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Abstract

A major geomorphic feature of the coastal Red Sea region
is represented by Pleistocene raised marine terraces that
occur on both sides of the Gulf of Aqgaba. Those
bordering the Saudi Arabian sector have received little
attention thus far, and are comparatively less known than
their counterparts in the Sinai sector of the Gulf and in the
Red Sea. As is the rule in the Red Sea region, the best
developed marine terrace system is reefal and pertains to
the last interglacial (Marine Isotope Stage Se =
MiIS5Se, ~ 125 ka BP), although older Pleistocene ter-
races also occur. All such deposits are very fossiliferous
and most carbonates are relatively unaltered, providing
suitable material for geochronological purposes. Synde-
positional marine botryoidal aragonite cements have been
identified infilling vugs in the host bedrock at some sites.
In some respect, the MIS5e deposits are unique, reflecting
the structurally-controlled bedrock geology and the Gulf’s
topography. The Gulf of Agqaba is rather narrow and
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characterized by steep and precipitous topography along
its flanks. Coastal marine deposits commonly plaster the
crystalline Arabian basement which faces the present
seashore, extending from the Jordan border to almost two
thirds of the coastal strip. Terraces sitting on this
basement have been tectonically uplifted to considerable
altitudes (up to 26 m) over the present mean sea level (m.
s.l.). The bulk of the marine deposits represent upper
fore-reef to beach settings, with better developed
back-reef to lagoonal facies only preserved in those
favourable conditions (wadi valleys) where sufficient
accommodation space was available during the MIS5e to
allow inland marine expansion. This is observed in the
north at Al Wasel, and ~ 14 km south of Ra’s Suwayhil
as Saghir. The terraces further to the south lie instead over
a more recent bedrock, including Miocene sedimentary
strata. Here MIS5e deposits are found close to standard
altitudes between ~4-8 m above present m.s.l., and
preserve shallow reefal habitats, as seen at Ash Shaykh
Humayd. A rare example of a putative MIS5e salina-
mangal complex has been identified in the area of Ra’s
Suwayhil as Saghir at ~23 m above m.s.L

1 Introduction

Raised terraces representing prevalent former coral reef
systems stretch discontinuously the entire length of the Red
Sea, including islands, and the Gulf Aden (e.g., Hume and
Little 1928; Dreyfuss 1931; Sandford and Arkell
1928; Faure et al. 1973; Faure 1975; Hoang et al. 1974,
1996; Taviani et al. 1986; Dullo 1986, 1990; Plaziat et al.
1989, 1995, 1998, 2008; Hoang and Taviani 1991; Bos-
worth and Taviani 1996; El-Asmar 1997; El-Sorogy 1997;
Taviani 1998a; Dawood et al. 2013; Bantan et al. 2015;
Hamed 2015; Mansour and Madkour 2015; Hamed et al.
2016). An extensive flight of Pleistocene marine terraces
equally borders both sides of the narrow and deep Gulf of
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Agqaba, along the Sinai Peninsula and Jordan-Saudi Arabian
coastline, and also occurs on Tiran Island (Hume 1906;
Schick 1958; Goldberg and Yaron 1978; Gvirtzman et al.
1977, 1992; Gvirtzman and Buchbinder 1978; Al-Sayari
et al. 1984; Dullo 1984, 1990; Al-Rifaiy and Cherif 1988;
Strasser et al. 1992; Gvirtzman 1994; Bosworth and Taviani
1996; Strasser and Strohmenger 1997; Alhejoj et al. 2016;
Manaa et al. 2016; Bosworth et al. 2017, and this volume).
Furthermore, still-submerged Quaternary terraced reefs have
been identified in the Gulf of Aqgaba (Gvirtzman 1994,
Hartman et al. 2015).

This type of coastal feature testifies to sea-level fluctua-
tions during the Pleistocene (e.g., Aharon and Chappell
1986; Montaggioni and Braithwaite 2009; Lambeck et al.
2011; Camoin and Webster 2015; Dutton et al. 2015), but
their current altitude with respect to the present mean sea
level (m.s.l.) also responds to tectonic movements, a case
often documented in the Red Sea (Faure 1975; Goldberg and
Yaron 1978; Faure et al. 1980; Dullo 1990; Hoang and
Taviani, 1991; Bosworth and Taviani 1996; El-Asmar 1997,
Bosence et al. 1998; Bosworth et al. 2017, and this volume).

The raised Pleistocene coral terraces of the Red Sea
region are known to pertain to various interglacial times, as
supported by information based on dating techniques (e.g.,
Berry et al. 1966; Veeh and Giegengack 1970; Conforto
et al. 1976; Goldberg and Yaron 1978; Andres and Radtke
1988; Dullo 1990; Gvirtzman et al. 1992; Choukri et al.
1995; Plaziat et al. 1998; Taviani 1998a; Dawood et al.
2013: but see Plaziat et al. 2008 warning about potential age
errors and caveats linked to coral diagenesis). Most of them
formed during the Marine Isotope Stage Se (MIS5e) at about
125 ka BP (Dabbagh et al. 1984; Dullo 1990; Hoang and
Taviani 1991; Gvirtzman et al. 1992; El-Moursi et al. 1994;
Bosworth and Taviani 1996; Hoang et al. 1996; El-Asmar
1997; Plaziat et al. 1998, 2008; Walter et al. 2000; Scholz
et al. 2004; Manaa et al. 2016; Bosworth et al. 2017;
Casazza 2017; Al-Mikhlafi et al. 2018).

The Red Sea fossil coral reef systems host a remarkable
paleobiological legacy which is useful to reconstruct former
environments, to recognize past biodiversity, to unravel
biogeographic connections and disclose paleoclimatic events
(e.g., Newton 1900; Hall and Standen 1907; Cox 1929;
Brighton 1931; Nardini 1937; Selli 1973; Dollfus and Roman
1981; Borri et al. 1982; Dullo 1990; Marchesan and Taviani
1994; Taviani 1994, 1998b; Ragani 1997; Plaziat et al. 1998;
Mewis and Kiessling 2013; El-Sorogy et al. 2014; Bantan
et al. 2015; Hamed 2015; Alexandroff et al. 2016; Angeletti
et al., this volume). The marine terraces also provide pristine
biogenic carbonates that are the prime material for dating
purposes (Ivanovich and Harmon 1992) and are critical
material for geochemically-based paleoclimate reconstruc-
tions (e.g., El-Asmar 1997; Felis et al. 2000, 2004; McCul-
loch and Esat 2000; Rimbu et al. 2001).
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As reported above, MIS5e and older coral terraces have
previously been studied and dated in the Gulf of Aqaba, but
observations were not sufficient to provide a detailed
assessment of Pleistocene vertical movements, nor were the
coral terrace measurements combined with other types of
structural data. Therefore, an expedition was conducted in
winter 2013 to study the coastal terraces located on the Saudi
Arabian part of the Gulf of Aqaba. This survey covered more
than four fifths of the entire length of the Gulf’s eastern
coastal strip. One of the key objectives of this expedition
was to obtain enough control points to determine where
uplift is occurring along the Saudi Arabian margin of the
Gulf of Aqaba, what the rate of that uplift (or subsidence) is,
and what faulting style might be producing these vertical
changes. The tectonic interpretation of the specific coral
elevations calibrated by geological and radiometric data is
discussed in Bosworth et al. (2017, and this volume), whilst
preliminary results on the superb MIS5e fauna is reported by
Angeletti et al. (this volume).

The goal of the present chapter is set at providing intro-
ductory information on the coastal terraces outcropping
along the Saudi Arabian Gulf of Agaba. These Pleistocene
features surely deserve to be considered in the future for
better stratigraphic assessment and accomplishing accurate
facies reconstructions, inclusive of the pre-MIS5e carbon-
ates, as well as for their paleoclimatic potential.

2 Materials and Methods

The winter 2013 expedition (December 6-15, 2013) was
conducted by an international geological team under the
leadership of the Saudi Geological Survey (SGS) in Jeddah,
which supplied vehicles, full field work logistics and tech-
nical assistance (Bosworth et al. 2013). In particular, the
SGS Lidar survey group has provided geomorphologic/
topographic data for most stations that were surveyed. We
explored the Saudi Arabian coastal strip of the Gulf of
Aqaba from the border with the Kingdom of Jordan in the
north to the Straits of Tiran in the south, a distance of about
140 km. Cursory observations were recorded at 27 principal
stations along the coastline (Fig. 1, Table 1). In order to
obtain a better appreciation of the Pleistocene reef systems,
an exploratory SCUBA diving survey was also conducted
for comparative purposes on a modern fringing reef 2.3 km
south of Al Wasel (in front of St. 16).

Qualitative geo-paleontological sampling was conducted
at most sites and the obtained material later shipped to
ISMAR-CNR Bologna to be examined in the laboratory.
Corals and other carbonate material (e.g., botryoidal arago-
nite) suitable for dating purposes by the U-series method
were collected and elevations measured in most cases by
Lidar survey. Uranium and thorium isotopes were analyzed
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Fig. 1 Map of the Gulf of Aqaba
showing the location of the
stations discussed in the text
(inset shows the regional
geographic position of the Gulf of
Aqaba)
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Table 1 Station data of sites
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¢ > Rt Station name Latitude N Longitude E Elevation (m)
discussed in the text, indicating o . i »
latitude and longitude, and terrace 1* 29°21'19.60 34°57'26.57 11-13
elevations above present m.s.l.; 2% 29°21'02.13" 34°57'23.09" 11
(*) marks elevation of terrace oy " oerr .
crests measured by Lidar. Note ¥ 29°20"19.18 34°56'57.21 14
that station positions and altitudes 4% 28°47'39.27" 34°49'33.02" 20
correspond to those reported by 5% 28°46'46.89" 34°49'10.33" 19-23
Angeletti et al. (this volume);
however, station numbers have 6 28°45'29.59" 34°48'46.18" 23-25
been coded differently in 7 28°42/36.15" 34°47'49.91" 22
Bosworth et al. (2017, and this oan . 4746.67"
volume), although from the same 28°42'30.28 34°47'46.67 22
2013 expedition 9 28°42'24.91" 34°47'44.67" 22
10 28°4226.44" 34°47'48.29" 22
11%* 28°42'45.59" 34°47'52.91" 23
12% 28°46'06.37" 34°49'00.37" 25
13%* 28°40'41.83" 34°46'52.21" 24
14%* 28°40'32.74" 34°46'46.30" 19
15% 28°05'47.43" 34°34'21.16" 9
16* 29°11'22.95" 34°54'01.72" 19
17 29°11'09.33" 34°54'03.97" 19
18 28°48'36.63" 34°49'52.80" 19-26
19 28°48'32.05" 34°49'52.11" 19-27
20% 28°35'06.83" 34°47'35.14" 25
21 28°35'19.96" 34°47'32.39" 25
22% 28°3023.94" 34°47'44.18" 18
23 28°30'17.31" 34°47'37.17" 14-22
24 28°30'13.85" 34°47'39.01" 22
25% 28°26'58.80" 34°45'36.60" 26
26 28°26'23.32" 34°4520.61" 26
27% 28°20'41.92" 34°43'09.55" 17

at the Laboratoire des Sciences du Climat et de I’Environ-
nement (Gif-sur-Yvette, France) following laboratory pro-
cedures reported in Pons-Branchu et al. (2014). The U-series
analysis was conducted only on pristine fossil material,
identified based on a detailed mineralogical and petrographic
screening of the entire coral collection. The U-series ages are
presented in Bosworth et al. (2017) and are also reported in
Table 2.

Table 2 U/Th dated MIS5e
corals and botryoidal aragonite
from the Saudi Arabian Gulf of
Aqaba

Station name
6

8

15A

15D

16

22

24

3 Geo-Structural Setting

The basement complexes of the Gulf of Agaba region were
accreted during the complex Neoproterozoic Pan-African
orogenies that spanned from ~ 1000 to 540 Ma (Gass 1977,
Kroner 1979; Stern 1994; Stern and Johnson 2010; Johnson
and Kattan 2012). Granites and lesser metavolcanic rock

Age (ka) Note

125.56 4+ 1.48 Fossil coral

118.58 £+ 1.45 Botryoidal aragonite
121.73 £ 0.96 Fossil coral

120.14 £+ 1.11 Fossil coral

121.54 £ 0.84 Fossil coral

122.76 + 1.96 Fossil coral

117.42 £ 1.23 Fossil coral
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types predominated in this area. The region was subse-
quently covered by a veneer of sedimentary rocks during the
Paleozoic and Mesozoic, dominated by coarse siliciclastic
continental deposits (Tawadros 2001; Guiraud et al. 2005).
Much of this stratigraphic section was subsequently eroded,
particularly during the Cenozoic Red Sea rifting event which
initiated in this area at ~23 Ma (Coleman 1993; Bosworth
et al. 2005). The Red Sea opened northward into modern day
Egypt, stalling in the Neotethyan/Mediterranean margin
(Steckler and ten Brink 1986). This finished creation of the
Arabian plate, which at that time included Sinai. During the
Middle Miocene, the Gulf of Aqaba—Dead Sea transform
margin formed, and the Gulf of Suez was largely abandoned
as an active continental rift (Bayer et al. 1988; Bosworth and
McClay 2001). The Gulf of Aqgaba evolved as series of
pull-apart basins along this sinistral strike-slip plate bound-
ary that now separates the Sinai micro-plate from the Ara-
bian plate (Ben-Avraham et al. 1979; Bartov et al. 1980).
The style of deformation within the basin is therefore
dominated by strike-slip faulting which is attested to by the
observed seismicity (Alamri et al. 1991; Roobol et al. 1999;
Hofstetter 2003).

This strike-slip faulting will not, in and of itself, produce the
significant uplift of the crystalline basement seen along its
margins. This uplift could be formed at either extensional or
convergent steps along the plate boundary, as in classical
pull-apart basins or restraining bends. However, as noted by
Ben-Avraham and Zoback (1992), the basin-margin (footwall)
upliftis distributed along much of the Gulf of Aqaba rather than
simply focused at the long-recognized intra-gulf left-stepping
faults. The Gulf of Aqaba is experiencing a significant amount
of opening perpendicular to its length, resulting in the descriptor
of a “leaky” transform (Ben-Avraham et al. 1979). A large
percentage of the small to moderate magnitude earthquakes in
the Gulf are actually dip-slip normal fault events
with ~ WNW-ESE tension axes (Alamri et al. 1991; Roobol
et al. 1999; Hofstetter 2003). This component of extensional
faulting along the length of the Gulf of Agaba can be driving the
uplift and exhumation of the basement complexes along the
basin margins (Bosworth et al. 2017, and this volume).

In the study area, faulting was observed in both the strata
and crystalline basement rocks beneath the coral terraces and
within the carbonate units of the terraces themselves. Where
kinematic data were present these faults are essentially all
dip-slip and extensional in character; a few strike-slip faults
of unknown age were observed in the basement granites
(Bosworth et al., this volume).

In addition to general uplift of the Gulf of Aqaba margins
the extensional faulting is also causing minor local tilting of
the terrace units. We did not observe any significant hori-
zontal repetition of terrace outcrops that could be attributed
to extensional faulting.
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4 The Coral Reef Terraces

Not surprisingly, when considering that a great percentage of
the coastal area in the northern-central part of the narrow and
deep Gulf of Agaba (Figs. 1 and 2a) is rimmed by granitoid
hills intruded by dikes of the Arabian basement complex
reaching up to the present coastline, the modern coral reefs in
the Gulf of Aqgaba are narrow fringing reefs attached to the
bedrock (Fig. 2b, c) with little if any development of
back-reef lagoonal habitats (Mergner and Schuhmacher 1974;
Bouchon et al. 1981; Gabri¢ and Montaggioni 1982; Dullo
1990; Dullo and Montaggioni 1998; Al-Horani et al. 2006).
A few exceptions in the Saudi Arabian sector of the Gulf are
offered by coasts facing wadi valleys and the lowlands to the
south in the Midyan area (Fig. 2d, e). These accommodation
space constraints hold valid also for their Pleistocene coun-
terparts. This common physiography of limited beach devel-
opment, absence of lagoons and extremely narrow fringing
reefs is well exemplified at 2.3 km south of Al Wasel. This
site has, therefore, been examined also for its modern reef
facies, from shore to fore-reef, to complement the Pleistocene
analysis and improve the facies interpretation (Figs. 3 and 4).

The coastal terraces rimming the Arabian side of the Gulf of
Agaba belong to more than one generation of reefal growth
(Dullo 1984, 1990; Manaa 2011; Alhejoj et al. 2016; our own
observations). Although the large majority of the terraces pertain
to the last interglacial (MIS5e), older reefal limestone, possibly
belonging to MIS7 (Manaa 2011) and older (Dullo 1990),
occurs at many sites at places serving as substrate to the later
development of MIS5e reefs. The degree of diagenesis,
including more pronounced lithification and advanced dissolu-
tion of carbonate allochems (Dullo 1984, 1990), easily permits
distinguishing older coral limestones from their last interglacial
counterparts (Fig. 5). In the Red Sea region, most corals pre-
dating MIS5e reef growth suffered advanced to complete alter-
ation and replacement of original aragonite into calcite, and the
same holds true for aragonitic molluscs and cements alike
(Gvirtzman and Friedman 1977; Dullo 1984, 1986). The diffi-
culty of finding un-recrystallized corals in the pre-MIS5e is at
present a major obstacle to establishing a sound chronological
frame for all coral terraces in this region. We have concentrated
on the better preserved and datable MIS5e systems.

The MIS5e coral reefs grew over older Pleistocene reefal
limestones, Arabian basement crystalline rocks, and Miocene
sedimentary rocks (Fig. 6). They attain present altitudes from
about 5 m up to about 26 m above mean sea level (m.s.l.), thus
indicating that this sector of the Saudi Arabian coastline under-
went remarkable but also differential uplift since that time. Here
we do not comment further on such neotectonic aspects which
are instead fully discussed in Bosworth et al. (2017, and this
volume). Because of the substantial uplift, ‘deeper’ parts of the
former coral reef system, seldom exposed in outcrop, are visible.
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Fig. 2 Physiographic and geological constraints controlling coral reef
development along the Saudi Arabian coast; a general view of the coast
with alluvial plain, Pleistocene remnant of former reefs (arrow), modern
sandy beach and fringing reef. Note in the background the mountain
ranges of Sinai documenting the narrowness of the Gulf of Aqaba;
b note the modest extension of the fringing reef hanging already at a
few metres from the coastline in the deep waters of the Gulf of Aqaba,
about 3 km north of Wadi Tayyib Ism; ¢ the crystalline rocks of the

5 Paleobiological Importance
of the Pleistocene Coral Terraces

The Pleistocene terraces under scrutiny hold a remarkable
fossil content of fundamental importance for reconstructing
the former depositional and ecological environments and
similarly for dating purposes. The pre-MIS5e carbonates have
been by and large affected by diagenetic processes intense

Arabian basement reach up to the seashore along a considerable portion
of the Saudi Arabian coast, about 4 km south of Ra’s Suwayhil as
Saghir; d lagoonal facies could in principle only develop on lowlands
such as this wadi valley, prone to be invaded by the sea at times of
relative high sea level, south of Ra’s Suwayhil as Saghir; e general view
of the southernmost tip of the Gulf, a lowland typified by Pleistocene
reef growth in absence of uplifted bedrock, Ash Shaykh Humayd

enough to dissolve in most cases any original aragonitic
mineralogy. Calcitic fossils are often preserved (e.g., for-
aminifers, echinoids, pectinids). The MIS5e terraces are on
the contrary little affected by diagenesis, leaving the aragonite
record intact in many cases. This material is critical for
identifying proper dating material, and, in perspective, may
serve for paleoclimatic-oriented geochemical analyses.

The MIS5e macrofauna of these coral terraces is highly
diverse and comprises scleractinian corals (Acropora,
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Fig. 3 The modern fringing reef at Al Wasel explored by SCUBA
diving on 11 December 2013: a general view of the site, the tabular
relief on the right is St. 16; b tabular and shallow (50 cm) reef flat with
predominant abraded, almost barren carbonate bedrock with algal
coverage; c rippled sandy bottom with scant algal coverage and partly
unburied carbonate substrate, 1 m depth (bar = 10 cm); d reef-edge and
beginning of the reef slope showing intense coral growth, characterized
by hydroids Millepora platyphylla (foreground) and Millepora
dichotoma (isoriented fans), and scleractinians (Porites and Acropora,

in the centre), about 1.5 m depth (bar = 10 cm); e reef slope, about
15 m depth, characterized by patchy coral colonies and sandy sediment;
f outer reef at about 5 m, with scleractinian colonies (Stylophora,
Acropora, faviids) and Millepora growing on dead coral limestone
bedrock. Reef-edge and upper reef slope analog facies are represented
in the visible part of the MIS5e terrace to the right. The MIS5e St.
16 includes back reef sandy habitats not occurring today at the diving
spot. Underwater pictures by Abdulnasser Al-Qutub
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Fig. 4 Details of modern habitats at Al Wasel: a eroded reefal bedrock
colonized by intertidal molluscs, such the chiton Acanthopleura
vaillantii (bar = 1 cm); b the large gastropod Lambis truncata sebae
camouflaged among algae on the reef flat; note dead but fresh Tridacna
shell on the left (arrow) (bar = 10 cm); ¢ gaping specimen of the large
clam Tridacna maxima on the reef flat (bar = 10 cm); d reef edge at
—1 m with eroded bedrock remnant and in the foreground a colony of

Fungia, Pocillopora, Stylophora, Porites, Pavona, Lep-
toseris, Lobophyllia, Caulastraea, Favites, Goniastrea,
Platygyra, Cyphastrea, Echinopora, Dipsastraea, Phymas-
trea, Galaxea, Leptastrea, etc.), octocorals, hydroids
(Millepora), molluscs, decapods, barnacles, echinoids, ser-
pulids, and calcareous algae. Scleractinian corals are the
main framebuilders (work in progress), but molluscs are the
most diverse group (>400 species; Angeletti et al. this vol-
ume). Additionally, a variety of benthic microfossils occur in
these deposits, mainly foraminifera (Quinqueloculina and
other miliolids, Sorites, Peneroplis, Heterostegina, Amphi-
sorus, Amphistegina, Acervulina, etc.) and ostracods.
Noticeably, epipelagic foraminifera (e.g., Globigerinoides
ruber, Orbulina universa), thecosomatous pteropods (e.g.,
Creseis clava, Limacina bulimoides, Heliconoides inflatus),
abundant species of the Gulf of Aqaba holoplankton (Reiss
and Hottinger 1984), and calcified meroplankton are a sig-
nificant component of the fossil assemblages identified in the

Millepora platyphylla embedding various specimens of the giant
vermetid gastropod Ceraesignum maximum (arrows) (bar = 5 cm);
e reef edge with carbonate bedrock settled by scattered “faviid” corals
and vermetids (arrow) (bar = 5 cm); f coarse sandy skeletal hash
(arrow) along the reef slope, about —10 m. Underwater pictures by
Abdulnasser Al-Qutub

MIS5e deposits (e.g., St. 8 and 12), documenting the rele-
vance of a pelagic input which is amplified and facilitated by
the reduced size of fringing reef systems directly hanging
over the open sea.

The in-depth study of this rich Pleistocene fauna will
hopefully contribute to various aspects of the biogeography
of the Red Sea-Indian Ocean region and the evolution of
their biota. It will hopefully impact the debate about the
supposedly complete sterilization of the Red Sea biota in
response to the establishment of highly-saline basinal con-
ditions during the last glaciation (Reiss et al. 1980; Locke
and Thunell 1988; Taviani 1998b). Such faunal annihilation
was followed by a complete post-glacial renovation,
including coral reefs (Gvirtzman et al. 1977; Taviani 1998c),
but this hypothesis is somewhat challenged by genetic data
on endemic fish (Dibattista et al. 2016). More generally,
appreciation of any difference in the coral reef assemblages
versus the modern counterparts also bears on the global
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(a)

Fig. 5 Pre-MIS5e Pleistocene carbonates: a Panoramic view of St. 2,
Ad Durrah exposing pre-MIS5e carbonates; b Spur consisting of
pre-MIS5e carbonates, with modest pockets of MIS5e sediments, St. 3,
Ad Durrah; ¢ Limestone block showing the severity of carbonate

understanding of coral reef ecosystemic stability versus the
paroxysmal ice ages of the Pleistocene (e.g., Taviani 1998c;
Camoin and Webster 2015).

6 Site Description

Sites visited during the winter 2013 field trip are shown in
Fig. 1 and relevant data are reported in Table 1. Here we
briefly describe the main sites from the north (close to the
border with the Kingdom of Jordan) to the southernmost site
at the very end of the Gulf. A thorough study of these ter-
races was not possible during this exploratory survey but all
sites presented here have been georeferenced and pho-
tographed to permit their easier identification in the field by
other researchers. This very basic and preliminary informa-
tion is intended to help in orienting further scientific research
on such coastal features. The sites are described from north
to south.

dissolution in pre-MIS5e reefal rocks, St. 14, 17.9 km south of Ra’s
Suwayhil as Saghir; d degraded and recrystallized “faviid” coral head at
St. 1, Ad Durrah

The first sites are three isolated outcrops, whose crests are
between 10-14 m above m.s.l., found close to the Jordan
border as distinct almost adjacent geomorphic expressions of
Pleistocene coral carbonates; they occur as spurs in small
coastal indentations at the locality of Ad Durrah.

Station 1: is a coastal spur made up by a composite
carbonate body (Fig. 6a); the basal coral carbonate is of
unknown Pleistocene age, and is plastered by younger but
undated carbonates above; the carbonate bedrock hosts
recrystallized coral heads (Fig. 5d) and is bored by Litho-
phaga mussels and settled by Spondylus bivalves; large coral
heads occur on the upper part of the section; no MISSe
deposits have been clearly recognized here.

Station 2: is close to the south in the same small
embayment and displays a rather similar geological situation
(Fig. 5a); it is noteworthy that it exposes coastal marine
sands enriched in pectinids and irregular echinoids (Cly-
peaster and Laganum) whose tests are aligned along the
bedding.
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Fig. 6 Typology of contacts of MIS5e reefs with respect to substrate
in the Saudi Arabian Gulf of Aqaba: a Young Pleistocene reef (white
arrow) growing over preceding older Pleistocene reefs rocks (yellow
arrow), St. 1, Ad Durrah; b remnants of MIS5e reefs (arrow) attached to
Arabian basement rocks (granitoids crossed by basic dykes) at St. 12,
7.1 km south of Ra’s Suwayhil as Saghir, dotted line marks the upper

Station 3: is a small rocky spur immediately before the
entrance fence of a coastguard site (Fig. 5b); besides older
Pleistocene carbonates as at the previous two stations, last
interglacial (MIS5e) reefal carbonates are exposed as docu-
mented by classic index-fossils, that is, the molluscs Dio-
dora impedimentum and Euplica turturina (Taviani 1998a,
1998c).

Station 16: 2.3 km south of Al Wasel (Fig. 3a). This
station is one of the best exposures of MIS5e coral terraces
in the entire Gulf of Aqaba area coral reef systems, culmi-
nating at ~ 19-20 m above m.s.l. The preservation state of
the host fossil content here is exquisite; noticeably fossilif-
erous, this site contains a Pinna bed with articulated shells
amidst echinoids, other bivalves and gastropods. Corals are
represented by a number of scleractinians (e.g., Fungia,
Acropora, Porites, “faviids”), organ-pipe alcyonarians
(Tubipora), and hydroids (Millepora platyphylla). The

part of the reefal carbonates; ¢ Reefal growth over large bedrock
boulders (dotted line) at St. 6, 8.3 km south of Ra’s Suwayhil as Saghir;
d Reef growing over dipping Miocene sandstones (boundary between
reefal carbonates and substrate marked by dotted line), St. 27, 6.75 km
south of Al Magnah

mollusc fauna of this terrace is one of the most diverse of the
study area (Angeletti et al., this volume), representing vari-
ous habitats including shore (the gastropods Nerita
orbignyana and N. sanguinolenta), backreef (strombids,
Mammilla, Rhinoclavis), reef-flat and edge (Tectus dentatus,
Trapezium oblongum), and fore-reef (Pinctada margari-
tifera, Spondylus spp.).

Station 17: 2.65 km south of Al Wasel. The site exposes
a poorly preserved reefal terrace, with degraded corals,
Tridacna fragments, partly dissolved and replaced molluscs,
including Conus spp., pectinids, and Lithophaga mostly as
moulds; vestiges of ancient Pleistocene marine coral reef
deposits are found at ~44 m above m.s.L

Station 18: 2.4 km south of Ra’s Suwayhil as Saghir.
The site is represented by a granitic bedrock with carbonate
veins and Neptunian dikes; some carbonate served as hard-
ground substrate to encrusting serpulids.
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Station 19: 2.45 km south of Ra’s Suwayhil as Saghir.
A spur-like outcrop of undated Pleistocene coral carbonates,
macrofossiliferous, and at places cemented by botryoidal
aragonite or bored by Lithophaga. Mixed carbonate-arkosic
breccias (from the dismantling of the Arabian basement) also
show cementation by aragonitic botryoids (Fig. 15¢); the
most recent reefal carbonates (MIS5e) contain molluscs and
corals.

Station 4: 4.1 km south of Ra’s Suwayhil as Saghir.
MIS5e reefal terraces partly covered by alluvium along the
coastal road at an elevation of ~20 m above m.s.l., are rich
in well preserved frame-building scleractinian corals and
molluscs; botryoidal aragonite cement occurs in the host
rock (Fig. 15d).

Station 5: 5.8 km south of Ra’s Suwayhil as Saghir.
A fresh road cut exposes pre-MIS5e carbonate bedrock
between 19-23 m above m.s.l.; next to the outcrop, loose
but fresh Porites erratic blocks are found bored by Litho-
phaga mussels. This site was not examined in detail.

Station 12: 7.1 km south of Ra’s Suwayhil as Saghir.
Hanging Pleistocene coral limestones and semilithified car-
bonates plaster as relics the crystalline bedrock at 25 m above
m.s.l. (Figs. 6b and 7d); this relic feature is extremely inter-
esting since it documents a rare example of a late Pleistocene
exposed slope, under pelagic input (pteropods, globigerinids)
with-reef talus deposition. Abundant environmentally-
valuable fossil material is found at this site, such as
Spondylus, large barnacles and oysters on limestone bedrock,
micromolluscs, melobesian fragments, decapod claws, rare
corals, benthic foraminifers (including Amphistegina), ostra-
cods, and echinoids in the loose or firm sediment.

Station 6: 8.3 km south of Ra’s Suwayhil as Saghir. This
outcrop is noticeable since it exposes large boulders over-
grown by reefal carbonates attributable to MIS5e (Fig. 6c).
This last interglacial fauna includes a variety of
well-preserved scleractinian corals and molluscs, such as
articulated (Trapezium oblongum) and disarticulated
bivalves (Spondylus spp., Trachycardium sp.), and gas-
tropods (e.g., Trochidae spp. and Cypraeidae spp.); large
mamelon-like aragonite botryoids have been found here
cementing Pleistocene reefal carbonates.

Station 7: 13.8 km south of Ra’s Suwayhil as Saghir.
A well-preserved flat-topped MIS5e coral terrace is exposed
reaching up to ~22 m above m.s.l. (Fig. 7a—c). Fresh car-
bonates and scleractinian corals are exposed on the flanks
along the wadi cut, revealing very large and articulated
shells of the giant clam Tridacna maxima. The fossil system
comprises a paleoshoreline, testified by Cellana radiata
shells. The preservation of reef-building scleractinian corals
is excellent, providing suitable material for geochronological
dating and geochemical analyses.
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Station 8: 14 km south of Ra’s Suwayhil as Saghir. There is
alarge exposure of MIS5e reefal terraces at the same altitude as
the previous station, with intervening bioturbated arkosic
coarse-sandy deposits; the rich mollusc assemblage includes
index-fossils such as Diodora impedimentum and Euplica
turturina. This site is characterized by reef edge and upper slope
abundant scleractinian corals including Acropora, Porites,
Caulastrea, Fungia and “faviids” among others (Fig. 8d). The
back-reef coarse coral sands host numerous articulated Pinna
bivalves, and many other molluscs (especially common is
Architectonica trochlearis). Finally, a MIS5e former shoreline
is here documented by the limpet Cellana radiata.

Station 9: this site is immediately south of St. 8 and
displays MIS5e tabular coral terrace remnants, some of
which collapsed, and whose facies are equivalent to the
previous station.

Station 10: this site is represented by a series of
well-preserved coral terraces dissected by wadis at ~20 m
above m.s.l. that is a conspicuous geomorphological aspect
of the coastal plain at this location situated between stations
8 and 9 (Fig. 8a—c). Terraces consist of reefal facies enriched
in scleractinian corals such as Lobophyllia, Platygyra
(Fig. 8b), and molluscs as trochids, Chicoreus ramosus,
Spondylus spp. and Tridacna sp. (Fig. 8c). This site is rel-
evant for reconstructing the paleogeography and assessing
post-depositional vertical movements since it keeps vestiges
of the former last interglacial shoreline, also evidenced by
outwashed worn shells of intertidal gastropods (Cellana
radiata, Nerita sp.), other shallow marine molluscs (77i-
dacna sp., Lambis truncata sebae), and corals.

Station 13: 17.6 km south of Ra’s Suwayhil as Saghir.
The coral terraces reaching up to 25 m above m.s.l. (Fig-
ure 9a) display Platygyra colonies on top (Fig. 9b), and
contain terebrid gastropods and sands with in situ Tridacna
shells. The topmost coral rich carbonates cap a melobesian-
rich whitish siliciclastic-carbonate sand, with scattered coral
heads in situ (Fig. 9¢). In this area we have identified a
concentration of broken and bleached Lambis shells on the
ground, possibly representing a sub-recent shell midden
related to human activity (Fig. 9f).

Station 14: 17.9 km south of Ra’s Suwayhil as Saghir.
A complex coral reefal situation occurs at this site exposing
un-dated Pleistocene coral bedrock affected by diagenetic
processes, as documented by more or less completely dis-
solved corals and molluscs (Fig. 5¢), and younger deposits
with such features such as Tridacna beds, whitish melobe-
sian sand, and frame-building corals.

Station 20: 3 km north of Wadi Tayyib Ism. This outcrop
exposes the interfingering of MIS5e reefal carbonates with
conglomeratic layers sitting on Arabian basement granitoids
(Fig. 9¢). Abundant scleractinian heads are observed in the
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Fig. 7 a The MIS5e coral terrace 13.8 km south of Ra’s Suwayhil as
Saghir (St. 7); b an exposure of upper fore-reef coral-rich facies with
numerous branching scleractinian corals; ¢ detail showing large coral
accumulation with Porites, “faviids” and other stony corals; d hanging

middle part of the section and are more common on
the top carbonates, including Porites, Acropora, Fungia
and “faviids”. The accompanying benthic fauna includes
the index-fossil Diodora impedimentum, and other
gastropods (e.g., Turbo radiatus, Ceraesignum maximum),

Pleistocene coral limestones and semilithified carbonates plaster as
relics (marked by dotted line) the crystalline bedrock, 7.1 km south of
Ra’s Suwayhil as Saghir (St. 12)

cemented (Chama
epifaunal and infaunal
Trachycardium sp.).
Station 21: 3.4 km north of Wadi Tayyib Ism, and before
Al Maqgnah. Here a presumed MIS5e coral growth at ~25

Spondylus spp.),
(Tridacna maxima,

spp-,
bivalves
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Fig. 8 a Well-preserved coral terraces at St. 10; b detail of an upper
fore-reef facies typified by stony corals such as Lobophyllia, Porites,
Acropora and “faviids”; ¢ giant valve of Tridacna maxima; d underroof

m above m.s.l. caps the Pliocene/Miocene bedrock; this
outcrop has not been analyzed in detail.

Station 22: 5.9 km south of Wadi Tayyib Ism. This site
consists of a cluster of three disconnected main outcrops

of a MIS5e tabular coral terrace remnants immediately to the south of
St. 8 (St. 9) revealing various frame-building scleractinians such as
Galaxea, Lobophyllia, Porites and Acropora

culminating at altitudes between ~ 14-22 m above m.s.l., a
few tens of metres apart separated by gullies on a wide
coastal lowland. The reefal terraces (Fig. 10a—f) expose
coral-rich facies, back-reef lagoonal red sands with marine
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Fig. 9 a Coral terraces 17.6 km south of Ra’s Suwayhil as Saghir (St.  f general view of the sites showing relative positions of St. 13 and 14;
13); b large Platygyra coral on the top of the terrace (St. 13); ¢ small g outcrop 3 km north of Wadi Tayyib Ism (St. 20) exposing the reefal
Porites coral heads (arrows) within siliciclastic-carbonate sand (St. 14);  carbonates, interfingering; h with basal conglomeratic deposits sitting
d broken Lambis shells scattered on the ground likely testify to a on Arabian basement granitoids

subrecent anthropogenic midden (St. 14); e coral terrace at St. 14;
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Fig. 10 a—c General views of the site 5.9 km south of Wadi Tayyib
Ism (St. 22) consisting of three disconnected main MIS5e outcrops, a
few tens of metres apart separated by gullies emerging on a wide
coastal lowland, arrows pointing out the top of the terraces; d massive
Platygyra heads on the top of the terrace; e intensely bioturbated

molluscs (Codakia tigerina, Lambis truncata sebae), at
places intensely bioturbated (Thalassinoides: Fig. 10e), and
arkosic gravels. The raised reef deposit at ~ 12 m above m.
s.l. hosts a dense coral growth mostly represented by

(Thalassinoides) pebbly sand below reefal carbonates; f coarse
reefal-sediment accumulation enriched by displaced skeletal remains,
including echinoids (red arrow), bivalves (Codakia tigerina, black
arrow) and gastropods (Turbo radiatus, white arrow)

well-preserved and large Porites heads (Fig. 10d), Fungia,
“faviids”, Millepora and other corals, which are draped by a
veneer of coral debris which contains also highly degraded
branching hydroids (Millepora) and molluscs.
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Station 23: 6.1 km south of Wadi Tayyib Ism. The site is
a MIS5e coral terrace whose dismantling sheds well pre-
served fossils in the talus.

Station 24: 6.2 km south of Wadi Tayyib Ism. The area
is characterized by prominent coral terraces (Fig. 11a) and
displays large coral heads on top but has not been analyzed
in detail (Fig. 11b).

The Al Magnah (or Magna) area is described and com-
mented in detail for its Pleistocene marine terraces by Dullo
(1990).

Station 25: 5.6 km north of Al Maqnah. Here the faulted
Miocene substrate is plastered by Pleistocene reefal deposits

at 26 m above m.s.l. (Fig. 11c, d). The scant paleontological
legacy includes clusters of the intertidal barnacle Tetraclita.

Station 26: 4.5 km north of Al Maqnah. This site exposes
a flat-topped coral terrace flight at the same elevation as the
previous station over Miocene sandstones (Fig. 12a), and is
characterized by a rich coral content with Lobophyllia,
Acropora, Leptoseris, Platygyra, Stylophora, Porites, Fun-
gia, Favites, documenting a fore-reef setting (Fig. 12c, d);
spectacular giant coral heads (Galaxea fascicularis: Fig. 12
b) are found here.

Station 27: 6.75 km south of Al Magnah. A series of
terraces around ~ 17 m above m.s.l. separated by gullies,

Fig. 11 a General view of the area 6.2 km south of Wadi Tayyib Ism
(St. 24), characterized by prominent coral terraces; b detail of a coral
terrace top showing large coral heads, prevalent Platygyra and
“faviids”; ¢, d the faulted Miocene substrate 5.6 km north of Al

Magnah (St. 25), plastered by Pleistocene reefal deposits, dotted line
marks the boundary between the MIS5e reef and the Miocene substrate,
person for scale
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(a) |

Fig. 12 a Flat-topped coral terrace capping Miocene sandstones, Lobophyllia hemprichii, Porites, “faviids” and other stony corals;
4.5 km north of Al Magnah (St. 26); b spectacular Galaxea fascicularis  d detail of the contact between the MIS5e reef and Miocene sandstones
giant heads (>2 m in height) occur here; ¢ outer-reef facies with showing large Porites colonies in growth-position
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typifies the coastal setting with MIS5e coral terraces grow-
ing onto dipping Miocene strata (Fig. 6d). Porites-domi-
nated reefs and intervening sandy sediments host abundant
and diverse associated fauna which includes large bivalves
(e.g., Tridacna spp, Codakia tigerina) and gastropods.
Station 15: Ash Shaykh Humayd. At the extreme south
of the Gulf of Aqaba facing the Straits of Tiran and
unconformably overlying Miocene sandstones (Fig. 13),
there is a noticeable exposure of MIS5e coral reef terraces
reaching a maximum elevation of ~8.7 m above m.s.l.,
which also host typical index fossils (Diodora impedimen-
tum, Euplica turturina). The terraces expose reef-edge and
back-reef lagoonal deposits, the latter culminating at ~4—
6 m above m.s.l. This site is extremely rich in well preserved
and diverse macrofossils (Fig. 13), including various stony
corals (Porites, Acropora, Montastraea, Favia, Favites,
Fungia, etc.), a number of molluscs (the bivalves Tridacna
spp., Tellinidae spp., Circe spp., the gastropods Conomurex
fasciatus, Cypraeidae spp., Conus arenatus, Bulla ampulla,
and many others; Fig. 13f), echinoids (clypeasterids and
Heterocentrotus), Tetraclita barnacles, melobesians, and
much more. Botryoidal aragonite has been also found here.

7 Pleistocene Salina-Mangal Terrace

A unique situation for the Saudi Arabian Gulf of Aqaba to
date is found 13.5 km south of Ra’s Suwayhil as Saghir (St.
11) where a hyperhaline (evaporitic) and mangal complex
crops out (Fig. 14). The sub-horizontal terrace reaches up
to ~23 m above m.s.l. (Fig. 14a). Stratigraphically, the
sequence exposes at its base a few metres of clayey-sandy
lagoonal sediments containing the diagnostic
mangrove-associated brackish gastropod Terebralia palus-
tris (see Angeletti et al., this volume), numerous shells of the
euryhaline  gastropod  Pirenella  conica, articulated
shallow-infaunal bivalves (Gafrarium sp., Anodontia sp.:
Fig. 14b), and disarticulated intertidal bivalve shells (Atac-
todea striata). This basal lagoonal salina-mangal sequence is
followed upward by a lenticular chaotic deposit
(flash-flood?) and then by sediments documenting a confined
saline microbasin (Fig. 14c). The evaporitic sequence con-
sists of about 1 m of laminated gypsified evaporites,
entrapping occasional gastropod marine shells (Nerita
spp. and Turbo radiatus, possibly transported by hermit
crabs), then by 40 cm of selenitic gypsum cumulates with
macrocrystals up to 4 cm in size (Fig. 14d, e); this unit is
affected upward by a second chaotic unit, and the sequence
ends up with a second package of laminated evaporites
(Fig. l4c).

Although the lack of corals in this site prevents precise
U-series dating, we tentatively attribute this complex to
MIS5e because of its altitude that is comparable to coral

M. Taviani et al.

terraces, absence  of evident  diagenesis, and
sub-horizontality. Analogous situations of this age are part
of the coastal stratigraphy of the Red Sea proper, and have
been treated in detail by Plaziat et al. (1998, 2008) and
Orszag-Sperber et al. (2001).

8 Botryoidal Aragonite

Large aragonite fans and botryoids up to 8 cm in diameter
have been discovered on terraces south of Ra’s Suwayhil as
Saghir (St. 4, 8 and 19), and at Ash Shaykh Humayd in the
extreme south of the Gulf, as filling vugs into MIS5e and
pre-MIS5e reefal carbonate bedrock, at places also cement-
ing mixed carbonate-arkosic breccias (Fig. 15). Botryoidal
aragonite is a distinct form of calcium carbonate micro- to
macrofabric characterized by a radial-fibrous growth often
achieving a mamelon-like final shape (Fig. 15b). Botryoids
form in a variety of contrasting genetic scenarios; subaerial
caves (Ostermann et al. 2007; Fairchild and Baker 2012),
marine hydrocarbon seeps (e.g., Roberts et al. 1993; Savard
et al. 1996; Taviani 2001; Feng et al. 2008; Taviani et al.
2016), or shallow-marine settings (Ginsburg and James
1976; Aissaoui 1985). Regarding the latter, spectacularly
large aggregates of botryoidal aragonite are found as epi-
genetic marine cements filling vugs in Quaternary
shallow-water carbonates, preferentially reefal host-rocks,
from various tropical localities including New Caledonia,
Bahamas, Belize and the Red Sea (Ginsburg and James
1976; Taviani and Rabbi 1984; Aissaoui 1985; Grammer
et al. 1993; Dill et al. 1998). In the Red Sea basin, botryoidal
aragonite has been reported from Pleistocene coral reef ter-
races along the Egyptian mainland and islands, and proved
to represent synsedimentary marine cements based on field
and stable isotope data (Taviani and Rabbi 1984; Aissaoui
1985; Taviani et al. 1987). The Zabargad Island’s aragonite
includes the largest known such crystals and mineralizes not
only carbonate rocks but also fissures in basic intrusives and
mixed breccias (Moon 1923; El-Shazly et al. 1974; Bonatti
et al. 1983; Taviani et al. 1987). Botryoidal fabric is known
in the geological record since the Paleozoic (Mazzullo and
Cys 1978; Aissaoui 1985; Lake 2004; Brachert et al. 2007),
more often as calcite or partially-dolomitized pseudomorphs
of the original aragonite.

The aragonite botryoids from the Saudi Arabian fossil
reefs are interpreted as synsedimentary fast-growing marine
cements, similarly to their Gulf of Mexico analogues
(Grammer et al. 1993), or Red Sea equivalents (Aissaoui
1985; Taviani et al. 1987). Regarding the time of their
genesis, botryoidal aragonite from a MIS5e terrace south of
Ra’s Suwayhil as Saghir (St. 8) provided a U/Th age of
about 119 ka (Bosworth et al. 2017; Table 2). This figure is
consistent with a process of marine carbonate precipitation
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Fig. 13 a The MIS5e terrace of Ash Shaykh Humayd here culminat-
ing at about +6 m above m.s.l.; b overview showing the same MIS5e
reefal terraces, person for scale (arrow); ¢ section documenting that the
MISS5e overlies unconformably the inclined Miocene strata, more shelly
at the base, and upward grading into a reef edge facies with Platygyra,
Porites, Acropora and “faviids”, more abundant on the top, as well as
Heterocentrotus spines; d detail of a reef-edge facies with in-situ
Favites and other stony coral colonies, and articulated Tridacna

(arrow); e melobesian and stony coral-rich facies with colonial
scleractinians such as “faviids” and the solitary Fungia scutaria
(arrow), and Heterocentrotus spines; f detail of a chaotic shell-rich
deposit sourced from back-reef sandy habitat; the highly diverse
paleontological content is dominated by molluscs, including the
lagoonal gastropods Conus arenatus (Co), Bulla ampulla (B) and the
bivalve Circe sp. (Ci), and subordinately, “faviids” and irregular
echinoids
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Fig. 14 The lagoonal salina-mangal complex 13.5 km south of Ra’s
Suwayhil as Saghir (St. 11), a general view of the outcrop, with
muddy-sandy lagoonal and mangal (mangrove derived) sediment at the
base, followed upward by evaporitic deposits; asterisk marks the best
stratigraphic exposure; b detail of the lagoonal salina-mangal sediments
showing articulated Anodontia and Gafrarium bivalves still in situ

(arrow); ¢ the stratigraphy of the uppermost part of the evaporitic
section (asterisk in a), documenting the top of the first laminite unit
partly masked by talus (1), the selenitic cumulate unit (2), the second
chaotic unit (3) and the second laminite unit (4); d detail of the selenitic
gypsum cumulates, observe inverse grading; e hand sample of large
selenitic gypsum crystals
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19); d polished slab of carbonate reefal bedrock showing large
botryoidal aragonite cement, with clear accretionary bands (arrow) (St.
4); e drusy cements within vuggy carbonate rock (St. 19). Bars = 1 cm

Fig. 15 Aragonite cements: a large fans within Pleistocene coral
carbonates, 2.45 km south of Ra’s Suwayhil as Saghir (St. 19);
b mamelon-botryoid cementing Pleistocene reefal carbonates (St. 8);
¢ mixed carbonate-arkosic breccia cemented by aragonite botryoids (St.
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during MIS5e, although this does not necessarily imply that
all such aragonite cements observed in the terraces examined
here share this age.

9 Summary and Conclusions

The Saudi Arabian coast of the Gulf of Agaba boasts a
superb set of marine coral terraces all along its length,
connecting to the north with their equivalent in Jordanian
territory and terminating to the south at the tip of the Arabian
Peninsula and junction with the Red Sea. These terraces are
Pleistocene in age, with the majority belonging to coral reef
complexes of the last interglacial MIS5e. Besides coral reef
terraces, this Pleistocene record also preserves a presumably
coeval salina-mangal setting as well as spectacular examples
of syndepositional aragonitic cement.

The altitude of the MIS5e terraces is variable, responding
to tectonics, in most cases documenting considerable uplift.
For future developments, it is important to note that the rich
fossiliferous content provides a means to identify former
environments with confidence, supplying ideal material for
dating and geochemical paleoclimatology, and contributing
taxonomic information valuable for evolutionary and bio-
geography purposes.

The exceptional uplift of MISS5e terraces makes these
Saudi Arabian settings unique in the frame of the Red Sea
region as a whole.
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