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Abstract

Geomorphic features (fossil terraces, notches and sea cliffs) from the southern Red
Sea coasts provide valuable indicators of past sea-level change that enable the
quantification of both the timing and magnitude of the mid-Holocene sea-level
highstand. We demonstrate the utility of wave-cut notches in the southern Red Sea,
and present U-series dated sea-level indicators from two locations on the As-Salif
Peninsula that suggest a mid-Holocene highstand of ~ 0.5 to 1 m above present
mean sea level (apmsl) at about 5 to 5.4 ka BP. In addition, the similarity of the
elevations of the different sea-level indicators at the two locations in As-Salif
Peninsula and Kamran Island suggest relative tectonic stability, with limited influence
of salt diapirism. Comparison of our data to other estimates of the Red Sea mid-
Holocene highstand, and glacio-isostatic predictions suggest that water loading (and
deformational response) is the primary factor in the spatial and temporal variability
the mid-Holocene highstand, with some possible localized tectonic and neotectonic

overprinting.
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1. INTRODUCTION

Relatively little is known about the relative sea level (RSL) variations during the
Holocene for large segments of the Red Sea coasts, especially the south of the basin
(e.g., Edelman-Furstenberg et al., 2001; Lamy et al., 2006; Lambeck et al., 2011).
Early studies assigned emerged sea-level indicators (e.g., coral terraces) along the
Red Sea coast to sea-level fluctuations and tectonic processes only, and ignored
contributions from the glacio-isostatic adjustment (GIA) and water loading processes
(e.g., Al-Rifaiy and Cherif, 1988; Gvirtzman et al., 1992; El-Asmar, 1997; Strasser and
Strohmenger, 1997; Shaked et al., 2002). As GIA affects not just near-field regions
(i.e., those located close to the former ice sheets) but also the intermediate and
locations such as the Red Sea (Mitrovica and Peltier, 1991; Peltier, 1999; Milne and
Mitrovica, 2008; Lambeck et al., 2014), considerable spatial variability in amplitude,
magnitude and timing of highstands in the Red Sea is expected and predicted from

GIA modelling (Lambeck et al., 2011).

Tectonically, the Red Sea is not stable and geologic, geodetic and seismic evidence
indicates pronounced vertical movements across the Red Sea basin throughout the
latest rifting phase that started in the Miocene (Girdler and Styles, 1974; Hotzl, 1984,
Hempton, 1987; Purser and Bosence, 1998). In addition, vertical movement
associated salt diapirism occurs in some parts of the Red Sea, such as the As-Salif
Peninsula (Figure 1) and these vertical movements have influenced the carbonate

reef deposits, often resulting in irregular uplift of the terraces.

As indicators of local sea level form as a result of the interplay between eustatic sea-
level change, tectonic uplift or downwarping, and GIA processes, we expect the
combined imprint of each of these processes to be preserved at the stratigraphic
record of the Red Sea. In this study we utilize wave-cut notches from the southern
Red Sea, Kamaran Island and the As-Salif Peninsula, to provide information on both
local tectonic history and past sea level. We provide mid-Holocene coral U-series
ages for the Yemeni Red Sea coast and document geomorphic features on As-Salif
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Peninsula and Kamaran Island coasts. We take advantage of the varied geologic/
neotectonic setting of the area to: (i) investigate the potential of wave-cut notches
as a palaeo tide and sea-level indicators in the Red Sea; (ii) provide sea-level
constraints to test the GIA predictions of Red Sea sea levels during the Holocene;

and (iii) interpret the tectonic history of the complex, faulted region in the southern

Red Sea.
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Figure 1: Topographic map of Yemeni Red Sea showing Kamaran and As-Salif
Peninsula and the study/sampling locations (OM = Om Gedi; RH = Ras Harafa; KI-1

and KI-2 are the two sampling locations on Kamaran Island).

2. LOCATION, GEOMORPHOLOGY AND STRATIGRAPHY

2.1 Tidal regime and coastal setting

The Red Sea is characterized by a semi-diurnal microtidal regime, with the tidal
range increasing with distance from the centre of the basin, from virtually no daily
change to about 0.6 m in the north and up to 0.9 m in the south (at Massawa and
Kamaran Island) (Edwards, 1987). The tidal range results from the interaction of
tides produced in the Red Sea itself and the co-oscillation with the Indian Ocean

(Defant, 1961). The latter is attenuated by the narrow Bab al Mandeb Strait resulting
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in generally low tidal amplitudes in the Red Sea. The effect of the strait can be seen
from increasing tidal amplitudes northwards, with the highest tidal range recorded

in Kamaran Island of ~ 1 m.

The wave regime (direction, wave height) at the study sites is driven by three
principal seasonal wind systems operating in the Red Sea, and waves tend to
propagate along the axis of the Red Sea basin (Clifford et al., 1997; Sofianose, 2003;
Langodan et al., 2017). Significant wave height varies seasonally with the monsoon
reversal (Ralston et al., 2013; Langodan et al., 2018); during the winter, monsoon
winds from the southeast generate waves with mean significant wave heights in
excess of 2 m and mean periods of 8 s in the southern Red Sea, with lower wave
heights during the summer (Ralston et al., 2013). The indented coasts of the Red Sea

leads to a reduction in swell, especially in the southern zone (Langodan et al., 2017).

2.2 As-Salif Peninsula

The As-Salif Peninsula is part of the ~40 km wide, N-S trending, Tihama coastal plain
(Davison et al., 1994) (Figurel). The southern Red Sea, including islands and volcanic
coastal formations, are associated with the main Red Sea Rift and Afar rift, which are
parallel to the coast and have numerous fault lines (Rowlands and Purkis, 2015). An
irregular distribution of carbonate bodies occurs as a result of local faults,
differential uplift due to salt diapirs, and variable erosion/depositional processes
(Bosence, 2005; Purkis et al., 2012; Rowlands and Purkis, 2015). Tectonically, the As-
Salif Peninsula is an intensely deformed area, with vertical bedding and steeply

plunging isoclinal folds (Davison el al., 1996).

The geomorphology of Red Sea makes it conducive to evaporite and salt diapir
formation (Bosworth, 2015) with mid- to late Miocene salt deposits (16.4-5.3 Ma)
forming shortly after Red Sea basin rifting terminated (Heaton et al., 1996; Davison
et al., 1996). The vast desert and arid climate of the region also create the conditions
for salt diapirs to form and develop into domes and islands (Bosence, 2005). The

evaporites in this region are sandwiched between Pliocene siliciclastics sediments
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beneath, and Pleistocene and Holocene carbonates above (Brown, 1970; Mitchell et
al., 1992; Bosence et al., 1998). The stress exerted by the rocks above, force the
evaporites to elevate the overlaying strata to create diapiric structures (Purser and

Bosence, 1998; Bosence et al., 1998; Gracia et al., 2008).

The As-Salif Peninsula is produced by a linear north-south trending salt diapir,
bounded by a normal growth fault on the eastern margin, and this diapiric wall
continues offshore for several kilometres (Bosence et al., 1998). Boreholes drilled in
the region show that evaporite influence is unevenly distributed beneath the coastal
shelf, and the thickest evaporites are found offshore (Bosence et al., 1998; Rowlands
et al., 2014). The domed morphology of As-Salif diapir is topped by corals dominated
by Galaxea fascicularis, particularly in the lower sections of the fossil reefs, with
more diverse coral assemblage in the upper section of the reefs (Bosence, 2005;

Purkis and Riegl, 2012) (Figure 2).

In brief, the Salif Formation in the region comprises a thick halite, disconformably
overlain by bedded gypsum with thin layers of carbonate (the Ghawwas Member),
capped by about 5 m of gypsiferous/calcareous clastics. The Salif Formation is
intermittently exposed along the coastal region of the Tihamah plain of the Yemeni
Red Sea and we selected two emergent terraces for further investigation. These
comprise two low lying, flat-topped emergent terraces in the northern As-Salif
Peninsula, Om Gedi and Ras Harafa (Figure 1). A normal fault, which is oriented
parallel to salt diapir faults, passes through the northernmost As-Salif Peninsula, and
may be responsible for the emergence of these terraces (Rowlands and Purkis,

2015).

The Om Gedi terrace (OG) (upper Salif Formation), is formed predominantly of
coarse to fine grained siliciclastic lithology impregnated with gypsiferous/anhydrite
beds (Figure 3). Such deposits are typically a result of sabkha cycles, where
alternating episodes of sea water saturation and flushing with meteoric water in
intertidal sediments lead to gypsum formation (Wright, 1994). The high content of
siliciclastic grains suggests deposition by wind (Youssef, 1991).
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The Ras Harafa terrace (RH) is largely formed of gypsum and gypsiferous clastics
intercalated with detrital material (also upper Salif Formation) (EI-Nakhal and Alaug,
2013; Beydoun et al., 1998), with a series of cliffs, notches, and caves on its seaward
face. Recent gypsum deposits encrust coral reef fragments atop a wave-cut platform
below to marine terrace (Figure 4). The shape and location of the As-Salif Peninsula

terraces suggests a primary tectonic control on their spatial distribution.

2.3. Kamaran Island

Kamaran Island (KI) is located in shallow waters of north-eastern part of Yemeni Red
Sea and separated from the eastern coast by a narrow strait known as As-Salif strait
(Figure 1). The island is a post-rift sequence formed of carbonate deposits that
developed on the eroded uppermost layer of the Plio-Pleistocene platform
(Angelucci, 1981; Angelucci et al., 1985). These carbonate deposits (reefal
limestones, ca. 1.81 - 0.01 Ma) represent the uppermost 10 m of a shallow water
sedimentary complex that overlies an evaporite sequence of Miocene age (Davison

et al., 1996; Bosence et al., 1998).

A sequence of notches, cliffs, and platforms is evident in the carbonate rocks of
Kamaran Island. These were incised through tidal and/or wave action and can be
used as a palaeo-sea level indicators, although debate as to the exact processes
governing formation continues (e.g., Pirazzoli, 1986; Rust and Kershaw, 2000;
Kershaw and Guo, 2001; Kelletat, 2005; Evelpidou et al., 2012; Moses, 2013). Recent
sediments comprise mostly of fossil remains (e.g., corals, molluscs, calcareous algae,

and benthic foraminifera) and reworked materials from the nearby rocks.

3. MATERIALS AND METHODS

We mapped the geomorphic features (wave-cut notches, cliffs etc.) at each site;
elevations were determined using either direct measurement by levelling and/or
differential Global Positioning System (GPS) measurements and are reported relative
to present mean sea level (above present mean sea level, apmsl). The uncertainty in
the GPS elevation measurement is £ 2 cm, with greater uncertainty associated with
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our levelling (we use a conservative estimate of 20 %). The inflection points of wave-
cut notches indicates the position of mean sea level at the time of formation
(Antonioli et al., 2015). However, we had difficulty in determining the vertex at our
sites, as most of the notches are of U-shape and/or obscured by sediment. As such,
we report the approximate elevation of the inflection point through comparison
with analogue modern notches. The total elevation error was calculated by summing

all the contributing sources of error in quadrature (Table 1).

We collected in situ Porites sp. and Acropora sp. corals (i.e., the corals were found
upright in growth position, with no indication of later displacement) for U-series
dating. We assume corals from the fossil reef platform immediately below the wave-
cut notches lived at the time as when the notch was cut (cf. Rovere et al., 2015;
Lorscheid et al., 2017). Modern corals in the area are intertidal. Twelve coral samples
were collected (Table 1): 6 samples from two locations in Kamran Island (KI01 and
KI02) (at +4 £ 1 m apmsl), two in situ corals from a patch reef on top of the As-Salif
diapirs (+18 = 2 m apmsl); two in situ corals from the Om Gedi (OG) (+1+0.2 m
apmsl) and; two corals in growth position from Ras Harafa (RH) (+ 0.5 £ 0.2 m apmsl)

(Figure 1).

Corals selected for radiometric dating were initially examined petrographically and
by X-ray diffraction to ensure that corals were primary aragonite. The XRD
determinations were carried out using Rigaku Miniflex XRD, with JADE 7 software
(Connolly, 2010) used for peak identification. All corals collected from the As-Salif
peninsula terraces are pristine (i.e., < 2 % calcite), whereas the coral samples from
Kamaran Island were diagenetically altered (i.e., recrystallized) and only two samples
from Kamaran Islands with the least amount of alteration (visual appearance and %
calcite) were U-series dated. Samples that passed the initial XRD screening were
lightly crushed and any discoloured material and/or debris was removed using a
binocular microscope. Coral samples were then quarried out into cubes followed by
multiple ultrasonic baths in distilled water, and dried at 30°C. The chemical
procedures for the separation of U and Th from the sample are based on methods of
Edwards et al. (1987). Approximately 0.2 - 0.3 g of ultrasonically cleaned samples
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were weighed and spiked with a mixed 22°Th-233U-238U tracer. Uranium and thorium
were separated with iron co-precipitation and anion-exchange chromatography. The
uranium and thorium aliquots were dissolved in 1% HNOs + 0.005N HF for
instrumental measurements (Shen et al., 2002). Samples were subsequently
analyzed by Neptune multi-collector inductively coupled plasma mass spectrometer
(MC-ICP-MS) and a Faraday-multiplier following the procedure developed by
Edwards et al. (1987, 1988); Cheng et al. (2008) and Shen et al. (2002). Ages were
calculated using a half-life for 23°Th of 75,690 years and a half-life for 234U of 245,250
years (Cheng et al., 2013). The age was solved for iteratively using the standard age
equation presented in Edwards et al. (1987), using decay constants of 1.55125 x10%°
for Aass (Jaffey et al., 1971), 2.82206 x 10°° for L34 (Cheng et al., 2013), and 9.1705
x10°® for X230 (Cheng et al., 2013). In addition, samples were corrected for initial non-

radiogenic thorium using a 23°Th/232Th atomic ratio of 4.4 + 2.2 x10°.

4. RESULTS

4.1 U-series dating

Five in situ coral samples were collected from As-Salif Peninsula (two from the top of
As-Salif Salt diapir, two from Ras Harafa (RH), and one from Om Gedi (OG). The
measured 238U concentrations of our samples varies between 1.14 and 2.61 ppm
(Table 1). Samples from RH have 238U concentrations consistent to modern pristine
corals of living/dead corals from Bab al-Mandab (Al-Mikhlafi et al., 2018), and
modern corals from Red Sea (Friedman, 1968; Gvirtzman et al., 1973). However,
Holocene corals from the Om Gedi and As-Salif salt diapir have lower 238U
concentrations (Table 1), suggesting that these corals may have experienced
secondary elemental or isotopic disturbance (cf. Yu and Zhao, 2010). The
concentration of 222Th in our samples varies from 0.375 + 0.009 to 1.59 + 0.033 ppb,
the latter is significantly above the 0.5 ppb of pristine corals from oceanic islands and
likely reflects the incorporation of detrital material into the corals (Edwards et al.,
1987; Chen et al., 1991; Yokoyama et al., 2001). The modern value of §23*U; is widely
used to detect digenetic alteration of fossil corals (e.g., Bard et al., 1991; Hamelin et
al., 1991; Gallup et al., 1994) and all samples except those from Kamaran Island have
calculated 623*U; values that are similar to the modern seawater value (146.8 + 1 %o,

8



245  Andersen et al., 2010).
246
Table 1. U-series data of samples from Kamaran Island and As-Salif peninsula,

southern Red Sea. All uncertainties are reported at the 2 sigma uncertainty level.

Sample/ Species Elev. U ASTN HTh*Th &4 U DOTRASU Th Age (1) ““Th Age (1) 8™ Ukauw** “*Age (yr BP)™**
(m) (ppm) (ppb) (atomic x10) (meas.) (activity) (uncorrected) (corrected) (corrected) (corrected )
Bab El-Mandab: Living or modern-dead corals collected from ~2 m b.s1 near to Perim Island (AL-Mikhlafi et al | 2018).
BMO1 Porites sp. -2=0.5 2140002 0.0401=0.004 784=039 1464=12 0.0001=0.0001 8=10 8=10 146 =1 -53=10
BMO02! D.smigaca 205 2.72=0003 0.1827=0.005 28.8=205 1469=13 0.0001=0.0001 11=8 =80 147=1 -52=80
BMO3 Poritessp. -2+0.5 2.09=0003 084600018 138=33 1445=15 0.0003=0.0001 32=8 2+11 1452 -41=11
Note: BM 01 and 02 are different sample: (new coilections), BM 03 is from different locanion (old coilections)
As Salif (Holocene corals)
OGOl Porites sp.  1.0=02 121=00015 1.42=00201 7276=151 1442=15 0.0518=0.0002 5043=21 5013=30 146=2 4050=30
RHO1 Acrgpora sp. 0.5=02 2.61=0005 1.5865=0.0333 1528.0=341 142.1=25 0.0562=0.0004 5500=46 5485=47 144=3 5423=47
RHO2 Acropora sp. 0.5=02 24800049 0.8766=0.0185 2575.0=552 143.6221 0.0553=0.0002 339524 5386=25 14622 532425
SLO1 Poritessp. 18=2 142=0.0019 0.3749=0.0002 4866.0=120.4 147.3=18 0.0782=00002 7683=26 7679=26 1502 7616226
SLO2 Porres sp. 182 11400015 1.4823=00307 09903=209 146.7=1.8 0.0787=00003 774420 7711=38 150=2 7648=38
Kamaran Island (old fossl corals)

EI0l1 Porites sp. 4=l 0.74=0.0008 4160500836 2728.7=550 3503=15 00303=0.0016 226636=1871 226485=1871 95=3 226422=1871
KI02 Faviidae 4=l 0.62=00000 812301631 105421 -237=22 0.8437=0.0017 222160=2528 221766=2533 444 221703=2533

U decay constants: 1 = 1.55125x107" (Jaffey et al., 1971) and 1xs = 2.82206x10°° (Cheng et al , 2013). Th decay constant: Lrx =9.1705x10 (Cheng et al , 2013)
A0 = ([P U iy — 1)x1000. ** d5¥U 0 Was calculated based on “*Th age (T), Le., @ Usniw = ™ Uncenm X 5597
Corrected ““Th ages assume the mital ~*Th™*Th atomic rago of .4 =22 x10°. Those are the values for 2 matenal at secular aquilibrium. with the bulk earth
ST value 0of 3.8,
The errors are arbiganly assumed to be 50%
'**B.P. stands for “Bafore Present” where the “Present” 1s defined as the vear 1950 AD.
The tidal range in Kamaran Island 15 ~] m. and datam s taken as 0 S m
§ Hving corals.

247  All samples (except Kamaran Island) are mid-Holocene in age (after correction for
248  detrital thorium, Table 1); samples from the top of the As-Salif salt diapir (SLO1 and
249  SLO2) are dated to 7,616 + 26 and 7,648 + 38 years BP; Ras Harafa samples (RHO1
250 and RHO02) have ages of 5,423 + 47 and 5,324 + 25 years BP; and the Om Gedi coral
251 sample was dated to 4,950 + 30 years BP. The two fossil corals collected from

252  Kamaran terraces were diagenetically altered with almost complete transformation
253  from pristine aragonite skeleton into calcite. These samples yielded ages of 226,422
254  +1,871years and 221,703 + 2,533 years BP, although the dates obtained are unlikely
255  to reflect the ‘true’ age of these samples due to the significant diagenetic alteration.
256

257 4.2 Reef and notch morphology

258  4.2.1 Al-Salif Peninsular salt diapir

259  Patch corals were found at altitude of +18 + 2 m (apmsl) atop of As-Salif salt diapir
260  (Figure 2) and two coral samples (Porites sp.) yielded mean (inverse weighted) age of
261 7,629 31 years BP (Table 1). These samples were dated to confirm the Holocene

262  age of this reef and investigate local deformation due to salt diapirism. Although

9



263
264
265
266
267
268
269
270
271
272
273
274
275
276

277
278
279
280
281
282
283
284
285
286
287
288
289
290
291

these samples passed initial XRD screening (i.e., calcite content of < 2%), further
investigation suggests U-depletion in both samples (SLO1 and SL0O2). Further, sample
SLO2 has elevated 232Th concentration compared to modern equivalents indicative of

detrital input (see section 5.1 for further discussion of the age of these samples).

Figure 2: Coral samples (SLO1 and SLO2, circled) from the As-Salif salt diapir.

4.1.2 Om Gedi terrace (OG)

The OG terrace has a maximum mapped elevation of + 4 £ 1 m apmsl. It comprises
an indurated aeolian (continental source) deposit, overlain by gypsiferous layer.
Inspection of the OG terrace siliciclastic beach rocks indicate deposition in relatively
quiet, subaerial and oxygen rich environment (fine grains and yellowish staining of
the indurated sediments). The lack of reef corals at this site (i.e., the reefal limestone
that overlies the Salif Formation elsewhere on the Kamaran and As-Salif Peninsula)
may be due to very high terrestrial inputs and turbid-water environment that is
unfavorable for large-scale carbonate production (Purser et al., 1987). A wave-cut
notch mapped at +3 £+ 1 m apmsl (Figure 3) and is assumed to be of Last Interglacial
(Llg) age. We were unable to obtain reliable date for this feature but have assign a
Last Interglacial age given the proximity and similarity in elevation to the U-series
dated fossil reef at Bab al-Mandab, southern Red Sea (4+1 m apmsl; Al-Mikhlafi et

al., 2018). This notch has its middle and upper portions preserved as notch roof,
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whereas its base buried under the aeolinite sand. A Holocene cliff developed below
the Lig notch at an elevation of ~+1.5 m (Figure 3). An in situ Porites sp. coral (0G1;
+1 £ 0.2 m apmsl), found intercalated with siliciclastic deposits adjacent to the
Holocene wave-cut cliff, was dated to 4,950 + 30 years BP (Table 1), and considered
equivalent in age to cliff formation (Figure 3). The shape of Holocene cliff suggests
that the cliff developed initially in the cohesionless aeolinite material and that the

roof collapsed, likely due to wave action.

N

In situ corals of mid-Holocene
(~ 5000 yrs B.P)

m) ™
w

Elevatlin (m)

“ Elevation

deposits
6 7

Distance from the shoreline in m

(C) v eliffs / £ __In situ mid-Holocene corals of
modeen:seacliff 5 mid-Holocene (4950 = 30 years i
/ B.P.) mixed with indurated mid-Holocene
2.7 / aeolian sands. d) sea level cliff

o 2 4 6 8 10 (
Distance from the shoreline in m

Figure 3: Photographs and field sketches of the Om Gedi terrace, As-Salif Peninsula.
(a) An outcrop of in situ Acropora sp. of mid-Holocene age capped by siliciclastic
sediments; and in the foreground, reworked boulder of gypsiferous sandstone from
the main terrace (b) Photograph of mapped stratigraphic sequence showing mid-
Holocene abrasion notch, with overlying Lig notch; (c) cross-section of (a) and; (d)

cross-sections of (b).

4.1.3 Ras Harafa (RH)
RH is the northernmost terrace of As-Salif peninsula, and is the uppermost part of
the Salif Formation. It has a maximum elevation of +3 + 1 m apmsl. The terrace is

formed of gypsum/gypsiferous clastics intercalated with fine grained siliciclastic
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material, with gypsum deposits (likely sabkha). Again, the reef limestones that
typically overlie the Salif Formation are not represented here. Notches and
solutional caves (Figure 4b), which can indicate the position of sea level at the time
of their formation (Mylroie and Carew, 1988; Florea et al., 2007), are cut into the
late-Miocene terrace (Figure 4c). Patch corals of Holocene age (RHO1 and RHO2; both
+0.5 £ 0.1 m apmsl, Table 1) were found in a modern lagoon setting below the RH
terrace at elevation of ~ 0.5 m apmsl. Recent gypsum deposits with
mushroom/stromatolites morphologies are found encrusting mid-Holocene patch

corals and are emerged during low tide (Figure 4a).

(@) (b)

late-Miocene gypsiferous layer ——s

-
(©) £
2 ®
Corals in growth position Tidal g
seawards (av. age ~ 5373 £ 36 years B.P.) Notch = o
—— > - 1@
=
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w
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o 50 100 150 200 250 300

Distance in meters from the shoreline

Figure 4: The Ras Harafa terrace, As-Salif Peninsula. (a) photograph of Holocene
corals (foreground) with samples RHO1 and RHO2 highlighted in red. Assumed late-
Miocene age terrace in the background; (b) notches/solution caves cut into late-

Miocene terrace; (c) schematic cross-section of the Ras Harafa terrace.

4.1.4 Kamaran Island (Kl)

The Kamaran Limestone is capped with a compact and highly weathered reef
carbonate of early Pleistocene age, and contains variety of well-developed notches,
and cliff structures. The area is microtidal and has generally sheltered coastal sites
making the area promising for sea-level reconstruction.

In the north of the island, we documented distinct asymmetrical V-shaped notches

with inflection points of 0.5 £ 0.2 m apmsl (Figure 5). The eastern part of Kamaran
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Island is influenced by localized (neotectonic) vertical movement of the salt diapir
intrusion, with clear displacement in the elevation of surveyed geomorphic features
(reverse fault evident in Figure 6a). Five sites in this location were mapped in detail.
At the first site, an embryonic notch (i.e., modern) is forming at close to present sea
level in the Holocene cliff (maximum elevation ~ 1 + 0.2 m apmsl) (Figure 6b, see also
map in the Supplementary Information doi: 10.6084/m9.figshare.13079240). At the
second location (slightly to the north), a series of notches was mapped, with 4
notches at elevations ranging from approximately +4 m to +2 apmsl (Figure 7a and
b). This ‘staircase’ morphology (i.e., vertical separation of the notches) and U-shaped
geometry (i.e., widening and deepening) of these notches likely resulted from
vertical motion associated with coseismic uplift associated with the As Salif salt
diapir (cf. Schneiderwind et al., 2017).

Progressing further around the bay to the north, a well-developed U-shaped notch
of assumed Llg period is found at elevation of ~3 + 1 m apmsl in weathered marly
limestone (Figure 8a) and a V-shaped notch is well defined at +0.5 £ 0.2 m apmsl.
Neither of these notches were dated but based on their elevation and comparison
with other sites in the region, we assign the upper to the Lig and the lower to the
mid-Holocene. Lithophaga boreholes in the lower unit may suggest slow uplift

subsequent to the Llg period.

Finally, a well-developed, symmetric V-shaped wave-cut notch was observed in the
uppermost section of the terrace, and corals at ~ +3 £ 1 m apmsl were selected for
dating to corroborate our assumption of LIg age for notches cut at the elevation at
this site (Figure 8b). Unfortunately, these corals were all highly diagenetically altered

(corals KI01and KI02, Table 1) and yielded ages of >200,000 years BP (Table 1).
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mid-Holocene sea level highstand at 0.5 m = 0.2 apsl.

Figure 5: Wave-cut notches from the northern Kamaran Island, southern Red Sea.
(a), and (b) were formed by wave action on a headland; (c), (d) and (e) sea stacks
(“mushroom rocks”) with well-developed marine notches just above present sea-

level, and clear indentation at 0.5 m £ 0.2 apmsl.
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Figure 6: Photographs and schematic cross-sections of assumed reverse fault,
eastern Kamaran Island. (a) observed reverse fault likely caused by neotectonics
(schematic cross section, below right); (b) section to the right of yellow star in (a)
which remained stable, showing the mid-Holocene wave-cut cliff and embryonic

(modern) notch (schematic cross section, below right).
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Figure 7: (a) Pleistocene carbonate terrace with a series of wave-cut features or
sea-level oscillations (“staircase”) of assumed Lig age (b) is a close up of the mid-

Holocene notch; (c) schematic cross-section.
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Figure 8: Pleistocene terrace with a U-shape of LIg wave-cut notch and V-shaped
mid-Holocene wave-cut notch at ~ 0.5 + 0.2 m below (schematic cross-section,
right). (b) notch (assumed LIg age) cut into highly altered old-Pleistocene coral reefs

at ~31+1 m apmsl.

5. DISCUSSION

5.1 Reliability of U-series geochemical data

All samples from this study show measured (23*U/?38U), close to the modern sea
water value of ~1.147 (Stirling and Andersen, 2009), and plot on or near the
seawater evolution curve. All samples, except for those from RH, have 228U and 232Th
concentrations that deviate from the live/dead corals of Bab al-Mandab (Al-Mikhlafi
et al., 2018), modern corals from Agaba (Scholz et al., 2004), and in the minimum
range of 228U concentrations of modern corals from Red Sea (~ 1.3 - 4.2 ppm)
(Hibbert et al., 2016, and references therein) (Table 1). Plotting 238U concentrations
versus (?3°Th/238U) activity ratios (Figure 9a) provides insights into the effect of
uranium loss on the apparent ages, due to the inverse relationships between 238U
concentrations and (23°Th/238U) activity. Similarly, plotting 232Th concentrations
versus (?3°Th/238U) activity ratio, suggest that the effect of any uranium loss was
accompanied by thorium addition (Figure 9b). These changes probably resulted from
post depositional uranium loss, moving the data to the right on the diagram without

affecting (23*U/238U) activity (Figure 9c).
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Figure 9: Bivariate plots of (a) 233U concentration vs. (23°Th/?38U),.: of samples from
As-Salif Peninsula (note, errors are smaller than the symbols); (b) 23°Th
concentration vs. (23°Th/?38U),. of the same samples (note, errors are smaller than
the symbols); (c) Plot of (623*U)meas Vs. (23°Th/238U)act. (d) (6%2*U)meas vs. age of
samples from the As-Salif Peninsula. The pale orange boxes represents the ‘strictly
reliable’ values of §23*U for modern seawater (62**Uinitial = 147 *+ 3 %o). Errors are

plotted at 2 sigma.

367 The corals from the top of the As-Salif salt diapir yielded mean U-series ages of

368 ~7,630 years BP. These ages are in contrast to conventional radiocarbon dates of
369 Tridacna shells by Davison et al. (1996) (reported as conventional radiocarbon ages
370 of 3,700 + 250 and 3,850 + 250 years) from the same site and elevation. Our samples
371  have lower 228U concentrations than typical dead/live corals (2-3 ppm) and one,

372 SLO2, also has high 232Th content (i.e., above the 0.5 ppb value for pristine coral

373  samples), which may indicate the presence of secondary contamination. Both 238U
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loss and 232Th high would increase the age and account for the offset with the

radiocarbon ages of the Tridacna shells.

5.2 Notches as sea-level indicators in the southern Red Sea

Abrasion by wave and currents can create permanent wave-cut notches that, if
preserved, can be useful palaeo sea-level indicators. Notches manifest as
indentations or undercuts of a few centimetres to several meters (Antonioli et al.,
2017) and form at or near mean sea level, during (a) prolonged stand-stills, and/or
(b) when the rates of erosional processes are in line with the pace of relative sea-
level change (Antonioli et al., 2006; Evelpidou et al., 2012). They are formed via
chemical dissolution processes, wetting and drying cycles, biological erosion, wave
action, or more likely, a combination of these factors (Antonioli et al., 2015). Often
their vertical extension almost equals the tidal range (e.g. Pirazzoli, 1986). As a
result, notches can serve as accurate sea-level indicators, especially in tectonically-
stable regions (Neumann and Hearty, 1996; Antonioli et al., 2006; Hearty et al.,
2007; Rodriguez-Vidal et al., 2007). However, in tectonically stable settings, wave-cut
notches that were created in the late Pleistocene can be reoccupied and modified in
the late-Holocene by sea level and associated wave action that reach similar
elevations (Phillips, 1970; Trenhaile, 1972; Kelsey, 1990; Kelsey and Bockheim,
1994). Notches can also form from other (often interrelated) processes including
eustatic/isostatic sea-level adjustments, tectonic and seismic processes (Carobene,
2015), as well as the action of chemical, physical, and biological factors (Pirazzoli,

1986, Antonioli et al., 2015).

A major limitation of using wave-cut notches as sea-level indicators is the difficulty in
directly dating their formation. The dating of organisms that form the biological rim
covering part of the notch (Pirazzoli et al., 1994a; Pirazzoli et al., 1994b; Faivre et al.,
2013) or correlating the elevation of a notch with other datable markers has proved
fruitful. An alternative approach, which we adopt here, assumes dates from corals
found on the platform immediately below the notch are coeval with notch formation
(Lorscheid et al., 2017). Unfortunately, we were unable to obtain ages for the older
notches (elevation ~3 to + 4 m apmsl) as the corals showed significant diagenetic
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alteration and were unsuitable for dating. We therefore assume all notches at
approximately +4 m apmsl that directly overlie the mid-Holocene notches, date to

the Lig.

For the sites investigated, we found that some terraces are better preserved and less
eroded than others, and this is mainly dependent on the rock lithology and hydraulic
regime at each site. Sheltered beaches are more likely to develop notches than
beaches with aggressive hydraulic regime. We attribute the differences in
preservation/morphology of the features mainly to variation in tectonic activity of
the region, resistance of the rock, the time the rocks were exposed to wave attack,
and the variable occurrence of structural discontinuities such as cracks, fissures,
joints, bedding planes, and faults (cf. Lorscheid et al., 2017). Variations in
morphology (height, depth and shape) of the modern and fossil notches may also
arise if the rate of erosion is not gradual and continuous (cf. Pirazzoli and Evelpidou,
2013), or from exposure to sub-aerial weathering by coseismic activity (Stiros et al.,

2009, Pedoja et al., 2014).

At the tectonically stable Ras Harafa (RH) site, the sea cliff has a pronounced
cave/large notch at + 2 £ 1 m apmsl (inferred Lig age) which may have been
reoccupied during the late Holocene (Figure 10). This may suggest negligible GIA-
induced net relative sea-level change from one highstand to the next (LIg and

Holocene) and/or limited influence of tectonics, including salt diapirism in the area.

e-Miocene terrace
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Figure 10: Photograph of the Ras Harafa terrace with Lig notch/cave at ~+2+ 1 m

apmsl; the yellow line is the highest tidal range.

In contrast, the preserved notch and sea cliff cut into the OG terrace, which is
located closer to the As-Salif salt diapir, are distinctly separated in elevation (notches
at ~+3 + 1 m of inferred Llg age, and a mid-Holocene sea cliff at +1+0.2 m) (Figure
3b), with differences in host rock lithology having a strong control on their
morphology. The LIg notch is carved into evaporite rocks, whereas the modern sea
cliff is cut into poorly cemented recent aeolinite sand deposits. The Lig notch has
additional structure, with middle and upper notch roofs preserved. The notch floor,
however, is buried under aeolinite sand deposit making it difficult to measure the
notch height, but this is clearly greater than the maximum modern tidal range. This
could be a consequence of greater tidal range during the Llg, or a sequence of
stillstands. The late Holocene sea cliff developed at the toe of LIg notch and probably
formed as the result of abrasion processes where sediment entrained in waves or in
turbulent broken wave bore, rushes up the beach face, excavating a “basal notch”
and leaving the overhanging cliff material undermined, leading to failure (Bird,
2000). This process is promoted by the presence of groundwater in the cliff material

(May and Heeps, 1985) and bioerosion (Trenhaile, 1987).

On Kamaran Island, a series of geomorphic structures - fossil coral terraces, wave cut
platform, notches, and sea cliffs (Figure 6) — record past sea-level changes. A
Holocene sea cliff is cut into indurated Pleistocene carbonate rocks at elevation of 1
1 0.2 m apmsl. This has a composite structure with an embryonic notch forming at
modern sea level (Figure 6b). The embryonic notch was found at elevations of
approximately the highest modern tidal range (~1 m) and have ‘overprinted’ the
mid-Holocene sea cliff (Figure 6b). This may indicate that the proto-notch starts at
the highest tidal range and is developing up/down with slow terrace uplift. The
geomorphological characteristics of these notches, i.e., cut at modern high-tide into
the vertical Holocene cliff of carbonate bedrock with a symmetric flattened U-shape,
may be the result of quiescent conditions during the early stages of notch
development. Such overlapping of the former and new erosional zones in Kamaran
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Island (Figure 6b) corroborates the site’s tectonic stability as the former erosional
surface does not exceed the modern tidal range. It also suggests that the Kamaran
Island has been stable for a considerable time (i.e., for at least the late Pleistocene).
Another notch at ~ +4 + 1 m apmsl (Figure 8b) is thought to be of Lig age, although
corals sampled from this terrace were diagenetically altered and yield older ages

than the Lig (Table 1).

A quantitative relationship between notch size, wave energy, and lithology has been
suggested (e.g., Antonioli et al., 2015). These authors show that the vertical distance
between the roof and the base of the notch is greater than the mean tidal range, but
smaller than the maximum difference between tidal extremes (i.e., the maximum
and minimum tides). However, this relationship may not be maintained for all
notches, and it is not uncommon for notches to have height greater than the tidal
range, and up to 3.2 times the tidal range in sheltered/exposed sites (Antonioli et al.,
2015). Nonetheless, several studies have linked the width of wave-cut notches (i.e.,
the vertical distance between the base and the roof) to the amplitude of the mean
tidal range (Trenhaile et al., 1998; Antonioli et al., 2015; Trenhaile, 2015; Rovere et
al., 2016; Lorscheid et al., 2017). For example, where the height of the notch is
greater than the modern tidal range and assuming the notch was formed by similar
processes to today, the difference in the modern and palaeo notch amplitudes can
be related to changes in tidal range (e.g., Antonioli et al., 2015; Lorscheid et al.,
2017). Such comparisons provide a first-order estimate of possible changes in tidal

amplitudes.

The notches in eastern Kamaran have U-shape morphologies (i.e., notch height
exceeds the notch depth), which is greater than the modern tidal range of the area
(~1 m). When coupled with the U-notch morphology with the staircase morphology
from the same sites (Figure 7), this suggest co-seismic activity, as these terraces lie
within the As-Salif Diapir zone. However, sea-level oscillations and/or a sequence of
sea-level stillstands related to-differences in the tidal regime cannot be excluded.
Alternatively, the U-shaped morphologies could suggest that the Lig notches (+3 to

+4 m apmsl) were deeper originally, but weak host rocks and prolonged weathering
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led to shape modification and roof collapse. The presence of failed cliff material
deposited at the toe of Kamaran Island sea cliffs (Figures 6 to 8) would support this
interpretation. Deeper notches would require a prolonged contact and/or weak host
rocks. Coseismic activity related to the As-Salif salt diapirism to the east of Kamaran

Island could also have led to notch displacements and collapse.

5.3 Mid-Holocene sea-level highstand(s)

The global record of mid-Holocene sea level is complex and geographically divergent
due to glacio-hydro-isostatic and water redistribution processes (e.g., ocean
syphoning at the end of the dominant melting period ~6 to 7 ka) (Clark et al., 1978;
Pirazzoli and Pluet, 1991; Mitrovica and Peltier 1991; Mitrovica and Milne, 2002;
Lambeck et al., 2014). A sharp decrease in the rate of sea-level rise is predicted after
~6.8 ka, with low rates of change (> 1.42 mm/yr) for the remainder of the Holocene
(Antonioli et al., 2015 and references therein). The combined deformation and
gravitational response resulted in divergence in the timing and amplitude of the mid-
Holocene highstand globally (Nakada and Lambeck, 1987; Pirazzoli and Pluet, 1991;
Long, 2001; Mitrovica and Milne, 2002; Milne et al., 2009; Stattegger et al., 2013;
Woodroffe and Webster, 2014; Lambeck et al., 2014). A spatially complex pattern is
also predicted from the Red Sea, where the isostatic response is largely determined

by water-loading (Red Sea, Indian Ocean and Mediterranean) (Lambeck et al., 2011).

Mid-Holocene highstands have been reported for several locations within the Red
Sea. The complex spatial variability is expected due to the hydro-isostatic response
in the basin to time-dependent water loading (Lambeck et al., 2011). GIA predictions
for the Red Sea (e.g. Lambeck et al., 2011; Lambeck et al., 2012) produce high sea
levels when ice melt was at its maximum rate, and the highstand is predicted to be
more pronounced for both ends of the Red Sea regions compared to the central
basin due to water loading from the Indian Ocean and the Mediterranean (Lambeck
et al., 2011). In addition, as the glacio-isostatic signal is of the opposite sign to sea-
level rise due to melt, mid-Holocene sea-level highstands are not expected for all

locations in the Red Sea (Lambeck et al., 2011). Our well-constrained sea-level
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indicators, and a compilation of previously reported mid-Holocene highstand data
(Friedman, 1968, Faure, 1975; Hotzl et al., 1984; Dabbagh et al., 1984; Al-Rifaiy and
Cherif, 1988; Gvirtzman et al., 1992; Gvirtzman, 1994; Dullo and Montaggioni, 1998;
Plaziat et al., 1995, 1998; EI-Asmar, 1997; Carbonne et al., 1998; Moustafa et al.,
2000; Shaked et al., 2004) (Figure 11), provide a valuable test of GIA models, Earth
model parameter choices for this region, and sea-level predictions given that sea-
level amplitudes are strongly Earth model dependent (~1 m at our study sites), with
strongest dependence on the upper mantle viscosity (Lambeck et al., 2011). The data
from the Yemeni Red Sea are especially useful as to date, observational data is

scarce for the southern Red Sea.

U-series ages of coral samples from two locations on the As-Salif Peninsula (RH and
OG) indicate that the terraces and associated geomorphological features are mid-
Holocene in age, whereas the corals dated from the ~4 m terrace on Kamaran Island
where highly altered and are assumed to be of Last Interglacial in age (Table 1). Our
sites on the As-Salif Peninsula suggest some diapir influence, but that this diminishes
away from the locus of the diapir, with successively less influence on the elevations
of the Om Gedi and Ras Harafa terraces respectively. The two in growth position
corals (+0.5 £ 0.2 m apmsl) from the Ras Harafa terrace have mid-Holocene ages
(5,358 + 33 years BP, inverse weighted mean), and are likely a maximum estimate of
the age of the mid-Holocene highstand in this region of the southern Red Sea, given
that they are below the maximum elevation of the notch cut into the same terrace.
The notch itself likely represents the upper limit (elevation +1+ 0.2 m apmsl, Figure

4) of the mid-Holocene sea-level highstand (i.e., mean sea level) at this site.

Our new data are broadly consistent with other mid-Holocene sea-level data for the
Red Sea (Figure 11), and show the drop in relative sea level after the cessation of the
main melt period at ~6 ka (Nakada and Lambeck, 1987; Mitrovica and Milne, 2002;
Antonioli et al., 2015; Lambeck et al., 2014). In general, the more northerly sites
have higher elevation mid-Holocene terraces, and older ages for the terraces than

for the sites in Saudi Arabia at the centre of the basin (Figures 11 and 12) (Friedman,
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1968; Gvirtzman, et al., 1992; Gvirtzman, et al., 1994; El-Asmer, 1997; Dullo and
Montaggioni, 1998; Plaziat et al., 1998; Moustafa et al., 2000; Shaked et al., 2002;
Faur, 1975; Hotzl et al., 1984; Hein et al., 2011), which is in broad agreement with
GIA predictions for the mid-Holocene (Lambeck et al., 2011). Our new Yemen data
also show older ages for the southern edges of the basin, and the elevation of the
highstand is close to that predicted (~0.5 m) using the preferred Earth model (E3) of
Lambeck et al. (2011). In detail, the elevation of our Yemen samples is very similar
to the elevations given for the fossil terraces of Saudi Arabia (Dullo and Montaggioni,
1998), where a “lower” highstand is predicted, and also similar in elevation to
portions of the Egyptian coast (24 to 26 °N; Plaziat et al., 1995, 1998), where a
“higher” highstand are predicted from GIA modelling (cf. Lambeck et al., 2011).
There may be tectonic, or neotectonic (e.g., due to salt diapirism) overprinting of the
elevations and sea-level signal at other sites, but which have been explicitly
accounted for in our study using local and regional mapping. This allowed us to
disentangle the neotectonic overprinting and to determine the most likely elevation
for the mid-Holocene highstand at the Ras Harafa site (i.e., the elevation of the
notch at elevation +1+ 0.2 m apmsl, Figure 4). Further data from the Red Sea, and
the southern Red Sea in particular, is needed to more fully test the GIA models and
associated sea-level predictions. A sufficiently dense geographical coverage is still
lacking, and factors other than sea level (e.g., neotectonics) need to be disentangled

by careful mapping at local/regional scales.

In summary, our observations from the southern Red Sea, compare favorably with
the GIA prediction models of Lambeck et al. (2011), where the highest and earliest
mid-Holocene sea levels occur between 6 to 5 ka in the southern (and northern) Red
Sea basin and also with other observational data (Friedman, 1968, Faur, 1975; Hotzl
et al., 1984; Gvirtzman et al., 1992; Gvirtzman, 1994; Dullo and Montaggioni, 1998;
Moustafa et al., 2000; Shaked et al., 2002; Hein et al., 2011) from the basin (Figure
12). However, more high-quality data, with well constrained age and elevation
uncertainties, is required to more fully test both the GIA predictions and Earth model

parameter choices for the region.

25



584
585

586
587
588
589
590
591
592
593
594

(a)

Egypt (>26°N)

Egypt (26 to 24°N)

this study

(b)
- PR R S S RS SR S RS
(78]}
S 41 mid-Holocene data
= -~ Yemen (this study)
@ 37
3
8 21 -
o
3 1 0Got1o -
5 a3
T 0
\E' 1
IS RHO1 and RH02
o3 : e T T T T T e P B
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
Age (ka BP)
()

Elevation (m, above present MSL)
Il
Lo

] bg I
T

2, ] ¢ |
R T T T T T T T T S : : e
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
Gulf of Aqaba Egypt (>26°N) Age (ka BP)
¥ GulfofSuez  -® Egypt (26 to 24°N)
southern Sinai Saudi Arabia

- Yemen (this study)

Figure 11: Elevation of the mid-Holocene highstand in the Red Sea. (a) map of mid-
Holocene highstand sites (b) grey dots, reported mid-Holocene elevations and ages
(Friedman, 1968, Faur, 1975, Hotzl et al., 1984; Gvirtzman, 1994; Gvirtzman et al.,
1992; Dullo and Montaggioni, 1995, 1998; Al-Raifaiy and Cherif, 1988; Moustafa et12
al., 2000; Shaked et al., 2002; Hein et al., 2011) (radiocarbon ages have been
recalibrated using the latest calibration curve (Marine20, Heaton et al., 2020) and a
consistent AR (weighted mean AR = 176 £ 62 years (n =9), Cember, 1989; Felis et al.,
2004; Reimer and Reimer, 2020); filled red squares, dated fossil from As-Salif
Peninsula and, open red squares, dated modern coral samples from Bab EI-Mandab;

(c) as in (b) but separated geographically by latitude. Uncertainties in age and
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Figure 12: Elevation of the mid-Holocene highstand in the Red Sea. (a) grey dots,
reported mid-Holocene elevations and ages (Friedman, 1968; Faur, 1975; Hotzl et
al., 1984; Gvirtzman et al., 1992; Gvirtzman, 1994; Dullo and Montaggioni, 1995,
1998; El-Asmar, 1997; Moustafa et al., 2000; Shaked et al., 2002; Hein et al., 2011)
(radiocarbon ages have been recalibrated using the latest calibration curve
(Marine20, Heaton et al., 2020) and a consistent AR (weighted mean AR = 176 + 62
years (n =9), Cember, 1989; Felis et al., 2004; Reimer and Reimer, 2020); red
squares, elevations of dated coral samples, this study; (b) as in (a) but separated
geographically by latitude. Uncertainties in age and elevation are 2 sigma. (The

compiled data is available here: doi: 10.6084/m9.figshare.13079240).
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5.4 Tectonic Stability, neotectonics and salt diaprism in the Yemeni Red Sea

The development of the southern Red Sea islands and volcanic coastal formations
has been primarily controlled by tectonics since the opening of the rift (Purser and
Hotzl, 1988; Bosworth, 1994, 2015; Bosence, 2005; Rowlands and Purkis, 2015). Our
study area (Kamaran and As-Salif Peninsula) is part of a salt diapir platform formed
by a linear north-south trending salt diapir, which is bounded by a normal growth
fault on the eastern margin and continues offshore for several kilometers (Bosence
et al., 1998). The orientation of the island terraces in the southern Red Sea are
closely related to fault lineaments, and the fault trends are also allied with swarm of

high magnitudes earthquakes along the offshore of Kamaran and As-Salif regions.

The Yemeni Red Sea generally has lower seismicity and uplift compared to the
northern part of the Red Sea and tectonic movements here are more localized and
associated with salt diapirism. Seismic activity and tensional movements in the
study region have stimulated the evaporites to rise and form a salt dome ~+18 m
apmsl. The underlying evaporite unit makes the sites are more susceptible to
localized crustal movements due to salt tectonics (Bosence et al., 1998). However,
the influence of salt diapirism and/or tectonics appears limited and highly localized
in the area, given the similarity in the elevation of the mid-Holocene notches on the
As-Salif Peninsula (RH and OG), and Kamaran Island (+0.5 + 0.2 m apmsl). However,
we detect some limited neotectonism at the eastern Karaman Island site, where the
terrace is uplifted up to ~ + 6 £1 m (apmsl) relative to the main island, which has an
elevation of ~ + 4 £1 m (apmsl) (Figure 6a). The contrast in the faults flank elevations
was a result of movement of the hanging-wall (seaward side) up relative to the
stable footwall (landward side), suggests a thrust (reversed) fault. The fault can be
easily traced as a discrepancy between the mid-Holocene wave cut cliff (at ~ +1.3 £
0.2 m elevation) and the well-developed U-shape mid-Holocene wave-cut notch of ~
+ 2.3 £ 0.2 m elevation. As the displaced layer is imprinted with an embryonic notch
at the same height as the sea, the age of this fault is not older than the mid-

Holocene, and is probably linked with the complex activity of the salt diaper.

Northern Kamran Island is sufficiently far from the influence of the salt diapir that
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the notches retain their asymmetrical V-shape. This is in contrast to the eastern
portion of the island where coseismic activity associated with salt diapirism has likely
contributed to modified the morphology of wave-cut cliffs and notches resulting in
U-shaped notches. The change in the erosional base (which is limited by the tidal
range) may also have been prompted by changes in sea level, wave energy and/or
tidal regime leading to a widening, deepening and separation of notches and

possible overprinting of older features (Schneiderwind et al., 2017).

6. CONCLUSIONS

We document palaeo sea-level indicators (fossil terraces, wave-cut notches and sea
cliffs) for two locations (As-Salif and Karaman Island) in the Yemeni southern Red Sea
and, using U-series dates of fossil corals in the same (underlying) unit, quantify the
changes in sea level during the mid-Holocene and LIg. The spatial distribution,
morphology and elevations of fossil terraces allowed us to disentangle the various
processes, including the history of recent tectonic uplift. The relative consistency of
the mid-Holocene geomorphic features suggests relative tectonic stability of the
region with some minor diapir influence. These new observations improve our
understanding of the local and regional history, providing constraints on the long-
term rates of vertical movement that underpin models of Red Sea rifting.
Additionally, given the relatively stable tectonic setting for the last ~6,000 years, the

study locations, should be useful for reconstructing past sea-level changes.

We demonstrate the potential of tidal notches for reconstructing past changes in sea
level in the region. Despite complications in the field (i.e., the obstruction of the
vertex due to cliff failure), our new observations and detailed mapping of
geomorphic features enabled us to account for neotectonics (e.g., salt diapirism,
localised faulting). This allowed us to establish the elevation of the mid-Holocene

highstand from wave-cut notches at ~1 £ 0.2 m (apmsl).

Our new southern Red Sea data thereby provide a valuable calibration dataset for
geophysical models of the region, particularly as data for the southern Red Sea basin

was previously lacking. Our new data, and compilation of the wider regional mid-
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662  Holocene data suggest that the preferred Earth model parameters of Lambeck et al.
663  (2011) provide sea-level predictions that are consistent with the available evidence.
664  Our data go some way to addressing the ‘incomplete record’ of Holocene sea-level
665 change in the Red Sea identified by Lambeck et al. (2011). However, more high-
666  quality data is required.
667
668 The Yemeni Red Sea generally has lower seismicity and uplift compared to the
669  northern part of the Red Sea, and tectonic movements here are more localized and
670  associated with salt diapirism. However, some limited neotectonism in the eastern
671  portion of the island has likely contributed to modify the morphology of wave-cut
672  cliffs and notches resulting in U-shaped notches.
673
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