate to the southern end of the Red Sea, in the form
of swell and frequently as wind sea [52]. In winter (October to April), the NNW winds
are restricted to the northern region and the most regular Indian monsoonal winds blow
much stronger from SSE to the NNW over the southern and central parts of the Red Sea
resulting in the development of a convergence zone at N 20°-25° [46,51,53]. This wind
system generates waves that propagate northward and attenuate when they approach the
Red Sea’s northern end [51]. The Red Sea coast is oriented NNW-SSE, roughly parallel to
the prevailing winds, a situation likely to favor longshore currents and littoral drift.

Relative sea-level highstands with spatial, temporal, and amplitude variabilities
are recorded during the mid-Holocene (between 7.0 and 4.5 ka), followed by sea-level
fall to the present-day level [13,54-59]. Following the last post-glacial sea-level rise,
sea-level fluctuations during the Holocene have had a profound influence on the Red
Sea’s coastal evolution. Evidence for the highstand along the Red Sea and the Gulf of
Agaba coasts is well documented by coral terraces, palaeoshoreline notches, and erosional
benches [60-62], shallow subsurface coastal sedimentary facies [63-66] and upcore change
in benthic foraminiferal distribution [67,68]. Ghandour and Haredy [64] recognized
transgressive-regressive successions from the Red Sea coastal plain of Al-Kharrar Lagoon,
Saudi Arabia. The lower transgressive part consisting of gravel-rich fluvial sediments that
show an upward increase in marine influence and the overlying lagoonal sediments was at-
tributed to the mid-Holocene relative sea-level rise/highstand. These deposits correspond
to the mid-Holocene humid interval [68]. The upper regressive part consists of shallow
lagoonal and tidal flat deposits showing features of pedogenesis formed during a phase of
sea-level fall under arid climate.

3. Area of Study

Al-Mejarma Lagoon (Figure 1b) is a shallow back-barrier coastal lagoon covering an
area of 0.88 km? with a maximum water depth of 6 m. It is located between latitudes
N 20°25'29” and N 20°26/4.02”, and longitudes E 39°41'23” and E 39°42'4”. 1t is connected
to the Red Sea through a shallow (7 m deep) and narrow (70 m width) inlet channel [69,70].
The water dynamic is variable, energetic along the channel, and very calm on both the
northern and southern parts of the lagoon. The lagoon has a semidiurnal low tidal range
of about 0.3 m that is similar to that of the central Red Sea [71]. The area has no source
of freshwater except rare intermittent supply during catastrophic flash floods through
occasionally active wadis to the north and south of the area of study.

A low-lying intertidal flat borders the lagoon to the south, to the north and north-east,
it is surrounded by coastal dunes, and to the east by beachrocks (Figure 1b). The recent
bottom sediments of Al-Mejarma Lagoon are dominated by argillaceous sand and sandy
mud; however, coarse bioclastic sediments are abundant along the inlet channel [69,70].
In an ongoing research, a short (2.5 m long) core collected from the intertidal flat shows
stacking of two facies; lagoonal gray mud containing skeletal remains of bivalves, gas-
tropods and corals, sharply overlain by intertidal flat yellowish-brown medium-grained
sand. This facies organization is consistent with the shallow subsurface coastal facies
organization at Al-Shuaiba [67], Al-Kharrar [63,64,68], north Al-Wajh [65], and Al Lith [66].

The terrigenous influx into the lagoon was derived from the volcanic and sedimentary
rocks of the Al Lith belt [72]. The belt generally consists of basalt, andesite, and dacitic
tuff interbedded with and overlain by volcaniclastic and epiclastic rocks, and thin marble
and chert beds [73]. Since extreme aridity developed in the late Holocene, most wadis
eventually became inactive and the sediment supply to the coast ceased (Figure 1a).
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4. Materials and Methods

Beachrocks are best exposed on the eastern coast of the Al-Mejarma Lagoon, Saudi
Arabia (Figure 1). Laterally, they are poorly exposed, with only the upper surface exposed
while the rest is hidden within intertidal flat deposits. A sedimentary log (Figure 2) was
measured, described, and samples were collected from the exposure on the lagoonal coast.
The elevation above the mean sea level (MSL) was determined using a Leica Viva GNSS
GS15 receiver. Different lithofacies were identified based on texture and sedimentary
structures. Seven thin sections were prepared in the Laboratory of Petrology, Geology
Department, Cairo University, Egypt. The original samples were cut into 3 x 2 cm chips
perpendicular to the bedding plane. The chips were then mounted on a glass slide using
Canada balsam, and after drying it, is polished to a thickness of 0.03 mm. The thin sections
were investigated by a polarizing microscope to determine framework composition, texture,
and cement morphology. The bulk mineralogical composition was determined using X-ray
diffraction (XRD) analysis. A gram of each dry sample was powdered using an agate mortar
and pestle, and the powdered sediment was packed into a cavity-bearing slide, which was
scanned from 2-40° 26 at speed of 1°/min. To convert X-ray peak angles to percentage of
magnesium (in mol% of MgCQO3) in the calcite lattice, the chart suggested by Goldsmith
et al. [74] was used. Stable isotopic values of 5180 and §'3C in the carbonate cement
were measured using an automated carbonate preparation device (KIEL-III) coupled to a
gas-ratio mass spectrometer (Finnigan MAT 252) at the Environmental Isotope Laboratory,
Geosciences Department, University of Arizona. The cement was separated using a micro-
drill to avoid contamination. Powdered samples were reacted with dehydrated phosphoric
acid under vacuum at 70 °C. The isotope ratio measurement is calibrated based on repeated
measurements of international reference materials (NBS-19 and NBS-18) and precision is
40.10%o for 5'80 and +0.08%. for §'3C (1 sigma). The isotopic values are reported relative
to the Vienna Pee Dee Belemnite (VPDB) international standard [75]. To distinguish the
type of porewater from which the carbonate cement is precipitated, the Z value [76] is
calculated as follows:

Z=a (6"3C +50) + b ('%0 + 50)

where a and b are constant values equal to 2.048 and 0.498, respectively. Z values >
120 indicate a cement of marine water origin, whereas values <120 suggest a cement of
freshwater origin. The morphology and microstructures of the cement were examined
using scanning electron microscopy (5 kV accelerating voltage, SEM-EDS, JSM-6360 LA,
JEOL) at Kafrelsheikh University, Egypt. The Mg mass % of the cement was determined
for two samples (HMD3 and HMD?) using EDX.
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Figure 2. The sedimentary log, location of analyzed samples, and the lithofacies characteristics that
were recognized from the Al-Mejarma beachrock (see Figure 1 for location).

5. Results

An interesting beachrock crops out along the eastern shoreline of Al-Mejarma Lagoon
displaying relatively high-energy sedimentary structural and textural attributes. It extends
for 400 m in a NNW-SSE direction parallel to the Red Sea shoreline and about 7 m inland
with a thickness of 1.15 m (Figures 2 and 3a). The composition and texture of the beachrock
are texturally and compositionally different from the surrounding lagoonal and tidal flat
unconsolidated sediments.
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Figure 3. Field photographs showing the characteristic features of the beachrock of the Al-Mejarma:
(a) An overview of strike and inland extension of Al-Mejarma beachrock. This part shows the
seaward inclined foreshore sandstones (lithofacies 6); (b) General overview showing breakdown
and sliding of beachrocks due to modern wave erosion. The person is 1.7 m tall; (c) Coarse-grained
pebbly sandstones of lithofacies 1 overlain by wave ripple cross-laminated sandstones of lithofacies 2;
(d) Low-angle cross-lamination of lithofacies 3; (e) Ripple cross-laminated (lithofacies 4) showing
foresets draped by mica and foresets dipping toward N and NNE, and low-angle planar cross-
laminated medium-grained sandstones of lithofacies 5 with foresets trending SSE, and (f) Low-angle
tabular cross-laminated medium-grained sandstones of lithofacies 5. Note the current directions
towards SSE and NNE. The scale is hammer = 0.33 m, pen in (d—f) = 0.14.

5.1. Morphology and Lithofacies

The beachrock occurs from 1.2 m above the mean sea level (MSL) in the form of tabular
horizontal to slightly inclined cemented horizons. The cemented beachrock horizons
consist of massive, planar, and ripple cross-laminated sand with foresets trending parallel
to slightly oblique to the Red Sea coastline (Figure 3a,b). Textural characteristics and
sedimentary structures were used to subdivide the studied beachrocks into six vertically
stacked lithofacies (Figure 2). Lithofacies 1 is defined from the base of the beachrock
successions. It is about 0.15 m thick and consists of sharp-based massive to normal graded,
poorly sorted, coarse- to very coarse-grained sandstone containing dispersed granules of
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lithic fragments and skeletal remains (Figure 3c). The basal part is substantially coarser.
Laterally, it shows indistinct planar cross-laminations defined by variations in grain size.
Lithofacies 2 consists of a 0.1 m thick sharp-based, wave ripple cross-laminated, moderately
sorted, coarse-grained sandstone (Figure 3c). Lithofacies 3 is about 0.25 m thick, planar-
laminated to low angle cross-laminated, moderately sorted, medium- to coarse-grained
sandstone (Figure 3d).

Lithofacies 4 consists of a 0.2 m thick, moderately well-sorted, medium-grained
sandstone, displaying current ripple cross-laminations with foresets dipping to N and
NNE defined by mica concentrations (Figure 3e). Lithofacies 5 consists of a 0.2 m thick,
moderately well-sorted, medium-grained sandstone displaying small scale planar tabular
to low-angle cross-stratification with foresets showing paleo flows towards NNE and SSE
(Figure 3e,f). Lithofacies 6 occupies the upper part of the beachrock exposure showing
gently inclined geometry dipping about 9° towards the west (seaward). It consists of a
0.25 m thick, plane to low-angle parallel-laminated, moderately well-sorted, medium- to
coarse-grained, occasionally pebbly sandstone with foresets defined by heavy mineral
laminae (Figure 3a).

5.2. Framework Composition and Cement

The framework composition includes mixed siliciclastic and biogenic calcareous
grains of variable sizes ranging from silt to granule size (Figure 4). Siliciclastic grains
are dominated by quartz: mono- and polycrystalline, silt to gravel size, angular to well-
rounded grains. Feldspars are the second most abundant siliciclastic grains including both
K-feldspars and plagioclase (Figure 4a,b). In addition, relatively rare biotite, amphiboles,
heavy minerals, and basaltic and chert lithic fragments are recorded. The skeletal remains
are dominated by coralline algae and benthic foraminifera (Figure 4a,b). Remains of
bivalves, gastropods, echinoids, corals, and ostracods occur with relatively low abundance.
The CaCOj; content of the bulk samples (Table 1) varies between 31 and 68% (mean
48%). The XRD analysis shows that the bulk mineral composition is dominated by quartz,
plagioclase, K-feldspars and high Mg-calcite (mol% of MgCOj3 varies between 13 and 16%),
and traces of amphiboles. EDX analysis of the cement shows that the Mg mass % in samples
HMD3 and HMD? are 3.55 and 0.72%, respectively. High Mg-calcite (HMC) cement occurs
dominantly as pore-filling and isopachous rims around grains (Figure 4c,d), and rarely
as microcrystalline meniscus bridges linking grains (Figure 4b). It occurs as subhedral to
euhedral crystals, which may have a blade-shape and scalenohedral forms (Figure 5a-d).
The scalenohedral crystals in the upper part have a morphology that exhibits dissolution
features such as corroded or cracked surfaces (Figure 5e,f).
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Figure 4. Photomicrographs showing the framework composition and the cement in the beachrock
of Al-Mejarma: (a,b) Varieties of siliciclastic grains dominated by mono- and polycrystalline quartz
(Qz) and feldspar (fels) mixed with skeletal remains dominated by benthic foraminifera (bf), coralline
red algae (alg), bivalves (bv), and intergranular pores (p); the grains are cemented by HMC mainly
in the form of isopachous rims and rarely as microcrystalline meniscus bridge between grains
(yellow arrow); (c,d) HMC cement grows as isopachous fringes with elongated bladed crystals
regularly surrounding skeletal remains and filling the intragranular pore (IntP) in the foraminifera
test. (The scale bar in (a,b) =200 um and in (c,d) = 40 um).

Table 1. The CaCOj content of the bulk beachrock samples and stable isotope, and Z values of
carbonate cement in the Al-Mejarma beachrock. The isotopic values are normalized to Vienna Pee
Dee Belemnite (VPDB).

Sample CaCO3 % 813CyppB 5130vppE Z
7 68 3.64 0.54 135.0
6 31 3.75 0.31 135.1
5 54 3.78 0.10 135.1
4 52 3.88 0.68 135.6
3 51 3.48 0.37 134.6
2 48 3.32 0.33 134.3
1 36 3.65 0.73 135.1
Min 31 3.32 0.10 134.26
Max 68 3.88 0.73 135.58

Mean 48 3.65 0.44 134.98
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Figure 5. SEM photomicrographs showing the characteristic features of the HMC cement in the
beachrock of Al-Mejarma: (a,b) Isopachous rim with scalenohedral HMC crystals; (c—f) HMC cement
with bladed morphology, with crystal showing dissolution features of rounded corroded crystal
outlines in HMD? (e,f).

5.3. Oxygen and Carbon Isotopic Data

Stable isotope (5'3C and 5'0) data for the seven studied beachrock samples are
shown in Table 1. Generally, the 813Cyppg values of calcite cement vary between 3.32 %o
and 3.88%o (mean 3.65%o), and the §'®Oyppp values range from 0.10%o to 0.73%. (mean
0.44%o). The calculated Z values for the Al-Mejarma beachrocks range from 134.3 to 135.6
(Table 1) indicating a marine origin for the cement.

6. Discussion

The calcareous sandbody bordering the eastern shoreline of Al-Mejarma Lagoon dis-
plays cross-lamination, a medium to coarse grain size, with granules and shell fragments
indicating a relatively high-energy marginal marine depositional setting [77], which con-
trast with the adjacent low-energy lagoonal environment. It suggests that the geometry
of the paleo-coastline at the time of the sandbody formation was different compared to
the current situation. As discussed in the following sections, the elongated, coast-parallel
geometry, texture, framework composition, and the bladed and cryptocrystalline high
Mg-calcite cements of marine origin, all point to a beachrock origin [19,20].
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6.1. Depositional Setting

The shoreline aligned sandbody, the lithofacies characteristics, the absence of fine-
grained sediments, and the presence of reworked shell fragments suggest deposition
either as prograding upper shoreface-beach deposits of a strandplain or a coastal barrier
spit/island [2,4-6,78-80]. Coastal barriers and strandplains are prominent depositional fea-
tures supplied and molded almost entirely by marine processes. They consist of sandbodies
of similar origin and facies characteristics. They are highly dynamic and show signifi-
cant facies variability even within minimal thicknesses [1,80]. Contrary to strandplains,
coastal barriers are elongate sandy islands, of different width, parallel to the shore and
separated from the mainland by lagoons [81]. The association of the present beachrock with
a back-barrier lagoon (Al-Zubeiri, pers. comm. 2021) excludes a strandplain origin [82].
Beachrocks on barrier island /spits are not recorded from the Red Sea, whereas beachrocks
associated with a strandplain are recognized from Al-Shuaiba [33].

The formation and evolution of coastal barriers/spits are largely controlled by avail-
ability of mobile sediments, hydraulic (wave and tide) energy, sea-level (SL) changes and a
low-gradient profile to provide space for a back-barrier lagoon to form [4,5,78,80,83-85].

6.2. Source and Availability of Sediments

The composition and the availability of sediments for building coastal barriers depend
largely on the regional geology and climate. Modern-day siliciclastic barriers are recognized
from humid regions covering about 12 to 13% of the world’s coasts [6,78,80], whereas
carbonate barriers are developed under arid to semi-arid climate comprising only 1% [4].
Barriers develop when the supply of bulk sediments from alongshore or offshore sources
are plentiful. The source of sediments needed for building barrier island/spits vary
widely. The sediments of some barriers, such as Provincelands Spit in northern Cape
Cod, Massachusetts, and Lawrencetown barrier along the northeast shore of Nova Scotia,
may be derived from eroding headlands [86,87]. The late-Holocene carbonate spits at
Al Dakhirah, Qatar, Arabian Gulf, were derived from the erosion of shore-parallel reefal
materials seaward and from the downdrift ‘headland’ [4]. The sediments for barrier
systems may also be derived from the inner continental shelf or derived directly from
rivers. For example, Sloss et al. [88] suggested that the sediments which built the barrier
estuary system in the Lake Illawarra, New South Wales, Australia, were derived from
sediments stored on the continental shelf during the last glacial sea-level fall. In addition,
an inner shelf source of reworked cool-water biogenic sediments was recognized for barrier
construction in South Australia [89].

The framework composition of the Al-Mejarma beachrock consists of a mixture of
calcareous skeletal remains, representing communities living in the inner shelf, and land-
derived siliciclastic terrigenous sediments that were discharged offshore from the sur-
rounding catchment. In the area of study, there is no preserved headland on the downdrift
side and siliciclastic detritus was derived from the Al-Lith volcanic belt in the hinterland
to the east. Thus, the beachrock composition reflects a period of sediment availability,
coastal zone morphology, lagoonal extension, and hydrodynamic forcings different from
the current situation.

The modern nearshore area receives very little or negligible terrigenous sediments
because of the extremely arid climate and the very low precipitation rates and runoff,
which are unable to activate wadis [90]. Therefore, the coarse siliciclastic sediments in
the beachrocks must have been discharged into the coastal area during a period of rela-
tively higher precipitation rates and greater runoff compared to the present-day climatic
conditions. This humid interval may be correlated with the early-middle Holocene pe-
riod [39,90]. The mid-Holocene humid climate with an annual monsoonal precipitation
rate of 400 mm/y was recorded by geological and geoarchaeological features in Arabia
and North Africa [40,61]. During this humid interval, floods may have been more frequent
than they are today, and were perhaps capable of carrying a huge amount of siliciclas-
tic sediment to be discharged into the offshore. The sediments that were delivered are
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medium- to very coarse-grained, occasionally pebbly, and mineralogically and texturally
submature. Therefore, the heterogeneous composition of the beachrock suggests that the
terrigenous siliciclastic sediments spent significant time on the inner shelf and mixed with
autochthonous calcareous biogenic sediments. These sediments were later transported
shoreward by energetic flows from offshore and by onshore and longshore drifts, and
they migrated landward forming a shoreface-beach barrier bordering the Al-Mejarma
Paleolagoon during the middle and late Holocene sea-level highstand and fall.

6.3. Sediment Transportation and Deposition

Onshore and alongshore sediment transport that is necessary for the formation of bar-
rier systems is significantly controlled by hydrodynamic wave energy and wave-induced
currents [91]. Although rare, barrier systems are recognized from hypertidal coasts [91],
whereas they typically characterize microtidal coasts with wave heights less than 2 m [92].
The Red Sea coast is suitable for the formation of coastal barriers because of its limited tidal
range and average wave height (<2 m). The sediments of the Al-Mejarma beachrock lack
sedimentological size alternation reflecting stability in sediment supply and almost contin-
uous sediment transport. In such an arid region, the study area lacks perennial streams
and, therefore, contemporaneous supply by longshore drift from deltas at the mouths of
wadis is also excluded. Instead, the stored offshore sediments were moved onshore from
the inner shelf during long-term accretionary wave conditions. In contrast, the formation
of coastal barriers in humid regions suggest a continuous longshore supply of river mouth
coarse siliciclastic sediments [78,80]. In this setting, the onshore movement of sediments
that come from the inner shelf, is much less efficient than alongshore movement because
normal fair-weather wave action is thought to preferentially move sediment onshore from
relatively shallow depths (i.e., the upper shoreface [89,93,94]).

Sedimentary structures and bedding style in the Al-Mejarma beachrock indicate
deposition in an upper shoreface to beach environment with the role of wind-generated
waves and currents as driving forces for sediment transport and deposition. Graded beds
with sharp erosive base together with wave rippled, horizontal to slightly inclined planar
laminated coarse-grained sandstones (lithofacies 1-3) strongly indicate high-energy storm
events. Cross-lamination with foresets trending parallel to or slightly oblique to the Red
Sea shoreline (lithofacies 4 and 5) were formed by the migration of straight-crested mega-
ripples in the surf (upper shoreface) zone by longshore flow [95]. The gently seaward
inclined strata, planar, and low-angle stratifications with foresets defined by heavy minerals
suggest deposition of lithofacies 6 by wave swash and backwash in the foreshore [77,96].

The major depositional processes operating on barrier systems are wind-driven
waves [97]. When waves approach shorelines obliquely, they generate longshore cur-
rents, which transport sediments parallel to the shoreline, and form spits and barrier
islands [78,97]. As the wind systems change seasonally, the direction of wave approach
and resulting longshore current systems also change seasonally [97,98]. Measured paleo
flow trends in the Al-Mejarma beachrock are largely towards NNE and SSE parallel to
slightly oblique the Red Sea shoreline. This trend reflects the direction of the longshore flow
following the direction of wind stresses. The prevailing winds from the NNW in summer
would have generated appreciable and significant SSE longshore drift that was capable
of transporting sediments towards SSE. The wind direction is reversed in winter and the
southern and central Red Sea regions up to latitudes of N 20-25° are strongly influenced by
the strong Indian monsoon-related SSE winds [53]. As a result of the southerly monsoon-
related winds, there would have also been a strong net sediment transport northward
producing NNE-trending cross-beds.

6.4. Sea Level and Climate Controls

The Holocene sea level and climate changes played a significant role in the formation
of the barrier system and the coastal evolution at Al-Mejarma. Sea-level changes regulated
sediment dispersion, transportation, and shoreline trajectory, whereas climate controlled
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sedimentation rate. The Al-Mejarma area was subaerially exposed during the Last Glacial
Maximum (LGM), and was subsequently inundated by the post glacial rapid sea-level rise
as the sea level rose to its present level or slightly higher during middle Holocene [56,61,99].
The humid mid-Holocene period coincided with a relative sea-level highstand as reported
in many localities in the Red Sea area [61,64,90]. The sea level was 0.5-1.0 m higher than its
present level [61,99], which accounts for the raised elevation of the Al-Mejarma beachrock.
Hein et al. [61] reported marine notches and terraces as well as coral reef terraces of the
mid-Holocene age along the Egyptian Red Sea coast suggesting a highstand of 1.1 to 1.8
m above mean sea level. Huge amounts of siliciclastic sediments of different grain sizes
would have been transported to the inner shelf through wadis during this early to middle
Holocene humid period.

Durgaprasada Rao and Behairy [90] attributed the abrupt cessation of coarse silici-
clastic input into the Red Sea coast and subaerial exposure of reef flats to the change of
climate from humid to arid and a drop of sea level by about one meter. Prograding barrier
systems form in a regime of abundant sand supply during a period of sea-level highstand
and fall [79,88,100,101]. The late Holocene climate became extremely arid and the wadis
turned inactive. The sediments that were initially dispersed in the proximal continental
shelf were transferred toward the shoreline by wave action during the transgressive phase,
in what was termed a cannibalistic process [85,102].

The framework composition, lithofacies characteristics, and cementation suggest that
the formation of Al-Mejarma beachrock has been accomplished through two evolutionary
stages (Figure 6a—c) in response to the interplay of the Holocene climate and sea-level
changes. During the middle Holocene sea-level highstand and late Holocene sea-level fall,
continued onshore migration of stored inner shelf sediments forced coastal progradation,
provided a nucleation site for the paleo-barrier system, and caused seaward shoreline
movement (Figure 6a,b). Al-Mejarma Paleolagoon formed and developed simultaneously
with or after barrier formation. Continuous coastal progradation and sea-level fall during
the late Holocene led to a major rearrangement of the depositional system, a gradual
reduction and abandonment of the back-barrier lagoon leaving a lowland area that is filled
with the present-day tidal flat deposits, while a new barrier and lagoon developed seaward
of the old barrier coast and beachrock (Figure 6c).
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Figure 6. Al-Mejarma coastal evolution and depositional model of beachrock formation: (a) A
landward extension of Al-Mejarma Lagoon following the post-glacial sea-level rise, where lowland
coastal areas were flooded; (b) A huge amount of siliciclastic terrigenous sediments were injected
through wadis to the north and south into the Red Sea coastal area and offshore. The sediments were
prograded landward by the action of onshore waves and longshore drift building a shoreface-beach
barrier during mid-Holocene sea-level highstand; (c) Finally, the shoreface-barrier sediments were
emerged, cemented, and the lagoon shrunk to it its current position following the late Holocene
relative sea-level fall and intensive arid climate.

6.5. Origin of Cement

Rapid cementation processes enhance the preservation of beachrock [103].
High-energy wave and current conditions and the relatively coarse, porous, and per-
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meable sediments facilitate the free circulation of seawater allowing supersaturated marine
water to move through the pore system, and helped to precipitate the cement [104].

Petrographic and SEM examinations, XRD data, and the isotopic values of the ce-
ment in the Al-Mejarma beachrock suggest that the regular distribution of isopachous
HMC cement showing prismatic fringes and small equant crystals suggest precipitation
exclusively in a marine phreatic environment [105-107]. In contrast to more humid coastal
beachrock [31], there is no evidence at Al-Mejarma for cementation within the meteoric
environment [105,106,108]. Magnesium calcite cement favors precipitation from seawater,
and lithification either occurs at depth after percolation or seawater evaporation [109].
Similar isopachous rims of HMC blade cement have been documented from the beachrocks
of the Arabian Gulf [110]. The rare occurrence of meniscus cement suggests a subtidal
environment [111].

Carbon and oxygen stable isotopes, in combination with petrographic characteristics,
have been widely utilized to trace the source of carbonate cement and to interpret the dia-
genetic environment and processes of beachrock formation [15,18,107,112-114]. The 513C
values from the beachrock cement are consistent with the values of marine carbonates [115].
The water from which the cement was derived has relatively homogeneous temperature
and uniform composition as shown by observed isotopic homogeneity of the studied sam-
ples [18,108]. The 880 isotopes of carbonates normally reflect the temperature, salinity, and
isotopic composition of the fluid from which they precipitate, thus freshwater carbonates
possess negative 580 values whilst marine cement shows positive values [104]. The posi-
tive values correlate well with cement precipitated under the seawater environment [104].
A low average value of 5180 (0.5%o), similar to the cement data obtained in the present
study, was reported by Holail and Rashed [18] in the Mediterranean and the Red Sea. The Z
values for the Al-Mejarma beachrocks range from 134.3 to 135.6, suggesting that the cement
was generated predominantly from seawater [76]. This is similar to the average Z value
of 135 from the Holocene beachrock in northeastern Brazil that also indicates dominantly
marine cementation [23].

The mild modifications of the initial cement fabrics by etching and dissolution features
observed in the upper part of the beachrock sequence (Figure 5e—f) are possibly related to
rare rainstorms or desert dew. The beachrocks were not exposed to pervasive meteoric
diagenesis. However, calcite cements showing signs of dissolution and depletion of their
Mg content in the upper part of the beachrock profile have been attributed to the effect of
infiltration of meteoric water and subaerial exposure [12,16,17,24].

The Al-Mejarma coastal evolution is in agreement with previous barrier island sys-
tems [88]. The results from this study add greater detail to the development of a beach
barrier system in arid regions. Though the shortcoming of the present study is the lack
of precise dating of the beachrocks, their formation is probably associated with the mid
to late Holocene sea-level and climate changes. The initiation of many modern coastal
barrier-lagoon systems worldwide is linked to the deceleration of sea-level rise and initial
fall between 7000 and 4000 BP [116]. The cementation of Al-Mejarma beachrock may be
correlated with the nearby Al-Shuaiba beachrocks (about 40 km to the north of Al-Mejarma).
The beachrocks of Al-Shuaiba also occur at an elevation of 1.2 m above mean sea level and
dated back as 3160 £ 110 years BP [117].

7. Conclusions

The Al-Mejarma beachrock geometry, orientation, and lithofacies characteristics per-
tain to an upper shoreface to foreshore barrier system formed by onshore and longshore
migration of sand. The framework composition includes mixed siliciclastic and calcareous
biogenic grains of variable grain sizes, ranging from medium sand to granule, cemented
by high Mg-calcite. The cement occurs mainly as an isopachous rim around grains, pore-
filling with scalenohedral and blade-shaped crystals, and rarely forms a meniscus bridge
between grains. The cement developed mainly under marine phreatic conditions and the
uniform 880 isotopic and 5!3C values of the cement suggest that the cement was derived
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mainly from seawaters of constant composition and temperature. The scalenohedral crys-
tals in the upper part of the beachrock exhibit dissolution features possibly related to the
rare rainstorms and desert dew.

The coastal evolution and the formation of the Al-Mejarma beachrock reflect the
effect of the Holocene sea-level and climate changes. During the early-middle Holocene
humid interval, huge amounts of siliciclastic sediments were transported through wadis
from the Arabian Shield and stored offshore. These siliciclastic sediments along with
shallow marine calcareous skeletal remains migrated shoreward to the east, SSE, and NNE
by wind-generated onshore waves and longshore drift to form a barrier island/spit in
the Al-Mejarma area during the middle and late Holocene sea-level highstand and fall.
The beachrock sediments were preserved by rapid marine cementation. The late Holocene
sea-level fall, and a progressive increase in aridity, led to the emergence of the shoreface-
beach barrier. In addition, the Al-Mejarma Paleolagoon was gradually infilled, becoming
shallower and closed, while a new lagoon formed seaward of the beachrock.
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