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The southern Red Sea is affected by intense interactions between monsoon and sea level changes in a semi-closed
environment. Still, the impacts on the wide shelves remain poorly documented. We investigate the seafloor
environmental conditions on the southern Red Sea shelf over the last 30 ka through sedimentological (visual
inspection, granulometry, bulk density), geochemical (organic carbon, calcium carbonate and nitrogen content)
and micropaleontological (benthic foraminifera) observations in a previously dated sediment core (FA09) from
the Farasan Islands Archipelago. Glacial sediments exhibit high density and low carbonate contents, whereas
post-glacial sediments reflect increased biogenic productivity. Seafloor oxygenation was limited in most of the
glacial interval, along with hypersaline conditions. During the maximum sea level lowstand, an enhanced
presence of eutrophic-indicator benthic assemblages likely reflects efficient organic matter preservation induced
by weak water ventilation. Our proxies combined with a previous surface-water productivity reconstruction
reveals a coupling between organic matter flux to the seafloor and surface productivity levels in the southern Red
Sea shelf, particularly pronounced during periods of enhanced summer monsoon. This pattern is often accom-
panied by a decrease in seafloor oxygenation. In contrast, well oxygenated and more oligotrophic seafloor
conditions are recorded around the time of Heinrich Stadial 2, when previous work indicates a reduction in
summer monsoon intensity and surface productivity levels. A drastic decrease of benthic foraminifera along with
increased organic carbon contents in late glacial and late Holocene reflect oxygen-depleted seafloor conditions
that we attribute to expansion of an intensified southern Red Sea oxygen minimum zone (OMZ).

Benthic foraminifera
Paleoceanography

1. Introduction compounds associated with terrigenous input or sediment transport

along the seabed slope influence both seawater productivity and the

Over the years, benthic foraminiferal population studies have
become a fundamental tool for evaluating modern and past seafloor
conditions. Benthic foraminiferal populations, diversity, microhabitats,
and adaptive morphologies are affected by changes in depth, bottom
water oxygen availability, and organic matter fluxes to the seafloor
(Corliss and Fois, 1990; Barmawidjaja et al., 1992; Kaiho, 1994; Jorissen
et al., 1995; Almogi-Labin et al., 1996; De Rijk et al., 1999a, 2000;
Verma et al., 2021). In addition, bottom water conditions are strongly
affected by sediment deposition processes. For instance, organic
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benthic substrate (Diz et al., 2004; Duros et al., 2017; Di Bella et al.,
2021). Therefore, downcore examination of benthic foraminiferal as-
semblages in sediment records and comparison with sedimentological
and geochemical parameters can provide valuable information on the
paleoenvironmental history of a marine setting (Murray, 2006).

The southern Red Sea continental shelf (Fig. 1a, b) is characterized
by intense bottom water changes over time in response to the combined
impacts of the south Asian monsoon and sea level changes on the semi-
closed geometry of the southern Red Sea margin (Siddall et al., 2004;
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Bailey et al., 2015; Sakellariou et al., 2019; Sergiou et al., 2022).
However, understanding is limited because only few studies have been
undertaken.

Previous studies, focused in the deep Red Sea basin, have demon-
strated the response of benthic foraminiferal assemblages to seawater
environmental changes linked to Quaternary glacial-interglacial cycles
(Locke and Thunell, 1988; Almogi-Labin et al., 1996; Badawi et al.,
2005). Intense changes were found in seawater salinity and sea-floor
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eutrophication levels, which were associated with monsoon intensity
variations (Badawi, 2015). Moreover, deep and bottom waters became
highly saline during maximum glacial sea level lowstands due to severe
restriction of the Red Sea connection with the open ocean (Locke and
Thunell, 1988; Rohling et al., 1998), and occasional suboxic/anoxic
bottom water conditions developed (Almogi-Labin et al., 1996). Benthic
foraminiferal assemblages of the last 400 ka from the southern Red Sea
basin show a prevalence of infaunal species (mainly Bolivina variabilis,
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Fig. 1. (a) Monsoon driven circulation in
the Red Sea basin. Winter (northeast) and
summer (southwest) monsoon are indicated
in purple and orange arrows respectively.
(b) The southern Red Sea continental shelf
bounded with dashed line. The Farasan
Islands and Hanish Sill (HS) are indicated
while the strait of Bab — el — Mandeb (BeM)
is highlighted in red. The Baraka river
catchment area is also depicted. (c) Seismic
stratigraphy of the coring site and informa-
tion of core FAQ9. Note the acoustic imprint
of the major lithological differentiation at
~1.3 m below seafloor. For profile location,
see Bailey et al. (2015) and 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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Bulimina marginata, Uvigerina auberiana) and miliolid taxa during glacial
intervals, which has been attributed to increased organic matter fluxes,
low oxygen concentrations, and high salinity bottom water conditions
(Badawi et al., 2005; Badawi, 2015). In contrast, dominance of epifaunal
species (mainly Cibicides mahabethi and Textularia spp.) during inter-
glacial intervals indicates well oxygenated bottom water conditions
(Badawi et al., 2005; Badawi, 2015).

During the Holocene, when high sea level minimized restriction of
the Red Sea from the open ocean (Siddall et al., 2003, 2004), benthic
foraminiferal assemblages in the deep basin reflect variations in the
bottom water oxygen content and surface productivity-driven organic
matter fluxes to the seafloor; specific microfaunal associations appear to
develop in accordance with changes in the extent of the Oxygen Mini-
mum Zone (OMZ) (Edelman-Furstenberg et al., 2001). In nearshore and
shallow Red Sea waters, benthic assemblages have also been used to
assess the evolution of coastal semi-closed water bodies, tidal effects,
coral reefs, and even anthropogenic impacts (Abou Ouf, 1992; Abou Ouf
and El Shater, 1992; Basaham, 2009; Abu-Zied et al., 2011; Abu-Zied
and Bantan, 2013; Bantan and Abu-Zied, 2014; Pavlopoulos et al., 2018;
Abu-Zied and Orif, 2019).

Regarding the late Quaternary sedimentary history of the Red Sea,
Mitchell et al. (2015) reported a strong correlation between sea level
lowstands and increased Red Sea sediment bulk density, which can be
linked with hypersaline conditions and increased heavy mineral con-
tents including eolian components (Stoffers and Ross, 1974; Roberts
et al., 2011), while Palchan et al. (2013) and Hartman et al. (2020)
indicated eolian sediment provenance from both the Sahara and Arabia
during glacial times based on isotopic, mineral, granulometric, and
geochemical proxies. Additionally, the pioneering studies of Stoffers and
Ross (1974) and Manheim (1974) noted a repeated presence of dark-
coloured, organic rich intervals indicative of low oxygen bottom water
conditions through the Quaternary sediment successions along the Red
Sea basin. Later studies of Locke and Thunell (1988), Almogi-Labin et al.
(1991) and Arz et al. (2003) distinguished the last appearance of these
intervals near the late glacial to Holocene transition (lying between ca.
15-10 ka) in the central and northern Red Sea. These authors also dis-
cussed the relationships between sedimentary CaCO3 and organic car-
bon contents during the last ~20 ka.

The present study aims to advance understanding of the impact of
climate-driven processes on sea-floor conditions over the poorly
explored southern Red Sea shelf region during the last 30 ka, using
sediment core FAQ9 (Sergiou et al., 2022). For this, we examine the
evolution of the seafloor environmental conditions through lithological
(visual description, granulometry, bulk density), geochemical (organic
carbon, calcium carbonate and nitrogen content) and micropaleonto-
logical (benthic foraminifera) observations. We interpret these new re-
sults within context of previous chronostratigraphic and surface water
reconstructions for this site (Sergiou et al., 2022).

2. Study area: Geological and Oceanographic setting

The southern Red Sea is connected with the Indian Ocean through
the 20-km wide straits of Bab el Mandeb (Fig. 1b). At the northern end of
the straits lies the Hanish sill (137 m water depth), which marks the
shallowest passage (Werner and Lange, 1975; Siddall et al., 2002; Biton
et al., 2008; Lambeck et al., 2011).

Site FAQ9 is located within the bounds of the Farasan Islands Ar-
chipelago, Saudi Arabia (Fig. 1a, b). The Farasan Islands comprise pre-
dominately Pleistocene coral reef carbonates covered by recent coastal
deposits enriched in various biogenic components (Bantan and Abu-
Zied, 2014; Almalki and Bantan, 2016). Quaternary Red Sea sediments
comprise principally hemipelagic carbonate oozes with varying contri-
butions of eolian dust constituents (Stoffers and Ross, 1974; Roberts
et al.,, 2011). On the southern shelf, carbonate rich sandy and muddy
sediments cover the sea floor with mixed biogenic and terrigenous
proportions (Abou Ouf and El Shater, 1992; Basaham, 2009). Riverine
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input is notable in southern parts of the Red Sea, relative to an absence
in the rest of the basin (Rasul and Stewart, 2015). The Baraka River
(Fig. 1b) is the most important ephemeral river in the region; it covers a
catchment area of about 66 kmz, and is active most of the autumn season
with an annual water discharge of 970 x 10 m® (Rasul and Stewart,
2015; Babker et al., 2020).

The oceanographic regime of the southern Red Sea is driven by
seasonal monsoon changes (Fig. 1a). During winter (October-May), a
two-layered system occurs with a relatively warm, low-salinity surface
inflow from the Gulf of Aden (Gulf of Aden Surface Water-GASW) above
a cooler, high salinity outflow that is present throughout the year (Red
Sea Outflow Water-RSOW). This outflowing deep water mass originates
in the northern Red Sea (Morcos, 1970; Woelk and Quadfasel, 1996;
Sofianos and Johns, 2015). During summer (June-September), southern
Red Sea hydrography consists of a three-layered system. A surficial layer
of increased temperature and salinity exits the basin into the Gulf of
Aden (Red Sea Surface Water-RSSW), above an intermediate inflow of
nutrient-rich (upwelled) water from the Gulf of Aden (Gulf of Aden In-
termediate Water-GAIW) (Sofianos and Johns, 2007, 2015; Dreano
et al., 2016), and a continuing outflow of cooler, high salinity waters
(RSOW). Dissolved oxygen concentrations in the upper water column
(top 100 m) of the southern Red Sea range between 2 ml/1 during winter
(Woelk and Quadfasel, 1996) and 1.8-3 ml/1 during summer (Sofianos
and Johns, 2007). Oxygen concentrations decrease rapidly below 100 m,
and an oxygen minimum zone (OMZ) occurs between 200 and 650 m
water depth on an annual basis, with minimum oxygen concentrations
of ~0.5 ml O,/L in the southern Red Sea (Woelk and Quadfasel, 1996).

The southern Red Sea continental shelf experiences relatively pro-
ductive conditions throughout the year due to the inflow of nutrient-
enriched waters from the Gulf of Aden (Triantafyllou et al., 2014;
Pearman et al., 2017; Li et al., 2018). Consequently, the shallow shelf
environment is characterized by notable biological growth (Tri-
antafyllou et al., 2014; Ellis et al., 2017).

3. Material and methods
3.1. Core sediments

Core FA09 (16.93°N, 41.12°E, 302 m water depth) was retrieved in
summer 2013 as part of the DISPERSE project (Bailey et al., 2015, 2019).
The core location was decided using high resolution seismic profiles
(3.5kHz) (Fig. 1c) (Bailey et al., 2015; Sakellariou et al., 2019). The core
has a total length of 2.64 m and spans the last 30 ka (Sergiou et al.,
2022).

Visual core description was conducted following the standards of
Mazzulo and Graham (1988), focusing on variations of colour, texture,
and sedimentary structures. Grain size analysis was performed using a
Malvern Mastersizer 2000 particle analyzer on a total of 132 samples
collected with downcore sampling spacing of 2 cm. Hydrogen peroxide
(H205) treatment was applied prior to analysis to eliminate organic
matter. Mean size (Mz) and sorting (ci) were calculated with the GRA-
DISTAT software (Blott and Pye, 2001) while sediment classification
follows Folk (1974) nomenclature. Dry bulk density (DBD) was deter-
mined with the gravimetric method (McNeill et al., 2019).

Total carbon (TC), total organic carbon (TOC) and total nitrogen
(TN) contents were measured on 52 samples from key intervals along the
core using a Carlo Erba EA1108 elemental analyzer. For TOC measure-
ments, samples were treated with HCL (1 N) prior to analysis in order to
remove inorganic carbonates, as suggested by Van Iperen and Helder
(1985). The difference between TC and TOC contents is regarded as the
total inorganic carbon (TIC) content. Subsequently, calcium carbonate
percentages were calculated from TIC using: CaCOs3 (%) = (TIC) x 8.33
(Bunzel et al., 2017). TOC/TN ratios were calculated to distinguish be-
tween marine (values <10) and terrestrial (>10) organic matter sources
(Meyers, 1994).
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3.2. Benthic foraminiferal analysis

Benthic foraminifera were studied in 109 sediment samples, with a
mean sample spacing of 2-3 cm (i.e., 230-340 years). Aliquots of dried
and weighed sediment samples were used that contain over 200 speci-
mens in the >125 pm size fraction. Specimens were counted and iden-
tified to species level (genus level in some cases) based on the World
Register of Marine Species database taxonomy (WoRMS Editorial Board,
2021). Each taxon was quantified as number per gram (N/g) and as
percentage (%) of the total benthic foraminiferal assemblage.

To assess variations in seafloor conditions, we grouped benthic
foraminifera according to microhabitat preferences and morphotypes,
which previous studies have linked to specific environments (Corliss and
Fois, 1990; Jorissen et al., 1995, 2018; Verma et al., 2021). The main
microhabitat distinction is between epifauna and infauna (Jorissen
et al., 1995, 2018). Epifaunal taxa require higher seafloor oxygenation
than infaunal taxa, which are more tolerant to decreased oxygen levels
within the sediment (Barmawidjaja et al., 1992; Jorissen et al., 1995).
Epifaunal taxa include rounded trochospiral, plano-convex trochospiral,
biconvex trochospiral, and milioline morphotypes, while infaunal taxa
include rounded planispiral, tapered or cylindrical, flattened tapered,
spherical and flattened ovoid morphotypes (Corliss and Fois, 1990;
Alperin et al., 2011; Verma et al., 2021). High relative abundances of
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infauna and/or tapered/cylindrical benthic foraminiferal tests are
indicative of relatively poor seafloor oxygenation while high abun-
dances of epifauna and/or plano-convex tests suggest well oxygenated
seafloor conditions (Corliss and Fois, 1990; Kaiho, 1994; Alperin et al.,
2011; Verma et al., 2021). Therefore, we present variations in the
relative abundances of epifaunal and infaunal taxa (Epif. % — Inf. %)
together with variations in the relative abundances of plano-convex and
tapered/cylindrical morphological groups.

We also grouped benthic foraminiferal taxa into oxic, suboxic and
dysoxic groups, in accordance to their responses to dissolved oxygen
levels. Oxic group taxa require oxygen levels above 2 ml/l, suboxic
group taxa can adapt to levels between 0.5 and 1.5 ml/1 Oz, and dysoxic
group taxa can tolerate very low oxygen concentrations (<0.5 ml/1)
(Hermelin and Shimmield, 1990; Kaiho, 1994; Jannink et al., 1998;
Singh et al., 2015; Verma et al., 2021).

Moreover, in order to evaluate the variations in seafloor organic
enrichment, we clustered benthic foraminifera into two broad groups
depending on their response to organic matter accumulation, based on
Jorissen et al. (2018) and references therein. Our “oligotrophic™ group
includes taxa that avoid regions with organic enrichment (i.e., Ecolog-
ical Group I: “sensitive species” of Jorissen et al., 2018). Our “eutrophic”
group includes taxa with an affinity to organic enrichment, based on the
sum of Ecological Goups II (“Indifferent species”), III (“Third-order

TOC (%) DBD (gr/cm?3)
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Fig. 2. Lithostratigraphy of core FA09. From left to right: Acoustic profile, core photo and illustration, lithological units and downcore variation of grain size,
statistical parameters (mean, sorting), TOC, CaCO3 and Dry Bulk Density (DBD). Calibrated radiocarbon dates (orange stars) are obtained from Sergiou et al., 2022.

Intraclasts are indicated in gray diamond shapes.
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opportunists™), IV (“Second-order opportunists”), and V (“First-order
opportunists”) of Jorissen et al. (2018). Thus, we view the ratio of the
eutrophic versus oligotrophic groups in FAQ9 core as an indicator of
organic matter export to the seafloor.

Finally, we classified the benthic foraminiferal taxa according to
their wall-structure type in Hyaline, Agglutinated and Porcelaneous
groups and evaluated their downcore participation. The relative abun-
dance between these three groups reflects important information on the
dominant seafloor environmental conditions, mostly related to salinity,
trophic state and depth gradients (Murray, 2006).

All data for benthic foraminifera taxa and groups for core FA09 are
given in supplementary file SF1.

4. Results
4.1. Lithostratigraphy

FA09 comprises fine-grained, poorly to very poorly sorted sediments
with occasional presence of lithic and coral intraclasts (Fig. 2). There are
four Lithological Units (LU A to LU D), which according to the core
chronology (Sergiou et al., 2022) correspond to specific climatic periods
(Table 1).

Silt is the dominant size fraction throughout. Relative proportions of
sand and clay suggest an upward fining trend though LU A and LU B, and
an upward coarsening trend in LU D (Fig. 2). CaCO3 content is low, and
dry bulk density (DBD) is high in the glacial sediments (LU A and LU B).
In contrast, CaCOj3 content is high and DBD is low in the late glacial (LU
C) and Holocene (LU D) intervals. High DBD between 129 and 264 cm
explains the high amplitude reflections in the seismic profile from the
coring site (Fig. 2). Mean TOC values are ~1.2% throughout the core.
Maximum TOC values (>1.5%) occur throughout the late glacial inter-
val (LU C), while minor increases are recorded within LU A (around
222-246 cm and 160-185 cm) and near the core top (LU D) at around
9-17 cm.

4.2. Benthic foraminifera

Benthic foraminifera are variably present in all examined samples;
abundances are high throughout the core, except in LU C and the top of
the LU D (Fig. 3a). In total, 99 benthic foraminiferal species have been
identified, with Bolivina, Bulimina, Cibicides, Anomalinoides, Hanzawaia,
Quinqueloculina, Reophax, Cibicidoides, and Uvigerina as the dominant
genera.

Downcore abundance variations of the dominant benthic forami-
niferal genera/ species are shown in Fig. 3. Each taxon shows notable

Table 1
Identified Lithological Units in core FA09. Age ranges derived using the chro-
nological framework of Sergiou et al. (2022).

Lithological Depth Age Climatic Characteristics
Units (cm) range Period
(ka)*
LUA 264-144  ca. Glacial Light brownish gray (2.5Y
30-17 6/2) poorly sorted sandy
silt
LUB 144-129  ca. Glacial, Light gray (2.5Y 7/1) to
17-15 Heinrich white (2.5Y 8/1) very
stadial 1 poorly sorted sandy silt
(HS1)
Luc 129-84 ca. Late Glacial Organic-rich, weakly

15-10.5 laminated, very dark
grayish brown (2.5Y 3/2)
to olive brown (2.5Y 4/3)
poorly sorted silt
Carbonate-rich light olive
brown (2.5Y 5/4) poorly to
very poorly sorted sandy
silt

LUD 84-0 ca. Holocene

10.5-0
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variations, including intervals of absence. Bolivina is represented by
B. alata, B. dilatata, B. limbata, B. persiensis, B. spathulata, B. sub-
aenariensis, and B. variabilis. Bolivinid abundances are enhanced in the
glacial section (LU A and LU B) (Fig. 3b), with relatively low numbers at
around 145-172 cm and 190-217 cm. At around 145-172 c¢m, bolivinids
are replaced by a maximum occurrence of buliminids. Buliminids are
represented mainly by B. marginata and B. elongata (Fig. 3c). Bolivinids
and buliminids present concurrent variations in the post-glacial sedi-
ments (LU C and LU D), and both show high abundances at the onset of
the early Holocene (base of LU D) that contrast with relatively low
numbers in the late glacial period and the rest of the Holocene. Buli-
minids and bolivinids mainly occur in benthic assemblages of organic-
rich environments while many of them tolerate low oxygen levels (Sen
Gupta and Machain-Castillo, 1993; Kaiho, 1994; Mendes et al., 2004;
Murray, 2006; Abu-Zied et al., 2008). Accordingly, the specific bulimi-
nid and bolivinid species of the FA09 core are typical indicators of
eutrophic and dysoxic seafloor conditions (see supplementary file SF1).
Uvigerinids are also known to prefer enhanced organic flux to the sea-
floor and tolerate dysoxia, although their low Oj tolerance is less
developed than that of bolivinids and buliminids (Sen Gupta and
Machain-Castillo, 1993; Kaiho, 1994). In FA09, uvigerinids are repre-
sented by Uvigerina peregrina and Neouvigerina porrecta, with high
abundances towards the base of the core (218-264 cm; Fig. 3d). Minor
contributions of uvigerinids are recorded near the base of LU C (onset of
the late glacial period) and around 20-60 cm (middle Holocene).

The miliolids mainly include Quinqueloculina, Miliolinella, Spi-
roloculina, Sigmoilopsis, Spirophthalmidium, Triloculina, and Massilina (in
decreasing order of abundance). Miliolids are associated with oxic and
oligotrophic environments (Platon et al., 2005; Murray, 2006). In
addition, miliolids have been recorded in high numbers during the
development of high salinity conditions in the Red Sea (Locke and
Thunell, 1988; Rohling et al., 1998; Badawi et al., 2005). Agglutinant
taxa are also common in high salinity shelf environments (Sen Gupta,
2003; Abu-Zied et al., 2011; Abu-Zied and Bantan, 2013). In FAQ9,
agglutinants mainly include Reophax, Textularia, and Haddonia. Both the
miliolid and agglutinant groups are more abundant in glacial sections
(LU A and LU B) than in post-glacial sections (Fig. 3e, f). Miliolid and
agglutinant abundance variations covary throughout the glacial period
except between 225 and 240 cm, where only the abundance of
agglutinants is elevated.

Throughout FA09, epifauna is dominated by the Cibicides group
(represented mainly by C. mabahethi and C. refulgens), along with Cibi-
cidoides mundulus, Anomalinoides colligera, and Hanzawaia sp. (Fig. 3g-j).
Abundances of these taxa covary throughout the core, with high values
at 170-217 cm, at the end of the glacial period (LU B), and at 28-80 cm
(the early and middle Holocene). These taxa prefer well oxygenated
bottom water conditions (Kaiho, 1994; Badawi et al., 2005; Murray,
2006).

The downcore percentage variation of the dominant benthic species
identified in core FAQ9 is presented in supplementary file SF2.

5. Discussion
5.1. Imprints of glacial and post-glacial conditions in the sediment texture

The end of the glacial period is well defined in FAQ9 by a sharp,
abrupt contact between LU B and LU C, along with a major colour
switch, which implies a drastic environmental transition at ~15 ka
(Fig. 2). This is supported by a clear differentiation between glacial
(30-15 ka) and post-glacial (last 15 ka) conditions in most proxies. Most
pronounced is an inverse correlation between density and carbonate
content (Fig. 4a, b). A similar pattern has been observed in core KL11
from the central Red Sea; Mitchell et al. (2015) reported that during
Quaternary climate cycles, densities (carbonate contents) were high
(low) during glacial sea level lowstands, whereas the opposite applies to
sea level highstands. The high glacial densities were attributed (to a
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Fig. 3. Downcore distribution (specimen/g; N/g) of (a)
the total benthic foraminiferal assemblages and (b-j) the
dominant taxa and groups. The 130-190 cm interval
(dashed rectangle) corresponds to the shallowest water
depth formation in the coring site (see text). The Litho-
logical Units (LU A-D) and the calibrated ages are shown
in the lower section. The upper horizontal bars stand for
the glacial (G), late glacial (LG), early Holocene (EH),
middle Holocene (MH) and late Holocene (LH) chro-
nostratigraphic intervals; derived from the chronological
framework of Sergiou et al. (2022).
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ka; green shaded — bands curve) and the coastal sea level markers of Al-Mikhlafi et al. (2021) for the last 7 ka. (e) Ternary plot of the benthic foraminifera as-
semblages in FAQ9 based on wall-structure morphotypes (Murray, 2006). Marginal and shelf hypersaline environments are indicated by orange and light-gray shades
respectively. Dark-gray area corresponds to deep-sea environment. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

large extent) to the high eolian input that includes heavy minerals from
the Sahara and Arabian domains, together with the decrease of biogenic
carbonate due to high salinity in the Red Sea (Locke and Thunell, 1988;
Arz et al., 2003; Roberts et al., 2011; Palchan et al., 2013). The drastic
calcium carbonate increase in Red Sea sediments through the deglaci-
ation and Holocene reflects a major improvement of biogenic produc-
tivity as sea level rose and interaction with the Gulf of Aden was
restored, which alleviated the ecosystem impacts of extreme glacial
salinity (Almogi-Labin et al., 1991; Fenton et al., 2000; Trommer et al.,
2010; Sergiou et al., 2022). Extensive erosion of the reef platforms
surrounding the Farasan Islands (Pavlopoulos et al., 2018) may also
have contributed to the high Holocene carbonate values in FAQ9; as is
observed today (Abou Ouf and El Shater, 1992; Basaham, 2009).

The glacial-interglacial DBD variation is visible also in the seismic
stratigraphy at the core location. Enhanced acoustic reflection marks the
glacial (high DBD) section, while the (low DBD) post-glacial sediments
are acoustically transparent (Figs. 1c, 2). A similar contrast has been
observed in seismic profiles from the central Red Sea (Mitchell et al.,
2015). This indicates consistent sediment density changes throughout

(at least) the southern and central Red Sea during the Quaternary.

5.2. Benthic foraminiferal impacts of glacial and post-glacial sea level
changes

Red Sea benthic foraminiferal assemblages also reflect the glacial-
interglacial shift. During the Quaternary, benthic foraminiferal distri-
butions in the Red Sea were controlled by: (a) sea level and associated
salinity fluctuations (Locke and Thunell, 1988; Almogi-Labin et al.,
1996; Rohling et al., 1998; Badawi, 2015), (b) organic matter export
fluxes to the seafloor (Almogi-Labin et al., 1996; Edelman-Furstenberg
et al., 2001; Badawi et al., 2005; Abu-Zied, 2013), and (c) seafloor
oxygenation as related to circulation and the OMZ extent (Edelman-
Furstenberg et al., 2001; Badawi et al., 2005).

The ratio of planktic versus benthic foraminiferal abundances (P/B
ratio) has long been used as a rough indication of water depth (Van der
Zwaan et al., 1990; De Rijk et al., 1999b; Herkat and Ladjal, 2013). The
P/B ratio in FAQ9 (302 m water depth) follows the sea level progression
(Fig. 4c, d) (Arz et al., 2007; Grant et al., 2012; Al-Mikhlafi et al., 2021),
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with dominance of benthic over planktic species during glacial times,
and a maximum benthic dominance at 130-190 cm (~22-15 ka), which
most likely corresponds to the maximum lowstand (Fig. 4d). This is
consistent with a glacial sea-level lowering of ~120-130 m at the
maximum lowstand, which would have reduced the water depth over
the core location from ~300 m to ~170 m. The sea-level imprint on the
P/B ratio is supported by the benthic foraminiferal wall structure type
clustering (Murray, 2006) of LU A, LU B and LU C samples (glacial and
late glacial) in the fields of marginal and shelf hypersaline environ-
ments, versus clustering of LU D (Holocene) samples in the hypersaline
deep sea field (Fig. 4e).

High abundances of miliolids and agglutinants occur in the glacial
sections (LU A and B), together with bolivinids, buliminids and uvi-
gerinids (Fig. 3). As presented in supplementary file SF2, Quinquelocu-
lina species (Q. bosciana, Q. lamarckiana), Reophax sp., Bolivina variabilis,
Bulimina marginata and Uvigerina peregrina are the dominant species in
most of these sediments. High abundances of B. variabilis, B. marginata
and U. peregrina are indicative of oxygen-depleted seafloor conditions
(Sen Gupta and Machain-Castillo, 1993; Kaiho, 1994; Sen Gupta, 2003;
Murray, 2006), while miliolids and agglutinants are indicative of hy-
persaline conditions in the present Red Sea (Abu-Zied et al., 2011) and
during glacials (Locke and Thunell, 1988; Badawi et al., 2005). Thus, the
benthic assemblages in FA09 suggest establishment of low oxygen, high
salinity seafloor conditions in relatively shallow waters for most of the
glacial interval.

Finally, the presence of both planktic foraminifera (in low abun-
dance; Sergiou et al., 2022) and benthic foraminifera (this study) in
FAQ9 during the maximum sea level lowstand suggests a continuous
marine influence at the Farasan Archipelago, which in turn indicates
that water-exchange through the Bab el Mandeb strait remained active,
albeit seriously restricted. This agrees with previous studies, which
suggest limited but ongoing connection of the Red Sea with the open
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ocean during glacial times (Rohling and Zachariasse, 1996; Rohling
et al., 1998; Fenton et al., 2000; Arz et al., 2003; Siddall et al., 2003;
Fernandes et al., 2006).

5.3. Other paleoclimatic effects imprinted on the benthic foraminiferal
assemblages

We evaluate seafloor environmental conditions using the abundance
variations of benthic foraminiferal groups based on microhabitat pref-
erences and morphotypes (Figs. 5, 6), along with independent proxies
based on the TOC content, the TOC/TN ratio, and the sum of more
eutrophic planktic foraminiferal species in FA09 (i.e., the Paleo-
Productivity (PP) curve of Sergiou et al., 2022) (Fig. 5b, ¢, d). We
emphasize that the term eutrophic is used here in a relative sense for the
Red Sea, which is a highly oligotrophic region in general.

High eutrophic benthic foraminiferal abundances coincide with high
eutrophic planktic foraminiferal numbers, which suggests a direct
coupling between surface productivity and organic matter fluxes to the
seafloor at the site of FA09 (Fig. 5a, b). This is observed especially at two
short glacial intervals (around 217-236 cm and 169-175 cm), the late
glacial-early Holocene period (80-110 cm) and during the late Holocene
(9-28 cm). These relatively eutrophic intervals also contain low (high)
relative abundances of oxic (dysoxic) and plano-convex (tapered/cy-
lindrical) benthic foraminiferal taxa that indicate reduced oxygen con-
centrations on the seafloor (Fig. 6b, ). The association with low oxygen
indicators is less obvious at 169-175 cm and 9-28 cm (late Holocene),
which suggests that oxygen reductions on the seafloor did not depend
exclusively on enhanced organic matter fluxes; i.e., circulation-driven
changes in oxygen advection onto the shelf played a role as well.

Today, inflow of nutrient-enriched water masses from the Arabian
Sea and the Gulf of Aden causes elevated productivity levels in the
southern Red Sea, relative to low levels in the central and northern

Fig. 5. Downcore variation of (a) eutrophic vs. oligotrophic indicator
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sectors (Triantafyllou et al., 2014; Raitsos et al., 2015; Dreano et al.,
2016; Pearman et al., 2016). Summer monsoon winds favor upwelling
that enriches nutrients in the northwestern Arabian Sea (Anderson and
Prell, 1992; McCreary et al., 1996; Gittings et al., 2017), and orbital
(precession) cycles cause alternation between periods with more intense

summer monsoons and periods with weaker summer monsoons
(Leuschner and Sirocko, 2000; Clemens and Prell, 2003; Caley et al.,
2011; Boll et al., 2015; Gaye et al., 2018). Within the examined period, a
major strengthening of the summer monsoon has been reported for the
late glacial and early Holocene periods (Ivanochko et al., 2005; Shakun
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et al., 2007; Gaye et al., 2018), while temporarily increased summer
monsoons may have occurred also at times during the glacial interval
(ca. 30-15 ka) (Naidu and Malmgren, 1996; Schulz et al., 2002; Singh
et al., 2016; Sergiou et al., 2022). Extended upwelling of nutrient-rich
waters in the northwestern Arabian Sea and the Gulf of Aden (Iva-
nochko et al., 2005; Gaye et al., 2018) during times with intensified
summer monsoons would promote inflow of more nutrient-rich waters
into the Red Sea, driving enhanced surface productivity in the southern
Red Sea (Siccha et al., 2009; Sergiou et al., 2022). Meanwhile, increased
precipitation associated with enhanced monsoon circulation may in-
crease terrestrial organic matter input in the water column (similar to
enhanced Baraka river input plain during the last interglacial monsoon
maximum; Trommer et al., 2011). Therefore, elevated eutrophic species
numbers both on the surface and at the seafloor, together with increased
TOC contents and strong TOC/TN ratio fluctuations, in both the late
glacial/early Holocene and two short glacial intervals (217-236 cm and
169-175 cm) (Fig. 5), suggest a combination of marine productivity-
driven and terrigenous-driven organic matter fluxes to the seafloor at
the coring site during intensified summer monsoon periods.

This signal is strongest in the late glacial-early Holocene (between
ca. 13-9 ka based on linear sedimentation rate estimates; Sergiou et al.,
2022), when the TOC content is high and TOC/TN values suggest major
alternations between marine and terrestrial carbon sources (Fig. 5c, d).
In addition, a severe reduction in benthic population density during
most of that time (Fig. 3a) indicates a prevalence of highly stressed
bottom water conditions due to a combination of enhanced biological
oxygen demand and reduced advective oxygen supply. This suggests the
presence of a stratified water column with a productive mixed layer and
advection of low oxygen deeper waters onto the shelf. A similar pattern
has been recognized in the central Red Sea at that time (Almogi-Labin
etal., 1991). In addition, the preservation of depositional laminations in
LU C sediments (Table 1) suggests decreased levels of bioturbation in an
oxygen-depleted bottom water environment (Schimmelmann et al.,
2016). At about the same period, benthic foraminifera decline in the
deep southern Red Sea (Badawi et al., 2005) and the Gulf of Aden
(Almogi-Labin et al., 2000), which implies the development of low-
oxygen stress in deep water throughout the wider area. During the
late glacial, elevated TOC contents in sediments from the north/north-
western Arabian Sea (Schulz et al., 1998; Ivanochko et al., 2005;
Deplazes et al., 2014) and the Gulf of Aden (Locke and Thunell, 1988;
Fersi et al., 2016) suggest increased productivity in the wider region.
The combination of enhanced surface productivity and low oxygen deep
waters has been related to a well-structured, extended OMZ in the
northwestern Arabian Sea (Reichart et al., 1998; Gaye et al., 2018)
under a dominant summer monsoon circulation pattern. We infer that
during the late glacial and early Holocene, the seafloor of the southern
Red Sea continental shelf experienced the influence of an intensified
OMZ, driven by interaction with water masses of the Gulf of Aden and
northwestern Arabian Sea, and exacerbated by local processes.

Millennial-scale cold intervals such as the Heinrich stadials (HS;
Sanchez-Goni and Harrison, 2010) have been associated with decreased
summer monsoon intensities (Leuschner and Sirocko, 2000; Ivanochko
et al., 2005; Deplazes et al., 2014; Lauterbach et al., 2020). Increased
aridity and reduced marine productivity prevailed in the Arabian Sea
region (Ivanochko et al., 2005; Singh et al., 2011; Deplazes et al., 2014).
Consequently, inflow into the southern Red Sea would have been rela-
tively nutrient poor. This may explain the low surface productivity levels
at 200-215 cm and 130-164 cm in FA09 which seem to coincide with
HS2 (26.5-24.3 ka) and HS1 (18-15.6 ka), respectively (Sergiou et al.,
2022) (Fig. 5). Regarding the 200-215 cm interval, concurrent high
(low) relative abundances of oxic (dysoxic) and plano-convex (tapered/
cylindrical) benthic foraminifera, together with high (low) abundances
of oligotrophic (eutrophic) taxa, reflect limited organic matter export to
the seafloor, and a prevalence of well oxygenated and oligotrophic
seafloor conditions (Figs. 5a, 6). However, the benthic foraminiferal
associations of FAQ09 suggest eutrophic and low oxygen seafloor
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conditions for the 130-164 cm interval (Figs. 5a, 6). This suggests that
low sea level (Fig. 4d) and decreased monsoon intensity during HS1
caused a restricted water circulation pattern leading to decreased
ventilation of the water column and, consequently, suboxic-dysoxic
seafloor conditions in the shallow shelf of the southern Red Sea, favor-
ing organic matter accumulation despite limited organic matter supply
(i.e., preservation dominated accumulation).

During the late Holocene (9-28 cm in FA09), increased eutrophica-
tion at the coring site is linked with increased primary productivity
along the southern and central Red Sea (Fig. 5a, b), although this was
not associated with summer monsoon intensification (Edelman-Fur-
stenberg et al., 2009; Siccha et al., 2009; Sergiou et al., 2022). However,
the development of relatively eutrophic and oxygen-poor conditions, as
recorded by benthic foraminifera and the TOC content (Fig. 5a, c; 6b),
may be related to the extent of the OMZ and increased stratification of
the water column. The OMZ developed between 200 and 650 m water
depth since ~6 ka (Edelman-Furstenberg et al., 2001), following stabi-
lization of sea level (Fig. 4d). It thus became an important influence on
the FAQ9 core site (302 m depth), leading to enhanced organic matter
preservation on the seafloor. Earlier in the Holocene (~9-6 ka),
concurrently high numbers of Bolivina spp. and epifaunal, oligotrophic
taxa (Anomalinoides colligera, Cibicides spp., Hanzawaia sp.) (Fig. 3 and
supplementary file SF2) likely imply high-frequency fluctuations in
organic matter fluxes and/or bottom water ventilation (Edelman-Fur-
stenberg et al., 2001; Badawi et al., 2005; Murray, 2006), so that a
highly unstable OMZ is inferred.

The drastic drop in benthic foraminiferal numbers over the last 6 ka
(Fig. 3a) further supports the concept of an intensified OMZ affecting the
southern Red Sea seafloor. However, reduction of the benthic popula-
tion could also be the outcome of dilution effects provoked by increased
terrigenous input (Saraswat et al., 2018). In fact, intense erosion of the
reefal platforms surrounding Farasan islands has been suggested for the
last 6 ka (Pavlopoulos et al., 2018). These processes could lead to high
accumulation of near-source, coarse grained material at the outer shelf
leading to increased participation of sand-sized sediments in the coring
site (Fig. 2). Terrigenous matter dilution might have also contributed in
the benthic fauna reduction discussed earlier for the late glacial interval,
driven by enhanced monsoonal runoff (depicted in the high TOC/TN
values; Fig. 5d).

6. Conclusions

The association between sediment properties and seafloor environ-
mental conditions on the southern Red Sea continental shelf over the last
30 ka has been investigated using lithological, geochemical, and
micropaleontological (benthic foraminifera) proxies in a sediment core
from 302 m water depth in the Farasan Islands Archipelago. Results
show that the transition from the last glacial period to the Holocene was
marked by a notable drop in sediment density and increase in carbonate
and TOC contents that suggests an overall improvement in biogenic
productivity with sea level rise.

Benthic foraminiferal assemblages suggest that, during the glacial
period (ca. 30-15 ka), low oxygen and high salinity seafloor conditions
were established in a relatively shallow environment. During the
maximum sea level lowstand (~22-15 ka) this led to organic-rich sea-
floor conditions, reflecting efficient preservation of the organic matter in
the oxygen-depleted sediments.

The comparison of our geochemical and benthic faunal proxies with
a previous surface-water productivity reconstruction reveals four in-
tervals of strong coupling between organic matter flux on the seafloor
and surface productivity levels in the southern Red Sea shelf: two brief
ones during the glacial period, and two post-glacial ones corresponding
to the late glacial-early Holocene (maximized between ~13-9 ka) and
the late Holocene (last ~6 ka). The older three of these intervals coin-
cide with periods of enhanced summer monsoon intensity and comprise
organic matter sources that are both marine productivity-driven and
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terrigenous input-driven, which implies influences both of nutrient-
enriched inflow from the Gulf of Aden and increased riverine runoff.
In contrast, oligotrophic seafloor conditions are observed at around
Heinrich Stadial 2 (HS2), associated with a previously documented
reduction in summer monsoon intensity and surface productivity levels.

Pronounced reduction in benthic foraminiferal abundances occurred
during the late glacial (~15-11 ka) and late Holocene (last ~6 ka),
associated with low-oxygen seafloor conditions. In both cases, the faunal
decrease seems linked with an intensified oxygen minimum zone (OMZ)
under well stratified water column conditions in the southern Red Sea,
which we infer expanded onto the shelf region.
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