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a b s t r a c t

The Arabian Peninsula has a unique setting to resolve how proximity to tectonically diverse plate
margins, eustacy, and glacial isostatic adjustment (GIA) influences coastal sea level fluctuations. New 14C
AMS and U series dating of coastal sediments from the western, southern, and eastern plate margins (Al-
Wajh and Thuwal, Saudi Arabia; Bar Al-Hikman, Oman; Abu Dhabi, U.A.E) have been integrated with an
archive of dated coastal sediments (n ¼ 145, 31 locations). Each dated sample is recalibrated for its
elevation based on a high-resolution coastal DEM dataset, tidal and tectonic correction, and reservoir
correction, to develop a new-suite of relative sea level (RSL) plots, separated into six tectonically distinct
zones. A mid-Holocene highstand has been identified in most of the zones (1, 2, 4, 6), however, with
complex spatial and temporal variability. No data is available for zone 3, whereas no Holocene highstand
was observed in zone 5. The results suggest that eustacy, varying rates of vertical tectonic change (max
1 mm/year) and glacial isostatic adjustment (max 0.5 mm/year) were the major drivers of sea level
fluctuations since Mid-Holocene albeit in different proportions along the different sections of Arabian
shorelines. Furthermore, the topography of a shoreline, tidal range, and presence/absence of a coastal
barrier also significantly influences the coastal inundation. Based on our findings, eastern Arabia will in
the near future experience the largest coastal flooding (largest 0e10 m elevation area, > 2 m tidal
amplitude, no barriers), followed by western (1e2 m tidal amplitude, discontinuous coral reef barriers)
and southern Arabia shorelines (>3 m tidal amplitude, no barriers) shorelines. The presented insights are
critical in supporting communities along the coasts of the Arabian Peninsula, who will have to cope with
flooding from rising oceans over the next few decades due to climate change.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Numerous studies of recent sea level changes utilizing data sets
such as satellite altimeter data, tide gauges, and coastal ocean
sediments, have led the scientific community to the conclusion that
the sea level at present is rising and the rate of sea level rise will
continue to increase in the near future (Narem et al., 2018;
Dangendorf et al., 2019; Oppenheimer et al., 2019). Satellite
altimetry shows that the global mean sea level (GMSL) has been
rising at an average rate of about 3.1 ± 0.3 mm/yr and accelerating

since 1993 (Chen et al., 2017; Dieng et al., 2017; Cazenave, 2018;
Dangendorf et al., 2019). With ongoing eustatic sea level rise,
flooding poses an immediate socio-economic threat to coastal
communities and industrial infrastructure in low-lying areas
(Milne et al., 2009; Nicholls, 2010; Church et al., 2013; Hallegatte
et al., 2013; Cazenave and Le Cozannet, 2014; Hauer, 2017; Khan
et al., 2019; Anzidei et al., 2021). However, eustatic sea level rise
may be mitigated or enhanced by other factors. Hence, under-
standing the nature of sea level rise including its mechanism,
related processes, and rates is an urgent priority for coastal de-
velopments and infrastructure in the coming decades of the ocean,
climate, and hazard research (NRC, 2015). Three main mechanisms
leading to the present-day sea level rise are eustacy (Dutton et al.,
2015; Gregory et al., 2019; NOAA, 2019), isostasy (Farrell and Clark,* Corresponding author.
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1976; Milne et al., 2009), and tectonics (Nelson, 2007).
Eustacy is the fundamental mechanism that determines

changes in global sea level rise which is governed by the spatial and
temporal variation in the solar insolation received by the Earth
(controlled by Earth's orbital eccentricity, tilt, and precession;
Milankovitch, 1941; Hays et al., 1976). Glacial-hydro isostatic
contribution towards sea level fluctuations since the early Holo-
cene has been predominant in proximity to the Greenland and
Antarctic Ice-sheets, however, distant from the ice-sheets it is
relatively lower, although variable around the globe (Clark et al.,
1978; Compton, 2001; Mitrovica and Milne, 2002). Lastly, the rate
of tectonic uplift/subsidence varies on the bases of active vs passive
plate margins (Nelson, 2007), and thus they have been highly
variable along the global shorelines.

Despite additional high frequency/daily variability in the local
sea level along coasts (Woodworth et al., 2019), a robust dataset has
emerged for the Holocene from around the globe (e.g. Khan et al.,
2019 and references therein). However, for the Arabian Peninsula
(AP), which is surrounded by oceans on three sides, a standardized
database of sea level change is still missing to assess the potential
threat of sea level rise on the urban and industrialized centers along
its coastlines. Instead, a complex picture emerges. Even though
eustatic (Rohling et al., 2009), GIA (Lambeck et al., 2010, 2011) and
tectonic (e.g. Wood et al., 2012; Bosworth et al., 2017), components
have been reported from the AP, a critical evaluation of the impact
of local versus global sea level drivers during the Holocene is still
missing. Decoding the Holocene sea level rise signatures across the
three segments of the AP bordering oceans (the western, south-
southeastern, and eastern margins e Fig. 1) will provide valuable
information in understanding how the sea level varies spatially and
temporally along active vs. passive margins in the presence of
eustacy, isostasy, and local tectonics. Such insights will be of
important value for Arabian countries to formulate policies for
coastal developments in the various regions.

The primary aim of this paper is to document for the Arabian
plate the mid-Holocene to pre-industrial sea level change and
develop predictive relative sea level plots for its coastlines. This is
achieved by combining new data from four locations on the west-
ern (two), southeastern (one) and eastern (one) margin with
carefully evaluated and normalized pre-existing data (Fig. 1;
Table 1; Supplementary Data 1). This results in the first compre-
hensive database of circum-Arabian sea level change during the
Holocene.

Cornerstones of this evaluation are:

� New data sets from Holocene coastal sediments along western,
south-southeastern, and eastern Arabia (respectively Al-Wajh &
Thuwal, KSA; Bar Al-Hikman, Oman; and Abu Dhabi, U.A.E.;
Fig. 1)

� Integration of critically evaluated and calibrated data from
literature

� Calibration of all 14C AMS dates (new and old dataset; Table 1;
Supplementary Data 1) to include reservoir correction

� Standardization of all elevations using high-resolution coastal
DEM datasets (Kulp and Strauss, 2019)

� Integration of field observations with tectonic and tidal
corrections

2. Regional setting

The Arabian Plate is geographically located from 12� to 37� N
and 34� to 59� E (Fig. 1A), approx. 5 million km2 in area, and mostly
consists of a continental land-mass, with a relatively smaller part
subsea in the Red Sea towards the west, Arabian Sea (N Indian

Ocean) towards the south and southeast, and the Gulf towards the
east. Five tectonic plates surround the Arabian Plate. Along the Gulf
of Aqaba, the Dead Sea transform fault separates the Arabian Plate
from the Sinai Peninsula, and merges with the divergent plate
boundary along the central axis of the Red Sea separating the
Arabian and the African Plate (Fig. 1). South of the Red Sea lies the
Somali plate at the Gulf of Aden spreading ridge (divergent plate
boundary), that merges with the Owen transform fault that lies just
south of the Arabian Plate, and separates the Indian and the Arabian
plates (Fig. 1). Along the Gulf of Oman, the Owen transform fault
merges with the Makran subduction zone that is the southern
extension of the Zagros Thrust Zone (Vita-Finzi, 2000) between the
Arabian and the Eurasian plate. At present, the Arabian plate along
the Red Sea has ultraslow-spreading that range from 10 mm yr to 1
in the north and 15.5 mm yr�1 in the south (DeMets et al., 2010),
while the Arabian plate is rotating counter-clockwise (Kreemer
et al., 2014) into the Zagros-Main Trust (Heidbach et al., 2016).

2.1. Western Arabian Peninsula

The western side of the AP is bounded by the Red Sea, which is a
semi-enclosed basin, bifurcated at the northern end by the Sinai
Peninsula into the Gulf of Aden and Gulf of Aqaba (Fig. 1AeB). To-
wards the south, the Red Sea connects to the Indian Ocean via the
Gulf of Aden through Strait of Bab-al-Mandab, having a maximum
depth of 137 m (Rasul et al., 2015). The Red sea opened up along
potentially a pre-existing zone of weakness in the Arabian-Nubian
Shield (Makris and Rihm, 1991; Bosworth et al., 2005) in two
phases. The former was continental rifting in Oligocene to Middle
Miocene (about 30 Ma - 14 Ma) associated with flood basalt
eruptions in Yemen and Ethiopia, followed by seafloor spreading
between African and Arabian tectonic plates from at least 5 Ma and
potentially from 10Ma (Cochran, 2005; Mutwalli, 2009; Rasul et al.,
2015). The coast parallel faults associated with the Red Sea rifting
developed as part of half-grabens that are up to 5 km deep and
filled by siliciclastics fan and fan deltas weathered and eroded off
the adjacent Precambrian rocks (Roobol and Kadi, 2008). Adjacent
to the siliciclastics coastal areas along the Red Sea coastline are
modern carbonate depositional systems established mainly as
discontinuous linear reefal systems over rotated rift-related fault
scars (Purkis et al., 2012; Rowlands et al., 2014). In addition to the
linear reefal systems, several coastal lagoons, islands, and shoals,
characterize thewestern AP coastal geomorphology that developed
over salt diapirs associated with thick Miocene evaporites or over
coastal siliciclastic terrain. Even though the Red Sea represents a
complex rift setting, the late-Quaternary cyclic sea level fluctua-
tions deposited MIS 9, MIS 7, MIS 5 and MIS 1 carbonates along the
modern Red Sea coastline during interglacial periods (Carella and
Scarpa, 1962; Akkad and Dardir, 1966; Said, 1969; Behairy, 1983;
Hughes and Jonson, 2005; Lambeck et al., 2011; Hamed et al., 2016).

The southern and northern ends of the Red Sea are currently
tectonically active (Lambeck et al., 2011). However, a recent study
based on Pleistocene reef terraces (Maana et al., 2016) suggests that
the middle section of the eastern Red Sea shoreline has been
tectonically stable. The northern part of the western AP along the
Gulf of Aqaba is currently activewith up to 0.15mm/year of tectonic
uplift (Bosworth et al., 2017).

2.2. South e southeastern Arabian Peninsula

Cape Bab-al-Mandab (Yemen) marks the beginning of the
south-facing AP, which extends eastwards (Oman), until the Strait
of Hormuz (Bird, 2010). The coastline can be divided into three
separate segments: (1) along the Gulf of Aden; (2) along Owen
Basin; and (3) along the Gulf of Oman.
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The Arabian-Somali plate rifted apart during Oligocene, devel-
oping Gulf of Aden (D'Acremont et al., 2005). At present, the
coastline adjacent to the Gulf of Aden is dominated by coastal plains
and raised coral reefs terraces, and at places has a string of small
volcanic cones, as well as siliciclastic dune sands (Beydoun, 1960;
Bird, 2010). To the best of our knowledge, no data exists at present
to constrain the tectonic activity (uplift/subsidence) along this
coastal segment.

The second coastal segment is adjacent to the Owen Basin,
which formed due to the 160e133 Ma NeS extension between
India and Somalia (Gaina et al., 2015). The coastline from Dhalkut
(Fig. 2) to Ras al Hadd (Fig. 2) has a sequence of large bays, sepa-
rated by steep rocky promontories (Bird, 2010), along with coral
reefs and shoals at Bar Al-Hikman. Hoffmann et al. (2013a,b) sug-
gested that areas in proximity to Bar Al-Hikman are most likely
tectonically inactive since the Holocene.

The third segment is along the Gulf of Oman from Ras Al Hadd
until the Strait of Hormuz, where Oman Mountains (Al Hajar) are
adjacent to the coastline, which developed post-Paleozoic owing to
the convergence between Gondwana and Eurasia (Fournier et al.,
2006). Between Ras Al Hadd (Fig. 2) and Muscat (Fig. 2), the
coastal area is represented by cliffs, sharm's, and uplifted coastal
terraces, with narrower coastal areas towards east from Muscat,
and cliffy, steep slopes in the coastal areas until the Strait of Hor-
muz (Bird, 2010). The segment from Ras Al-Hadd to Muscat has
been reported to be the most active region across the AP with as
high as 1 mm/year tectonic uplift rates (Moratis et al., 2018).

2.3. Eastern Arabian peninsula

On the eastern side, the AP faces the Gulf (Fig. 1). The gulf is part
of an asymmetric foreland basin dipping towards the NE from the
Arabian Shield in theWest to the Zagros fold belt in the NE. The Gulf
foredeep basin (80e100 m deep) has developed in front of the
rising Zagros Mountain fold-belts since the Late Miocene- Pliocene
(Orang et al., 2018). Along the Arabian side of the Gulf the shoreline
is covered mainly by shallow-water carbonates characterized by
carbonate-sand barrier islands, lagoons and sabkhas and to a minor
degree by siliciclastic sand spits (e.g. Purser and Evans, 1973). The
Tigris-Euphrates-Karun delta plain in Mesopotamia at the NNW
end of the Gulf is composed of mixed carbonates and clastics (e.g.
Kassler, 1973; Uchupi and Ross, 1996). Siliciclastics dominate the
narrow Iranian coastline.

Compared to the tectonically active Zagros Belt in the North, the
southern coastal area of the Gulf is described as tectonically inac-
tive through at least the late Quaternary (Macfadyen and Vita-Finzi,
1978; Gunatilaka, 1986; Cooke, 1987; Sanlaville, 1989; Aqrawi,
2001). Stevens et al. (2014) and Lokier et al. (2015) presented
compelling observations and arguments supporting a rather inac-
tive tectonic setting along the western Gulf.

3. Material and methods

3.1. New datasets

The new datasets were collected from the Red Sea coastline in
Saudi Arabia at Al-Wajh (Fig. 1, Location 5; Table 1) and Thuwal
(near KAUST University; Fig. 1, Location 6; Table 1), in south-central

Fig. 1. Overview map of the Arabian Plate. Western margin is a divergent plate boundary along the Red Sea axis, which modifies to a transform plate boundary (towards north)
along the Gulf of Aqaba up to the Dead Sea. Along the north and east, the Arabian plate is bounded by the NW-SE Zagros suture zone, which is a subduction zone southwards along
the Gulf of Oman. The southern Arabian plate margin is parallel to a transform fault (Owen transform fault), whereas the southern Arabian plate offshore Yemen is a divergent plate
boundary along the Gulf of Aden, which merges with the Res Sea axis (in the southern Red Sea). The study sites of sea level datasets are represented with red dots, where black
numbers refer to studies listed in Table 1. Location 5 and 6 are Al-Wajh and KAUST (Saudi Arabia), 10 is Bar Al-Hikman (S. Oman), and 20 is island NE of Abu Dhabi (U.A.E.)
representing the new data presented in this study. B), C) and D) are a zoom-in version of the Gulf of Aqaba, Gulf of Oman, and the Gulf, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Coastal DEM dataset along the AP. The digital elevation model (DEM) data is plotted on a log scale with three colors representing 0e10 (red), 10e100 (yellow), and 100e1000
(green). The major cities and their names are listed in blue color and located with translucent white dots. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Table 1
Summary of reviewed sea level studies and respective locations across the AP.

Map Reference Literature Reference Geographic subregion Country Latitude Longitude

1 Moustafa et al. (2000) Gulf of Aqaba Southwest of Eliat 29.5 34.91
2 Dullo and Montaggioni (1998) Gulf of Aqaba Jordan 29.44 34.96
3 Felis et al. (2004) Gulf of Aqaba Jordan
4 El-Asmar (1997) Ras Mohammad Egypt 27.73 34.25
5 This Study Al-Wajh KSA 25.72 36.82
6 This Study KAUST KSA 22.33 39.1
7 Dullo and Montaggioni (1998) Jeddah KSA e e

8 Dullo and Montaggioni (1998), Lambeck et al. (2011) Shuyaba KSA 20.14 40.27
9 Inglis et al. (2018) Al-Birk KSA 18.26 41.51
10 This study Bar Al-Hikman Oman 20.38 58.34
11 Al-Hatrushi (1995) Ras Al-Haddad Oman 22.53 59.78
12 Al-Hatrushi (1995) Bir-Bira Oman 22.58 59.45
13 Al-Hatrushi (1995) W. Ghalilah Oman 22.62 59.43
14 Moraetis et al. (2018) Tiwi Oman 22.84 59.24
15 Moraetis et al. (2018) Fins Oman 22.92 59.21
16 Al-Hatrushi (1995) Quriyat Oman 23.27 58.92
17 Al-Hatrushi (1995) Bandar Gissa Oman 23.55 58.65
18 Al-Hatrushi (1995) Ras Al-Hamra Oman 23.63 58.50
19 Strohmenger et al. (2010) and Lokier et al. (2015) Abu Dhabi - Mussfah Channel UAE 24.31 54.51
20 This study Abu-Dhabi- Core UAE 24.45 54.44
21 Wood et al. (2012) and Evans et al. (1969) Abu Dhabi UAE 24.28 54.51
22 Damien et al. (2020) Ghagha UAE 24.41 51.54
23 Damien et al. (2020) Ras Khumayas UAE 24.29 51.62
24 Taylor and Illing (1969) Qatar West Qatar 25.61 50.97
25 McClure and Vita-Finzi 1982 Salwah KSA 24.87 50.71
26 McClure and Vita-Finzi 1982 East of Buqayq KSA 25.88 50.1
27 McClure and Vita-Finzi 1982 Half Moon Bay KSA 26.02 49.99
28 McClure and Vita-Finzi 1982 Dhahran KSA 26.21 50.11
29 Ridley and Seeley (1979) Al-Jubail KSA 27.16 49.5
30 McClure and Vita-Finzi 1982 Peninsula of Lawdhan KSA 27.53 49.2
31 Reinink-Smith (2015) Al Bahta and As-Subiya Kuwait 29.57 48.1
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Oman from Bar Al-Hikman (Fig. 1, Location 10; Table 1) and in the
UAE near Abu Dhabi City (Fig. 1, Location 20; Table 1).

3.1.1. Western Arabian Peninsula e Al-Wajh and thuwal (KAUST)
Exposed coral terraces were systematically mapped along Al-

Wajh and Thuwal (KAUST), and fourteen samples were 14C AMS
dated, which includes eleven samples fromAl-Wahj (nine coral and
two shells) and three samples (one coral and two shells) from
KAUST. 14C age (BP) for the carbonate samples were measured at
University of California Irvine, KECK carbon cycle AMS facility. Calib
Rev 7.1 was utilized to convert 14C age (BP) to 14C age (Cal BP). The
calibration data set Marine20 is used with Delta R ¼ 75 ± 40 for Al-
Wajh samples (Siani et al., 2000), and Delta R ¼ 110 ± 38 for KAUST
samples (Southon et al., 2002). U series dating of three Al-Wajh
coral samples were performed at Sedisor Analyse & Expertise
(France).

3.1.2. South-southeastern Arabian Peninsula
Fieldwork data along with the high-resolution satellite imagery

(basemap within the Arc G.I.S. 10.1) was utilized to map the
geomorphic features including barrier bars, spits, and sand flats
along the Bar Al-Hikman Peninsula (S. Oman). Systematic sampling
of these geomorphic features was conducted to perform 14C AMS
and U series dating. Six coral samples were 14C AMS dated at the
Poznan Radiocarbon Laboratory, and one gastropod at the Beta
Analytic Radiocarbon Dating Laboratory (Miami, US). Dates were
calibrated with CALIB version 7.1 (Stuiver et al., 2020) with Delta
R ¼ 256 ± 39 (Southon et al., 2002). Five samples were dated by U
series dating with by Radiogenic Isotope Laboratory, University of
Queensland (Prof. Ken Collerson).

3.1.3. Eastern Arabian peninsula
A sediment core (core length 345 cm) was taken from an island

(within Eastern Mangrove Lagoon) in front of the eastern Abu
Dhabi coast (24.451565 N, 54.439855 E). Six 14C AMS dates were
used to create an age framework (Table 3). AMS-14C dating of
bivalve and gastropod shells were performed at the Beta Analytic
Radiocarbon Dating Laboratory (Miami, US). Dates were calibrated
with CALIB version 7.1 (Stuiver et al., 2020) with Delta R ¼ 180 ± 53
(Southon et al., 2002).

3.2. Archived data and database template

The RSL indicators incorporated in this study include exposed
coastal coral terraces (e.g. Moustafa et al., 2000; this study among
several others), shorelines (unconsolidated sediments; e.g. McClure
and Vita-Finzi, 1982), beachrocks (e.g. Reinink-Smith, 2015), and
Sabkha sediments (e.g. Stewart et al., 2011). Along with the
geographical locations (Israel, Jordan, Egypt, Saudi Arabia, Oman,
U.A.E., Qatar, and Kuwait), Table 1 summarizes all studies from
which the data has been incorporated.

The database (Supplementary material 1) contains 40 fields to
archive in detail the geographic location, age, and vertical attributes
of each sample (modified from Hijma et al., 2015). The structure of
the database is designed in such a way that any of the parts from

the database could be easily extracted later to do a sample-specific
(corals, shells, etc.), location-specific (country or regions), or AP
segment specific (along Red Sea, Gulf, or the Arabian Sea) study.
Additionally, RSL could also be recalculated if in the future better
GIA and tectonics estimates become available.

3.3. Compilation of the dataset

To compile a standardized relative sea level dataset, a series of
studies have listed criteria's which include defining data into an
index or sea level limiting point, standardizing elevation, calibrat-
ing radiometric dating, and location of data (Hijma et al., 2015 and
references therein; Shennan and Horton, 2015; Khan et al., 2019).
While being similar to the method outlined by Khan et al. (2019),
we propose:

(1) Utilization of high-precision coastal DEM datasets (Coastal
DEM- https://go.climatecentral.org/coastaldem/; Fig. 2). The
vertical uncertainty is considered 50 cm as a conservative
estimate (Kulp and Strauss, 2019). A drawback of Coastal
DEM data is that it only provides an accurate vertical datum
for specimens above the zero level (within the EGM 96 ver-
tical datum). However, in this study more than 95% of the
data-points are above zero level. The points below zero level
are used only if in the original reference their water depth is
provided.

(2) Following Hijma et al. (2015), for the index and sea level
(marine and terrestrial) limiting points, their Indicative
Meaning (IM) are calculated (Table 2; consisting of Indicative
Range (IR) and Reference Water Level (RWL). Where, IR
represents the elevation range occupied by the index and sea
level limiting points relative to tidal datums. The RWL is mid-
point of the IR (Mann et al., 2019 and references therein).

(3) In order to have a standardized dataset every data-point with
a14C date has been calibrated with Calib 7.1 (Stuiver, M., et al.,
2020) using Marine 20 calibration curve.

(4) In most published literature the exact location of data-
specimens is not given, instead a rough estimate of the
location isis provided in figures. Thus, to derive a standard-
ized dataset, we have split all data into three categories
representing (1) certain location, (2) rough estimates, and (3)
uncertain location. All data were entered into Arc G.I.S 10.1
with their elevation derived from an overlay of the high-
resolution coastal DEM dataset.

3.4. Reconstructions of relative sea level positions

The sea level curves incorporating eustatic, GIA, tectonics, and
local components are referred to as relative-sea level curves and
vary laterally along a shoreline (RSL; Shennan and Horton, 2002;
Rovere et al., 2015). Thus, the identification of the vertical correc-
tions is critical in plotting RSL curves. In general, the ‘original RSL’
position is usually modified by tectonics and local factors after its
deposition. Thus, to determine the original RSL, the tectonic

Table 2
Indicative meanings for different sea level indicators (Index points, marine limiting points and terrestrial limiting points) to calculate RSL positions. Highest Astronomical Tide
(HAT), Lowest Astronomical Tide (LAT).

Sample Type Reference Water Level (m) Indicative Range (m)

Index Points Beachrocks
Paleo-Shorelines (Mauz et al., 2015; Mann et al., 2019)

HAT to LAT (HAT to LAT)/2

Marine Limiting Coral Terraces (Yokohama and Esat, 2015) LAT Below LAT
Terrestrial Limiting Sabkha's (Glennie, 1998) HAT Above HAT
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correction (subsidence vs uplift) should be made from the
‘observed RSL’ position. However, before this can be applied, all the
observed sample elevations must be standardized based on where
each RSL indicator was deposited w.r.t. tides. Thus, each RSL indi-
cator (data point) has been critically reviewed and is allocated with
an IR and RWL (Table 2; following Hijma et al., 2015). If the RSL
indicator falls within the tidal range, it is defined as an index point,
whereas, marine limiting if it falls below and terrestrial limiting if it
falls above the tidal range (Table 2). RSL indicators including
beachrocks and paleo-shoreline sediments have been characterized
as index points and given an IR between Lowest and Highest As-
tronomical Tide (LAT and HAT; Mauz et al., 2015; Mann et al., 2019).
Coral terraces as marine limiting, below LAT (Yokohama and Esat,
2015), and sabkha deposits as terrestrial limiting, above HAT
(Glennie, 1998).

RSL elevations (original elevation) were calculated as height
difference between the sample observed elevation and RWL
(Shennan and Horton, 2002), w.r.t. the local tidal data (Saudi Tide
Tables, 2020a,b; Supplementary data 1) followed by subtracting
the local tectonic correction. The total vertical uncertainty is
calculated as a root sum square of each source of uncertainty
(Shennan and Horton, 2002; Mann et al., 2019), that includes:
coastal DEM uncertainty, location accuracy uncertainty, indicative
range uncertainty, reference water level uncertainty, indicative
range modeling uncertainty, and tectonic correction uncertainty.

4. Results

4.1. Western Arabian Peninsula: Al-Wajh and KAUST

Mapping of the Al-Wajh shoreline along the eastern Red Sea
revealed reef terraces above present low tide level (Fig. 3AeC;

species of Porites and Platygyra), shell banks (most common species
include Strombus Tricornis and Chicoreus Ramosus), and beachrock
deposits. After drilling and dating the samples, the terraces can be
categorized into two distinct age groups: (1) mid-Holocene or
younger (~5.5e2 ka BP) and (2) >40,000 BP (Table 3). The current
elevation of the mid-Holocene terraces is within the intertidal zone
and the highest (elevation) reported of MIS 5e reefs are approx.
3e4 m above present sea level (Fig. 3AeC).

At Thuwal, on the KAUST campus, 14C AMS dating of an exposed
coral terrace and two shell specimens yielded an age of ~6 ka BP for
the coral and ~3 ka BP for the carbonate sediments (Fig. 4; Table 3).
Satellite images (base map in Arc G.I.S. 10.1) from the KAUST
campus reveal that the mid-Holocene fossil coral reefs and asso-
ciated sediment spits (which are a few centimeters above modern
sea level) display typical upwind/downwind pattern (Fig. 4 B),
similar to the modern upwind/down structures identified in the Al-
Wajh lagoon (compare Figs. 4B and 3D).

4.2. South-southeastern Arabian Peninsula: Oman - Bar Al- Hikman

The maximum elevation of the Bar Al-Hikman Peninsula does
not exceed 4 m (Fig. 5A), below which a series of spatially variably
distributed landforms (including lagoons, sabkha's, sandy embay-
ment's, sand flats, linear beach ridges, spits, and barrier bars) define
the morphology of the peninsula. Towards the southern end of the
peninsula, a series of geomorphic features including barrier bars,
spits, coastal lagoon, sand flats, and beach ridges were mapped
(Fig. 5A). Targeted sampling and 14C AMS and U series dating
revealed that the sediments range from ~5.5 to 0.6 ka BP (Table 3).
Three barrier bars with spits (1, 2 and 3 in Fig. 5B) have spit recurves
dating progressive growth between 5 and 3 ka. The older spit (1)
grew from west to east, followed by the younger spits (2, 3)

Table 3
Accelerator mass spectrometry (AMS) radiocarbon dates and calibrated ages, as well as U series dates from exposed reef terraces and coastal sediments at Al-Wajh, KAUST
(Saudi Arabia) and Bar Al-Hikman (Oman).

Site Latitude Longitude Conventional
age (14C yr BP)

1s calibration
(68% probability)
cal yr BP

2s calibration
(95% probability)
cal yr BP

Median
probability
(yr BP)

U Series
Dating
(yr BP)

Elevation
(EGM 96
vertical Datum)
(m)

Dating
Method

Dated
Material

Origin

Al-Wajh 25.738 36.776 4445 ± 15 4433e4564 4395e4653 4524 e 0.31 14C Coral Terrace
Al-Wajh 25.785 36.697 4375 ± 20 4373e4500 4281e4555 4418 e 0.006 14C Coral Terrace
Al-Wajh 25.854 36.645 3375 ± 15 3068e3203 2989e3271 3130 e 0.167 14C Coral Terrace
Al-Wajh 25.664 36.897 4825 ± 15 4891e5055 4853e5140 4996.5 e 0.19 14C Coral Terrace
Al-Wajh 25.611 36.965 4445 ± 20 4431e4566 4395e4655 4530 e 0.15 14C Coral Terrace
Al-Wajh 25.821 36.686 2375 ± 15 1859e1969 1804e2034 1919 e 2e2.5 m 14C gastropod Shell Bank
Al-Wajh 25.562 36.973 >40,000 e e e e e 14C Coral Terrace
Al-Wajh 25.562 36.973 >40,000 e e e e e 14C Coral Terrace
Al-Wajh 25.562 36.974 >40,000 e e e e e 14C Coral Terrace
Al-Wajh 25.374 37.091 >40,000 e e e e e 14C Coral Terrace
Al-Wajh 25.562 36.973 >40,000 e e e e e 14C shell Terrace
Al-Wajh 25.727 36.804 e e e e 5500 0.04 U series Coral Terrace
Al-Wajh 25.613 36.537 e e e e 4380 0.04 U series Coral Terrace
Al-Wajh 25.562 36.973 e e e e 4446 �0.5 U series Coral Terrace
KAUST 22.329 39.103 5690 ± 20 5902e6011 5878e6106 5992 e 0.133 14C Coral Terrace
KAUST 22.337 39.096 2965 ± 15 2564e2705 2479e2727 2603 e 1.34 14C Coral Terrace
KAUST 22.337 39.096 3185 ± 20 2775e2890 2743e2954 2848.5 e 1.34 14C Coral Terrace
Bar Al-Hikman 20.385 58.290 4275 ± 30 3958e4111 3880e4190 4035 e 1.62 14C coral Shoreline
Bar Al-Hikman 20.384 58.287 3830 ± 35 3399e3534 3346e3602 3474 e 2.62 14C coral Shoreline
Bar Al-Hikman 20.389 58.272 3750 ± 35 3321e3440 3244e3516 3380 e 0 14C coral Shoreline
Bar Al-Hikman 20.399 58.263 4920 ± 35 4826e4947 4787e5039 4913 e 1.59 14C coral Shoreline
Bar Al-Hikman 20.391 58.259 3495 ± 35 2976e3146 2898e3225 3061.5 e 0 14C coral Shoreline
Bar Al-Hikman 20.361 58.402 1470 ± 30 687e803 665e879 772 e 2.17 14C coral Shoreline
Bar Al-Hikman 20.426 58.294 5430 ± 40 5473e5583 5400e5658 5529 e 3.32 14C gastropod Shoreline
Bar Al-Hikman 20.371 58.268 e e e e 863 0 U series corals Shoreline
Bar Al-Hikman 20.362 58.391 e e e e 604 1.34 U series corals Shoreline
Bar Al-Hikman 20.374 58.289 e e e e 1175 0.82 U series corals Shoreline
Bar Al-Hikman 20.374 58.289 e e e e 801 0.82 U series corals Shoreline
Bar Al-Hikman 20.356 58.401 e e e e 997 0 U series corals Shoreline
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growing from east to west. This progressively enclosed the large
lagoon, covering the peninsular interior. A coral sample from
shingled upper shoreface to beach clinoforms (4 in Fig. 5B) was
dated between 1.17 and 0.80 ka BP. A fresh-looking coral in the
southernmost modern beach sediments (5 in Fig. 5B) gave an age of
~600 yr BP, whereas a coral a little higher up on the present storm
beach ridge gave an age of ~863 yr BP. This shows how carbonate
fragments are reworked along the shore over considerable periods.
The satellite imagery of coastal morphology over the last 50 years
(Kwarteng et al., 2005; Homewood et al., 2007) shows considerable
redistribution of coastal spits during that short time.

4.3. Eastern Arabian peninsula: Abu Dhabi

A sediment core with a total length of 345 cmwas taken from an
island in the shallow lagoon to the east of Abu Dhabi city (Fig. 1A e

Location 20; Fig. 6; Table 4), approx. 0.5 m abovemean sea level. 14C
AMS dating of six samples from the core (five shells and one
mangrove root) reveal that the lithified bottom third (Unit V) of the
core is > 43 ka BP and that the top two-thirds (Unit III-I) are 6.9 to
0.2 ka BP age (Fig. 6). No sample was dated from Unit IV.

The base of the core is a lithified, carbonate mud-dominated
interval with scattered gypsum crystals (345-226 cm, Unit V,
white-beige; >43 ka BP old), followed by an approximately 15 cm
thick cemented layer (Unit IV, grey). This layer is overlain by a very
poorly sorted, very coarse-grained carbonate sand interval (211-
149 cm, Unit III, olive to grey; ~6.7e5.7 ka BP in age) composed of
shells and shell hash (e.g. bivalve, gastropods, echinoderm), benthic
foraminifera, peloids and quartz grains. This unit is overlain by a
poorly sorted, coarse to fine-grained, carbonate sand (149-118 cm,
Unit II, grey to beige; ~3.7 ka BP). Towards the top (Fig. 6), the
carbonate sand changes gradually into a bioturbated, moderately
sorted, fine to medium-grained interval with a significant mud
component. It is composed of peloids, benthic foraminifera,
gastropod and bivalve shell hash, and mangrove roots (118-0 cm,
Unit I, beige; ~1 ka BP - 255 years).

4.4. RSL database

Thirty-one locations have been identified (including 4 new)
along the AP (Figs. 1 and 7), where 145 samples representing a time
span from ~7 ka to present are listed in the database (Supple-
mentary Material 1). The database includes n (number of
samples) ¼ 39, 21, and 85 for western, south-southeastern, and
eastern AP (Fig. 7CeD), respectively. The dataset can further be
categorized into six distinct zones (1e6) based on proximity to-
wards tectonically variable plate margins (Fig. 7A).

Zone 1: Shoreline along the Gulf of Aqaba.
Zone 2: Eastern Red Sea shoreline.
Zone 3: Shoreline along the Gulf of Aden.
Zone 4: Shoreline adjacent to the Owen basin.
Zone 5: Shoreline along the Gulf of Oman.
Zone 6: Western Gulf shoreline.

4.4.1. Western Arabian Peninsula
Zone 1: Along the Gulf of Aqaba (associated with the Dead Sea

transform Fault) exposed coral terraces were dated (n ¼ 17; Fig. 7;
Dullo and Montaggioni, 1998; Moustafa et al., 2000; Felis et al.,
2004). This zone has been influenced by eustacy (Lambeck et al.,
2014), tectonics (Bosworth et al., 2017), and GIA (Milne and
Mitrovica, 2008; Lambeck et al., 2011) since mid-Holocene.

Zone 2: Along eastern Red Sea - including Al-Wajh (Fig. 1-
Location 5) & Thuwal (Fig. 1, Location 6), a total of nine locations
along the western AP are identified from Ras Mohammad to Al-Birk
(Red Sea). Reef terraces and shoreline sediments were dated along

the eastern Red Sea shoreline (n ¼ 22; Fig. 7; El-Asmar, 1997; Dullo
and Montaggioni, 1998; Lambeck et al., 2011; Inglis et al., 2018),
which are along a young passive margin near a young rift. It should
be noted that the sea level database for the Red Sea is mostly from
the central part of the western AP and does not account for
tectonically active northern and southern tip of the Red Sea. Thus,
the Zone 2 is further subdivided into Zone 2 A, B, and C (Fig. 8).

In order to assess the influence of tectonics during the late
Quaternary along the eastern Red Sea shoreline, the MIS 5e and the
mid-Holocene highstand reefs are investigated. For this observa-
tion, twenty dated locations have been identified, where eight lo-
cations have mid-Holocene highstand and twelve have MIS 5e age
(Fig. 8). In a relatively tectonically stable scenario, first, the mid-
Holocene reefs should be at around the present sea level, since
the mid-Holocene sea level was up to a maximum of 1e2 m higher
than the present (Murray-Wallace andWoodroffe, 2014;Woodroffe
and Webster, 2014). Secondly, the difference in the current eleva-
tion of the mid-Holocene highstand reefs and the MIS 5e reefs
should be around 3e4 m as the sea level was up to 5e8 m higher
during MIS 5e (Shackleton, 1987; Stirling et al., 1998).

In general, three zones have been categorized e tectonic zone,
relatively stable zone, and complex zone (Fig. 8B). The tectonic zone
includes the Gulf of Aqaba and the northern Red Sea until Duba.
Within this zone, the mid-Holocene reef terrace is up to 2 m above
present sea level (apsl), and the MIS 5e terraces are up to 25 m
(apsl). Both the mid-Holocene and MIS 5e reefs show uplift, hence,
this zone is defined as the tectonic zone. The middle zone, from the
Al-Wajh to north of the Al-Quattan is, is relatively stable, since the
mid-Holocene and the MIS 5e reef terraces are at a constant 3e4 m
elevation difference, and the mid-Holocene reef terraces are within
the intertidal zone. Starting from Al Quattan, until Shu'ayaba, the
MIS 5e reefs and the mid-Holocene reefs have each been reported
to be about 2e3 m apsl, indicating a complex uplift/subsidence
history.

4.4.2. South-southeastern Arabian Peninsula
Zone 3: This zone is on a young passive margin and adjacent to a

divergent plate boundary in the Gulf of Aden (Fig. 7). No sea level
data have been published, and thus, its classification is incomplete.

Zone 4: This zone is a relatively old transform margin, adjacent
to the Owen Transform Fault (Fig. 1). Bar Al-Hikman (n ¼ 12;
Location 10, Fig. 1) is the only study representing Zone 4, which is
influenced by eustacy (Lambeck et al., 2014) and GIA (Milne and
Mitrovica, 2008) since the mid-Holocene (Hoffmann et al.,
2013a,b). Detailed description of Bar Al-Hikman samples and
dates has been provided before in section 4.2.

Zone 5: This zone is adjacent to theMakran subduction zone and
eight locations (n ¼ 9; Location 11e18, Fig. 1) have been identified
with published dated coastal sediments within this zone, which is
influenced by eustacy (Lambeck et al., 2014), tectonics (Moraetis
et al., 2018), and GIA (Milne and Mitrovica, 2008). This database
consists of dated mollusks, shell fragments, and corals from paleo-
shorelines (Al-Hatrushi, 1995; Moraetis et al., 2018) along the
south-southeastern AP.

4.4.3. Eastern Arabian peninsula
Zone 6: The Gulf is a foredeep basin adjacent to a convergent

plate boundary. Twelve data sets including the new data from Abu
Dhabi have been integrated into (Fig. 1 - Location 19e31) the sea
level database for the eastern Gulf coast. Samples (corals, shells,
microbial mates) are from a series of depositional settings,
including sabkha's, islands, and paleo-shorelines (Evans et al., 1969;
Taylor and Illing, 1969; Ridley and Seeley, 1979; McClure and Vita-
Finzi,1982; Strohmenger et al., 2010;Wood et al., 2012; Lokier et al.,
2015; Reinink-Smith, 2015; Damien et al., 2020).
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Fig. 3. A) Al-Wajh platform along the eastern shoreline of the Red Sea (Fig. 1, Location 5). The Coastal DEM dataset is used to highlight areas within 0e2 m above sea level (red
color), and 2e4 m (yellow color). The mid-Holocene and MIS 5e or older reefs are highlighted in blue and green linear features, respectively. White dots (Mid-Holocene or younger)
and black dots (MIS 5e or older) are the dated coral terraces along the Al-Wajh shoreline. B) Mid-Holocene reef terrace, C) Elevated MIS 5e or older reef terrace. D) Cone structure
(white arrows pointing towards them) below modern sea level within the Al-Wajh lagoon similar to exposed cone structures identified at KAUST in Fig. 4. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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4.5. RSL variability and common trends across the Arabian
Peninsula

The following observations can be made from the RSL plots
(Fig. 9) for the shorelines along the AP: (It should be noted that the

results below does not include Zone 3, as no data were identified
from this zone).

a. Western AP

Fig. 4. A) Satellite imagery of KAUST with a 2 m above modern sea level contour (Fig. 1, Location 6). B) Satellite imagery before KAUST was built, displaying the exposed cone
features highlighted in yellow and pointed with white arrows. 1 and 2 represent the location where corals and shells were sampled and dated respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. A) Satellite imagery of Bar Al-Hikman, S. Oman (Fig. 1, Location 10), with a 4 and 2 m contour. Yellow dots represented the locations where samples were systematically
collected and dated. B) Zoom in version (red rectangle in A), with mapped features 1, 2, 3, 4, and 5. Features 1, 2, and 3 represent barrier bars with spits, 4 is sand flat, and 5 is a
modern barrier bar. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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(i) Zone 1 (Gulf of Aqaba) e eustatic sea level signatures are
overprinted by tectonic uplift (proximity to Dead Sea
Transform Fault) and GIA (Fig. 9A)

(ii) Zone 2 (eastern Red Sea shoreline; Fig. 9B) e represents
cleaner eustatic sea level signature

b. South-southeastern AP
(i) Zone 3 (adjacent to Gulf of Aden) e No data
(ii) Zone 4 (along the Owen Basin) - eustatic signals over-

printed by GIA (however, no influence of plate tectonics),
(iii) Zone 5 (adjacent to the Gulf of Oman) e eustatic signals

overprinted by tectonic uplift (adjacent to a subduction
zone) and GIA.

c. Eastern AP: Zone 6 - the eustatic signal is overprinted by tec-
tonics (uplifting foreland basin) and GIA.

Further, it is observed that a complex, however relatively
contemporaneous transgression occurred along the AP shoreline
(Zone 1,2,4 and 6, except Zone 5) during Mid-Holocene, between
7.5 and 6.5 ka BP. Following the transgression, a sea level highstand
is also observed all across the AP (except zone 5), however with
high spatial and temporal variability. Zone 1 demonstrates high-
stand conditions from approx. 6.5e3 ka BP, Zone 2 from approx. 7
ka BP until 1.5 ka BP (no data younger than 1.5 ka BP, thus the
highstand conditions could have been longer). Zone 4 and 6 shows
a continuous highstand since the mid-Holocene (6.5e7.5 ka BP)
until a few hundred years BP.

5. Discussion

Several studies have plotted eustatic or relative sea level curves
for the Red Sea (Siddal et al., 2003; Rohling et al., 2009; Grant et al.,
2014), the Arabian Sea (Kench et al., 2009), and the Gulf (Lokier
et al., 2015; Damien et al., 2020), however, a comparative study of
all the AP margins together has not been conducted. This study, for
the first time, compares the sea level fluctuations since mid-
Holocene across the AP and demonstrates that sea level trans-
gressionwas complex and relatively contemporaneous (7.5e6.5 ka)
across most of the Peninsula (Fig. 9). It should be noted that there
are still gaps in data along the Yemen coastline (Zone 3) as well as
from Muscat (Oman) towards the east until the Strait of Hormuz.

The ongoing climate change has renewed the eustatic contri-
bution to sea level rise at present, with a rate of rising of 3.1 mm/
year (Dieng et al., 2017; Cazenave, 2018). It is a few magnitudes
higher than the highest tectonic (up to 1 mm/year) or GIA uplift
rates (up to 0.5 mm/year) recorded across the AP since the mid-
Holocene. Thus, in the near future, the margins of the AP that are
subsiding will foresee higher rates, and those which are uplifting
will foresee a lower rate of sea level rise than the global mean sea
level rise. In addition to the sea level rise, current morphology of
the coasts (slopes e gentle vs steep), tides and presence/absence of
barriers, would either enhance or reduce the sea level rise effect
along the AP. Sea level fluctuations since mid-Holocene along each
margin of the AP is discussed in detail in the section below.

5.1. Western Arabian Peninsula (zone 1 and 2)

The Western AP (Zone 1 - Gulf of Aqaba; Zone 2 - Red Sea) is
usually not considered to record clean eustatic sea level signatures
(Lambeck et al., 2011). The aforementioned statement is true in the
case of Gulf of Aqaba which is adjacent to an active transform fault
(Dead Sea transform fault), where coastal tectonic uplift rates of
0.15mm/year have been recorded bymeasurements of upliftedMIS
5e reef terraces. These are up to 25 m above present sea level
(Bosworth et al., 2017). Even though the Gulf of Aqaba shoreline
was influenced by tectonics and GIA, it still preserves a clear mid-

Fig. 6. Schematic core overview including rough sea level interpretations. Note: Light
grey font marks a date out of the measuring range.

Table 4
Accelerator mass spectrometry (AMS) radiocarbon dates and calibrated ages from a sediment core taken from an island in front of Abu Dhabi coast.

Lab code Depth in core (cm) Material 1s calibration
(68% probability) cal yr BP

2s calibration
(95% probability) cal yr BP

2s range
(cal a BP)

Median probability
(cal a BP)

Beta-294162 50.9 root 800 ± 30 173e321 91e420 255.5
Beta-294163 86.3 gastropods 1680 ± 30 974e1125 918e1191 1054.5
Beta-294164 134.7 bivalve shell 3980 ± 30 3662e3829 3576e3904 3740
Beta-294165 180.4 bivalve shell 5550 ± 40 5658e5828 5597e5884 5740.5
Beta-294166 210.9 gastropods 6430 ± 40 6621e6784 6530e6874 6702
Beta-294167 287.1 shell fragment >43,500 - - -
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Fig. 7. A) AP divided into six distinct zones separated by white dashed lines, based on proximity to a distinct plate margin. B) Standardized sea level dataset of 31 locations (Table 1;
Supplementary Material 1) across the AP. Age has been calibrated with reservoir correction utilizing Calib 7.01 and elevation by the Coastal DEM dataset. Number of specimens
representing, C) depositional features, and D) AP margins.
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Holocene highstand signal (Fig. 9A). A clear signal may also be due
to a low number of data points. In the presence of active tectonics
and GIA (leading to uplift), the rate of sea level rise along Gulf of
Aqaba shoreline is predicted to be always relatively slower than the
global mean sea level rise.

Furthermore, we demonstrate that the uplift along the Gulf of
Aqaba does not stop at its southern margin, but also extends
southwards until north of the town of Al-Wajh. In contrast, no uplift
has been identified in Zone 2 B from Al-Wajh to Al-Quattan (Fig. 8).
We speculate that this discontinuity is related to the Zabargad
transform fault that intercepts the coastline in this area (Marshak
et al., 1992). We conclude that the sea level database of the

eastern Red Sea for Zone 2 B collated in this study illustrates a clean
eustatic sea level signal since at least the mid-Holocene. Thus, in
the absence of active tectonics and relatively low GIA (Lambeck
et al., 2011) along Zone 2 B, the rate of sea level rise will likely
follow the global mean sea level rise in the near future. The
southernmost segment of the eastern Red Sea shoreline e Zone 2C,
shows a rather complex history of uplift with a 5.8 ka reef terrace at
4 m apsl at Al-Birk, suggesting a tectonic uplift rate of at least
0.68 mm per year (Lambeck et al., 2011). This is the highest re-
ported uplift among all the uplift rates along the Red Sea shoreline.
We relate this to salt tectonics because the doming of Miocene Red
Sea salt (Sakellariou et al., 2019), has influenced the Farasan Islands

Fig. 8. A) Mid-Holocene highstand and MIS 5e coral terrace location identified along Gulf of Aqaba and the eastern coast of Red Sea. B) Mid-Holocene highstand and MIS 5e coral
terrace location identified along the eastern coast of Red Sea. The locations are: Gulf of Aqaba (Loc 1- Moustafa et al., 2000; Loc 2e7 - Maana et al., 2016), Duba (Loc 8e9; Maana
et al., 2016), Al-Wajh (Loc 10e11; this study), Yanbu and Rabigh (Loc 12e13; Maana et al., 2016), Jeddah (Loc. 14e16; Dullo and Montaggioni, 1998), Al-Qattan (Loc 17; Maana et al.,
2016), Al-Birk (Loc 18; Lambeck et al., 2011) and Shu'ayaba (Loc 19; Dullo and Montaggioni, 1998). Legend: The current elevation of Holocene Highstand reefs (red) and the last inter-
glacial (MIS5e) reefs (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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(Fig. 8) that are south of Al-Birk. It is therefore predicted that, this
zone will record a somewhat slower sea level rise in the future than
the global mean sea level rise.

The high-resolution coastal DEM datasets (Fig. 2) shows that the
westernmargin (Zone 1 and 2) of the AP has the second largest area
within 0e10 m elevation (Fig. 2). The Red Sea features a relatively
low tidal amplitude of only up to 1 m (Pugh et al., 2019), and
discontinuous reef barriers all along its eastern coastline. However,
relatively strong prevailing winds from the northwest and storm
events from the south do create significant wave height and coastal
impact. The shoreline areas within the shadow zone of the reefal
barriers will experience less erosion of the shoreline from wave
impact and longshore currents compared to those areas adjacent to
the open sea. We predict that protected areas will be less effected
by future sea level rise compared to unprotected segments.

5.2. South-southeastern Arabian Peninsula (zone 4 and 5)

The segment of southeastern AP adjacent to Owen transform
fault (Zone 4) display no evidence of tectonic uplift or subsidence
since the mid-Holocene (Hoffmann et al., 2013a,b). However, along
the margin from Ras Al-Hadd to Muscat (Zone 5), up to 1 mm/year
uplift has been reported byMoraetis et al. (2018). This explains why
the RSL estimated for Zone 4 and 5 show completely different RSL

signatures (Fig. 9CeD). Thus, in the near future, Zone 4 will expe-
rience relatively faster sea level rise compared to Zone 5, owing to
absence of tectonics in Zone 4.

The coastal areas adjacent to the south-southeastern shoreline
(Zone 3e5) experience a tidal amplitude of up to 3 m (Bird, 2010)
and are not protected from wave impact by reefal barriers or
islands. Additionally, it has the smallest and narrowest area (from
few 100's of m to few kms in width) within the 0e10 m contour
along all Arabian platemargins (vs few 10's of km alongwestern AP,
and up to 100's of km along eastern AP). This implies that the south-
southeastern Arabian plate margin will be overall the least affected
by area loss due to sea level rise. However, the impact on coastal
communities and infrastructure along the coast may still be severe
due to the narrow strip of coastal area between 0 and 10 m.

5.3. Eastern Arabian peninsula (zone 6)

Most studies propose that the mid-Holocene sea level highstand
for the Gulf occurred at around 6 ka BP (e.g. Aqrawi, 2001; Kennett
and Kennett, 2006; Kirkham and Evans, 2020). A few other studies
suggest that the highstand was reached during an interval ranging
from <8 ka BP to >4.5 ka BP (e.g. Evans, 2011; Jameson et al., 2009).
A recent publication of Lokier et al. (2015) set the highstand for Abu
Dhabi (Mussafah Channel) between 5.2 and 4.5 ka BP, while

Fig. 9. Relative sea level (RSL) plots for: A) Zone 1, B) Zone 2, C) Zone 4, D) Zone 5, and E) Zone 6. There are no datasets available to reconstruct RSL for Zone 3. The grey and blue
transparencies represents the first transgression and highstand conditions, which are variable all across the AP. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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Reinink-Smith (2015) situated the highstand later between 5 and
3.5 ka BP for Kuwait bay. The 14C date from the Abu Dhabi core in
this study suggests that the sea level transgressed over a shoreline
~2 m below present sea level about ~6.9 ka BP (Unit III). Thus, it can
be stated that some variability in time exists of when the mid-
Holocene highstand has been identified along the Gulf. However,
our new composite RSL plot for the Gulf clearly indicates a trend of
sea level rise starting 7 ka BP with a peak being reached at around
~4 ka BP.

Further, the eastern margin of the AP (Zone 6) has the widest
area (up to 100 km max in width) within the 0e10 m elevation
amongst other AP segments (Fig. 2), and a high tidal amplitude (up
to 3 m; Evans, 2020). Thus, even small changes in sea level will
result in a relatively high coastal inundation, highest amongst all
other segments of the AP shoreline. This sensitivity to sea level
change also explains why the sea level curve for Zone 6 has a higher
fluctuation frequency (Fig. 9 E).

6. Conclusions

(1) The Arabian plate represents a unique setting, with its
proximity to convergent, divergent, transform plate bound-
aries, which are currently either active or passive, allowing
the quantification of the role of tectonics in addition to
eustacy and GIA towards sea level rise.

(2) This study for the first time compared the sea level fluctua-
tions since mid-Holocene along all major coastline segments
of the AP. Observations demonstrate that sea level trans-
gression was relatively contemporaneous (7.5e6.5 ka BP) for
most of the AP (except Zone 5).

(3) The Holocene Highstand is observed for all coastlines of the
AP (except zone 5), however with high spatial and temporal
variability.

(4) The topography of the adjacent shoreline through Coastal
DEM dataset, tidal amplitude, and presence/absence of
coastal reefal barriers demonstrate that in the near future the
degree of coastal inundation due to sea level rise will be
largest along the eastern AP, followed by the southern and
western AP.
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