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ABSTRACT: The development of Holocene-Pleistocene fringing reefs in the Yemeni Red Sea (YRS) is controlled by
sediment input and variations in accommodation space. Lithostratigraphic correlation of environmental facies in the
investigated sites shows a sequence of successive events, and each can be subdivided into 2 or 3 main sequences. The
upper sequence is characterized by the dominance of coral and coralline algal frameworks. The lower sequences are
varied and can be attributed to spatial and temporal variability. Meteoric diagenesis is the most dominant and includes
dissolution, calcrete, and coral recrystallization. Lithologic and mineralogic investigations of the Pleistocene-Holocene
coral reefs display three aerial to subaerial diagenetic environments. These include freshwater-vadose, meteoric-
marine-phreatic, and meteoric-phreatic zones represented at Al-Hajaja-Dhubab (Tr1), Perim (Mayyun) island (Tr2 and
Tr3), and Kamaran island (Tr4) terraces. The effects of burial diagenesis increase progressively with depth, initially
within the vadose zone and, ultimately, into the underlying phreatic zone. The phenomenon of dolomitization and
siderisation processes are also occurring in the sections that exhibit brine and freshwater interaction with the iron-rich
basaltic rocks. Climatic variation during interglacial-glacial cycles and the wind systems that prevailed in the area have
contributed largely to the final deposition. The transition from interglacial to glacial climates in Arabia was
characterized by higher effective rainfall, accompanied by aeolianite dissolution and karstification.
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1. Introduction

merged Pleistocene coral reef terraces form a prominent landform in the central and northern Red Sea coast.

However, southern Red Sea coasts are devoid of these prominent structures and the Pleistocene terraces are
mainly restricted to island fringing reef or some buried ill-formed terraces. Yemen dominates the southwestern part
of the Arabian Peninsula and occupies the longest coast of the southern Red Sea known as the Tihamah Plain. The
coastal plain of Tihamah is a flat sandy coastal plain 30-60 km wide and 415 km long, stretching from Bab al-
Mandab in the south to the Saudi Arabian border to the north. The Yemeni Red Sea (YRS) coast is bounded by the
great escarpment, which rises abruptly from an altitude of ~200 m to >3000 m above sea level [1]. The escarpment
marks the uplift of the margins of the Arabian and African shields and is the structural edge of the Red Sea rift area

[2].

Erosion of the hinterland bedrock has supplied terrigenous sediment to the coast and shelf via monsoon wind
systems. Because the shelf is relatively wide in the YRS, it is likely to facilitate the deposition of sediments in
shallow water to hinder coral growth [3]. The Pleistocene fringing coral reefs in YRS are typically limited to a
maximum depth of 3-4 m [3], which can be worked as excellent sea-level indicators [4]. Consistent with [5], the
Pleistocene reef types of the YRS can be classified into (i) mainland fringing reefs, (ii) island fringing reefs, and
(iii) submerged patch reefs, of which (i) and (ii) are discussed here. Correlation and dating of emerged Pleistocene
reef terraces along the Red Sea coast have the potential to enhance the understanding of the tectonic,
palaeogeographic, and palaeoclimatic history of the region, as well as to reconstruct sea-level changes during the
Pleistocene [6].

Diagenesis is a ubiquitous phenomenon of Pleistocene corals along the Red Sea coasts [7-12]. Diagenetic
changes of coral skeletons involve the meteoric transformation of coral skeletons biogenic aragonite to non-
biogenic calcite at vadose or phreatic zones. Diagenesis can be listed as (i) dissolution of primary coral aragonite,
(i) infilling of skeletal pore spaces with secondary carbonate cement and/or microbialites [13-16], and cavity
filling mud [17], (iii) recrystallization of coral aragonite to calcite [16]. Diagenetic transformations also occur in
living reef corals [16], [18-22]. Carbonate recrystallization is typically associated with crystal growth and
transformations of metastable Mg-calcite and aragonite to calcite in meteoric and burial diagenetic environments
(e. g, [23-25)).

Being a prominent feature, several studies have been conducted to investigate the lithostratigraphy and
evolution of the Pleistocene terraces along the coast, northern Red Sea (Aqaba area) [7], [11], [26] and references
therein), central Red Sea (Saudi Arabia and Sudan) [6], [27-29] and Farasan Island [30-32] and Dahlak Reef in the
southern Red Sea in Eritrea [33], [34]. However, most studies carried out in the YRS pertain to the biodiversity of
corals and biogenic reefs [3], [5], [35-36]. This study is aimed to investigate the lithology and diagenesis of
carbonate terraces based on field observations and X-Ray Diffraction analyses of a series of aerial and subaerial
Pleistocene reefs of YRS. The main purpose is to describe the composition and texture and to document the
diagenetic history of the sediments. The calcrete deposit developed atop of Pleistocene terraces will be described to
identify the likely hydrologic and palaeoclimatic conditions associated with periods of calcrete deposits.

Climate oscillation during the Pleistocene time was accompanied by cyclic deposition of aeolianites across
the Red Sea; similar to other deposits in a range of locations worldwide; e.g southern Australia [37-43], the
Bahama Islands [44]; and South Africa [45-46]. In the Red Sea, the aeolian terrigenous material is assigned to the
deserts of Northern Africa and/or is from the Arabian Peninsula [47-54]. The sea-level rise following the onset of
deglaciation generated a rapid flush of detrital material that accumulated on the continental margins and the
previously emerged zones of the Bab-el-Mandeb area [55]. Two cores retrieved from the Gulf of Aden and the
central Red Sea show that the grain size of aeolian dust records have lower median values during the peak
interglacial periods, to indicate slow weathering and erosion corresponding to high vegetation cover [56] and
references therein.

The objectives of this study are to: (i) provide a lithological description of the Pleistocene reef terraces from
YRS coasts; (ii) study freshwater diagenesis of the vadose and phreatic zones, and reconstruct the diagenetic
environments by the characterization of the mineral composition of coral skeletons; and (iii) study the development
of calcrete deposits atop of marine terraces, which can provide a record of the paleohydrological pattern in southern
Avrabia.

2. Geology and physiography of the study area

The investigated sites in this study include Al-Hajaja (Dhubab) terrace (Tr1), Perim Island terraces (Tr2, Tr3)
(Figures 1la and b) and Kamaran Island terrace (Tr4) (Figure 1c). In addition, patch corals of Holocene age are
found intermixed with siliciclastic deposits in Om Gedi (OG) and Ras Harafa (RH) terraces (Figure 1 c). All the
terraces are designated as of Pleistocene age and belong to Kamaran members of the Abbas Formation [57].

The first-order control of the arrangement and orientation of shallow-water coral reef environments in the
Red Sea is explained by rift-related tectonics and both attached and detached reef systems orient along the direction
of the main Red Sea rift axis [58]. The volcanic activity occurring along the Red Sea runs in a roughly northwest-
southeast line, and the islands appear above the sea surface, rising from a shield volcano.
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Figure 1. (a) Satellite photos of Yemen territory superimposed by a regional map showing study locations
from the southern Red Sea, Al-Hajaja-Dhubab location (Trl), Perim and Kamaran islands; (b) Perim Island
terraces (Tr2) and (Tr3); (c) Kamaran island terrace (Tr4). Corals of Holocene age are also shown in Ras
Harafa, (RH), and Om Gedi (OG) terraces.

The narrowness of Pleistocene reef terraces at YRS coasts is attributed to: (i) shallow and wide
continental shelves that entrapped sediments within the reefs to create a substrate instability, accompanied by
turbidity, restricting coral reefs to develop into fringing reefs [58-60]; (ii) the growth of the reef in the Red Sea
is tectonically controlled by the Red Sea rift [61-63], and the southern Red Sea is tectonically stable ([64] and
references therein); (iii) large siliciclastic input from the hinterland correspond with pluvial periods of Arabia,
and reefs are typically absent in wadi mouths [36], [65], but their presence cannot be abandoned [61], [66].
The large siliciclastic input appears to be associated with a marked increase in turbidity that impedes the reef
growth. This is valid even if conditions are suitable for the growth of corals; the continuous deposition of
sediments would cover the growing corals leading to their smothering and death

3. Materials and methods

Hand specimens and in situ outcrop descriptions were carried out for terraces to study the physical
characteristics and rock lithology. Mineralogical investigations were performed on skeletons of fossil corals from
the emerged Pleistocene reef terraces in Bab al-Mandab (P1 and Al-Haj coast), and Kamaran Island in the Yemeni
Red Sea. These corals were subjected to XRD analyses at the Earth and Environmental Sciences Department,
University of Minnesota, to appraise the diagenetic changes for the corals during the occurrence. Samples were
ultrasonically cleaned, and then approximately 100 to 200 mg of material was ground under ethanol to less than
50 um grain size and smeared onto a glass slide. The crushed skeletal material from each sample was mounted on
a low background holder using the Cu Ka radiation to record the XRD patterns. The scanning was run in 20
ranging from 5° to 55°. XRD patterns of skeletal material were compared to the XRD peaks for Inorganic Crystal
Structure Database aragonite and calcite standards. Bulk mineralogy of coral skeletons was verified by powder
XRD using a Rigaku Instrument, and the percent of aragonite and calcite in each sample was calculated using
JADE 7 software. The relative amounts of aragonite, calcite, and dolomite were determined through measurement
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of X-ray peak-height intensity ratio of the aragonite d (111) peak, calcite d (104) peak, and dolomite d (104) peak.
The content of calcite was quantified as the ratio between peak intensities at 26.26 (aragonite), and 29.4-29.56
(calcite). The calcite detection limit was determined to be 1% by measuring mixtures of aragonite and calcite
powders with known calcite to aragonite ratios. The ratio percentages were prepared by selecting a pure aragonite
end-member from the modern coral specimen (Acropora sp.), collected from As-Salif Peninsula. Similarly, a pure
calcite end member was prepared from a sample collected at Kamaran Island. Each sample was ground separately
in an agate mortar under ethanol to less than 50 pm grain size and subsequently mixed at relative proportion to
make a series of XRD standards. Slides for XRD detection were prepared by mounting the well-mixed standard
powder on microscopic glass covers. These ratios were compared with a standard calibration curve prepared with
various calcite concentrations (0%, 1%, 5 %, 25 %, and 100 %) weight percentage, calcite in aragonite, and were
routinely measured (Figure 2).
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Figure 2. Different percentages (%) of calcite and aragonite in the studied samples, from (a) to (f), the percent of
aragonite is decreasing from 100% to 0% while calcite is increasing from 0 to 100%.

4. Results

4.1 Stratigraphy and Lithofacies
4.1.1 Holocene terraces

The coastal plain of the Yemeni Red Sea is a large alluvial plain composed of siliciclastic deposits. The

plain has been built out quite rapidly as shown by “C dating of Neolithic coastal middens near Wadi Rima, 55 km
SSE of Al Hudaydah. These middens have been dated as 8,084 to 8,480 years BP and are now >10 km inland [67-
68].
Holocene fringing reef development around As Salif Peninsula is controlled by variation in accommodation space
(as a function of sea-level and antecedent topography) and sediment input. The Holocene accretion is limited to
sparse patches or solitary corals, and no Holocene emergent terraces are present. Modern patch corals of Acropora
sp. and Porites sp. intercalated with siliciclastic sediments have been spotted atop of the As Salif salt diaper, Om
Gedi, and Ras Harafa north of As-Salif Peninsula [12] (Figure 3). ?*Th/U dating of corals from As Salif Peninsula
yields to mid-Holocene age [12].
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Figure 3. Patch coral reefs of Holocene age in As Salif peninsula dated by [12]. (a) Corals atop of salt diaper, (b)
Om Gedi corals of Acropora sp. type intermix with siliciclastic sediments, (c) Ras Harafa corals covered by
gypsum (sabkha).

The main reason for the lack of reef development is the introduction of large amounts of siliciclastic sediments
from the Tihama Plain by the action of monsoon winds instigated by the Indian Ocean monsoon.

4.1.2 Pleistocene terraces

Based on their lithology, the biofacies of this study are variably susceptible to changes in sedimentation
patterns, sea-level fluctuation, and climatic changes. Several distinct biofacies can be recognized including the
major growth framework. The coral growth framework facies comprise branching and massive coral forms in
growth position, usually encrusted by coralline algal veneers. Detrital facies include skeletal rubble and
carbonate sand facies. The rubble facies is composed mostly of a mixture of unsorted, angular to rounded,
gravelly fragments of corals, bivalves, foraminifera, and calcareous algae. Pleistocene terraces display a wide
range of calcretization from incipient calcrete, which appears as chalky micritic lumps, sporadically dispersed
within the host sediments through nodular calcrete to a well-developed subaerial massive calcrete zone which
caps the terrace.

4.1.2.1 Al-Hajaja (Dhubab) reef section

The Al-Hajaja terrace (Trl) is the mainland fringing reef of the last interglacial period that receives
appreciable amounts of siliciclastic sediments as aeolian dust and/or fluvial/alluvial material from adjacent
terrestrial mountains (Figure 1). The terrace belongs to shallow-marine reef environments raised to + 4 masl by a
relative fall in sea level [4]. The reef front drops gradually from ~ + 4 masl at the surface to a sandy flat of ~ +1
masl. The terrace was buried under sediments and was exposed due to road excavation, which may suggest that
the late Pleistocene terraces have been buried under the alluvial fans formed later in a sequence of wet and dry
periods in southern Arabia.

Road material excavation through the reef terrace has revealed three types of coral zonation that develop
from the base up to the crest. At the base, the terrace is composed of massive coral species Platygyra sp., grading
into a mixed zone dominated by G. fasicularis, Stylophora sp., Goniastrea sp., and Acropora sp. and Faviids sp
at the top. The Acropora zone is displayed as broken branches. Corals are discontinuous and may be missing
entirely along the crest of the individual terrace. Two distinct facies can be distinguished, lower and upper.

Lower Reef Unit: The lower tracts of the Al-Hajaja section are formed of solitary massive corals, surrounded by
hardground pedogenic carbonate which displays large calcrete mottles. It is a regression that receives a
significant amount of alluvial/aeolian terrestrial material, especially during the wet seasons, contributing to the
mottles formation (Figure 4 (A)). Spots of carbonate/halite structure are observed in the lower section, which
shows that a dry climate prevails in the area (Figure 4 (A)). The whole unit has sabkha characteristics.

Upper Reef Unit: The terrace is composed of colonial corals that exhibit a variety of morphotypes such as
branching (Acropora sp. and Porites sp.), and massive types (Faviids sp., Platygyra sp., G. fascicularis). Reef-
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building corals are the dominant assemblages in the Al-Hajaja terrace, and the Galaxea fascicularise are the
dominant coral species, consistent with modern reefs as described by [35] (Figure 4 (B)). The biofacies of the
terrace are shown in the stratigraphic log (Figure 4 (C)).

Calcrete deposits have developed at the top of Al-Hajaja terrace and range from a hard, massive calcrete
zone at the top of the terrace to a transitional mottled calcrete horizon below (Figure 4 (B-a)). A dense laminated
crust produced at the top of the terrace suggests fluvial/ alluvial inputs and carbonate redistribution (Figure 4(B-
b,c)). Another sign of calcrete deposits is the occurrence of rootcretes to indicate carbonate deposition and
redistribution (Figure 4 (B-d)).

112



LITHOLOGY CHARACTERISTICS AND DIAGENESIS

113



AHMED SAIF AL-MIKHLAFI ET AL.

Lithostratigraphic log of Al-Hajaja Tr1
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Figure 4. (A) Lower reef unit of Al-Hajaja terrace (Trl): (a) grains coated by pedogenic carbonate during
calcretization; (b), (c), and (d) are thin micritic filaments coating coral predecessor, which display as large
carbonate/halite mottles (arrows); (c) and (d) corals encircled with carbonate/halite mottles; (e) fossil coral of Last
Interglacial age showing chalky appearance and complete alteration into calcite; (f) and (g) Sabkha like structure with
white mottles, corals/shells fragments scattered in the area. (B) Field photographs of the upper reef unit of the Al-Hajaja
terrace showing coral buffelstone and wackestone formations. (a) A hard and massive calcrete is developed in the top
relative to more friable material at the base; the yellow arrow points to the disconformable contact; (b) terrestrial
deposits develop a dense laminated crust overlying coralline reef at the top and a transitional mottled calcrete horizon
below (arrow); (c) lamination at the top of the terrace, scattered fossils lower; (d) Coral buffelstone with pseudo-
rhizocrete developed on the top. (C) Stratigraphic log of Al-Hajaja section.

4.1.2.2 Perim (Mayyun) section

Two Pleistocene coral reef terraces have been investigated in Perim Island, namely coral dominant (Tr2) and
rubble-dominant reef-flats (Tr3) (Figure 1). Important for the geomorphology of reefal terraces in Pl are monsoonal
wind reef patterns induced by the Indian Ocean Monsoon. The climate in the Bab al Mandab is subtropical and varies
significantly during the seasons. The Perim Island terrace (Tr2) is a wave-cut coral-reef terrace that emerged at the SW
side of PI, facing the deep channel of the Bab al-Mandab strait. The terrace is lined by SW monsoon wind direction and
represents a remnant of the reef flat. The effective tidal range at Tr2 is ~ 2 m [69], consistent with strong wave action,
and the development of the terrace formation is very much related to the wave direction. The terrace (Tr2) (Figure 5
(A)) is composed of marine sequences and consists of an association of shallow marine grain supported carbonate and
coralline boundstone facies residing above lag deposits (Figure 5(A)). The successive facies of Tr2 show in the
lithostratigraphic log (Figure 5 (B)).

Based on the macroscopic inspection, three Pleistocene facies may be distinguished (Figure 5 (A)). The gravel
material that formed at the base represents lag deposits brought from the hinterland during the marine regression.
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Stratigraphic Log of Perim Terrace Tr2
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Figure 5. (A) Excerpts from Perim Island terrace (Tr2); (a) Concretionary calcrete with coalescent nodules (yellow
arrows); (b-e) large (neomorphic skeleton) branched corals embedded in coralline algae; chalky appearance is
common throughout the sections; (f) coral fragments smeared by laminar carbonate; (g) Field view of the Tr2
showing the lag deposits overlain by carbonate deposits, note the hard nodule calcrete tops less friable deposits
(yellow arrow). (B) Lithostratigraphic log of Tr2.

Coralline boundstone facies consist of isolated patch massive and branched corals in both growth and non-
growth position typical of reef flat formed in a poorly sorted skeletal wackestone and packstone matrix. Large
branched corals of Porites type is the most important framework builder in this section. The chalky appearance of
these corals represents relicts of the original skeletons that were preserved in the neomorphic calcite form. The
skeletal debris that overlies the uppermost facies may form another phase of sea level advance in which skeletal
debris is deposited upon the reef flat.

A leeward fringing reef (Tr3) formed predominantly of coral rubble faces the shallow channel of the Bab al-
Mandab and is developed to the north of Perim Island (Figure 1). Mollusk shell pieces and echinoid remains are also
found (Figure 6 (A)).
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Lithostratigraphic log of Perim Island terrace Tr3

>
2 o
sz k=l "
o|/38| © Descriptions
o3 s
<|wE| 3
[F
Coral framestone developed of
g coral rubble and moulscan
= shells. The terrace are showing
S| 2 lamination, descications, micritic
k= filaments and alveolar structures
.“..é‘ o that characterize the calcrete.
B
| I %

(B)

Figure 6. (A) View of rubble reef-flat of northern PI (Tr3) of ~1.5 km length and 2 km width, probably developed
coinciding with the SE monsoon wind prevailing in Arabia; (b and c) show lamination, desiccations, micritic filaments
and alveolar structures that characterize the calcrete. Note the solution caves and cavities. (B) Stratigraphic log of Tr3

terrace.

The rubble that forms the terrace is derived from windward reef front below mean low water (SE monsoons)
formed of dead corals broken on the reef front, accumulates in situ, and is picked up and transported up into the rubble
flat. The intensity and frequency of these processes are functions of wind strength, sea state, and tidal condition [70].

4.1.2.3 Kamaran Island (KI) Tr4

The stratigraphic unit of KI members is essentially made up of coral reef limestone, mainly of scleractinian
corals, coralline algae, gastropods, and bivalves, and form framestones, similar to what is exposed at Farasan Island
[71] (Figure 7 (A)). Diagenetically altered carbonate mud, cryptocrystalline carbonate matrix, or microcrystalline
micrite grains also form a significant part of Kamaran members, reflecting a low energy and low current activity
environment [72]. Recent deposits composed of pure calcareous sands, gravels, and shell fragments are found above
the Kamaran member. The lithostratigraphic sequence (Figure 7 (B)) is after [62].
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Figure 7. (A). Kamaran terrace developed calcrete zone; (a) highly altered reefal limestone overlies marly
limestone; (b) field view of thick, mainly hard and massive cap rock at the top of the profile, overlying
slightly friable and chalky carbonate at the base (yellow arrows); the lower platform is a cluster of root cast
often found exposed on aeolian sand-dunes (red arrows); (c) cluster roots sediments; field view of irregular
coral mold fragments embedded in Pleistocene carbonate and displayed as rhizoliths; (d) incipient massive
calcrete and nodular calcrete; (e) terrace with highly altered Pleistocene fossil corals at the top surface;
coalesced nodules of calcrete display at the middle; (f) calcrete casts and molds of fossil roots can be seen
in this outcrop of known limestone; cluster root sediments calcretization of root burrow infill and
development of pseudo-rhizocrete and pseudobreccia. (B) the lithostratigraphic section after [62].

The most altered coral samples were recorded in Kamaran terraces, suggesting their being of the early
Pleistocene [62]. Being the oldest, the mineralogy of Kamaran terraces shows coral skeleton predominated
by high-magnesium-calcite.

A series of calcrete deposits were developed along the Kamaran terraces to suggest active terrestrial
inputs from the mainland. The caprock of the Kamaran is formed of calcrete deposits and consists of hard
and massive cap rock which overlies slightly friable and chalky carbonate at the base (Figure 7(A)). A
cluster of irregular coral mold fragments is embedded in Pleistocene carbonate and displayed as rhizoliths
(Figure 7(A-c)). Calcrete casts and molds of fossil roots displayed at the top surface (Figure 7 (A-f)) are
often found exposed in aeolian sand dunes. Root casts are developed, in which the central channel of the
cast may be void or filled with soft carbonate [73]. Micro-organisms, bacteria, blue-green algae and fungi,
and root respiration, in addition to root symbioses, play a major role in the formation of root casts [73-74].

4.3 Mineralogy

Mineral identification of fossil corals was scrutinized following [75]. XRD analysis of modern corals from
As Salif Peninsula shows skeletons of Acropora and Porites corals are predominantly composed of
aragonite, with no evidence of calcite or dolomite present (Figure 8a).
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Correspondingly, the majority of Late-Pleistocene corals from Al-Hajaja terrace show that corals
from the upper unit have overall pristine coral skeletons. XRD analysis shows that aerial massive corals
display fair preservation, with only traces ~2-3 % of calcite present (Figure 8b and c). However, the same
species of massive corals collected from the lower tract at an elevation of ~2 to 1 masl yielded a mixed
mineral structure that includes aragonite, calcite, and dolomite (Figure 8d), and complete skeletal neomorph
transforms into calcite and dolomite. Some traces of aragonite also remain (Figure 8e) to suggest
dolomitization with depth.
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Figure 8. XRD analysis of coral samples from YRS. (a) modern corals from AsSalif Peninsula; (b), (c) and
(d) fossil corals from Al-Hajaja; (), (g), (h) fossil corals from Perim Island; (i) fossil corals from Kamaran
Island.

The majority of the corals from PI are diagenetically altered. The intense alteration can be judged
from the strong calcite peaks and dolomite minerals that appeared in the XRD graphs.

Coral diagenesis in the PI terrace involves replacement by diagenetic minerals such as siderite and calcite
of the original biogenic composition. XRD analyses of corals from Tr2 show peaks displaying multiple
mineralogical compositions that include an aragonite-calcite-dolomite mixture (Figure 8f), calcite-siderite
(Figure 8g), and pure calcite (Fig.8h), to suggest prolonged interaction of saline-meteoric-corals at the phreatic
zone.

Fossil corals from Kl show complete alteration into calcite, and all the XRD peaks show the main calcite to
stand at nearly the right position of calcite peaks d (104) with no shift in peak position (Figure 8i).

118



LITHOLOGY CHARACTERISTICS AND DIAGENESIS

5. Discussion

5.1 Holocene corals

The lithologic and stratigraphic investigations of recent sediments on the coasts of the southern Red Sea
show that the two major facies developed in the area are carbonate deposits ~3m thick, overlaid by siliciclastic
deposits [76].

Holocene corals are poorly developed in the area and their presence is restricted to patchy corals. This can be
attributed to the absence of accommodation space needed for coral growth due to the large terrestrial inputs.

The Holocene coral reefs are developed antecedently on the Pleistocene corals that work as Holocene
fringing reef pedestals ([65], [77] and references therein).

Corals of the Holocene age have an aragonite skeleton, and show U depletion. The U depletion may reflect the
influence of the Holocene pluvial period that prevailed in Arabia during the Holocene [78], [79].

5.2 Pleistocene coral reef terraces

The scarcity of Pleistocene coral framework terraces in the southern Red Sea is linked to a continuous
supply of siliciclastic material from the high mountains that flank the Tihamah Plain. The present-day climate in
the southern Red Sea is arid to hyper-arid with evaporation rate far exceeding rainfall rate throughout the year,
and does not support large siliciclastic inputs. However, Holocene and Pleistocene pluvial periods in southern
Arabia were characterized by heavy rainfall and stalagmite growth in southern Arabia [79], [80], [81], [82], [83]
diminishing the formation of a classic reef [36].

Diagenesis is widespread in the Pleistocene terraces, and the intensity of diagenesis is sporadic, showing
temporal and spatial changes. Coral diagenesis involves replacement by diagenetic minerals, such as siderite and
calcite, of the original biogenic composition. XRD analysis of corals from Trl shows dolomitization for samples
in the lower section of the terrace, to suggest prolonged interaction of saline-meteoric-corals at the phreatic zone.
The majority of corals from Tr2 are diagenetically altered and their skeletons are recrystallized and entirely
replaced with calcite. The coral skeletons show a broad range of complex mineral structures, which are from a
dolomite-aragonite-calcite mixture, calcite-dolomite to pure calcite and siderite. As a flat reef terrace, Tr2 is
susceptible to receiving meteoric ground waters via sheet-water-like forms in the coastal-saltwater mixing zone,
suggesting prolonged interaction of freshwater and corals at the vadose/phreatic zone.

Dolomitization is not uncommon for corals in the mixed meteoric/marine zone that lies between the
phreatic marine and phreatic pore water zone [84], [85]. According to [86], meteoric diagenesis is more sporadic,
and coral skeletons from the same terrace display a broader range of preservation from apparently pristine to
completely altered. Vadose fluids percolating coral reefs change the dense aragonite of corals to a white “chalky”
carbonate, and such chalkification starts in the center of the coral branch, and with the passage of more vadose
fluids moves towards the periphery [87].

The mechanism suggested for the dolomitization processes is seepage reflux in which the dense hypersaline
brines seep into the subsurface [24], [88], [89].

Siderite is one of the main diagenetic constituents which affected siliciclastic sediments immediately after
deposition [90]. The environmental conditions under which siderite is developed are suboxic conditions with a
relatively low concentration of organic matter close to the sediment-water interface, and a low accumulation rate
[91], [92]. As a result, siderite (FeCO3) occurs widely in sedimentary environments and is used as a measure of a
reduction state in the environment of deposition [90], [91], [93], [94]. The presence of siderite, therefore,
indicates that iron supply exceeds sulfide supply [95]. For siderite changes to form in the Pl section, the source
of iron is from the alteration of basaltic rocks in the catchment area in freshwater environments.

Calcrete is ubiquitous and occurs in a variety of forms in all of the studied Late Pleistocene terraces of YRS
ranging from incipient, nodular, to concretionary and massive calcrete. Calcrete is interpreted to be pedogenic
and related to the diagenetic alteration of host carbonate deposits in the vadose zone during subaerial exposure.

The thickness of the calcrete differs in composition at KI compared to PI and Al-Hajaja terrace. It is more
developed in Kl (early Pleistocene), but less developed in Al-Hajaja mainland terrace (Late Pleistocene), which
can be attributed to the length of exposure. Old terraces have been exposed to further calcretization during
relatively successive wet periods. In the calcretization zone, dissolution of carbonate skeletons and
reprecipitation of calcite cement are common, and neomorphic transformation of coral skeletons to calcite is
frequently observed, this being well reflected in the PI section.

The origin of the calcrete that caps the Al-Hajaja terrace is more pedogenic because it is more surficial and
occurs in the vadose zone. Being a mainland terrace, it receives a continuous fluvial/alluvial sediment supply
from the continental area.

Rhizoliths (vegetation roots) are rare, which indicates that arid to hyper-arid climatic conditions prevailed
in the area most of the time.

An increase in rainfall as a result of intensified Indian summer monsoons during the transition from
interglacial to glacial periods was associated with a terrigenous input, predominantly aeolian, transported from
Northern Africa and/or from the Arabian Peninsula into the southern Red Sea region before getting precipitated
during the dry period to form calcrete deposits ([55] and references therein).
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An arid to semi-arid environment favours calcrete formation, and a soil moisture deficit is required to allow
carbonate to accumulate [96]. Since a wet climate is a prerequisite to mobilize the carbonate before it gets
precipitated during the dry period, the current dry climate that prevails in the Red Sea region is less conducive
for calcrete to develop. The only conducive period was during the wet periods in Arabia, concomitant with an
increase in precipitation seasonality relative to the dry seasonality of glacial periods [79], [97], [98]

5.2.1 Stratigraphic correlations between different sections of Pleistocene age

Lithostratigraphic correlation of environmental facies showing successive events consequent/alternate each
terrace (Figure 9). Comparison between the investigated sites in YRS indicates that each carbonate deposit of
Pleistocene age can be subdivided into 2 or 3 main sequences. The upper sequence is characterized by the
dominance of coral and coralline algal frameworks in all sites. However, the lower sequences are varied from
site to site, based on the location and age. The differentiation between the two sequences can be attributed to the
variability of climatic conditions.
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Figure 9. Comparison between sequences from YRS.

Trl is mainly composed of corals, grainstones, packstones, or wackestones rich in the debris of mollusks
and calcareous algae. The lower section has poorly developed corals suggesting climatic conditions were not
optimal for coral to grow. The presence of corals in the form of framework or isolated patches suggests a rapid
increase of accommodation, and probably a reduction in terrigenous and siliciclastic inputs. The whole terrace
belongs to the last interglacial period known as the Marine Isotope Stage (MIS 5e). In contrast, Tr2 terrace has
gone through complex events of transgression/ regression processes that have led to a gravel deposit at the base
(lag deposit), unconformably overlain by a sequence of diagenetically altered framework and patch corals set
unconformably above the lag deposit, suggesting sea-level regression and transgression. Aerial to sub-aerial
exposure during low sea-level stands allowed coral interaction with meteoric water that recrystallized the fossil
corals, and aragonite transformed into calcite. Tr3 chiefly consists of a bioclastic framework of coral rubbles and
shell fractions. The other skeletal fractions include brachiopods, gastropods, and mollusks, etc. The biological
assemblages in the exposed beach rock and terrace indicate intertidal environmental conditions. Tr4 is the oldest
section and the upper section is formed of coral framestone of early Pleistocene [62].

5.3 Implications for paleoclimate

The availability of adequate supplies of well-sorted beach sands and onshore winds capable of moving sand
for at least part of the year is the basic requirement for the formation of coastal dunes [99]. Thus, the southwest
Indian and African monsoons prevailing in southern Arabia are the main cause of coastal dune formation in the
southern Red Sea. Similar to other deposits in a range of locations worldwide; e.g southern Australia [37], [38],
[39], [40], [41], [42], [43], the Bahama Islands [44]; and South Africa [45], [46], oscillation during the
Pleistocene time was accompanied by cyclic deposition of aeolianites across the Red Sea. The transition from
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interglacial to glacial climates in Arabia was characterized by higher effective rainfall, accompanied by
aeolianite dissolution and Karstification. The long exposure during a glacial period of coastal terraces already
hosting abundant sand-sized skeletal debris of marine organisms accumulated during the previous interglacial
sea-level highstands paved the way for calcretization. The glacial period of Arabia was a period of dryness and
does not support carbonate sand deposition; instead laminated microbialite and/or laminar calcrete occurred.

6. Conclusion

Most of the information on the timing of wet periods in southern Arabia prior to the Holocene and human
dispersal has been mainly acquired through speleothem records from the southeastern edges of the peninsula
(speleothem records from far Eastern Yemen and Oman). However, information regarding hydrological patterns
from the Yemeni highlands that represent the limit of the intertropical convergence zone is scarce. Calcrete
deposit can form an alternative for the palaeohydrological study of south Arabia given the lack of palaeoclimatic
indicators in the area. Calcrete deposits atop the coastline of the YRS are the result of dry and wet seasons
corresponding to the glacial and interglacial periods during the Pleistocene time, respectively. Widespread coral
diagenesis throughout the YRS terraces of the Late-Pleistocene age is another indication of influential rainfall
during the Pleistocene age.
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