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A B S T R A C T

Sedimentation in the Red Sea basin is governed by the complex interplay between regional atmospheric circu-
lation, precipitation patterns, and sea level fluctuations, which altogether exert a profound control on the detrital 
and biogenic components of the sedimentary record. To gain a comprehensive understanding of these controls on 
the southern Red Sea sedimentation over the past 30 ka, we here combine high-resolution bulk geochemical and 
mineralogical data with detrital grain-size distributions and plant-wax biomarkers at a sub-centennial average 
temporal resolution. Our proxies reveal that the sedimentary record is characterised by two distinct depositional 
regimes of detrital and marine origin. The pronounced shift from the detrital-dominated (ca. 30–14.6 kyr) to the 
marine-dominated phase (ca. 14.6–0.8 kyr) coincides with the end of Heinrich Event 1 and the rapid sea-level 
rise associated with Meltwater Pulse 1a. Flooding of the shelf during deglacial sea-level rise increased the dis-
tance between the core site and the respective shoreline, and partially controlled the delivery of detrital material 
to the site. Shifts in detrital grain-size distribution and mineralogical composition indicate a reduction in regional 
continental aridity and potentially weaker wind circulation with the onset of Greenland Interstadial-1, while the 
reestablishment of water-mass exchange with the Gulf of Aden from ca. 15 ka onwards led to a marine pro-
ductivity surge at our study area. An increase of fine-grained fluvial material and terrestrial n-alkanes between 
ca. 16 and 8 ka points to the establishment of more pluvial conditions and the activation of local wadi runoff 
during the African Humid Period. Finally, the subtle but steady increase of detrital input from ca. 5 ka onwards 
suggests the re-establishment of continental aridity during the late Holocene.

1. Introduction

Anthropogenically induced climate change has already had a pro-
found impact on the world’s oceans (Belkin, 2009; Doney et al., 2012), 
while the predicted temperature increases over the coming decades are 
expected to rapidly modify sea level and ocean biogeochemistry (Bindoff 
et al., 2007; Doney et al., 2009). The impact of this warming trend on the 
global hydrological cycle is also expected to be severe (Douville et al., 
2022), with studies suggesting that dry desert-like regions will become 
dryer, while wet tropical regions will get wetter (Held and Soden, 2006). 

Effects like these can be especially pronounced in semi-enclosed basins 
and coastal regions such as the Red Sea basin, where climate-change 
related phenomena tend to occur at a faster rate than average (e.g., 
Raitsos et al., 2011; Williams, 2013).

The Red Sea basin (Fig. 1) has long been established as a sensitive 
recorder of past oceanographic and hydroclimatic fluctuations. Its semi- 
enclosed nature has been exploited to refine models of sea-level change 
and shoreline migration over the past half million years (Arz et al., 2007; 
Grant et al., 2012; Grant et al., 2014; Lambeck et al., 2011; Rohling 
et al., 1998, 2013; Siddall et al., 2003, 2004). Across glacial-interglacial 
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transitions, pronounced shifts in regional atmospheric circulation and 
hydrological regimes have significantly influenced the source and 
transport mechanisms of detrital material (e.g., Stein et al., 2007). More 
specifically, Red Sea detrital input is primarily controlled by the com-
plex interplay between the low-altitude wind and precipitation of the 
seasonally-reversed African (ASM) and Indian (ISM) summer monsoon 
systems (Nicholson, 2018; Rohling et al., 1998; Sirocko et al., 1993), and 
the mid-tropospheric mid-latitude westerlies (MLW; Develle et al., 2011; 
Ehrmann et al., 2024; Rojas et al., 2019) (Fig. 2). Over orbital time-
scales, insolation driven displacements of the Intertropical Convergence 
Zone (ITCZ) influence the spatial extent and intensity of the African and 
Indian monsoon systems, leading to periods of increased precipitation 
and savanna expansion across the North African and Arabian Deserts 
with implications for human settlement and dispersal (Crocker et al., 
2022; Enzel et al., 2015; Fleitmann et al., 2011; Larrasoaña et al., 2003, 
2013; Nicholson, 2018; Nicholson et al., 2020). The most recent of these 
wet periods, i.e., the last African Humid Period (AHP), occurred between 
ca. 15 and 5 ka, leading to an expansion of vegetation across the 
Saharan-Arabian Desert belt and a reduction in aeolian dust input into 
adjacent marine environments (Berke et al., 2012; Blanchet et al., 2024; 
Gasse, 2000; Lézine et al., 2014; Shanahan et al., 2015; Tierney and 
DeMenocal, 2013).

The Red Sea basin and the adjacent Arabian Peninsula have also 
emerged as key areas for the investigation of early human dispersals out 
of Africa and the influence of climate change on patterns of dispersal and 
demographic change. These studies have focussed on two primary cli-
matic processes: (i) the periodic greening of the Sahara and Arabian 
Deserts which would have opened up the interior to human settlement 
and dispersal (Groucutt et al., 2015; Jennings et al., 2015; Parton et al., 
2018; Petraglia et al., 2019), and; (ii) the lowering of sea level which 
would have facilitated sea crossings at the southern Red Sea during 
maximum regression, and exposed an extensive lowland territory as a 
potential refugium for human settlement and coast-wise dispersal dur-
ing periods of maximum climatic aridity (Bailey et al., 2015, 2019; Faure 

et al., 2002; Sakellariou et al., 2019). The geoarchaeological significance 
of these areas further emphasises the need for improvements in the 
temporal and spatial resolution of regional palaeoclimatic records.

A considerable number of studies have focused on reconstructing the 
late Quaternary continental hydroclimate controls on the northern and 
central Red Sea sedimentation. These studies have relied on radiogenic 
isotope compositions and mineralogy (Hartman et al., 2020; Palchan 
et al., 2013; Stein et al., 2007), 230Th-normalized mass accumulation 
rates (Palchan and Torfstein, 2019), sedimentary Ti/Ca ratios (Roberts 
et al., 2011), foraminiferal Mg/Ca compositions (Hartman et al., 2020) 
and grain-size distributions (Ehrmann et al., 2024; Palchan et al., 2013) 
in order to explore the provenance and weathering of detrital input and 
thereby decipher regional atmospheric circulation patterns. The 
regional hydroclimatic imprint on the southern Red Sea sedimentation, 
however, remains largely unexplored. To the best of our knowledge only 
a couple of studies have explored these controls through the use of Sr 
and Nd isotopic compositions, mineralogy, grain-size distributions and 
magnetic concentrations (Bouilloux et al., 2013a, 2013b; Rojas et al., 
2019). Disentangling hydroclimatic imprints on sedimentation in the 
southern Red Sea can pose challenges due to the extensive, shallow 
continental shelf and its proximity to the Gulf of Aden, both of which 
amplify the effects of sea-level fluctuations and influence the detrital 
signal.

In light of the above, we here present a high-resolution multiproxy 
record of the marine sediment Core FA09 that was recovered at a 302 m 
water depth near the Farasan Islands, in the southern Red Sea (Fig. 1). 
Core FA09 is optimally situated at the edge of the southeastern conti-
nental shelf (Sakellariou et al., 2019) and is therefore a highly sensitive 
recorder of sea-level fluctuations and variations in the extent of the 
exposed continental shelf. It lies within the coastal region of SW Saudi 
Arabia; an ecologically diverse area of the Arabian Peninsula which 
receives relatively high rainfall, and is placed near the current north-
ernmost position of the ISM (Clemens and Prell, 1990; Enzel et al., 2015; 
Fleitmann et al., 2003, 2007; Gasse, 2000). Furthermore, the region has 

Fig. 1. (a) Map of the Red Sea and the surrounding regions including distinct features mentioned in the text. The locations of all discussed reference cores are marked 
with black diamonds while the yellow star marks the location of Core FA09. The dark red rectangle denotes the area shown in the close-up. (b) Close-up of our study 
area, including Core FA09 (yellow star), the Farasan Islands, the Saudi Arabian coast, and the local wadi systems (light blue lines) (Lehner and Grill, 2013). BaM; Bab 
al Mandab. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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attracted considerable attention due to the remarkable archaeological 
record of mid-Holocene marine sites on the Farasan Islands (Bailey et al., 
2015). We focus on reconstructing the regional hydroclimatic regime 
while considering the profound influence sea-level has had on sedi-
mentation. To this extent, we have generated continuous bulk 
geochemical and mineralogical records in order to deduce variations in 
the terrigenous and biogenic input. Terrigenous plant leaf-waxes are 
used to infer possible changes in the continental vegetation cover while 
the grain-size distribution and end-member modelling of the siliciclastic 
fraction is used to distinguish between transport mechanisms of the 
detrital material. The record covers the past ca. 30 kyr at an average 
temporal resolution of ca. 50 years. Our findings are compared to other 
records from the Red Sea, Gulf of Aden, and Arabian Sea in order to 
discern sea-level and hydroclimatic controls on a regional scale. Finally, 
we briefly consider the archaeological implications of our climatic and 
environmental findings in relation to the DISPERSE project which aimed 
to disentangle the relationship between geological instabilities, such as 
active tectonics and sea-level change, and patterns of early human 
dispersal (Bailey, 2015; Bailey et al., 2015).

2. Regional Setting

2.1. The Red Sea

The Red Sea is a roughly 2000 km long and 300 km wide semi- 
enclosed basin, situated in an arid subtropical zone in the midst of the 
Saharan-Arabian desert belt (Fig. 1). The sole connection to the open sea 
occurs in the southern section of the basin, at which the 137 m deep 
(Hanish sill; Werner and Lange, 1975) and 20 km wide Bab al Mandab 
straight facilitates water-mass exchanges with the Gulf of Aden and the 
Arabian Sea. Isotopic data and palaeoshoreline reconstructions suggest 
that although this exchange with the Gulf of Aden and Arabian Sea has 
been restricted at times of glacial sea-level lowstands, a continuous 
connection to the open sea has been maintained during at least the past 
500 ka (Grant et al., 2014; Lambeck et al., 2011; Rohling et al., 2013; 
Siddall et al., 2003).

The basin is located between the uplifted granitoids, diorites and 
metamorphic rocks of the Arabian-Nubian shield (ANS); the erosional 
products of which end up in the Red Sea sedimentary record (e.g., 
Bentor, 1985; Stein et al., 2007). Where exposed, the ANS forms abrupt 
topographic features up to ~3000 m in elevation. Overlying the ANS are 
sequences of carbonates (mainly limestones and dolomites), sandstones 
and marls, which are interspersed with alkali basalts (Palchan et al., 
2013; Stein et al., 2007; Stein and Hofmann, 1992). Situated just west 

Fig. 2. Maps of regional monthly average precipitation (mm) and low-level (1000 hPa pressure level) wind vectors (m s−1) for (a) boreal summer (June–August) and 
(b) boreal winter (December–February). Close-ups of the speed (m s−1) and trajectories of the regional low-level winds (1000 hPa pressure level) for (c) boreal 
summer (June–August) and (d) boreal winter (December–February). Note the seasonal reversal of the wind direction. Monthly averaged precipitation data were 
downloaded from the CHELSA (Climatologies at High resolution for the Earth’s Land Surface Areas) global downscaled dataset (Karger et al., 2017, 2021). ERA5 
monthly averaged wind vectors on the 1000 hPa pressure level were downloaded from the Copernicus Climate Change Service (C3S) (Hersbach et al., 2023). 
Precipitation related to the African Summer monsoon (ASM) and Indian Summer monsoon (ISM) can be seen in panel (a) above Africa and west India, respectively. 
The yellow star marks the location of Core FA09. (a) SWM: Southwest Monsoon winds; ITCZ: Intertropical Convergence Zone; MLW: Mid-Latitude Westerlies; TGJ: 
Tokar Gap Jet. (b) NEM: Northeast Monsoon winds. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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and east of the ANS are two of the major dust producing regions globally; 
the Saharan and Arabian deserts. It is estimated that the Saharan desert 
produces 40–60 % of global dust emissions while the Arabian desert, 
which includes the Nefud Desert, Rub’ al Khali and the connecting sandy 
formation Ad-Dahna (Fig. 1), produces around 10–20 % (Maher et al., 
2010; Prospero et al., 2002).

2.2. Study site

Study site FA09 (16◦ 56.014′ N, 41◦ 07.253’ E; 302 m water depth) is 
located on the southeastern Red Sea continental slope within the Far-
asan Archipelago, around 129 km off the coast of the Jizan Province in 
Saudi Arabia (Fig. 1). Between ~15◦N and ~17◦N latitude, the basin 
reaches its maximum width of 360 km while both continental shelves 
developed off the axial trough extend for more than 120 km each. The 
continental shelf within the Farasan Archipelago is predominantly 
composed of a 70–90 m deep marine terrace that shallowly dips 
southwestward (Sakellariou et al., 2019). This terrace is present 
throughout the entire Red Sea basin and is thought to have developed 
between 28 and 37 ka BP during the late Marine Isotope Stage (MIS) 3 
(Dullo and Montaggioni, 1998). Additional submerged terraces are 
identified at depths of ~40 m and ~120 m, most likely corresponding to 
late MIS 5 (i.e., MIS 5b; 87–82 ka) and MIS 2 (29–14 ka), respectively 
(for more information see Sakellariou et al., 2019). The terraces, 
including the nearby outcropped Farasan Islands, are mostly composed 
of Pliocene-Pleistocene marly and reefal limestones (Almalki and Ban-
tan, 2016, and references within). A series of shallow flat-topped sedi-
mentary blocks (Fig. 3), separated from the main shelf predominantly 
due to SW–NE faulting and salt tectonics, are located east of the coring 
site while sub-bottom profiling reveals a thick succession (>550 m) of 
sedimentary deposits within this area (Sakellariou et al., 2019). On the 
contrary, sub-bottom profiling revealed that post glacial sedimentation 
on the continental shelf is practically negligible while thicker sedi-
mentary deposits are only observed within bathymetric depressions on 
the main terrace (Sakellariou et al., 2019). These deposits consist of a 
carbonate rich, mostly fine-grained mixture of biogenic and detrital 
components (e.g., Basaham, 2009; Sergiou et al., 2022b).

3. Materials and methods

3.1. Core FA09

The 2.6 m long gravity Core FA09 was recovered during the 2013 R/ 
V ‘AEGAEO’ DISPERSE expedition in the southern Red Sea (Bailey, 
2015; Bailey et al., 2015). Macroscopic observations based on colour 
and textural variations divide the sedimentary record into four main 
lithological units (Fig. 4b) as follows (see Sergiou et al. (2022a) for a 
detailed lithological description and Section 4 of this paper for the age 
model development): Unit A: light brownish gray sandy silt from ca. 
30.4 to 17.3 ka (266–144 cm); Unit B: light gray to white condensed 
sandy silt from ca. 17.3 to 15.4 ka (144–129 cm); Unit C: weakly 
laminated dark to olive brown silt from ca. 15.4 to 10.5 ka (129–84 cm), 
and; Unit D: light olive brown sandy silt from ca. 10.5 to 0.8 ka (84–0 
cm).

3.2. X-ray fluorescence core scanning (XRF-CS)

The working half of the split core was scanned with an AVAATECH 
XRF core scanner at the CORELAB facility of the University of Barcelona. 
The scanner was equipped with an Oxford Rhodium X-ray source (4–50 
kV), a Canberra X-Pips 1500-1.5 Detector with a 125 μm beryllium 
window and a multichannel analyzer Canberra DSA 1000 (MCA), 
therefore allowing the detection of elements between Al and U 
(Cerdà-Domènech et al., 2020). Prior to scanning, the core was 
smoothed and covered with a 4-μm-thick Ultralene® X-ray transmission 
foil in order to avoid potential contamination and desiccation of the 
sediment. Scanning was performed at a 2 mm spatial resolution with a 2 
mm downcore and 12 mm crosscore slit size, while three replicate scans 
were performed every fifty measurements. Excitation configuration 
parameters were set at 10 kV (no filter) and 1.9 mA, with a counting 
time of 10 s for Al, Ca, Fe, K, Mn, Si and Ti. Moreover, Br, Rb, Sr, Zn and 
Zr were measured at 30 kV (Pd-thick filter) and 2 mA, with a 40 s 
counting time. X-ray spectra data was processed with the bAxil spectrum 
analysis software BrightSpec (www.brightspec.be). The reproducibility 
or precision of the scanning procedure was established through the 

Fig. 3. Geomorphological features of the continental shelf surrounding the FA09 Core site (yellow star). Note the flat-topped blocks and the NW-SE trough (valley) 
situated to the east of the FA09 site (modified after Sakellariou et al., 2019). (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.)
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relative standard deviation (RSD) of the replicate measurements (for 
more information see Text S1). For a preliminary visualization of 
downcore variability and in order to counteract potential artifacts 
deriving from water content and sediment surface irregularities (e.g., 
Bertrand et al., 2024), elemental counts were normalized to the sum of 
all counts within each measurement.

3.3. Calibration of XRF-CS intensities

To calibrate the XRF-CS intensities and predict quantitative 
elemental compositions, we measured the elemental concentrations of 
54 discrete bulk sediment subsamples via wavelength dispersive X-ray 
fluorescence (WD-XRF) and inductively coupled plasma mass- 
spectrometry (ICP-MS) at the Hellenic Centre for Marine Research. 
The calibration samples were selected according to the acquisition 
strategy described by Weltje et al. (2015) in order to ensure that all 
major compositional trends within the dataset are represented (for more 
information see Text S2). Major elements (Al, Ca, Fe, K, Si, Ti) were 
determined through a fused bead method that involved the fusion of 
~600 mg of oven-dried (40 ◦C) ground bulk sediment with 5.5 g of 
lithium borate 67-33 (67 % lithium tetraborate - 33 % lithium 
metaborate), 0.5 g of lithium carbonate, and 0.5 g of ammonium nitrate. 
A few drops of lithium bromide were used as a non-wetting agent while 
Bunsen burners and platinum crucibles were used for the fusion. Fused 
beads were analysed with a Philips PW-2400 wavelength dispersive 
X-Ray spectrometer equipped with a Rh tube. Reference samples (U.S.G. 
S and National Research Council of Canada) covering a wide range of 
concentrations were used for instrument calibration. Expanded un-
certainties (U) at a 95 % confidence interval were calculated at 5.54 % 
for Al, 7.10 % for Ca, 4.2 % for Fe, 12.75 % for K, 2.7 % for Si, and 4.4 % 
for Ti. Trace element (Mn, Sr, Zn) concentrations were determined 
through a microwave-assisted acid (combination of hydrofluoric acid 
and nitric acid) digestion method (Diegor et al., 2001) on 100 mg of 

oven-dried (40 ◦C) ground bulk sediment. A multi-element standard 
solution was used in order to create the calibration curve and all final 
solutions were analysed with a Thermo X Series II ICP-MS. Expanded 
uncertainties (U) at a 95 % confidence interval were calculated at 6.6 % 
for Mn, 9.4 % for Sr and 6.0 % for Zn.

Following elemental concentration measurement, the multivariate 
log-ratio calibration approach (MLC) was performed through the 
AvaaXelerate software in order to calibrate elemental counts and predict 
absolute concentrations (Weltje et al., 2015; Weltje and Tjallingii, 
2008).

Linear least squares regression was performed to evaluate the 
strength of the XRF-CS calibration procedure, and more specifically: (i) 
the correlation between XRF-CS counts and the ICP-MS/WD-XRF con-
centrations of the calibration samples; and (ii) the correlation between 
the ICP-MS/WD-XRF concentrations and the MLC predicted concentra-
tions of the calibration samples.

3.4. Grain size

Grain size distributions were determined on the acetic acid insoluble 
residue (IR) of 92 bulk sediment samples which have an average tem-
poral resolution of ca. 300 years. Approximately 2 g of dry sediment was 
pre-treated at 60 ◦C for 48–72 h with 30 % hydrogen peroxide and 30 % 
acetic acid in order to eliminate the organic matter and carbonate 
fraction, respectively (modified after Sun et al., 2002). The presence of 
biogenic opal in the samples was considered negligible and was there-
fore not specifically removed, as siliceous microfossils were found to be 
sparse. The IR was then washed and centrifuged five times with distilled 
water to remove reaction products (namely calcium acetate, which is 
produced from the reaction of acetic acid and calcium carbonate) and 
any acid residue. The dry IR was then weighed in order to calculate the 
siliciclastic fraction (%). Grain size measurements were carried out on a 
Malvern Mastersizer 2000 laser particle analyzer at the Department of 

Fig. 4. (a) Bayesian age model for Core FA09. Calibrated 14C ages and respective errors are illustrated through the black diamonds and error bars. The thick black 
line depicts the median age-depth model as calculated by the Bacon approach while gray lines show the 95 % confidence intervals. The glacial and Holocene periods 
are separated by a dark red line, while a dashed black line illustrates the start of the last Deglaciation at 19 ka. (b) Sedimentation rates (cm/kyr), lithostratigraphic 
units, and a high-resolution image of Core FA09 against depth. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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Geology, University of Patras. The reproducibility of replicate mea-
surements was over 95 %. Grain size results were classified according to 
Folk and Ward (1957) into the sand, silt and clay fractions.

Grain size distributions were then evaluated through end-member 
modelling analysis (EMMA) via the CRAN R package EMMAgeo 
v.0.9.7 (Dietze et al., 2012; Dietze and Dietze, 2019) in R v.4.2.2 (R Core 
Team, 2022). EMMA follows a grain-size distribution unmixing 
approach based on principal component (PCA) and factor analysis (FA) 
(Dietze et al., 2012; Weltje, 1997). This approach creates significant 
sediment subpopulations also called end-members (EM), while the 
optimal number of these EM is determined through goodness-of-fit tests 
(Dietze et al., 2012).

3.5. Mineralogy

The mineralogical composition was established on 36 samples 
(average temporal resolution of ca. 800 years), which were chosen based 
on downcore elemental variations. Approximately 5 g of wet sediment 
was oven-dried at 40 ◦C and subsequently ground with an agate pestle 
and mortar to obtain powder with a grain size of 1–3 μm. To improve 
mineral phase identification and ensure accurate quantification, all 
samples were spiked with an internal standard of silicon (Si) (ICSD 
67788) at 5 wt% prior to x-ray diffraction (XRD) analysis. The XRD 
measurements were carried out at the Institute of Earth Sciences, Hei-
delberg University, on a Bruker D8 ADVANCE Eco diffractometer (40 
kV, 25 mA) with a Cu Kα diode. The angular range of 2-theta was set 
between 3◦ and 65◦ and was measured with a step size of 0.02 in-
crements (3338 steps per sample) for 0.5 s per step. Peak positions and 
data intensity were identified with the Diffrac.Suite EVA (Bruker Soft-
ware), while quantitative phase analysis was performed with the Riet-
veld refinement program DIFFRAC.TOPAS (Bruker Software). Because 
sediment samples were not rinsed prior to analysis, potential contribu-
tion of porewater precipitates to the total halite percentage cannot be 
excluded. To account for this, we have also calculated the mineralogical 
results by normalizing the dataset without halite (see Fig. S10).

3.6. TC, TOC, TN and CaCO3

The total organic carbon (TOC), total carbon (TC) and total nitrogen 
(TN) content was measured on ten samples in order to improve the 
temporal resolution of the already existing records (Sergiou et al., 
2022a, 2022b). Briefly, bulk sediment samples were oven-dried at 40◦

and homogenized with a pestle and mortar. Approximately 10–15 mg of 
the sediment was transferred to silver (for TOC) and tin (for TC) cap-
sules, while for the TOC measurements samples were consecutively 
treated with hydrochloric acid (2M) until all inorganic carbon was suf-
ficiently removed. Samples were analysed on a CHN Flash Elemental 
Analyzer, Thermo Scientific at the Hellenic Center for Marine Research. 
The TOC/TN ratio was also recalculated (original ratio in Sergiou et al. 
(2022b)) in order to differentiate between terrestrial and marine derived 
organic matter (Meyers, 1994). The calcium carbonate content (CaCO3; 
Eq. (1)) was calculated from the total inorganic carbon (TIC = TC-TOC) 
as follows: 
CaCO3 (%) = (TIC) x 8.33                                                              (1)

3.7. Lipid biomarkers

Lipid biomarkers were measured on 20 freeze-dried and homoge-
nized sediment samples resulting in an average temporal resolution of 
ca. 1500 years. Approximately 3 g of dry bulk sediment was extracted 
with an accelerated solvent extractor (Dionex™ ASE) and a 9:1 
dichloromethane (DCM):methanol (MeOH) (v:v) mixture. The total lipid 
extract (TLE) was split in order to produce ~10 mg aliquots which were 

subsequently separated on an aminopropyl gel column (eluting solvents 
in brackets) into the neutral/polar (2:1 DCM:2-propanol (v:v)), free fatty 
acid (4 % glacial acetic acid in ethyl acetate) and phospholipid fatty acid 
(MeOH) fractions. The neutral/polar fraction was further separated on 
an alumina oxide gel column into the apolar (9:1 Hexane:DCM (v:v)), 
the neutral (1:1 Hexane:DCM (v:v)) and polar (1:1 DCM:MeOH (v:v)) 
fractions. Finally, the alkane containing apolar fraction was separated 
into saturated (Hexane) and unsaturated (Ethyl Acetate) hydrocarbon 
fractions on an Ag + silica gel column. Procedural blanks were added 
into all sample batches in order to track potential contamination of the 
analytical protocol.

The saturated n-alkane containing fractions were analysed on a 
Thermo Trace Ultra ISQ gas chromatograph (GC), equipped with a mass 
spectrometer (MS) and flame ionization detector (FID), fitted with a 
fused silica column (Agilent J&W DB-5, 30 m length, 0.25 mm ID, 0.25 
μm film thickness). Hydrogen was used as the carrier gas and samples 
were injected in splitless mode. The oven temperature was held at 60 ◦C 
for 1 min, then ramped from 60 ◦C to 320 ◦C at a rate of 6 ◦C/min fol-
lowed by a 12-min isothermal. n-Alkanes were identified according to 
their retention times and characteristic mass spectra fragmentation 
patterns while quantification was performed through an external 5α- 
androstane calibration curve. n-Alkane concentrations were normalized 
to the TLE and reported in ng/g TLE. Sample preparation and mea-
surement was performed at the Department of Civil and Environmental 
Engineering and Earth Sciences, University of Notre Dame.

To assess the variability of allochthonous terrigenous material input 
at our study site, we calculated the sum abundance and average chain 
length (ACL; Eq. (2)) of the odd, long-chain n-alkane (C27–C35) homo-
logues; commonly synthesized by higher terrestrial plants (Eglinton and 
Hamilton, 1967). The carbon preference index (CPI; Eq. (3)) was 
calculated in order to assess the degree of n-alkane degradation (Marzi 
et al., 1993). 
ACL = Σ(Cn x n) ⁄ Σ(Cn)                                                                 (2)
CPI = (Σodd (C21-33) + Σodd (C23-35)) / (2Σeven(C22-34))                (3)

3.8. Mass accumulation rates (MARs)

Mass accumulation rates (also referred to as fluxes throughout this 
text) were calculated for the siliciclastic (detrital), total organic carbon 
(TOC), and calcium carbonate (CaCO3) fractions of the sediment record. 
Mass accumulation rates (MAR; Eq. (4)) were calculated as follows: 
MAR (g.cm−2.kyr−1) = SR x DBD x [X %]                                       [4]
Where SR is the sedimentation rate (cm.kyr−1) calculated according to 
the Bayesian age model and DBD (g.cm−3) is the dry bulk density and [X 
%] is the concentration of each component. Dry bulk density values 
were taken from Sergiou et al. (2022a).

3.9. Clustering and Principal Component Analysis

To identify the dominant factors controlling temporal proxy vari-
ability and sedimentation processes we conducted k-means clustering 
and a Principal Component Analysis (PCA) on selected proxies from our 
mineralogical (%) (aragonite, calcite, Mg-calcite, dolomite, illite, 
quartz), end-member analysis (EM1, EM2, EM3, EM4), MLC calibrated 
and normalized XRF-CS (for Br, Rb, Zr) elemental composition (Al, Br, 
Ca, Fe, K, Mn, Rb, Si, Sr, Ti, Zr), and TOC (%), CaCO3 (%) datasets. Prior 
to statistical treatment and due to significant discrepancies in sample 
resolution all missing values were imputed through linear interpolation. 
The interpolated datasets were subjected to k-means clustering while the 
optimal number of clusters was chosen based on the Calinski-Harabasz 
criterion (Caliñski and Harabasz, 1974). Finally, the PCA was applied 
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to centered and normalized values. K-means clustering and PCA were 
both performed in R v.4.2.2 (R Core Team, 2022) through the packages 
readxl, fpc, factoextra, ggplot2, tibble, dplyr, reshape2, ggbiplot, corr-
plot, FactoMineR.

4. Age model development

In order to develop the age model for FA09, eleven accelerator mass 
spectrometry (AMS) 14C ages were measured on both planktic and 
benthic foraminifera tests. The initial five measurements were per-
formed on ~10 mg of planktic foraminifera tests (Globigerinoides ruber) 
at the Scottish Universities Environmental Research Centre (SUERC) and 
have already been published (Sergiou et al., 2022a) (Table 1). Here we 
have added another six AMS 14C ages (Table 1) in order to improve 
dating accuracy within the Holocene and the Last Glacial Maximum 
(LGM) periods. For the new AMS 14C ages, five samples of ~5–10 mg of 
planktic foraminifera tests (G. ruber and G. sacculifer) and one sample of 
~5 mg of benthic foraminifera tests (Anomalinoides sp. and Hanzawaia 
sp.) were analysed at the LARA laboratory of the University of Bern. The 
age model was developed through Bayesian age-modelling, which was 
performed with the CRAN R package rbacon (v.3.0.0) (Blaauw and 
Christen, 2011) (Fig. 4a). All eleven 14C ages were calibrated within 
rbacon considering the nearest available reservoir effect of ΔR = −59 ±
38 years (Southon et al., 2002), which has been previously used for Core 
FA09 (Sergiou et al., 2022a, 2022b). We must note that variations in sea 
level and circulation regimes within the Red Sea have likely affected 
residence times and, consequently, reservoir ages (Biton et al., 2008; 
Bouilloux et al., 2013b; Rohling et al., 2008; Siddall et al., 2004; 
Trommer et al., 2010), although we lack sufficient evidence to constrain 
this effect throughout the record. With this in mind, we acknowledge the 
potential limitations of our age model when interpreting 
millennial-scale events. Sedimentation rates exhibit relative stability 
across the entire record maintaining values between approximately 6 
and 9 cm/kyr (Fig. 4b). Three notable exceptions are observed within 
the ca. 30–28.4 kyr, ca. 15.3–13.3 kyr, and ca. 9.9–8.5 kyr intervals 
during which sedimentation rates increase up to ca. 19 cm/kyr (Fig. 4b).

The refined age model suggests that Core FA09 spans from ca. 30.4 to 
ca. 0.8 ka. For the chronostratigraphic interpretation of our record and 
the references for each period please see Text S3. To facilitate the 
comparison of our data with other available regional records, we have 
recalibrated the age models of Cores MD8 (Bouilloux et al., 2013b), MD2 
(Bouilloux et al., 2013a) and GeoB5844-2 (Arz et al., 2003) using the 
same approach as for Core FA09. Specifically, their age models were 
redeveloped through Bayesian age modelling using the MARINE20 
calibration curve (Heaton et al., 2020), and reservoir effects of ΔR = 64 
± 68 years (Southon et al., 2002) for Cores MD8 and MD2, and ΔR =
−86 ± 40 years (Siani et al., 2000) for Core GeoB5844-2 were applied.

5. Results

5.1. Calibration and quantification of the XRF-CS measurements

The statistical evaluation of the XRF-CS counts and the calibration 
sample concentrations reveals strong correlations for Fe (R2 

= 0.81), Zn 
(R2 

= 0.78), K (R2 
= 0.75) and Ti (R2 

= 0.70) (Fig. S1). Moderate cor-
relations are observed for Sr (R2 

= 0.47), Mn (R2 
= 0.45), Si (R2 

= 0.39), 
and Ca (R2 

= 0.26), and weak correlation for Al (R2 
= 0.19) (Fig. S1). 

Assessment of the MLC approach through the correlation of predicted 
and measured concentrations of the calibration samples reveals a 
significantly improved relationship for Fe (R2 

= 0.96), K (R2 
= 0.96), Ti 

(R2 
= 0.96), Si (R2 

= 0.90), Al (R2 
= 0.84), Ca (R2 

= 0.80), and Zn (R2 
=

0.71), and a moderate one for Mn (R2 
= 0.57) and Sr (R2 

= 0.41) 
(Fig. S2). Downcore comparisons of XRF-CS counts, calibration sample 
concentrations and MLC predicted concentrations reveal discrepancies 
between counts and concentrations for Al, Ca, K, Si, and Ti throughout 
the length of the core, with the most significant discrepancies occurring 
from ca. 15.4 to 14.6 ka (Fig. S4). For more information concerning the 
sources of uncertainty related to the XRF-CS elemental intensities and 
the MLC calibration approach the reader is referred to Text S4, Figure S8 
and Figure S9.

5.2. Elemental composition

The MLC predicted elemental concentrations of Al, Fe, K, Mn, Si, Ti, 
Zn (Fig. S3) and the normalized (element counts/total counts) XRF-CS 
counts of Rb and Zr (Fig. S5) exhibit similar trends, which are charac-
terized by a pronounced shift at 14.6 ka. Specifically, high concentra-
tions for these elements are observed between ca. 30 and 14.6 ka, 
followed by low concentrations from 14.6 onwards. Superimposed on 
this long-term trend are numerous abrupt short-term fluctuations, 
particularly between ca. 30 and 14.6 ka, whereas a steadily increasing 
trend is observed for Fe, K, Mn, Rb, Si, Ti, and Zr from ca. 5 ka onwards 
(Figs. S3 and S5). Anti-correlated with the abovementioned elements, Ca 
values are low between ca. 30 and 14.6 ka and high between ca. 14.6 
and 0.8 ka (Fig. S3). Fluctuations between ca. 30 and 14.6 ka are of low 
amplitude, while a rather steady decrease in concentrations is observed 
from ca. 5 ka onwards. The downcore variation of Sr is unlike all other 
elements, exhibiting a significant increase from ca. 12 to 10 ka. 
Normalized XRF-CS Br counts (Fig. S5) also differ from the other 
elemental trends and exhibit high values between ca. 16 and 11 ka.

To gain a better understanding of the sedimentation processes gov-
erning the southern Red Sea, we utilize the Ti/Ca ratio of the MLC 
predicted elemental concentrations (for more information concerning 
the MLC calibration see Text S4) as a tracer of detrital versus marine 
sedimentation. This ratio has been previously used in several marine 
records (e.g., Croudace and Rothwell, 2015; Hodell et al., 2015, 2013; 
Koutsodendris et al., 2021) and has also been used as a dust input proxy 

Table 1 
Calibrated AMS14C ages obtained on planktic and benthic (marked with an asterisk) foraminifera tests using the calibration curve MARINE20 (Heaton et al., 2020) and 
considering a reservoir effect of ΔR = −59 ± 38 years.

Lab 
Code

Core depth (cm) 14C Age (yr BP) Calibrated Age 
Range (2σ) 
(cal yr BP)

Calibrated Median  
Age Probability  
(cal yr BP)

Remarks

SUERC-70198 1.5 1515 ± 32 451–1052 803 Sergiou et al. (2022a)
BE-20368.1.1 14.5 3255 ± 31 285–3283 3031 This study
SUERC-70199 34.5 5916 ± 32 5916–6391 6172 Sergiou et al. (2022a)
BE-20369.1.1 54.5 8173 ± 38 8286–8885 8555 This study
SUERC-70200 80.5 9252 ± 32 9644–10270 9975 Sergiou et al. (2022a)
BE-20370.1.1 102.5 12001 ± 40 13091–13681 13379 This study
SUERC-70201 129.5 13366 ± 56 15006–15789 15368 Sergiou et al. (2022a)
BE-20371.1.1 168.5 * 17810 ± 58 20227–21074 20662 This study
BE-20372.1.1 200.5 21664 ± 89 24527–25523 25062 This study
BE-20373.1.1 232.5 25017 ± 99 27874–28767 28373 This study
SUERC-70202 263.5 26655 ± 86 29801–30602 30097 Sergiou et al. (2022a)
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in the central Red Sea (Roberts et al., 2011). According to the PCA re-
sults, the Ti/Ca ratio is strongly correlated to the first principal 
component (PC1) (Fig. 9i and j), and it is therefore best suited to 
represent the compositional variation of our record. Moreover, we prefer 
the use of the Ti/Ca ratio rather than the Fe/Ca ratio, despite the high Fe 
content in the FA09 record, as it is insensitive to potential redox fluc-
tuation effects which tend to be pronounced in the Red Sea due to shifts 
in oxygenation levels observed over millennial timescales (e.g., Almo-
gi-Labin et al., 1991; Fenton et al., 2000). Given the clear correlation 
between Br and TOC, we use the logarithmic Br/Ti ratio (Fig. 9c), to 
track high-resolution changes of the organic matter content, similarly to 
Ziegler et al. (2008). However, since the Br counts have not been cali-
brated we use this ratio with caution and only as a supplementary in-
dicator which is supported by the more robust TOC values.

5.3. N–alkane abundances and distributions

n-Alkane (C16-C35) concentrations range between 19113 and 
415400 ng.g−1 TLE (sum of C16-35), while the terrestrial, long-chain n- 
alkanes (C27, C29, C31, C33) dominate the record. The sum of the 
terrestrial long-chain odd alkanes ranges between 5160 and 144890 ng. 
g−1 TLE. Both the concentrations of the total n-alkanes (Σ[C16-35]) 
(Fig. 5a) and the sum of the long-chain terrestrial n-alkanes (Σodd[C27- 
35]) (Fig. 5b), show a decreasing trend between ca. 30 and 16 ka, which 
is followed by an increase from ca. 16 to 8 ka, while from ca. 8 ka on-
wards values decrease once again. ACL values range between 29.5 and 
31.3 while the average of value of 30.2 increases to 31.2 during the 
period between ca. 16 and 9 ka (Fig. 5c). The CPI ranges between 1 and 
3.2, indicating a predominance of well-preserved plant-waxes (Marzi 
et al., 1993) (Fig. 5d).

5.4. Mineralogical composition

The bulk mineralogical record is dominated by the carbonate frac-
tion (47–80 %), which includes calcite (7–29 %), magnesian calcite 
(11–38 %), aragonite (10–35 %), and, to a lesser extent, dolomite 
(0.5–4.2 %) (Fig. S6). Aragonite values are relatively low (average 16 %) 
from ca. 30 to 14.6 ka, while an abrupt increase at ca. 14.6 ka leads to 

average values of 28 % between ca. 14.6 and 0.8 ka. Magnesian calcite, 
which seems to mirror the trend observed in aragonite, remains rela-
tively stable at 19 % between ca. 30 and 14.6 ka although a gradual 
decline is observed between ca. 19 and 14.6 ka. This decline is followed 
by an abrupt increase at ca. 14.6 ka, similar to the one observed in 
aragonite. Pronounced fluctuations are observed for calcite (values 
ranging from 8 to 20 %) between ca. 19 and 8 ka. Quartz (0.3–13.5 %) 
and illite (0.9–14.5 %) represent a minor fraction of the bulk mineralogy 
(Fig. S6). Both minerals show higher concentrations between 30 and 
14.6 ka, followed by an abrupt decrease at ca. 14.6 ka. Between ca. 10 
and 8 ka, quartz values show a small increase of about 1 %, while illite 
shows an increase of around 4 % between ca. 10 and 5 ka. At ca. 2.8 ka 
both quartz and illite exhibit an abrupt peak which coincides with a 
carbonate decrease of similar amplitude. However, since this peak is 
only observed in one sample, interpretation should be approached with 
caution. Minor contributions of actinolite, albite, clinochlore, and 
orthoclase are observed throughout the record (Fig. S6). Gypsum (0–10 
%) is observed in a few samples, while celestine (one sample at 12.8 %) 
is found at 11.3 ka (Fig. S6). Halite (3–10 %) is present throughout the 
record, although there is a clear decrease of values from ca. 15 ka on-
wards (Fig. S6).

5.5. Grain sizes and end-member modelling of the siliciclastic fraction

The siliciclastic fraction exhibits a generally decreasing trend 
throughout the record, with concentrations from around 33 % at 30 ka, 
to 17 % at 0.8 ka (Fig. 6a). According to the XRD results, siliciclastic 
minerals include actinolite, albite, clinochlore, illite, orthoclase, and 
quartz (Fig. S6). A minor presence of authigenic celestine, authigenic 
quartz and authigenic clinochlore could potentially be included in the 
siliciclastic fraction (Fig. S6). The overall grain size composition is 
poorly sorted, and dominated by the silt (4–63 μm) fraction (60–77 % of 
the total composition) (Fig. 6d). Higher sand (>63 μm) contents are 
observed from ca. 30 to 14.6 ka (Fig. 6e) while clay (<4 μm) contents 
increase between ca. 14.6 and 0.8 ka (Fig. 6c). To better explain grain- 
size variability we opted for a four end-member (EM) model which ac-
counts for 70 % of the total variance (Figure S7 and Fig. 7a). We consider 
this model as the optimal solution based on a balance between total 

Fig. 5. n-Alkane results for Core FA09 including, (a) The sum of the total n-alkanes C16-35 (ng.g−1 TLE), (b) The sum of the (terrestrial) odd long-chain n-alkanes C27- 
35 (ng.g−1 TLE), (c) the average chain length (ACL) index of the odd long-chain C27-35 n-alkanes, and, (d) the carbon preference index (CPI) of the C21-35 n-alkanes.
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explained variance and interpretability. The use of fewer than 4 EMs 
does not seem to adequately capture the variability of the finer fraction, 
whereas the addition of more EMs would only slightly increase the 
explained variance (up to ~72 %) but reduce the ability to assign 
meaningful interpretations to each EM (for more information see 
Fig. S7). The relative contributions of the four end-members are 16.5 % 
for EM1, 29.4 % for EM2, 48.6 % for EM3 and 5.4 % for EM4. The major 
modes for each EM are at 0.8 μm for EM1, 10 μm for EM2, 52 μm for 
EM3, and 79 μm for EM4. Coarse-grained EM4 and EM3 dominate the 
record between ca. 30 and 14.6 ka, while the finer-grained EM2 domi-
nates from ca. 14.6 to 0.8 ka (Fig. 7b). The fine clay EM1 is present 
throughout the record, although a substantial increase is observed from 
ca. 18 ka onwards, reaching a peak between ca. 10 and 6 ka.

5.6. Siliciclastic, TOC, and CaCO3 mass accumulation rates (MARs)

Siliciclastic MARs range from 0.4 to 8 g.cm−2.kyr−1 and exhibit a 
generally decreasing trend throughout the record (Fig. 6b). Three 
distinct increases occur between ca. 30 and 28 ka, ca. 17 and 15 ka, and 
finally, ca. 10 and 8 ka. TOC MARs range from 0.04 to 0.35 g.cm−2.kyr−1 

and show two pronounced increases from ca. 16 to 12 ka and from ca. 10 

to 8 ka (Fig. 9a). CaCO3 MARs range from 3.2 to 16.1 g.cm−2.kyr−1 and 
present three peaks from ca. 30 to 28 ka, from ca. 16 to 13 ka, and from 
ca. 10 to 8 ka (Fig. 9h).

5.7. Multivariate statistical analysis

K-means clustering defined two main lithostratigraphic units within 
the record (Fig. 8a). The first unit corresponds to the period from ca. 30 
to 14.4 ka, and the second covers the period from ca. 14.4 to 0.8 ka. PCA 
reduced the dimensionality of our selected proxy dataset by identifying 
two principal components (PCs), which account for 79.4 % of the total 
data matrix variance (Fig. 8b). The first principal component (PC1) 
explains 69.2 % of the total variance, whereas the subsequent PC2 ex-
plains 10.2 % and will therefore not be discussed further. PC1 shows a 
bipolar distribution, highlighting two distinct groups amongst the 
investigated parameters. Positive loadings for grain-size EM3, EM4, Al, 
Br, Fe, K, Mn, Si, Ti, Zr, Rb, illite, quartz and dolomite are predominant 
between ca. 30 and 14.4 ka (Fig. 8c). In contrast, negative loadings for 
grain-size EM1, EM2, Ca, Sr, CaCO3, TOC, aragonite, Mg-calcite and 
calcite dominate from ca. 14.4 to 0.8 ka (Fig. 8c).

Fig. 6. The siliciclastic fraction of Core FA09 including, (a) siliciclastic percentages (%), (b) siliciclastic mass accumulation rates (MAR) (g.cm−2.kyr−1), (c) clay (%), 
(d) silt (%), and, (e) sand (%) percentages.
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6. Discussion

6.1. Sedimentary composition and transport pathways in the southern 
Red Sea

The integrated evaluation of lithological, geochemical, and miner-
alogical proxies from the FA09 record delineates two distinct phases of 
sedimentation during the past 30 kyrs. Statistical evaluation through k- 
means clustering and PCA reveals two compositionally distinct clusters, 
which correspond to detrital-dominated (Cluster 1) and marine- 
dominated (Cluster 2) phases (Fig. 8a and b). These clusters are 
temporally aligned with increased terrigenous sedimentation from 30 to 
14.6 ka (Cluster 1) and marine sedimentation from 14.6 to 0.8 ka 
(Cluster 2). However, since sedimentary records are inherently subject 
to closed-sum constraints, caution must be taken when interpretating 
variations of the terrigenous and biogenic components. To mitigate 
these closed-sum effects, mass accumulation rates are also discussed 
throughout the text in order to provide a more robust measure of 

sedimentary input dynamics.
In the Red Sea, the siliciclastic fraction primarily represents terrig-

enous detritus with distinctive volcanic and granitic components 
(Palchan et al., 2013, 2018; Rojas et al., 2019; Stein et al., 2007). Some 
minor authigenic mineral precipitation in the form of illite-smectite 
mixed layer clays, chlorites and Fe-rich silicates has also been re-
ported (e.g., Stein et al., 2007). According to the positive loadings of PC1 
(Fig. 8c), elements such as Al, Fe, K, Rb, Si, Ti, and Zr are strongly 
correlated to each other and are indicative of both fine terrigenous clay 
(Al, Fe, Si, Rb, K) and of coarser silt and sand fractions (Si, Ti, Fe, Zr) (e. 
g., Basaham, 2009; Mulitza et al., 2008; Sirocko et al., 2000). PC1 also 
exhibits a strong correlation between the abovementioned elements and 
quartz and illite (Fig. 8b and c); detrital minerals and their weathering 
products that derive from the erosion of non-alkaline granitoids and 
metamorphic formations of the Arabian-Nubian shield (ANS) and the 
uplifted terrains surrounding the Red Sea basin (Sirocko and Lange, 
1991).

End-members EM3 (52 μm) and EM4 (79 μm) of the siliciclastic 

Fig. 7. End-member modelling analysis (EMMA) results of the siliciclastic grain-size distributions (GSDs) for Core FA09. (a) GSDs of all individual samples (shades of 
gray) overlain by the GSDs of EM 1 (0.8 μm), EM 2 (10 μm), EM 3 (52 μm), and EM 4 (79 μm). The 4 end-members explain 70 % of the total data variance. (b) 
Downcore relative contributions (scores) of EM 1, EM 2, EM 3, and EM 4 with the respective running averages (black lines). EM scores represent the proportion of 
variance explained by the respective EM at the specific ages. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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fraction (Fig. 7a and b) represent coarse grains that require higher 
transport energy and/or originate from proximal sediment sources. 
Previous studies within the Red Sea and Gulf of Aden have utilised grain- 
sizes as indicators of transport pathways, revealing a strong association 
between coarser grain-sizes and increased wind intensity during the 
glacial period (Clemens and Prell, 1990; Ehrmann et al., 2024; Palchan 
et al., 2013; Rojas et al., 2019). In agreement with this, EM3 (52 μm) 
aligns with a coarser aeolian mode, centered around 50 μm, previously 
identified in the southern Red Sea (Rojas et al., 2019). Regional pre-
cipitation is presumed to be limited during this time (e.g., Fleitmann 
et al., 2011; Tierney et al., 2017), thereby inhibiting the intense acti-
vation of any local runoff. We therefore interpret both these 
end-members to primarily reflect an aeolian transport pathway 
throughout the glacial, while our findings corroborate the above-
mentioned global trend of higher glacial dust loads reflecting increased 
aridity, reduced vegetation cover, and stronger wind systems (Lambert 
et al., 2008; Larrasoaña et al., 2003; McGee et al., 2010; Roberts et al., 
2011).

At ca. 14.6 ka, a rather abrupt transition towards the marine- 
dominated cluster 2 (Fig. 8a) indicates a significant shift in the sedi-
mentation regime of the southern Red Sea. The negative loadings of PC1 
show a strong correlation between CaCO3, TOC, and elements such as Ca 
and Sr (Fig. 8c). This group is primarily associated with marine pro-
ductivity, given that Ca is largely related to biogenic sources such as 
foraminifera and coccolithophore shells. In marginal environments like 
the Red Sea basin, however, we cannot exclude the input of detrital Ca 
following the weathering of both the surrounding Ca-containing min-
erals such as feldspar and plagioclase (Rebolledo et al., 2008) and of the 
exposed reefal limestone platforms which form the Farasan Islands 
(Basaham, 2009; Pavlopoulos et al., 2018). Similarly, Sr is incorporated 
by calcifying organisms simultaneously with Ca but is preferentially 
fixed in aragonite (e.g., Finch and Allison, 2007; Sunagawa et al., 2007).

The abovementioned marine-related elements correlate well with 
aragonite, Mg-calcite and to a lesser extent calcite; carbonate minerals 
that are both chemically and biochemically precipitated and have been 
found to be well preserved in the central Red Sea (Almogi-Labin et al., 
1998). In the case of aragonite, primary sources are considered to be 
pelagic pteropods and needle-shaped aggregates from green algae or 
other biotic/abiotic precipitates (Böning and Bard, 2009; Milliman, 
1974; Milliman et al., 1969). These minerals are major constituents of 
the bulk mineralogical composition of our record and have also been 
abundantly found in the sediments of the Jizan shelf, east of our study 
area (Abou-Ouf and Elshater, 1992).

End-members EM1 (0.8 μm) and EM2 (10 μm), which dominate the 
sedimentary composition from 14.6 ka onwards, reflect fine siliciclastic 
components, which we here consider to be of both fluvial and aeolian 
origin (Fig. 7a and b). We interpret the very fine clay EM1 (0.8 μm) to be 
primarily associated with fluvial suspension, consistent with previous 
studies from the central Red Sea that have linked the fining of the 
detrital fraction to episodic fluvial activity during periods of increased 
precipitation (Ehrmann et al., 2024; Palchan et al., 2013; Palchan and 
Torfstein, 2019). While no major riverine systems drain within the 
southern Red Sea, multiple smaller wadi systems along the Saudi 
Arabian coast (e.g., Alharbi et al., 2016) may have contributed a fluvial 
component to our core site during these wet periods. Additionally, it is 
plausible that a small fraction of fine detrital material was transported 
from the Baraka Wadi (Fig. 1) to our site via wind-generated wave ac-
tivity, which is most prevalent during the summer months (e.g., Lan-
godan et al., 2018). The Baraka Wadi is the largest contributing riverine 
system in the Red Sea region and is seasonally active for approximately 
40–70 days per year, primarily during autumn, with an annual discharge 
ranging from 200 to 970 × 106 m3 of water (Trommer et al., 2011). The 
fine silt-sized EM2 (10 μm) likely represents finer detrital aeolian input, 
transported either over larger distances or by weaker wind systems. This 

Fig. 8. Multivariate statistical analysis results for Core FA09. (a) A timeseries of the two clusters produced from the k-means clustering analysis. Gaps are due to the 
absence of the XRF-CS data for the respective intervals. (b) PCA biplot with PC1, PC2 and the two clusters, and (c) PC1 loadings.
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interpretation seems to be consistent with previous studies from the 
southern Red Sea and Gulf of Aden that document an increase in a fine 
aeolian end-member (15 μm) during the Holocene (Rojas et al., 2019). A 
fine dust end-member is also present in the central Red Sea (Core KL11) 
(Ehrmann et al., 2024); however, this end-member appears coarser, with 
modal peaks at 20 μm and 40 μm, potentially indicating more proximal 
dust sources compared to those reaching the FA09 site. Distinguishing 
the processes behind the finer end-members (EM1 and EM2) remains 
challenging due to their similar grain size characteristics and potential 

for mixed transport. Consequently, the influence of a slightly coarser 
fluvial component from nearby wadis cannot be ruled out in in-
terpretations of EM2. In any case, the dominance of coarse and fine dust 
end-members (relative contributions of >80 %) throughout the entire 
FA09 record suggests that aeolian dust transport is the primary sediment 
transport mechanism in the southern Red Sea.

Fig. 9. Sea-level controls on the on the southern Red Sea sedimentation. All proxy records are from Core FA09. (a) Total organic carbon (TOC) mass accumulation 
rates (MAR) (g.cm−2.kyr−1) (this study), (b) TOC concentrations (%) (Sergiou et al. (2022b), and this study), (c) XRF-CS log(Br/Ti) (this study), (d) low-oxygen 
benthic foraminifera assemblages (%) (Sergiou et al. (2022b), (e) planktic foraminifera (N/g) (Sergiou et al., 2022a), (f) aragonite concentrations (%) (this 
study), (g) calcium carbonate (CaCO3) concentrations (%) (Sergiou et al. (2022b), and this study), (h) CaCO3 mass accumulation rates (MAR) (g.cm−2.kyr−1) (this 
study), (i) first principal component (PC1) (this study), (j) Ti/Ca MLC predicted ratio (this study), (k) Red Sea Relative Sea Level (RSL) reconstruction, synthesized by 
combined data from Al-Mikhlafi et al. (2021) (red crosses), Arz et al. (2007), and Grant et al. (2012). The shaded pink area marks an interval of high surface 
productivity and bottom-water anoxia between ca. 15.4 ka and 10 ka. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.)
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6.2. Sea level related imprints on sedimentation

Accounting for 69 % of the total compositional variability in our 
record, PC1 exhibits a notable similarity to the Red Sea relative sea-level 
curve (Fig. 9i–k). This resemblance underscores the long-term control of 
sea level on the southern Red Sea sedimentation and is in agreement 
with previous studies that have also reported the strong impact of sea- 
level on the Red Sea geochemical records (e.g., Bouilloux et al., 
2013b; Sergiou et al., 2022a; Siddall et al., 2004, 2003).

Combined Red Sea Relative Sea Level (RSL) reconstructions 
(Al-Mikhlafi et al. (2021), Arz et al. (2007) and Grant et al. (2012); 
Fig. 9k) indicate that the RSL remained substantially low during the Last 
Glacial Maximum (LGM) (26.5–19 kyr), reaching up to 125 m below the 
present level. With the onset of the last Deglaciation (19–11.7 kyr), sea 
level was marked by short term fluctuations of up to ca. 10 m that 
persisted until ca. 14.6 ka (Clark et al., 2004) (Fig. 9k). This period was 
followed by a rapid sea-level rise, of ca. 90 m in total, which continued 
until the early Holocene, at ca. 11 ka, after which rates decreased until 
the eventual stabilisation at present levels at ca. 7 ka (Fig. 9k).

The impact of deglacial sea-level rise on sedimentation could in 
theory be partially controlled by the geomorphological configuration of 
the broad (over 120 km wide) and shallow (70–90 m deep) continental 
shelf extending east of our study area. During the LGM sea-level low-
stand, shelf exposure significantly shortened the distance between the 
FA09 site and the shoreline, reducing it from around 129 km (present 
shoreline) to just a few kilometers (LGM palaeoshoreline; Sakellariou 
et al., 2019) (Fig. 10a). As a result, the FA09 site was positioned in close 
proximity to the exposed shelf, which may have served as an additional 
proximal source of detrital material. The rapid deglacial sea-level rise at 
ca. 14.6 ka could have led to the sudden flooding of large shelf areas 
around our site potentially removing or decreasing this source of detrital 
input and thus altering sedimentation dynamics at the FA09 site. 
Notably, according to our PCA results an abrupt shift in sedimentation 
occurs at ca. 14.6 ka (Fig. 9i and j), which coincides with the postglacial 
Meltwater Pulse 1a (MWP1a); a period marked by rapid global sea-level 
rise of 16–25 m within 400–500 years (Cronin, 2012, and references 

therein).
Reconstructions of the southern Red Sea palaeoshorelines, however, 

suggest that the sea-level rise during MWP1a did not sufficiently reduce 
the extent of the exposed shelf to independently and fully account for 
such an abrupt shift in the sedimentary regime. Importantly, until the 
onset of the Holocene at 11.7 ka (sea-level at 60 m below present) much 
of the southern shelf remained exposed and continued to serve as a 
potential source of detrital material (Fig. 10b). By the middle Holocene 
(ca. 7 ka), sea level had risen to approximately 10 m below the present 
level, likely submerging most of the continental shelf (Fig. 10c). While 
the exact timing of the complete shelf flooding remains uncertain, it is 
reasonable to infer that the exposed shelf continued to potentially serve 
as an additional detrital source to our site until ca. 7 ka.

Another sea-level rise-related mechanism that may have influenced 
sedimentation at our site is the dilution of the terrestrial component by 
an abrupt increase of biogenic material from ca. 15.4 ka onwards 
(Sergiou et al., 2022a). This mechanism has been previously proposed 
for the southern (Bouilloux et al., 2013b) and central (Ehrmann et al., 
2024) Red Sea, and for other continental margin studies in the tropical 
and subtropical Atlantic (Govin et al., 2012), and Andaman Sea 
(Gebregiorgis et al., 2020). However, mass accumulation rates of the 
FA09 detrital (Fig. 11h), carbonate (Fig. 9h), and organic carbon 
(Fig. 9a) components indicate that the decline in terrestrial input and 
increase in biogenic input occurred largely independently during the 
rapid sea-level rise from ca. 15.4 to ca. 11 ka, with both processes 
contributing to the major transition observed across all proxies between 
ca. 15.4 and ca. 14.6 ka. While we cannot entirely rule out a potential 
dilution of the detrital signal due to sea-level rise-related productivity 
increases, the timing of this detrital decrease aligns with that observed in 
other Red Sea and western Arabian records during the last Deglaciation 
(e.g., Palchan and Torfstein, 2019; Pourmand et al., 2007), further 
indicating that dilution is unlikely to be the primary mechanism con-
trolling sedimentary composition.

Following the MWP1a event, pronounced oceanographic modifica-
tions appear to occur in the southern Red Sea, driven by both the inflow 
of nutrient-rich water masses from the Gulf of Aden and enhanced local 

Fig. 10. Reconstructions of the southern Red Sea palaeoshorelines including (a) the LGM (ca. 20 ka) palaeoshoreline at 120 m below the present sea-level (b) the 
early Holocene (ca. 11.7 ka), palaeoshoreline at 60 m below the present sea-level, and (c) the middle Holocene (ca. 7 ka) palaeoshoreline at 10 m below the present 
sea-level. The yellow star marks the position of the FA09 core. Sandy-brown areas indicate the surface of the exposed continental shelf for the three phases. (b) At the 
onset of the Holocene a large part of the continental shelf remains exposed. High-resolution bathymetric data from the DISPERSE cruise (Sakellariou et al., 2019) 
were combined with the GEBCO Gridded Bathymetry (GEBCO 2024 Grid) in order to create the final bathymetric maps. For the Red Sea Relative Sea Level (RSL) 
reconstruction, data were combined from: i) Al-Mikhlafi et al. (2021); 7–0 kyr, ii) Arz et al. (2007); 23–13 kyr, and iii) Grant et al. (2012); 31–23 kyr and 13–7 kyr. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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upwelling processes (Sergiou et al., 2022a). Weak laminations (Fig. 4b) 
and a substantial increase in the Br content (Fig. 9c) suggest 
bottom-water anoxia and potentially increased surface productivity 
between ca. 15.4 ka and ca. 10 ka. This is further corroborated by the 
abrupt surge in TOC fluxes and concentrations (Fig. 9a and b) and the 
significantly increased dysoxic benthic foraminiferal assemblages 
(Fig. 9d) and planktic foraminifera taxa (Fig. 9e), which altogether point 
to an intensified oxygen minimum zone (OMZ) and high water-column 
stratification (Sergiou et al., 2022b).

Another noteworthy observation is the substantial increase of the 
aragonite content from ca. 14.6 ka onwards (Fig. 9f). In contrast to these 
findings, previous studies from the Red Sea have reported an enhanced 
or even complete aragonite dissolution during interglacial periods with 
well-ventilated bottom waters, and greater preservation during glacial 
periods with anoxic bottom-water conditions (e.g., Almogi-Labin et al., 
1998, 1986). Moreover, inorganic aragonite precipitation has been 
documented during the highly saline and supersaturated conditions of 
glacial sea-level lowstands (Almogi-Labin et al., 1986; Fenton et al., 
2000; Milliman et al., 1969; Rohling et al., 1998). The preservation of 
aragonite at the FA09 site is likely attributed to the site’s position 
relative to the OMZ, which currently occurs at depths between 200 and 
650 m (Edelman-Furstenberg et al., 2001; Weikert, 1982). The above-
mentioned studies reporting interglacial aragonite dissolution are 
located within intermediate or deeper water masses, beneath the OMZ, 
where the well-oxygenated waters facilitate this process. Moreover, 
these sites are closer to or within the northern Red Sea section, where 
the formation of oxygen-rich deep water takes place, further enhancing 
this dissolution process (e.g., Almogi-Labin et al., 1998). Currently sit-
uated at a relatively shallow depth of 302 m, the FA09 site remains 
within the oxygen-depleted conditions of the OMZ, where oxygen con-
centrations range around 0.5 ml O2/l, between 300 and 400 m, near the 
Bab al Mandab area (Fenton et al., 2000; Neumann and McGill, 1961). 
Given the similar, or potentially greater, extent of the OMZ following the 
deglacial sea-level rise (Almogi-Labin et al., 1991), it is plausible to 
assume that the FA09 core has been persistently located within this 
zone, enabling the preservation of aragonite in the sediment. A similar 
pattern of aragonite deposition under a well-stratified water column and 
low-oxygen seafloor conditions has also been documented during times 
of increased sea-level rise in the semi-enclosed Gulf of Corinth (Sergiou 
et al., 2024).

6.3. Atmospheric and hydroclimatic imprints on the southern Red Sea 
sedimentation

Superimposed on the long-term sea-level-related imprints on sedi-
mentation, variations in terrestrial proxy records from Core FA09 can 
further reflect the shorter-term hydroclimatic variability that prevails in 
the surrounding region. The overall declining trend observed in all 
detrital proxies from ca. 30 to ca. 0.8 ka appears to correspond to both 
global and regional patterns, indicating higher dust fluxes during glacial 
periods and lower fluxes during interglacial periods (e.g., Lambert et al., 
2008; Maher et al., 2010; Roberts et al., 2011).

While the detrital concentrations (Fig. 6a) exhibit two relatively 
stable and distinct phases throughout the record separated by an abrupt 
shift at ca. 14.6 ka, detrital fluxes (Fig. 11h) show a few pronounced 
peaks, superimposed on a generally decreasing trend between ca. 30 and 
0.8 ka. More specifically, the relatively enhanced detrital signal is 
coarse-grained (centered around 52 μm) between ca. 30 and ca. 14.6 ka 
(Fig. 11f), and predominately composed of illite (Fig. S6h) and quartz 
(Fig. 11g). This composition suggests a strong granitic and metamorphic 
contribution, consistent with findings from Sr-Nd isotopic studies in the 
northern (Core KL23; Palchan et al., 2013), central (Core KL11; Palchan 
et al., 2013), and southern Red Sea (Core MD8; Rojas et al., 2019). The 
isotopic signatures of the proximal MD8 (southern Red Sea), and MD2 
(Gulf of Aden) records suggest a probable granitic origin linked to the 
ANS, with additional contributions from the Saharan granitoids and 

quartz-rich rhyolitic material from the Ethiopian Highlands (Rojas et al., 
2019). Higher smectite contents and greater radiogenic εNd values of 
Cores MD8 and MD2, however, point to an additional basaltic input 
from the Afar region which appears to be more pronounced during the 
glacial period in both records (Rojas et al., 2019). In a similar manner, 
high smectite contents and the detrital Sr and Nd isotopic compositions 
in Core KL11 suggest a predominant basaltic dust input through the 
Tokar Gap (Ehrmann et al., 2024). In contrast, the mineralogical 
composition of FA09 indicates no evidence of such a basaltic component 
throughout the entire record, as key basaltic minerals such as plagio-
clase and pyroxene – both present in the bulk mineralogical MD8 and 
MD2 records – are absent.

This absence of a basaltic signal from the Afar region in the FA09 
core could possibly be related to regional sediment transport vectors 
which govern dust transport and influence its deposition in our study 
area. Modern wind circulation patterns show that the FA09 site is situ-
ated within the trajectory of two major dust-bearing atmospheric sys-
tems which are especially pronounced during the summer months 
(Fig. 2c and d). Namely, the mid-latitude westerlies (e.g., Woor et al., 
2022) which can carry large amounts of mostly granitic material from 
the ANS, and the eastward winds funneled through the Tokar Gap Jet 
(Davis et al., 2015; Jiang et al., 2009) that can transport weathering 
products of the Ethiopian Highland basalts (Ehrmann et al., 2024; 
Hickey and Goudie, 2007) (Fig. 2a–c). The northeast monsoon (NEM) 
wind that is channeled through the Bab al Mandab strait towards the 
southern Red Sea during the winter (Fig. 2b–d) seems to play a minor 
role in sediment transport towards the FA09 site, as previous studies 
suggest it only carries minimal dust loads from the Arabian Peninsula 
(Leuschner and Sirocko, 2000; Sirocko and Lange, 1991). The predom-
inance of a granitic signal in the FA09 record potentially suggests a 
much stronger influence of material transported from the ANS via the 
mid-latitude westerlies to our study site. Rojas et al. (2019), however, 
suggest that the glacial basaltic signal in the southern Red Sea and the 
Gulf of Aden records is either transported by the northwesterlies or by 
low-altitude winds which are channelled through the Red Sea during the 
summer months. In any case, we must note that the lack of a basaltic 
signal in our mineralogical record can also be attributed to methodo-
logical constraints. While bulk proxies such as the mineralogical, 
geochemical and detrital grain-size compositions can theoretically pro-
vide insights into source areas (e.g., Grousset and Biscaye, 2005), iso-
topic elemental analysis remains essential to reliably distinguish the 
detrital sources represented in the FA09 record (e.g., Ehrmann et al., 
2024; Palchan et al., 2018; Rojas et al., 2019; Stein et al., 2007).

Despite some discrepancies amongst records, pronounced coarse- 
grained detrital fluxes are consistently observed in the Red Sea, Gulf 
of Aden and western Arabian Sea and reflect the prevailing continental 
aridity and intensified physical weathering processes that persisted 
during the glacial (Clemens et al., 1991; Clemens and Prell, 1990; Pal-
chan et al., 2013; Thunell et al., 1988). For example, Core KL11 from the 
central Red Sea exhibits a comparably-sized (65 μm) coarse detrital 
signal to FA09 that prevails until ca. 14 ka and is attributed to aeolian 
transport (Fig. 2b in Ehrmann et al. (2024)). Likewise, the coarse detrital 
glacial modes (centered around 50 μm) in other records from the 
southern Red Sea (MD8) and Gulf of Aden (MD2) persist until approx-
imately 14–15 ka, and have been attributed to detrital input from rather 
proximal sediment sources (Fig. 4a in Rojas et al. (2019)). In a similar 
manner, dust fluxes from Core RC27-42 in the western Arabian Sea 
remain elevated up until ca. 17 ka (Pourmand et al., 2007) (Fig. 11e).

Interestingly, the 500 kyr Ti/Ca dust record from Core KL09 in the 
central Red Sea indicates that the highest dust fluxes occur during 
glacial terminations rather than glacial stages (Roberts et al., 2011). In 
contrast, the FA09 Ti/Ca record (Fig. 11b) remains relatively stable 
throughout the glacial period, though low-amplitude fluctuations are 
observed between ca. 17 ka and ca. 14.6 ka, closely resembling those in 
the GeoB5844-2 Ti/Ca record from the northern Red Sea (Arz et al., 
2003) (Fig. 11a). During the same period, the FA09 detrital flux record 
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exhibits a small but distinct peak (Fig. 11h), which, despite age-model 
uncertainties, closely aligns with a similar peak in the MD8 record 
(Rojas et al., 2019). This period coincides with both the Heinrich Event 1 
(H1) (HE-sl1; 19–14.6 kyr), and with a phase of short-term sea-level 
fluctuations (Clark et al., 2004) that could have further impacted sedi-
ment transport to our study site. Across the Red Sea, Arabian Sea, and 
Gulf of Aden, these millennial-scale intense climatic Heinrich Events 
coincide with a southward displacement of the ITCZ, extreme wide-
spread aridity driven by low monsoonal precipitation, intensified wind 
circulation and pronounced cooling (Arz et al., 2003; Deplazes et al., 
2014; Roskin et al., 2011; Singh et al., 2016; Stager et al., 2011). While 
the imprint of H1 on the FA09 terrestrial signal appears weak, high 
sea-surface salinities, low sea-surface temperatures, δ18O enrichment, 
and negligible planktic foraminifera fluxes in the same record indicate 
the influence of a strengthened, cool, and dry NEM wind system, which 
developed in response to the southward displacement of the ITCZ during 
H1 (Sergiou et al., 2022a).

As mentioned above, the most pronounced excursion in all of our 
proxy records occurs at ca. 15.4–14.6 kyr, marking the end of H1 and the 
onset of the Greenland Interstadial-1 (GI-1; 14.6–12.9 kyr). This 
noticeable shift is more or less evident throughout the entire Red Sea 
basin; as reflected in the Ti/Ca record from Core GeoB5844-2 in 
northern Red Sea (Arz et al., 2003) (Fig. 11a) and the Fe record from 
MD8 in the southern Red Sea (Rojas et al., 2019) (Fig. 11d). The 
GeoB5844-2 Ti/Ca record from the northern Red Sea shows a gradual 
decline between ca. 16 and ca. 9 ka, although it presents some notable 
short-term fluctuations during this period. Both the FA09 and MD8 re-
cords from the southern Red Sea exhibit an abrupt shift; however, the 
transition in MD8 occurs more gradually, between ca. 14.6 and ca. 13 
ka, compared to the rapid change observed in FA09. Unlike the Red Sea 
records, the KL15 Ti/Ca record from the Gulf of Aden (Fig. 11c) follows 
an even more gradual trend, spanning from ca. 30 to ca. 8 ka, without 
any distinct abrupt shifts. This pronounced difference between the Gulf 
of Aden record and all the Red Sea records further highlights the 
dominant influence of sea-level and associated marine productivity in-
creases throughout the Red Sea basin. While variations in wind circu-
lation between the northern Red Sea, southern Red Sea, and Gulf of 
Aden can influence the timing and transport of detrital material, the 
pronounced difference between the Red Sea and Gulf of Aden records 
suggests a stronger influence of sea-level-driven marine productivity 
fluctuations on the Ti/Ca ratio.

Coinciding with this Ti/Ca shift, a major reduction in coarse-grained 
detrital material (Fig. 11f) and an increase in finer-grained material 
(Fig. 11k) suggest a shift in wind circulation and precipitation patterns 
in the region. The strong similarity between the fine detrital FA09 EM1 
record (Fig. 11k) and the KL11 fluvial EM3 record from the central Red 
Sea (Fig. 11j) between ca. 16 and 0.8 ka further supports our interpre-
tation of EM1 as fluvial in origin throughout this period. This similarity 
may also reflect comparable hydroclimatic conditions across these sec-
tions of the basin and, potentially, a common riverine influence from the 
Baraka Wadi on both sites. However, even if fluvial discharge from the 
Baraka Wadi did not directly influence our site, local wadi runoff from 
the Saudi Arabian coast (Fig. 1b) most likely contributed to sediment 
transport and deposition in our study area (Matter et al., 2016).

While we acknowledge the limitations of the low-resolution FA09 
terrestrial n-alkane record, the increasing trend observed from ca. 16 ka 
onwards remains notable (Fig. 11l). Its resemblance to the fluvial EM1 
record over the same period suggests a potential link between terrestrial 
higher-plant input and fluvial transport, while the increase in terrestrial 
n-alkanes from ca. 16 to ca. 8 ka may further indicate an expansion of 
vegetation biomass in the source areas, potentially driven by wetter 
conditions. This patter aligns with the 200 kyr-long terrestrial n-alkane 
flux record from the Gulf of Aden (GOA4), which suggests that pluvial 
conditions may have contributed to enhanced vegetation biomass in the 
region (Isaji et al., 2015).

Increased moisture availability during this time is consistent with the 
broader climatic changes associated with the AHP that affected East 
Africa and the Arabian Peninsula between ca. 15 and 5 ka. This period 
was marked by substantial increases in orbitally forced monsoon-driven 
summer precipitation (e.g. Foerster et al., 2012; Gasse, 2000; Tierney 
and DeMenocal, 2013). Although the atmospheric sources of this 
increased AHP precipitation have not been fully constrained, it is 
generally accepted that a northward and eastward advance of the ISM 
and ASM contributed to enhanced rainfall in the southern Arabian 
Peninsula and Red Sea region (Engel et al., 2017; Enzel et al., 2015; 
Guagnin et al., 2016; Jennings et al., 2015; Tierney and DeMenocal, 
2013). Even though the FA09 n-alkane record (Fig. 11l) cannot discern 
vegetation type or directly infer hydroclimatic conditions, it closely 
corresponds with the δDwax precipitation record from the Gulf of Aden, 
which suggests a rapid shift to wetter conditions in the Horn of Africa 
region during the AHP (Tierney and DeMenocal, 2013).

Following the wetter conditions of the AHP, a small increase in the 
Ti/Ca ratio (Fig. 11b), and the fine aeolian end-member (EM2) (Fig. 7b) 
indicate the re-establishment of arid conditions in the surrounding re-
gion from ca. 5 ka onwards. A concurrent decrease of the very fine, 
presumably fluvial end-member (EM1) (Fig. 11k) further supports a 
reduction in precipitation and, consequently, local wadi runoff, likely 
driven by declining northern hemisphere summer solar insolation 
(Fig. 11n) and the strengthening of the regional dry NEM wind system 
(e.g., Fleitmann et al., 2007; Gupta et al., 2003; Sergiou et al., 2022a; 
Van Rampelbergh et al., 2013). This transition towards less-humid 
conditions is also captured by an abrupt shift in the δDwax records 
from the Gulf of Aden (Tierney et al., 2017; Tierney and DeMenocal, 
2013) (Fig. 11m), and by a decrease in the fluvial end-member (EM3) 
from the central Red Sea (Ehrmann et al., 2024) (Fig. 11j). The enhanced 
siliciclastic fluxes of Core MD8 in the southern Red Sea (Rojas et al., 
2019) (Fig. 11i), and the pronounced increase in the Ti/Ca ratio of Core 
KL15 in the Gulf of Aden (Fischer et al., 2024) (Fig. 11c) further 
corroborate this regional signal of enhanced late Holocene dust trans-
port and aridity (Jung et al., 2004). Although the resolution of the FA09 
n-alkane record is restrictive, it is noteworthy that terrestrial n-alkanes 
also show a modest decline during this period (Fig. 11l), further sug-
gesting a weakening of transporting mechanisms such as fluvial 
discharge and/or a potential reduction of vegetation biomass. Future 
research is necessary to generate high-resolution isotopic datasets (δD 
and δ13C) to more robustly constrain the interplay between vegetation 
dynamics and regional sediment transport processes.

Fig. 11. Compilation of detrital records from the Red Sea and the Gulf of Aden. Shaded areas mark the timing of the Heinrich event 1 (H1), the Meltwater Pulse 1a 
(MWP1a), and the African Humid Period (AHP) as discussed in the text. (a) XRF-CS Ti/Ca ratio from Core GeoB5844-2, northern Red Sea (Arz et al., 2003), (b) the 
MLC-predicted Ti/Ca ratio from Core FA09 (this study), (c) the Ti/Ca ratio from Core KL15, Gulf of Aden (Fischer et al., 2024), (d) Fe content from Core MD8, 
southern Red Sea (Bouilloux et al., 2013b), (e) detrital fluxes from Core RC27-42, western Arabian Sea (Pourmand et al., 2007), (f) EM3 [52 μm] of the siliciclastic 
grain-size fraction from Core FA09 (this study), (g) quartz concentrations from Core FA09 (this study), (h) the siliciclastic mass accumulation rates (MARs) from Core 
FA09 (this study), (i) the siliciclastic mass accumulation rates (MARs) from Core MD8, southern Red Sea (Rojas et al., 2019), (j) EM3 [4.5 μm] of the siliciclastic 
grain-size fraction from Core KL11, central Red Sea (Ehrmann et al., 2024), (k) EM1 [0.8 μm] of the siliciclastic grain-size fraction from Core FA09 (this study), (l) 
sum of the terrestrial long-chain odd n-alkanes from Core FA09 (this study), (m) the δDwax record from Core P178-15P, Gulf of Aden (Tierney and DeMenocal, 2013), 
(n) summer (June-July-August) insolation at 17 ◦N (Laskar et al., 2004), and (o) Red Sea Relative Sea Level (RSL) reconstruction, synthesized by combined data from 
Al-Mikhlafi et al. (2021) (red crosses), Arz et al. (2007), and Grant et al. (2012). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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6.4. Archaeological implications

The previously discussed palaeoclimatic findings can also be placed 
within the broader context of the DISPERSE project, which was initiated 
to explore the potential archaeological significance of the now- 
submerged landscape as a zone of human occupation (Bailey, 2015; 
Bailey et al., 2015). The FA09 record was one of the many records 
recovered from the continental shelf in the vicinity of the Farasan 
Islands as part of this extensive project. The hypothesis that the conti-
nental shelf around the Farasan Islands could have served as a habitable 
zone and refugium for plants, animals and early humans during the 
sea-level lowstand of the LGM is based on the presence of numerous 
deep and potentially water-bearing sinkholes dotted across the exposed 
landscape, geomorphological evidence of shallow valleys shaped by 
fluvial erosion, and the likelihood of substantial groundwater avail-
ability from enhanced spring outflows under lower sea-level pressure 
(Faure et al., 2002; Sakellariou et al., 2019). While our results suggest 
prolonged aridity, sparse vegetation cover and no definitive evidence of 
surface run-off during the glacial, these data cannot constitute decisive 
evidence either for or against the hypothesis of human presence on the 
exposed continental shelf. This becomes even more apparent since the 
more favourable conditions associated with spring activity are likely to 
have been quite localised and, therefore, difficult to detect in an offshore 
location reflecting a regional catchment. In any case, human population 
densities on the exposed continental shelf were likely relatively low, 
with subsistence patterns requiring a high degree of mobility. Further 
insights into these issues may emerge from ongoing analysis of sediment 
cores recovered during the original survey from bathymetric depressions 
within the previously exposed subaerial landscape.

7. Conclusions

The (sub-)centennial-scale resolution sedimentological and 
geochemical proxy records from Core FA09 disclose the combined 
controls of sea-level and continental hydroclimate on the sedimentary 
dynamics of the southern Red Sea over the past 30 kyr. An increased 
accumulation of coarse-grained siliciclastic material, primarily of 
granitic origin, until ca. 14.6 ka reflects the prevalence of arid conditions 
and heightened wind circulation around the Red Sea during the glacial 
period. Between ca. 17 and 15 ka, a pronounced peak in detrital fluxes 
highlights the impact of H1 on the region, and is followed by a marked 
shift in most detrital proxies that aligns with the termination of H1 and 
the onset of GI-1, at ca. 14.6 ka. The imprint of deglacial sea-level rise is 
evident through the increase of marine biogenic carbonates, such as 
aragonite and calcite, suggesting the restoration of water-mass exchange 
with the Gulf of Aden and the influx of less saline and highly productive 
water masses from ca. 15 ka onwards. An influx of fine-grained fluvial 
material and terrestrial plant-wax biomarkers mark the onset of the AHP 
at ca. 15 ka and the associated establishment of more pluvial conditions 
in response to the expansion of African and Indian summer monsoon 
precipitation. Following the AHP, the re-establishment of arid condi-
tions from ca. 5 ka onwards is indicated by a decrease of the fluvial 
detrital fraction and a small, yet steady, increase of the Ti/Ca ratio and 
of detrital minerals such as quartz.

CRediT authorship contribution statement

Francesca Paraschos: Conceptualization, Investigation, Data cura-
tion, Formal analysis, Funding acquisition, Writing - original draft, 
Writing - review & editing. Andreas Koutsodendris: Writing - original 
draft, Writing - review & editing. Spyros Sergiou: Investigation, Writing 
- review & editing. Maria Geraga: Writing - review & editing. Helen 
Kaberi: Investigation, Writing - review & editing. Melissa Berke: 
Investigation, Writing - review & editing. Oliver Friedrich: Writing - 
review & editing. Stylianos Iliakis: Investigation. Mirko Alessandro 
Uy: Investigation. Ross Williams: Investigation. Geoffrey Bailey: 

Conceptualization, Funding acquisition, Project administration, Writing 
- original draft, Writing - review & editing. Dimitris Sakellariou: 
Conceptualization, Funding acquisition, Project administration, Writing 
- original draft, Writing - review & editing.

Data availability statement

The datasets presented in this study will be made available upon 
publication and can be accessed via the following link: https://www. 
seanoe.org/data/00926/103813/

Funding

This research was funded by the European Research Council through 
ERC Advanced Grant 269586 “DISPERSE: Dynamic Landscapes, Coastal 
Environments and Human Dispersals” under the ‘Ideas’ Specific Pro-
gramme of the Seventh Framework Programme. Francesca Paraschos 
acknowledges scholarship funding from the Hellenic Center for Marine 
Research (HCMR) during the full course of this research work, the Eu-
ropean Association of Organic Geochemistry (EAOG) Research Grant 
(2019), the International Association of Sedimentologists (IAS) Post-
graduate Research Grant (2021), the ERASMUS + Mobility program, 
and the International Union for Quaternary Research (INQUA) Fellow-
ship Program for International Mobility (2023).

Declaration of competing interest

We declare that this manuscript has been approved for submission by 
all authors; that it is being submitted solely for consideration by Qua-
ternary Science Reviews, and, that all data presented are unpublished. We 
have no conflicts of interest to disclose.

Acknowledgments

We would like to kindly acknowledge the captain and crew of the R/ 
V AEGAEO during the 2013 DISPERSE Farasan research cruise. We 
would also like to thank the Saudi Commission for Tourism and National 
Heritage (SCTH) and the Department of General Survey of the Ministry 
of Defense for fieldwork permissions. We thank George Krokos, Karl J.F. 
Meier, Daniela J.M. Müller, and Jörg Pross for scientific discussions. 
Pavlos Avramidis, Afroditi Androni, Ariadne Argyraki, Michael Burch-
ard, Vivi Drakopoulou, Giannis Fiskilis, Jaime Frigola, Ilse Glass, Kath-
arina Hess, Kayla Hollister, Oliver A. Kern, Laurin S. Kolb, Zacharenia 
Kypritidou, Alkiviades Papageorgiou and Sönke Szidat are greatly 
thanked for their technical support. We sincerely thank Dominik Fleit-
mann (editor) and two anonymous reviewers for their insightful and 
constructive comments on our manuscript. This is DISPERSE contribu-
tion no. 67.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.quascirev.2025.109310.

Data availability

A link to the data and/or code is provided as part of this submission.

References
Abou-Ouf, M., Elshater, A., 1992. Sedimentology and mineralogy of Jizan shelf 

sediments Red Sea. Saudi Arabia. J. King Abdulaziz Univ. Sci. 3 (4), 39–54. https:// 
doi.org/10.4197/mar.3-1.

Al-Mikhlafi, A.S., Hibbert, F.D., Edwards, L.R., Cheng, H., 2021. Holocene relative sea- 
level changes and coastal evolution along the coastlines of Kamaran Island and As- 
Salif Peninsula, Yemen, southern Red Sea. Quat. Sci. Rev. 252. https://doi.org/ 
10.1016/j.quascirev.2020.106719.

F. Paraschos et al.                                                                                                                                                                                                                              Quaternary Science Reviews 357 (2025) 109310 

17 

https://www.seanoe.org/data/00926/103813/
https://www.seanoe.org/data/00926/103813/
https://doi.org/10.1016/j.quascirev.2025.109310
https://doi.org/10.1016/j.quascirev.2025.109310
https://doi.org/10.4197/mar.3-1
https://doi.org/10.4197/mar.3-1
https://doi.org/10.1016/j.quascirev.2020.106719
https://doi.org/10.1016/j.quascirev.2020.106719


Almalki, K.A., Bantan, R.A., 2016. Lithologic units and stratigraphy of the farasan 
Islands, southern Red Sea. Carbonates Evaporites 31, 115–128. https://doi.org/ 
10.1007/s13146-015-0247-4.

Almogi-Labin, A., Hemleben, C., Meischner, D., 1998. Carbonate preservation and 
climatic changes in the central Red Sea during the last 380 kyr as recorded by 
pteropods. Mar. Micropaleontol. 33, 87–107. https://doi.org/10.1016/S0377-8398 
(97)00034-0.

Almogi-Labin, A., Luz, B., Duplessy, J.C., 1986. Quaternary paleo-oceanography, 
pteropod preservation and stable-isotope record of the Red Sea. Palaeogeogr. 
Palaeoclimatol. Palaeoecol. 57, 195–211. https://doi.org/10.1016/0031-0182(86) 
90013-1.

Almogi-Labin, A., Hemleben, C., Meischner, D., Erlenkeuser, H., 1991. 
Paleoenvironmental events during the last 13,000 years in the central Red Sea as 
recorded by pteropoda. Paleoceanography 6, 83–98. https://doi.org/10.1029/ 
90PA01881.

Arz, H.W., Lamy, F., Ganopolski, A., Nowaczyk, N., Pätzold, J., 2007. Dominant Northern 
Hemisphere climate control over millennial-scale glacial sea-level variability. Quat. 
Sci. Rev. 26, 312–321. https://doi.org/10.1016/j.quascirev.2006.07.016.

Arz, H.W., Pätzold, J., Müller, P.J., Moammar, M.O., 2003. Influence of Northern 
Hemisphere climate and global sea level rise on the restricted Red Sea marine 
environment during termination I. Paleoceanography 18, 1053. https://doi.org/ 
10.1029/2002pa000864.

Bailey, G., 2015. The evolution of the Red Sea as a human habitat during the quaternary 
period 599–614. https://doi.org/10.1007/978-3-662-45201-1_34.

Bailey, G.N., Devès, M.H., Inglis, R.H., Meredith-Williams, M.G., Momber, G., 
Sakellariou, D., Sinclair, A.G.M., Rousakis, G., Al Ghamdi, S., Alsharekh, A.M., 2015. 
Blue Arabia: Palaeolithic and underwater survey in SW Saudi Arabia and the role of 
coasts in Pleistocene dispersals. Quat. Int. 382, 42–57. https://doi.org/10.1016/j. 
quaint.2015.01.002.

Bailey, G.N., Meredith-Williams, M., Alsharekh, A.M., Hausmann, N., 2019. The 
archaeology of pleistocene coastal environments and human dispersal in the Red 
Sea: insights from the farasan Islands. In: Rasul, N.M.A., Stewart, I.C.F. (Eds.), 
Geological Setting, Palaeoenvironment and Archaeology of the Red Sea. Springer 
Berlin Heidelberg, pp. 587–608. https://doi.org/10.1007/978-3-319-99408-6_26.

Basaham, A.S., 2009. Geochemistry of jizan shelf sediments, southern Red Sea coast of 
Saudi Arabia ةكلمملا-رمحألارحبلليبونجلالحاسلا،نازيجفيصربساورةيئايميكويج

ةيدوعسلاةيبرعلا . Arab. J. Geosci. 2, 301–310. https://doi.org/10.1007/s12517- 
009-0033-5.

Belkin, I.M., 2009. Rapid warming of large marine ecosystems. Prog. Oceanogr. 81, 
207–213. https://doi.org/10.1016/j.pocean.2009.04.011.

Bentor, Y.K., 1985. The crustal evolution of the Arabo-Nubian Massif with special 
reference to the Sinai Peninsula. Precambr. Res. 28, 1–74. https://doi.org/10.1016/ 
0301-9268(85)90074-9.

Berke, M.A., Johnson, T.C., Werne, J.P., Schouten, S., Sinninghe Damsté, J.S., 2012. 
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Cerdà-Domènech, M., Frigola, J., Sanchez-Vidal, A., Canals, M., 2020. Calibrating high 
resolution XRF core scanner data to obtain absolute metal concentrations in highly 
polluted marine deposits after two case studies off Portmán Bay and Barcelona, 
Spain. Sci. Total Environ. 717, 134778. https://doi.org/10.1016/j. 
scitotenv.2019.134778.

Clark, P.U., McCabe, A.M., Mix, A.C., Weaver, A.J., 2004. Rapid rise of sea level 19,000 
years ago and its global implications. Science 304, 1141–1144. https://doi.org/ 
10.1126/science.1094449.

Clemens, S., Prell, W., Murray, D., Shimmield, G., Weedon, G., 1991. Forcing 
mechanisms of the Indian Ocean monsoon. Nature 353, 720–725. https://doi.org/ 
10.1038/353720a0.

Clemens, S.C., Prell, W.L., 1990. Late Pleistocene variability of Arabian Sea summer 
monsoon winds and continental aridity: Eolian records from the lithogenic 
component of deep-sea sediments. Paleoceanography 5, 109–145. https://doi.org/ 
10.1029/PA005i002p00109.

Crocker, A.J., Naafs, B.D.A., Westerhold, T., James, R.H., Cooper, M.J., Röhl, U., 
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