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ARTICLE INFO ABSTRACT

Editor: Dr. Fabienne Marret-Davies The submerged coastal landscapes of the southern Red Sea preserve key archives of postglacial environmental
change, shaped by sea-level rise and shifting hydroclimatic regimes. On the southeast shelf, the Farasan Deep—a
deep, morphologically isolated sinkhole—records a rare transition from a saline palaeolake to a stratified marine
setting. We present a new multiproxy record from sediment core FA24, integrating lipid biomarkers (branched
and isoprenoid glycerol dialkyl glycerol tetraethers [GDGTs]), XRF-core scanning, LOI, sedimentology, and
micropalaeontology to reconstruct water-column structure, redox dynamics, and microbial and faunal shifts over

the past 11.8 kyr. Results reveal three distinct phases. Phase I (11.8-8.7 ka) reflects hydrographic isolation,
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Sinkholes strong stratification, and sustained bottom-water anoxia. Laminated organic-rich sediments, diatom mats, low
GDGTs foraminiferal counts, and biomarker evidence indicate persistent oxygen depletion and a distinct microbial
XRF-CS ecology. Phase II (8.7-6.7 ka) captures transitional dynamics, marked by episodic marine incursions, fluctuating
Foraminifera redox conditions, rising GDGT inputs, and sporadic foraminiferal reappearances. Phase III (post-6.7 ka) signals

full marine reconnection with stable stratification, persistent bottom-water anoxia, increased microbial lipid
production, and benthic foraminiferal assemblages dominated by infaunal taxa. The Farasan Deep record sheds
light on the timing and feedbacks of postglacial marine reconnection in marginal basins. Beyond its regional
context, it provides a globally relevant analogue for redox-sensitive carbon cycling, stratification feedbacks, and
GDGT proxy behavior in semi-enclosed systems. These findings further underscore the geoarchaeological sig-
nificance of submerged landscapes and support improved palaeoclimate reconstructions in hydroclimatically
sensitive marine settings.

1. Introduction evidence of early human activity, as global sea level remained below

present level for 95 % of the last glacial-interglacial cycle (Grant et al.,

Submerged coastal landscapes have increasingly been recognized as
valuable archives for advancing our understanding of climatic vari-
ability, sea-level dynamics, and past human development (Bailey et al.,
2020; Faure et al., 2002; Flemming Nicholas et al., 2017; Hale et al.,
2021). From a geoarchaeological perspective, they may hold important

2014), and thus, for much of human history (Bailey and Cawthra, 2023).
The Red Sea basin stands out as a particularly salient example, having
emerged as a key region for the investigation of Quaternary sea-level
fluctuations and patterns of early human dispersal and settlement
(Bailey et al., 2015; Lambeck et al., 2011; Rohling et al., 2013). In
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Fig. 1. Map of the study area. a) Overview on the wider study area in the southern Red Sea, and b) bathymetry of the area surrounding the Farasan Archipelago. The
early Holocene (ca. 11.7 ka) palaeoshoreline, at -60 meters below present, is depicted in red, while the respective exposed continental shelf is shown in gray. The
purple star marks the location of Core FA24 within the Farasan Deep, located within the inner part of the shelf, approximately 90 km off the Saudi Arabian coast. The
bathymetric map was constructed through a combination of data from the DISPERSE cruise (Sakellariou et al., 2019) and the GEBCO Gridded Bathymetry (GEBCO
2024 Grid). The early Holocene palaeoshoreline was reconstructed from the Red Sea Relative Sea Level data of Grant et al. (2012) for 12-7 kyr, and Al-Mikhlafi et al.

(2021), Arz et al. (2007) for 7-0 kyr.

addition to its geoarchaeological significance, the Red Sea offers a
unique opportunity to investigate how tropical coastal regions have
responded to past environmental forcing, notably extreme hydrographic
and hydrologic variability (Rohling et al., 2013).

Within this broader context, the Farasan Bank on the southeastern
shelf of the Red Sea represents a compelling subregion due to its distinct
geomorphological configuration and proximity to the basin’s connection
to the Indian Ocean via the Bab al Mandab strait. The complex topog-
raphy of the Farasan carbonate platform (Fig. 1) hosts a multitude of
circular and elongate bathymetric depressions (Bailey et al., 2015;
Sakellariou et al., 2019). These depressions represent collapse structures
formed by the dissolution of near-surface evaporitic domes and are
widespread across both the Farasan Archipelago on the Saudi Arabian
shelf as well as on the Dahlak Archipelago on the Eritrean shelf (Bailey
et al., 2015; Bantan, 1999; Sakellariou et al., 2019). While the precise
timing of their formation remains uncertain, geophysical evidence in-
dicates that many of these depressions existed prior to late Pleistocene
sea-level lowstands and remained water-filled, potentially offering
favourable conditions for early human dispersal and settlement (Bailey,
2015; Bailey et al., 2019; Bailey, 2015; Sakellariou et al., 2019). Marine
sedimentation along the shelf is predominantly confined within these
depressions, which act as natural sediment traps and preserve high-
resolution palaeoenvironmental and palaeoclimatic information dur-
ing sea-level lowstands (Sakellariou et al., 2019). In these enclosed de-
pressions, prolonged environmental isolation and hydrographic
stratification likely promoted the development of a unique ecological
niche and distinct microbial communities (Klein et al., 2025).

Our primary aim in this paper is to reconstruct the palae-
oenvironmental evolution of the Farasan Deep, one of several bathy-
metric depressions along the southern Red Sea carbonate shelf that
transformed into isolated palaeolakes during the low sea-level periods of

the late Pleistocene (Fig. 1). Despite the plethora of studies recon-
structing past oceanographic and hydroclimatic conditions within the
Red Sea basin (Arz et al., 2003; Bouilloux et al., 2013; Edelman-Fur-
stenberg et al., 2001; Legge et al., 2006), no palaeoenvironmental re-
constructions exist for these coastal palaeolake settings. We base our
investigation on a novel multiproxy reconstruction of marine sediment
Core FA24 recovered from a depth of 500 m within the Farasan Deep and
place particular emphasis on membrane lipid biomarkers such as the
glycerol dialkyl glycerol tetraethers (GDGTs). These biomarkers have
emerged as powerful tools for the reconstruction of microbial commu-
nities and depositional conditions (Damsté et al., 2000; De Jonge et al.,
2016; Schouten et al., 2013; Weijers et al., 2006a, 2006b), but research
on their distributions in Red Sea sediments has been largely restricted to
surface samples and deep-water settings beyond the continental shelf
(Biton et al., 2010; Trommer et al., 2011; Trommer et al., 2010; Trom-
mer et al., 2009; Varma et al., 2024b). We complement GDGT analysis
with independent palaeoenvironmental proxies, including x-ray fluo-
rescence core scanning (XRF-CS) derived elemental ratios, loss-on-
ignition (LOI), and semi-quantitative microfaunal analysis, In this
way, we aim to disentangle and understand local depositional processes
and ecological dynamics and reconstruct the palaeoenvironmental
evolution of this basin, thereby contributing valuable environmental
context to ongoing discussions regarding the potential geo-
archaeological significance of these palaeolake structures.

Core FA24 thus provides the first-ever record from the numerous late
Pleistocene palaeolake basins on the southeastern Red Sea shelf. In the
absence of other sedimentary archives from comparable environments,
it offers a unique baseline for understanding environmental change in
these depositional settings. Moreover, findings from such marginal
marine systems may offer analogues for the comprehension of palae-
oenvironmental dynamics in other tropical coastal regions globally.
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2. Lipid biomarkers

Archaeal and bacterial communities, the primary producers of many
preserved membrane-spanning lipids, offer key insights into ecological
structure and environmental conditions such as oxygenation, salinity,
and nutrient availability in both modern and ancient environments
(Damsté et al., 2000; De Jonge et al., 2016; Schouten et al., 2013;
Weijers et al., 2006a, 2006b). Understanding shifts in these communities
is essential not only for reconstructing redox dynamics and stratification
regimes, but also for tracking broader changes in hydroclimatic forcing
and marine-terrestrial interactions. Isoprenoid GDGTs (isoGDGT-0 to
-4, crenarchaeol, and its isomer), originally described in Archaea (De
Rosa and Gambacorta, 1988; Koga et al., 1993), are now known to be
primarily produced by ammonia-oxidizing archaea (AOA) of the phylum
Nitrososphaerota (formerly Thaumarchaeota) in the Genome Taxonomy
Database. These organisms are ubiquitous in modern oceans (Pitcher
et al., 2011; Schouten et al., 2013; Sinninghe Damsté et al., 2002) and
may constitute up to 20-40% of marine picoplankton biomass (Fuhrman
et al.,, 1992; Karner et al., 2001; Schattenhofer et al., 2009). Closely
related compounds, hydroxylated isoprenoid GDGTs (OH-
isoGDGTs), are also believed to be produced predominantly by Thau-
marchaeota (Liu et al., 2012; Sinninghe Damsté et al., 2012b). These
lipids are generally more abundant in high-latitude settings and are
hypothesized to enhance membrane stability under low-temperature
conditions (Huguet et al., 2013; Huguet et al., 2006).

In contrast, branched GDGTs (brGDGTs) were long considered
exclusive biomarkers of anaerobic soil bacteria, reaching marine sedi-
ments solely through terrestrial runoff (Damsté et al., 2000; Hopmans
et al., 2004; Weijers et al., 2006a, 2006b). However, a growing body of
evidence now supports their potential for in situ sedimentary pro-
duction under specific marine conditions (De Jonge et al., 2016; Peterse
et al., 2009; Sinninghe Damsté, 2016; Weijers et al., 2014; Xiao et al.,
2016), particularly in shallow shelf settings with elevated productivity
and rapid sedimentation. Variability in microbial communities shaped
by environmental isolation and extreme environmental conditions can
modulate GDGT assemblages in ways that challenge open-ocean signals,
as already evidenced by studies in the Red Sea (Biton et al., 2010; Ion-
escu et al., 2009; Klein et al., 2025; Qian et al., 2011; Trommer et al.,
2009).

b)  Wp134 <«
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3. Study area

The Red Sea is a semi-enclosed and elongated basin within the arid
Saharan-Arabian desert belt, connected to the Indian Ocean via the
narrow and shallow Bab-al-Mandab strait (~25 km wide, ~310 m deep)
(Morcos, 1970) (Fig. 1). Water-mass exchange with the Gulf of Aden is
primarily regulated by the 137 m-deep Hanish Sill, which is located just
north of the strait and forms the shallowest constriction in the channel
(Werner and Lange, 1975). Combined with eustatic controls, high net
evaporation (2000 mm yr'Y), low precipitation (10-200 mm yr'!), and
negligible seasonal runoff contribute to the formation of warm, highly
saline water masses within the basin (Sofianos and Johns, 2007). Sea-
sonal variability of the South Asian monsoon system drives the reversal
of surface and intermediate circulation in the southern Red Sea (e.g.,
Yao et al., 2014, 2014a). In summer (June-September), southwesterly
winds induce upwelling in the Gulf of Aden, enabling the northward
intrusion of cool, nutrient-rich Gulf of Aden Intermediate Water (GAIW).
This influx of GAIW promotes the development of mesotrophic condi-
tions in the southern Red Sea (Churchill et al., 2015; Raitsos et al., 2013;
Sofianos and Johns, 2007). Despite the bathymetric barrier of the
Hanish Sill, oceanographic evidence suggests that a continuous
connection with the Gulf of Aden has persisted for the past 500 kyr
(Grant et al., 2014; Lambeck et al., 2011; Siddall et al., 2003). During
glacial sea-level lowstands, however, this connectivity was strongly
reduced, resulting in marked alterations in water circulation and
ecological dynamics (Sergiou et al., 2022a, 2022b; Trommer et al.,
2011).

Swath bathymetry of the area reveals that Core FA24 (17° 05.680° N,
41° 28.125’ E; 500 m water depth) was recovered from a ~ 500 m deep,
irregularly shaped sinkhole, the Farasan Deep, and is surrounded by a
flat shelf at 70-90 m depth (Figs 1 and 2a). The Farasan Deep is inter-
preted as a collapse structure formed by the dissolution of underlying
Miocene (Sakellariou et al., 2019). The composite seismic profile dis-
plays a complex seismic stratigraphy, with the sedimentary infill con-
sisting of two sedimentary units separated by a significant unconformity
(Fig. 2b). The lower Unit 2 has a minimum thickness of 200 millisec-
onds, or approximately 150 m, and dips northwards, towards the
northern and almost vertical margin of the sinkhole. The deposits of the
overlying Unit 1 are nearly horizontal and unconformably cover the
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Fig. 2. Core location and seismic context of the Farasan Deep sinkhole. (a) Location of Core FA24 on a swath bathymetry map acquired in 2021 aboard R/V
‘AEGAEQ’. The core was collected from a depth of 500 m within an enclosed depression, surrounded by a flat, shallow carbonate shelf. The brown line indicates the
seismic profile transect shown in (b). (b) Airgun seismic profile across the 500 m-deep sinkhole. Wp = Waypoint.
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northward-dipping layers of Unit 2 while filling the space between the
latter and the northern margin. The maximum thickness of Unit 1 ex-
ceeds 600 milliseconds or, roughly, 450 m.

4. Material and methods
4.1. Core FA24 and chronology

Gravity Core FA24 (17° 05.680° N, 41° 28.125" E, 500 m water
depth) was retrieved in 2021 with the R/V ‘AEGAEQ’ as part of a follow-
up to the DISPERSE project which conducted coring in the region in
2013 (Bailey, 2015; Bailey et al., 2015). A total of 4.03 m of sediment
was recovered, while a visual core description based on sediment colour
and texture identified four main lithological units (A-D), ranging from
laminated, flocculent sediments in the lower core to more compact,
homogeneous silts of marine origin in the uppermost section (Fig. 3).
These units are interspersed with distinct light-colored layers that vary
in composition and texture (L1-L15) (Fig. 3). For a detailed description
of the lithological units and interbedded layers, see Text S1 and Fig. S1.

For the construction of the chronological framework ten samples
were taken for 1*C AMS dating. Specifically, seven samples of ca. 1-6 mg
of planktic foraminifera tests (consisting of the species G. ruber, T. sac-
culifer and G. siphonifera) and three samples of ca. 0.3-0.8 mg of bivalves
were analysed at the LARA laboratory of the University of Bern
(Table 1). Three bivalve samples were selected to constrain the age of a
core section (within Units A and B; Fig. S1) lacking both planktic and
benthic foraminifera tests. The anomalously old ages of the bivalve may
reflect localized reservoir effects from the uptake of older carbon during
periods of lake isolation. Alternatively, juvenile bivalves could have
been introduced from nearby littoral zones during fluvial episodes.
However, the absence of reworking or high-energy deposition in Phase I
sediments suggests that these ages are more likely due to geochemical or
ecological 14C complexities than physical disturbance. Given these
uncertainties, the bivalve-derived ages were excluded from the core’s
chronostratigraphy. The calibration of all 1*C ages and the Bayesian age
model development were performed with the MARINE20 calibration
curve (Heaton et al., 2020) within the CRAN R package rbacon (v.3.0.0)
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Table 1

AMS %C ages, calibrated age ranges (20), and calibrated median ages obtained
on planktic foraminifera tests and bivalves. The calibrated ages are calculated
through the Calib 8.2 Software and the MARINE20 Calibration curve with a AR=
-59 =+ 38. The samples marked with an asterisk were eventually discarded from
the age-model due to age reversals.

Lab Core ¢ Calibrated Calibrated Remarks
Code depth Age Age Median Age
(cm) (yr BP) Range Probability
(20) (cal yr BP)
(cal yr BP)
BE- 1394 Planktic
1945611 >0 +31 675-982 834 foraminifera
BE- 2171 Planktic
1945711 405 +31 1477-1831 1652 foraminifera
BE- 6139 Planktic
17734.1.1 77-5 +71 6222-6658 6435 foraminifera
BE- 8544 Planktic
17735.1.1 139.5 +51 8816-9286 9059 foraminifera
BE- 216.5 8170 8349-8777 8543 Planktic
17736.1.1 + 50 foraminifera
BE- 10173 . .
19458.1.1 224.5 1144 10724-11678 11197 Bivalves
BE- 9022 . .
19450.1.1 289.5 + 108 9130-10181 9650 Bivalves
BE- 8930 . "
19460.1.1 303.5 1159 9081-10007 9521 Bivalves
BE- 8479 Planktic
17737.1.1 3255 + 106 8603-9286 8960 foraminifera
BE- 10349 Planktic
19461.1.1 8755 + 158 10992-11986 11454 foraminifera

(Blaauw and Christen, 2011a, 2011b). The nearest available local
reservoir effect of AR=-59 + 38 (Southon et al., 2002) was applied. The
outlying '*C AMS age of 8544 + 51 yrs, obtained at 139.5 cm, was not
excluded from the Bayesian age model which utilises a Student-t model
to calibrate 1*C AMS ages. The heavier tails of the Student-t distribution
can accommodate wider data variations and enhance the robustness of
age estimations against the presence of potential outliers (Blaauw and
Christen, 2011). Sea-level fluctuations have been previously reported to
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Fig. 3. Bayesian age model and lithological units of Core FA24. Black diamonds and error bars illustrate the calibrated *C AMS-ages and respective errors. The
calibrated ages of the discarded bivalve samples are shown in red. The thick blue line depicts the median age-depth model, while gray lines show the 95 % confidence
intervals calculated through the Bacon approach. The dashed black line indicates the linear sedimentation rates calculated between the calibrated *C AMS ages.
Lithological units (A-D) and layers (L1-L15) of Core FA24 plotted against core depth.
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affect residence times and thus reservoir ages within the Red Sea, further
highlighting the complexities of radiocarbon dating within the region
(Biton et al., 2008; Bouilloux et al., 2013; Rohling et al., 2008; Siddall
et al., 2004; Trommer et al., 2010). Bearing this in mind, we recognise
the inherent limitations of our age model and refrain from discussions
related to millennial-scale events.

Based on the age model, the FA24 record covers the interval between
ca. 11.8 ka and ca. 0.7 ka, therefore spanning nearly the entire Holocene
(Fig. 3). Sedimentation rates vary significantly between ca. 8 and 81 cm/
kyr pointing to substantial shifts in local depositional processes during
the examined time interval (Fig. 3). For the chronostratigraphic inter-
pretation of our record we will be referring to the Early Holocene
(11.7-8.2 ka), Middle Holocene (8.2-4.2 ka), and Late Holocene (4.2 ka
to present), according to the subdivisions of (Walker et al., 2012).

4.2. XRF-CS

Core FA24 was scanned with an Avaatech (GEN-4) XRF core scanner
at the Institute of Earth Sciences, Heidelberg University. The scanner is
equipped with an Oxford ‘Neptune 5200’ 100W Rhodium X-ray source, a
RAYSPEC SiriusSD 65 mm? Silicon Drift Detector, and a BRIGHTSPEC
Topaz-X Multichannel Analyzer. Previous work has shown that XRF core
scanning is a sensitive recorder of elemental variability in organic-rich
sediments (Kern et al., 2019). Scanning was performed at 5 mm
spatial resolution with a 5 mm downcore and 10 mm crosscore slit size,
which resulted in an average temporal resolution of ca. 15 years. Prior to
scanning, the core was smoothed and covered with a 4 pm thick Ultra-
lene® X-ray transmission foil to prevent contamination and desiccation
of the sediment. Excitation configuration parameters were set at 10 kV
(no filter), 100 pA with a counting time of 10 s, and 30 kV (Pb-thick
filter), 1000 pA with a counting time of 10 s. X-ray spectra were pro-
cessed with the bAxil spectrum analysis software BrightSpec (www.brig
htspec.be). To avoid potential bias from variations in water content and
sediment surface irregularities, elemental XRF-CS counts were normal-
ised to the sum of all XRF-CS counts within each run.

4.3. Tetraether lipid biomarkers

Lipid biomarkers were analysed in the Department of Civil and
Environmental Engineering and Earth Sciences at the University of Notre
Dame. Briefly, the total lipid extracts (TLEs) were extracted from 49
freeze-dried and homogenized sediment samples (ca. 3 g dry sediment)
with an accelerated solvent extractor (Dionex™ ASE) in a 9:1
dichloromethane (DCM):methanol (MeOH) (v:v) mixture. The samples
have an average temporal resolution of ca. 250 years. To enhance
temporal resolution during the isolated phase of the early Holocene,
sampling density was increased in the lower part of the core, resulting in
comparatively lower resolution in the upper sections. TLEs were then
separated on aminopropyl gel columns into the neutral/polar (N/P), free
fatty acid (FFA), and phospholipid fatty acid (PLFA) fractions with 2:1
DCM:2-propanol (v:v), 4% glacial acetic acid in ethyl acetate, and
MeOH, respectively. The N/P fractions were subsequently separated on
an alumina oxide gel column into the apolar, neutral, and polar fractions
with 9:1 Hexane:DCM (v:v), 1:1 Hexane:DCM (v:v), and 1:1 DCM:MeOH
(v:v), respectively. Prior to measurement, the GDGT containing polar
fractions were dissolved in a 99:1 hexane: isopropanol (v:v) mixture and
filtered through a 0.45 pm PTFE filter while 1 pg of C4¢ glycerol dialkyl
tetraether (Huguet et al., 2006) was added as an internal standard for
quantification purposes.

Samples were analysed on an Agilent 1260 Infinity Il HPLC, coupled
to an Agilent G6125B single quadrupole mass detector. The chromato-
graphic method was set according to (Hopmans et al., 2016) in selected
ion monitoring (SIM) mode. Two UHPLC silica columns (BEH HILIC
columns, 2.1 x 150 mm, 1.7 pm; Waters) were used in series at 30° C,
with a flow rate of 0.2 ml/min and a total run time of 120 min. Hexane
(A) and 9:1 hexane:isopropanol (v:v) (B) were used for elution as
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follows: 18% of B for 25 min, followed by a linear increase up to 35% B
for 25 min, and finished with a linear increase up to 100% B for 30 min.
Peak areas of 1 x 10° and 1 x 107 units were defined as the lower and
upper limits of quantification, respectively. Isoprenoid and branched
GDGTs were identified in the mass chromatograms by their [M+H]"
ions (protonated mass) at m/z 1292.3, 1296.3, 1298.3, 1300.3, and
1302.4 for isoGDGTs, and m/z 1018.0, 1020.0, 1022.0, 1032.0, 1034.0,
1036.0, and 1050.0 for brGDGTs. The internal standard C4¢ used to
quantify our peak areas was detected at m/z 743.8. OH-isoGDGTs were
identified in the mass chromatograms by the [M+H-18]" ions at m/z
1296.3, 1298.3, and 1300.3. brGMGTs were detected and integrated at
[M+H]" ions m/z 1020.0 and 1034.0 and elute around 20 min after the
same molecular mass brGDGTs (Fig. 4). Identification of the brGMGTSs
H1020a-b and H1034a-g followed (Baxter et al., 2019a, 2019b), where
the suffix a-g denotes the order of elution.

4.4. GDGT-based proxy calculations

To evaluate isoGDGT compositional variations across the Red Sea
basin we calculated the TEXgg values (Eq. 1) according to (Schouten
et al., 2002).

TEXgs = (GDGT — 2+ GDGT — 3+ cren ) /(GDGT — 1+ GDGT — 2

. (€))
+GDGT — 3 +cren )

To identify the typical Red Sea-type GDGT distribution we calculated
the %GDGTgg (Eq. 2) proxy according to (Inglis et al., 2015). As Red Sea
archaeal populations exhibit distinct membrane lipid compositions —
such as a low fractional abundance of GDGT-O relative to cren’
(Trommer et al., 2009) — the %GDGTgs proxy was developed to char-
acterize this signature, with values above 30 typically indicating a
modern Red Sea-type GDGT profile.

%GDGTgs = (100 cren’)/(GDGT — 0 + cren’) 2

To investigate the potential producers contributing to the isoGDGT
pool we calculated the f[cren’], %GDGT-0, and methane index (MI). The
f(cren’) ratio (Eq. 3) is calculated according to (Baxter et al., 2021b) as
an indicator of the relative contributions of Group I.1a and Group I.1b
Thaumarchaeota. Higher values are interpreted to indicate the

a
H1020a
H1020b
P la
(]
C
©
kel
3 A
S |b
2 H1034
® lla
]
12
lia’
H1034
M N
40 50 60

Retention time [min]

Fig. 4. Mass chromatograms for (a) m/z 1020.0 and (b) m/z 1034.0 obtained
via UHPLC-HRMS analysis of a lipid extract from Core FA24. Both brGDGTs
(with one cyclopentane ring) and brGMGTs are shown. Two isomers are
detected for brGMGT 1020 (a-b), and seven isomers for brGMGT 1034 (a-g).


http://www.brightspec.be
http://www.brightspec.be

F. Paraschos et al.

dominance of Group I.1b Thaumarchaeota (Baxter et al., 2021b; Sin-
ninghe Damsteé et al., 2012b). The %GDGT-0 proxy (Eq. 4) was calcu-
lated according to (Sinninghe Damsté et al., 2012a). For %GDGT-0,
values over 67% may indicate a considerable methanogenic source of
isoGDGT-0. The GDGT-0/crenarchaeol ratio is also interpreted in a
similar way, with values over 2 indicating methanogenic sources (Blaga
et al., 2009).

f(cren’) = (cren')/((cren’) + (cren)) 3)

%GDGT — 0 = (100°GDGT — 0)/(GDGT — 0 + cren) 4

The methane index (MI) (Eq. 5) is calculated to evaluate the input of
methanotrophic Euryarchaeota relative to ammonia-oxidizing Thau-
marchaeota (Inglis et al., 2015; Zhang et al., 2011). MI values >0.5
indicate high rates of gas-hydrate-related anaerobic oxidation of
methane (AOM), while values <0.3 point to typical marine sedimentary
conditions.

MI = (GDGT — 1 + GDGT — 2 + GDGT — 3)/(GDGT — 1 + GDGT

. 5)
—2+4GDGT — 3 +cren +cren )

The GDGT-2/GDGT-3 ratio is calculated to evaluate changes in
GDGT export depth according to (Taylor et al., 2013).

The abundance of hydroxylated isoprenoid GDGTs (OH-isoGDGTs)
relative to the total isoGDGTs (%OH) is calculated according to (Huguet
et al., 2013) (Eq. 6).

%OH = (OH — 0 + OH — 1+ OH — 2)/(GDGT — 0 + GDGT — 1 + GDGT
—2+4+GDGT -3 +cren+cren +OH—-0+0H -1
+ OH - 2)*100
(6)

The ring indices of OH-isoGDGTs, RI-OH (Eq. 7) and RI-OH’ (Eq. 8)
were calculated according to (Lii et al., 2015):

RI— OH = (OH — 1+ 2 OH - 2)/(OH — 1+ OH — 2) @

RI-OH = (OH-1+2"0H-2)/(OH—-0+OH—1+0H - 2) (8)

The Branched and Isoprenoid Tetraether (BIT) index (Eq. 9), origi-
nally proposed by (Hopmans et al., 2004), was historically used to assess
the relative contributions of terrestrially derived versus marine organic
matter. High BIT values (e.g., >0.3) were interpreted as indicative of
significant input from terrestrial soil bacteria, while values near 0 were
associated with a purely marine signal (Weijers et al., 2006a, 2006b;
Weijers et al., 2014). However, more recent studies have shown that
branched GDGTs can also be produced in situ in marine environments
(see Section 1), complicating the use of the BIT index as a straightfor-
ward terrestrial proxy.

BIT = (Ia+1Ila+1la +1ITa+1IITa’)/( Ia+Ila + Ila +IITa +IIla" + cren)
)

The sources of brGDGTs are evaluated with the XIlla/ XIla (Xiao
etal., 2016) (Eq. 10) and the Ringsietra indices (Sinninghe Damsté, 2016)
(Eq. 11). The XIIla/Ila index, an abundance ratio of hexamethylated to
pentamethylated brGDGTs is based on empirical observations showing
that marine environments typically exhibit higher proportions of Illa
relative to Ila, likely reflecting adaptations to higher pH and lower
temperature conditions (Xiao et al., 2016). The #Ringetra index mea-
sures the degree of cyclization in tetramethylated brGDGTs and can
distinguish between soil-derived and marine-derived sources, with
values >0.7 indicative of a predominantly marine signal.

Tllla/>lla = ([lla+1ITa’)/(lla+1Ia') (10)

#Rings,ep, = (Ib+2" Ic)/(Ia+1b+1Ic) 1n

The relative abundances of tetra-, penta-, and hexa-methylated
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brGDGTs are calculated as the summed fractional abundances (Egs.
12, 13, 14). Square brackets refer to the fractional abundances.

Stetra = [Ia] + [Ib] + [Ic] 12)
Tpenta = [Ila] + [IIb] +- [Ilc] 4 [ITa'] + [IIb ] + [Ic ] 13
Thexa = [Illa] + [Illa’] a9

The isomerization ratio (IRgme) represents the fractional abundance
of the penta- and hexa-methylated 6-methyl (6Me) brGDGTs, and is
calculated to track changes in membrane compositions with respect to
the methylation position on the alkyl chain (De Jonge et al., 2015) (Eq.
15). Ilabc and Illa are the 5Me brGDGTs, while Ilabc’ and IIIa’ are the
6Me brGDGTs.

IRepe = (IIa' +1Ib +1IIc +IIIa')/(Ila + IIb + Ilc + Illa + Ila’ + Ila
+1la +1Ic +1IIla’)
(15)

The summed abundance of brGMGTSs relative to the abundance of all
brGDGTs is calculated (Eq. 16) according to (Naafs et al., 2018).

%brGMGT = (ZbrGMGT)/(SbrGMGT -+ XbrGMGT)*100 (16)

4.5. Loss on Ignition

Organic matter estimates for Core FA24 were obtained on a total of
104 samples (average temporal resolution of ca. 100 years) through
sequential loss on ignition (LOI). Approximately 1 g of freeze-dried bulk
sediment was dry-ashed at 550° C for 4 h in order to determine the
organic matter content (LOIss50) (Heiri et al., 2001).

4.6. Semi-quantitative microfossil analysis

A semi-quantitative assessment of foraminiferal assemblages was
performed on 63 samples with an average temporal resolution of ca. 200
years. Briefly, ca. 2 grams of dry sediment was wet sieved with distilled
water at 63 pm and ultrasonically cleaned. Samples were then dry sieved
at 125 pm to obtain two size fractions while the total planktic and
benthic foraminifera tests were counted in both of those fractions.
Planktic and benthic foraminifera were quantified as specimens per
sediment gram (N/g). Benthic foraminifera were additionally grouped
into epifaunal and infaunal taxa according to their microhabitat pref-
erences (Jorissen et al., 2018; Jorissen et al., 1995). Following (Sergiou
et al., 2022b), the variations between the relative abundances of
epifaunal and infaunal benthic foraminifera (Epif. % - Inf. %) were used
to estimate shifts in bottom-water oxygenation, with higher epifaunal
dominance indicating better-ventilated conditions (Sergiou et al.,
2022b; Singh et al., 2015; Verma et al., 2021).

The presence of diatoms was evaluated semi-quantitatively on the
total sediment fraction (>63 pm) and was classified as follows: i) absent
(0), ii) present (1), iii) abundant (2), and iv) dominant (3). Although the
construction of a quantitative diatom assemblage record was beyond the
scope of this study, 45 smear slides were prepared for a preliminary
qualitative assessment of the downcore FA24 diatom composition.
Representative samples were chosen from depths with a dominant
diatom presence and analysed via a KEYENCE VHX-6000 digital mi-
croscope and scanning electron microscopy (SEM) at Heidelberg Uni-
versity in order to identify the dominant taxa (Fig. 7).

4.7. Statistical analysis

To evaluate the presence of distinct environmental phases within the
FA24 record, k-means clustering and principal component analysis
(PCA) were performed on the normalised high-resolution XRF-CS
elemental data, with the optimal number of clusters determined
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according to the Calinski-Harabasz criterion (Calinski and Harabasz,
1974). Both k-means clustering and PCA were performed in R v.4.2.2 (R
Core Team, 2022) through the packages readxl, fpc, factoextra, ggplot2,
tibble, dplyr, reshape2, ggbiplot, corrplot, and FactoMineR.

5. Results
5.1. XRF-CS elemental ratios and statistical analysis

K-means clustering applied to standardized XRF-CS elemental con-
centrations (Br, Ca, Cl, Fe, S, Si, Sr, Ti) identified three statistically
distinct geochemical units within the FA24 record (Fig. S2.1). Cluster I
spans the interval from ~11.8 to 8.7 cal. ka BP, Cluster II from 8.7 to 6.7
cal. ka BP, and Cluster III from 6.7 to 0.7 cal. ka BP. Complementing
these results, Principal Component Analysis (PCA) of the same elemental
dataset shows that the first two principal components (PCs) together
account for 85.6% of the total variance, with PC1 alone explaining
70.4% and PC2 contributing an additional 15.2% (Fig. S2.2). The PCA
biplot reveals a distinct geochemical separation: Fe, S, Ti, Ca, and Sr
exhibit strong negative loadings on PC1, while Br, Cl, and Si show high
positive loadings.

To interpret the palaeoenvironmental evolution of the Farasan Deep,
we focus on five XRF-CS elemental ratios. The Ca/Ti ratio is employed to
track fluctuations in the marine biogenic carbonate signal, as it has been
previously applied in the southern Red Sea to differentiate between
marine and detrital sedimentation (Paraschos et al., 2025). The Fe/Ti
ratio is used as a redox-sensitive proxy to reconstruct variations in
bottom-water oxygenation and ventilation near the sediment-water
interface. In addition, S/Ti is included as a complementary redox indi-
cator, interpreted to reflect sulfur accumulation related to bacterial
sulfate reduction under reducing conditions. The co-variation of S/Ti
with Fe/Ti supports its use as a proxy for sulfidic (euxinic) conditions
and redox dynamics within the basin. Br/Ti is used to monitor variations
in organic matter content (Ziegler et al., 2008), and Si/Ti to infer
changes in biogenic silica input, primarily associated with diatom pro-
ductivity (Brown, 2015).

Between 11.8 and 8.7 cal. ka BP, the FA24 record is characterized by
uniformly low Fe/Ti, S/Ti, and Ca/Ti ratios (Fig. 5a-c), alongside
elevated Br/Ti and Si/Ti values (Fig. 5d, ). From 8.7 to 6.7 cal. ka BP,
all five elemental ratios exhibit marked variability, with coeval peaks
observed in Fe/Ti, S/Ti, and Ca/Ti, and high-amplitude fluctuations in
Br/Ti and Si/Ti (Fig. 5). Between 6.7 and 0.7 cal. ka BP, Fe/Ti, S/Ti, and
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Fig. 5. Sediment geochemistry of Core FA24. Logarithmic XRF-CS elemental
ratios of (a) S/Ti, (b) Fe/Ti, (c) Ca/Ti, (d) Br/Ti, and (e) Si/Ti plotted against
age. The shaded gray area marks a transitional period between ca. 8.7 and 6.7
ka. Thickened coloured lines indicate a 5-point running average for each
elemental ratio to highlight long-term geochemical trends.
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Ca/Ti stabilize at persistently elevated levels, while Br/Ti and Si/Ti
show a progressive decline and reach lower, stable values. Further de-
tails on elemental variability in Core FA24 are provided in Text S2 and
Fig. S2.1.

5.2. LOI

LOIsso values in Core FA24 range between 10% and 26% (Fig. 6a).
The interval from ca. 11.8 to 6.7 ka exhibits both elevated values and
high-amplitude fluctuations, reflecting enhanced organic matter accu-
mulation and/or preservation. At ~6.7 ka, values decrease sharply and
remain consistently low through to ~0.7 ka, indicating a sustained
decline in organic matter burial or preservation.

5.3. Semi-quantitative microfossil analysis

5.3.1. Foraminiferal composition

Downcore distributions of total planktic foraminifera (N/g) in both
the >125 pm and <125 pm size fractions show consistent patterns (Figs
S3d, S4d). From 11.8 to 8.7 ka, abundances are low, ranging from 14 to
207 N/g (Fig. 6b). After ca. 8.7 ka, planktic foraminifera exhibit a sig-
nificant abundance increase and pronounced variability, ranging from
0 to 4238 N/g (Fig. 6b). Benthic foraminifera exhibit similar consistency
across both size fractions (Figs S3a, S4a). Between 11.8 and 8.7 ka, total
abundances remain low (0-17 N/g), including infaunal (0-16 N/g;
Fig. 6d) and epifaunal specimens (0-5 N/g; Fig. 6e). From ~8.7 to 0.7
ka, total benthic abundances increase (0-643 N/g), with infaunal
specimens reaching up to 413 N/g and epifaunal up to 157 N/g
(Fig. 6¢c-e).

5.3.2. Diatom mats

The semi-quantitative diatom assessment reveals a clear three-phase
structure across Core FA24 (Fig. 6h). From ca. 11.8 to 8.5 ka, the sedi-
ment is densely packed with diatom remains that occur in cohesive mat-
like aggregates. These mats exhibit a high degree of preservation,
including intact frustules and entangled networks of filamentous and
pennate diatoms as confirmed by scanning electron microscopy (Fig. 7).
The mats appear to have settled as intact flocs with inclusions of other
microfossils such as foraminifera, radiolaria, and juvenile bivalves. Be-
tween ca. 8.5 and 6.5 ka, the frequency and structural coherence of
diatom mats decline markedly. At ca. 6.5 ka, the mats disappear entirely,
and only occasional, dispersed individual diatom frustules are observed
in younger strata. Although the quantitative reconstruction of diatom
assemblages is beyond the scope of this study, qualitative smear slides
indicate that the assemblages are predominantly marine in origin and
are dominated by centric and pennate taxa, including the chain-forming
planktonic taxa Thalassiothrix spp. (Fig. 7c—d).

5.4. GDGTs and GDGT-based proxies

5.4.1. Distribution of iso- and brGDGTs

Concentration of the total GDGTs (branched and isoprenoid) ranges
from 47 to 9671 pg.g"! TLE across the record. The GDGT pool is domi-
nated by isoGDGTSs, comprising 94.5-98.3 %, while brGDGTs contribute
between 1.6 and 5.4 %. A total of 6 isoGDGT compounds are identified,
including GDGT-0, GDGT-1, GDGT-2, GDGT-3, crenarchaeol and the
crenarchaeol isomer (cren’) (Fig. S5). Among these, GDGT-0 and cren-
archaeol are the most abundant, accounting for 16-38 % and 13-53 % of
the total isoGDGTs, respectively (Fig. S5a, e). Relatively smaller con-
tributions are observed for GDGT-1 (1-17 %), GDGT-2 (7-22 %), GDGT-
3 (0-10 %) and cren’ (1-10 %) (Fig. S5a-f). The summed isoGDGTs
concentration displays a general increase from 11.8 to 0.7 ka, structured
into three distinct phases: (i) 11.8-8.7 kyr, (ii) 8.7-6.7 kyr, and (iii)
6.7-0.7 kyr (Fig. S5g). Downcore fractional abundances of the individ-
ual isoGDGTs show similar trends with the exception of GDGT-0, which
shows a marked increase between 11.8 and 8.7 ka (Fig. S5).



F. Paraschos et al.

Global and Planetary Change 256 (2026) 105176

28 @)
24 |
3
(_)m 20 -
| 16 -
12 -
2400 |
s
S . 1600
e
E%E 800 |
o O
el 0
c) 1 - 600 ©
oL
F400 S €O
9 SEZ
? : I | F20 @8
| 2 I
mAfiwee o O o ~ 20 '“..‘n"oo .QOﬂMOﬂ—omn~0 -
400 -{d)
= O
S-S 300
SED 00
8 o Z
£m 100 |
0 - 00 0000
e) - 160 _
120 &2
:55
-8 S 5=
= 0
I - 40 u_jm
000009000 |-
3P
2]
£ 2
o
©
0 1
0 el . .. - ae =aa = = - .0
—_—————T—T—T——T T

0 1 2 3 4 5 6

Age [cal.

7 8 9 10 12

kyr BP]

1"

Fig. 6. Loss on ignition and semi-quantitative micropaleontological results for Core FA24. (a) LOI at 550° C, (b) planktic foraminiferal specimens (N/g), (c) benthic
foraminiferal specimens (N/g), (d) infaunal benthic specimens (N/g), (e) epifaunal benthic specimens (N/g), and, (f) semi-quantitative presence of diatoms (0:

absent, 1: present, 2: abundant, 3: dominant).

Three hydroxylated isoGDGTs (OH-isoGDGTs), including OH-0, OH-
1 and OH-2, are detected. Total OH-isoGDGT concentrations range be-
tween 3 and 247 pg.g”! TLE and exhibit an increasing trend from 11.8 to
0.7 ka, similar to that of the total isoGDGTs (Fig. S6d). OH-2 is the
dominant hydroxylated isoGDGT (65-85 %), followed by OH-1 (11-32
%) and OH-0 (0-10 %) (Fig. S6a-c).

Total brGDGT concentrations range from 2 to 241 pg.g” TLE and
exhibit a similar increasing trend to that of isoGDGTs and OH-isoGDGTs,
delineated into the same three phases (Fig. S71). A total of 11 brGDGTs
compounds are identified, including the three tetramethylated brGDGTs
(Ia, Ib, Ic), six pentamethylated brGDGTs (Ila, IIb, Ilc, IIa’, IIb’, IIc’), and
two hexamethylated brGDGTs (IIla, Illa’) (Fig. S7). The brGDGT
composition is dominated by tetramethylated brGDGTs (Ztetra),
ranging between 53 and 74 % of the total brGDGT composition
(Fig. S8a). Pentamethylated (Zpenta) and hexamethylated (Xhexa)
brGDGTs account for 17-33 %, and 1-16%, respectively (Fig. S8b, c).
Fractional abundances of the 6-methyl (6Me) brGDGTs show a distinct
increase between 11.8 and 8.7 ka, especially apparent in Ila’ and Illa’
(Fig. S7e, k). Cyclic brGDGTs (Ib, Ic, IIb, IIb’, IIc, IIc’) exhibit low
fractional abundances (Fig. S7), and are dominated by the tetramethy-
lated Ib, which ranges between 8 and 12% of the total brGDGT
composition.

Branched GMGTs are detected at m/z 1020 and m/z 1034, whereas at
m/z 1048 they were consistently below the detection limit (see Fig. 4).
At m/z 1020, brGMGTs have two clearly defined isomers (labelled
1020a and 1020Db, in order of elution), whereas m/z 1034 seems to have
multiple and often co-eluting isomers (a-g) which we have here grouped
as H1034a-g. Combined concentrations of H1020a, H1020b and
H1034a-g range from 2 to 96 pg.g” TLE (Fig. S9) and show a predom-
inantly increasing trend from 11.8 to 0.7 ka.

5.4.2. Distribution of GDGT-based proxies

The %GDGTgs proxy ranges between 4 and 33.6% and exhibits an
increasing trend throughout the record (Fig. 8a). MI values are consis-
tently under 0.5, with some samples below the 0.3 threshold (Fig. 8b). %
GDGT-0 ranges between 25 and 49% (Fig. 8c). The GDGT-2/GDGT-3
ratio varies from 1.8 to 2.6, increasing gradually from 11.8 to 0.7 ka
(Fig. 8d). The f[cren’] index ranges between 0.08 and 0.25 and remains
relatively steady throughout the record (Fig. 8e). The BIT index ranges
from 0.02 to 0.23, with an overall decreasing trend from 11.8 to 0.7 ka
and some pronounced fluctuations during Phase II (Fig. 8f). The
#RingSerra index ranges from 0.30 to 0.45 and gradually declines
through the record (Fig. S10a). The XIlla/XIla ratio varies between 0.41
and 0.93, and displays elevated values in the interval from 11.8 to 8.7 ka
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Fig. 7. Images of representative diatom deposits from the early Holocene section of Core FA24 (at 218 cm and 366 cm). (a-b) Overview of intact mat fragments
showing dense, entangled networks of diatom frustules, carbonate aggregates, and bivalves. Images were taken with a KEYENCE VHX-6000 digital microscope. (c-d)
Scanning electron microscopy (SEM) reveals well-preserved pennate and centric diatoms, including chain-forming taxa such as Thalassiothrix spp. Note the intact

valve structures, visible striae, and absence of dissolution features.

(Fig. S10b). RI-OH ranges between 1.7 and 1.9, while RI-OH’ between
1.5 and 1.8 (Fig. S10c, d). %OH values range between 1.3 and 4.3 % and
are, on average, relatively stable throughout the record (Fig. S10e). The
GDGT-0/crenarchaeol ratio ranges between 0.33 and 2.6, with the
highest values observed between 11.8 and 8.7 ka (Fig. 13g). IRsMe values
range from 0.26 to 0.65, with the highest values recorded between 11.8 and
8.7 ka, followed by a marked decline and stable lower values thereafter
(Fig. 13h). The %brGMGT ranges from 13 to 61 %, peaking before ca. 8.7
ka, followed by an abrupt drop and sustained lower values through the
remainder of the record (Fig. 13i).

6. Discussion
6.1. Evaluation of iso- and br-GDGTs sources in the Farasan Deep

The Red Sea — characterized by elevated temperature and salinity, as
well as biogeographical semi-isolation — hosts vertically stratified and
potentially endemic microbial communities (Eder et al., 2002; Ionescu
et al., 2009; Qian et al., 2011). Recent molecular evidence from the
Farasan Deep specifically reveals distinct bacterial community shifts
along a pronounced oxygen gradient (Klein et al., 2025), suggesting that
GDGT distributions may reflect environmental restructuring and/or
varying inputs from marine or terrestrial sources. Understanding GDGT
source dynamics is therefore essential for interpreting the sedimentary
record in this setting.

6.1.1. The Archaeal signal - isoprenoid and hydroxylated isoprenoid
GDGTs

Although we lack site-specific archaeal community data for the
Farasan Deep, previous studies of Red Sea surface sediments have
highlighted a distinct endemic Thaumarchaeota population in the
northern basin and a transitional blend of endemic and open-ocean
populations (Kim et al., 2010; Kim et al., 2008) in the central and
southern sections of the basin (Biton et al., 2010; Trommer et al., 2009).
For example, it has been estimated that the present central Red Sea has a

composition of 72% endemic and 28% open-ocean Thaumarchaeota
(Trommer et al., 2011; Trommer et al., 2009). This admixture is thought
to be modulated by sea-level variability and monsoon-driven exchange
through the Bab al Mandab Strait, which allows for periodic incursions
of the cool and nutrient-rich Gulf of Aden Intermediate Water (GAIW) up
to 19-20 °N (Biton et al., 2010; Sofianos and Johns, 2007; Trommer
et al,, 2009a). Trommer et al. (2009) identified a biogeographic
boundary near 21.5 °N (~1200 km north of the Bab al Mandab, with a
salinity of 29 psu and SST of 28°C), north of which endemic Thau-
marchaeota dominate. The Farasan Deep lies within this transitional
zone (~ 700 km south of this boundary), where dynamic water-mass
exchange with the Gulf of Aden likely drives archaeal community
variability. When plotting surface sediment TEXge values (Trommer
et al., 2009) against distance from the Bab al Mandab strait, the modern
Farasan Deep composition distinctly diverges from the Red Sea’s
southern sector trend (Fig. 9), reflecting its unique hydrographic setting
and a locally structured archaeal community shaped by mixed
water masses.

Non-Thaumarchaeotal isoGDGT sources, such as anaerobic methane-
oxidizing archaea, appear to contribute minimally to the GDGT pool in
the Farasan Deep. This is indicated by consistently low Methane Index
(MI) values (all <0.5; Fig. 8b), which fall below the threshold typically
associated with substantial methanotrophic input. Additional lines of
evidence, such as %GDGT-0 values below 67% (Fig. 8c) and GDGT-0/
crenarchaeol ratios below 2 (Fig. 13g), also suggest negligible meth-
anogenic archaeal contribution. The dominance of crenarchaeol
(Fig. S5e) further supports a predominantly Thaumarchaeotal signal
(Sinninghe Damsté et al., 2002). However, the applicability of these
global thresholds to the Farasan Deep remains uncertain, given its
restricted, stratified hydrographic regime and the potential for endemic
archaeal communities. Thus, while our results strongly point to a
Thaumarchaeotal origin for isoGDGTs, localized lipid production dy-
namics may diverge from established patterns, emphasizing the need for
complementary microbial genetic studies to validate proxy applicability
in this unique marginal marine setting.
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Fig. 8. GDGT-based proxies indicating tentative sources of isoprenoid and branched GDGT sources according to established thresholds. (a) %GDGTgs index, (b)
methane index (MI), (c¢) %GDGT-0 proxy, (d) GDGT-2/GDGT-3 ratio, (e) f(cren’) proxy, and (f) BIT index. See text for discussion.

Variations in the fractional abundance of the crenarchaeol isomer (f
(cren’)) have been linked to shifts in Thaumarchaeotal community
structure, particularly between Group I.1a and Group L.1b. Group L.1a
Thaumarchaeota, typically associated with aquatic environments, pro-
duce negligible amounts of the cren’ isomer (~0-3 % of isoGDGTs),
whereas Group 1.1b taxa, often dominant in soil, generate significantly
higher proportions (~14-29 %) (Bale et al., 2019; Kim et al., 2012;
Sinninghe Damsté et al., 2012b). Consequently, elevated f(cren’) values
in sedimentary records have been interpreted as indicative of increased
Group L.1b activity (Baxter et al., 2021a, 2021b). In the FA24 record, the
f(cren’) proxy exhibits pronounced variability (Fig. 8e), particularly
during the early to mid-Holocene interval. These fluctuations could, in
principle, reflect shifts in the relative abundance of Group I.1a versus
Group L.1b Thaumarchaeota, given their distinct crenarchaeol isomer
production profiles. However, without supporting molecular data, such
as 16S rRNA gene surveys or metagenomic sequencing, these taxonomic
inferences remain speculative.

A microbial community study of the water column overlying the
Atlantis II Deep and Discovery Deep brine pools in the northern Red Sea,
identified a shift from a Halobacteriales (Euryarchaeota) dominance in
the upper oxygenated water layers to Desulfurococcales

10

(Crenarchaeota) in the oxygen-depleted and sulfate-rich bottom waters
(Qian et al., 2011). This vertical stratification likely reflects archaeal
adaptations to changing redox and chemical conditions (Qian et al.,
2011). Although these two settings are not direct analogues to the Far-
asan Deep, similar vertical shifts in archaeal communities - and associ-
ated variations in isoGDGT distributions - may be expected at our site.

Slight fluctuations and a long-term decline in the GDGT-2/GDGT-3
ratio, a proxy for the relative contributions of shallow- versus deep-
water archaeal communities (Hurley et al., 2018; Kim et al., 2015;
Taylor et al., 2013), suggest an evolving community structure in the
Farasan Deep over time. Rather than solely reflecting vertical water-
column changes, this trend may capture the gradual replacement of
endemic palaeolake Archaea by surface open-ocean and northern Red
Sea taxa introduced during Holocene sea-level rise and marine recon-
nection. GDGT-2/GDGT-3 values in the Farasan Deep (~2) (Fig. 8d) are
substantially lower than typical values from deeper Red Sea sediments
(5-11; Trommer et al., 2009; Varma et al., 2024a, 2024b), suggesting a
community shaped by distinct hydrographic and ecological conditions.
Similar patterns are seen in the Gulf of Aqaba, where local selection
pressures, rather than geography, structure surface archaeal assem-
blages into distinct clusters (Ionescu et al., 2009; Teske and Sgrensen,
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2008).

The occurrence of OH-isoGDGTs in the Farasan Deep sediments,
although relatively low (1.3-4.3 % of total isoGDGTSs), is nevertheless
notable given that previously reported values from surface sediments in
the Red Sea are consistently below 1 % (Varma et al., 2024b) (Fig. 10b).
The OH-isoGDGT distribution in our record is dominated by OH-2, in
agreement with observations from other Red Sea localities (Varma et al.,
2024b), suggesting a potentially shared source or similar environmental
control on OH-isoGDGT production across the basin. The near-identical
temporal trends of summed OH-isoGDGT concentrations (Fig. S6d) and
total isoGDGTs (Fig. S5g) in the Farasan Deep suggest that both com-
pound classes were produced by the same Thaumarchaeotal commu-
nities and regulated by similar environmental conditions. Varma et al.
(2024a, 2024b) reported that the northern and southern Red Sea %OH,
RI-OH, and RI-OH’ values seem to match those for surface sediments of
other tropical regions (Fig. 10b-d), thereby suggesting that perhaps the
Red Sea endemic archaeal communities may not have a distinct OH-
isoGDGT composition. In contrast to regional Red Sea patterns, the
Farasan Deep surface sediment displays distinctly elevated %OH and RI-
OH/ values relative to other surface sites across the basin, while its RI-OH
values align more closely with those from the southern Red Sea
(Fig. 9b-d). The elevated %OH may reflect the influence of water depth,
as previous work by Varma et al. (2024b) identified a pronounced depth-
dependence in %OH across Red Sea and Mediterranean sites, with
deeper stations typically exhibiting lower %OH values. The discrepancy
between RI-OH and RI-OH’ values in the Farasan Deep, where only RI-
OH’ deviates from regional trends, stems from the inclusion of OH-0 in
the RI-OH' calculation. As such, the elevated RI-OH’ value indicates a
relative depletion of OH-0 in the Farasan sediments compared to other
Red Sea sediments, pointing to subtle, but potentially meaningful dif-
ferences in archaeal lipid composition.

6.1.2. The Bacterial signal - Branched GDGTs and GMGTs
The consistently low BIT index values (<0.1) observed in the FA24
record, coupled with low brGDGT concentrations and the predominance
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of crenarchaeol-producing Thaumarchaeota (Sinninghe Damsté et al.,
2002), indicate minimal terrestrial organic matter input, even during
the early Holocene isolated palaeolake phase. These values are consis-
tent with other Red Sea surface sediment records (Trommer et al., 2011;
Trommer et al., 2009). While brGDGT scarcity is typical in offshore arid
settings, recent work in shallow shelf environments suggests that in situ
sedimentary production can occur under specific marine conditions,
such as enhanced primary productivity and rapid particle settling
(Sinninghe Damsté, 2016). This warrants consideration of marine pro-
duction pathways when interpreting brGDGT provenance in the Farasan
Deep.

To further assess source contributions, we applied two indices
commonly used to distinguish between marine and terrestrial inputs: the
#Ringtetra index, reflecting cyclization in tetramethylated brGDGTs
(Sinninghe Damsté, 2016), and the XIIla/Ila ratio, which compares
hexamethylated to pentamethylated brGDGTs (Xiao et al., 2016).
Various studies have reported a high degree of cyclization for in situ
marine-produced tetramethylated brGDGTs (Peterse et al., 2009; Sin-
ninghe Damsté, 2016; Zhu et al., 2011), while (Sinninghe Damsté, 2016)
proposed that this increase is a cell membrane response to increasing
alkalinity in the marine environment. In the FA24 record, however,
#Ringerra values range below the marine threshold, potentially sug-
gesting a mixed origin involving both in situ marine production and
minor terrestrial input (Fig. 11). Cyclization patterns in aquatically
produced brGDGTs may also respond to environmental gradients such as
salinity or temperature, or shifts in the bacterial community composi-
tion itself (Dearing Crampton-Flood et al., 2019).

Similarly, XIlla/IIa values range from 0.41 to 0.94, mostly falling
below the marine threshold of 0.92. This pattern mirrors observations
from Red Sea surface sediments where low XIlla/Ila values (0.39 +
0.21) persist despite limited terrestrial contributions (Xiao et al., 2016),
emphasizing that global thresholds may not fully apply in this region
and thereby complicating the conventional use of XIlla/Ila as a reliable
diagnostic tool in Red Sea palaeoclimate reconstructions.

Further support for a mixed origin comes from the ternary diagram of
tetra-, penta-, and hexamethylated brGDGTs (Fig. 12). The Farasan
assemblage is dominated by tetramethylated brGDGTs, particularly the
acyclic Ia (38-58%; Fig. S7a), consistent with tropical soils and warmer
climates (Tierney et al., 2010; Weijers et al., 2007). However, the Far-
asan Deep samples plot between global soil datasets and Svalbard fjord
sediments, commonly used as marine end-members, without clustering
with either group. This intermediate position suggests a regionally
unique brGDGT signature shaped by environmental specificity and po-
tential microbial adaptation. It is worth noting that global soil datasets
lack representation from hyperarid Red Sea-adjacent regions, such as
northeast Africa and the Arabian Peninsula, which may explain some of
the divergence.

In addition to brGDGTs, multiple isomers of brGMGTs (H1020 and
H1034) were consistently detected throughout the FA24 record. These
structurally distinct membrane-spanning lipids, linked by a covalent
C-C bond between alkyl chains, are thought to enhance thermal stability
(Naafs etal., 2018; Schouten et al., 2008). While three major compounds
(H1020, H1034, H1048) are typically recognized, H1048 was not
detected in the Farasan Deep, whereas a notably high degree of isom-
erization was detected for H1034 (up to seven distinct isomers); a
complexity that has not been documented in the literature (Baxter et al.,
2019a, 2019b; Baxter et al., 2021a; Hallberg et al., 2023; Kirkels et al.,
2022a).

The observed decline in the %brGMGT index through time primarily
reflects a disproportionate increase in brGDGTs rather than a loss of
brGMGTs. Preferential degradation seems unlikely, given that both lipid
classes share similar ether-bonded structures and are well-preserved in
ancient sedimentary archives (Bijl et al., 2021; Liu et al., 2016). Instead,
elevated %brGMGT values during the early isolated phase likely reflect
enhanced production by anaerobic or facultatively anaerobic bacterial
communities adapted to low-oxygen conditions, consistent with
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or an archaeal community structure deviating from the typical Red Sea trends.

interpretations from both lacustrine and marine systems (Kirkels et al.,
2022a; Naafs et al., 2018).

This interpretation is reinforced by modern eDNA data from the
Farasan Deep water column, which document four vertically stratified
bacterial communities along an oxygen gradient (Klein et al., 2025).
Oxic surface waters are dominated by Alphaproteobacteria, Cyanobac-
teria, and Bacteroidia, while deeper, anoxic waters (125-500 m) are
enriched in taxa linked to anaerobic metabolism, including Desulpho-
bacteria, Cloacimonadia, and Omnitrophia. Notably, nitrifying Nitro-
spinia increase just below the oxycline (~100 m), affirming the basin’s
strong redox stratification. Given the persistence of this structure today,
even after marine reconnection, it is reasonable to infer similar or even
more pronounced microbial stratification during early Holocene
isolation.

Though the precise relationship between redox conditions and
brGDGT production remains uncertain, multiple studies have reported
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redox- and oxygen-driven shifts in brGDGT distributions (Van Bree et al.,
2020; Weber et al., 2018; Wu et al., 2021; Yao et al., 2020). Experi-
mental work has further shown that low-oxygen conditions can promote
the formation of uncommon brGDGT isomers and alter methylation
patterns; changes that may also influence paleotemperature proxies
(Halamka et al., 2023).

Altogether, GDGT distributions in the Farasan Deep reflect a complex
origin shaped by in situ marine production under varying redox and
productivity regimes, and possible terrestrial input. These findings
highlight the limitations of applying global GDGT thresholds in marginal
or hydrographically isolated marine systems. As the connection between
brGDGTs and bacterial communities remains poorly constrained in
marine environments (Pan et al., 2025), detailed local water column
profiling, including seasonal GDGT measurements and molecular com-
munity analyses, is essential to improve proxy resolution in settings such
as the Farasan Deep (Baxter et al., 2024).
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6.2. Palaeoenvironmental evolution of the Farasan Deep during the
Holocene

The multiproxy geochemical and micropalaeontological dataset
from Core FA24 documents a three-phase evolution of the Farasan Deep
during the Holocene, shaped by regional sea-level rise, basin
morphology, and hydroclimatic forcing. This evolution traces the ba-
sin’s transition from a hydrographically isolated palaeolake to a
permanently stratified marine basin. In the following sections, each
phase is examined through the lens of lipid biomarkers, XRF-CS
elemental ratios, and supporting micropalaeontological observations.

6.2.1. Phase I — an isolated palaeolake system

Between 11.8 and ca. 8.7 ka, sedimentological and geochemical
evidence from the Farasan Deep reveals a sustained interval of hydro-
graphic isolation, marked by bottom-water anoxia and pronounced
water column stratification. The dominance of fine-grained, highly
flocculent sediments (Units A and B; Fig. 3, Fig. S1), coupled with
elevated sedimentation rates (~75 cm/kyr) and a lack of bioturbation,
reflects rapid organic accumulation under persistently low-energy,
dysoxic conditions.

These conditions are consistent with reconstructions of the Red Sea
relative sea level (Al-Mikhlafi et al., 2021; Grant et al., 2012), which
indicate that the Farasan Deep persisted as an isolated silled basin well
into the early Holocene (Fig. 1). The basin’s steep bathymetry (~500 m)
and the intricate topography — dotted by numerous depressions, incised
valleys, and canyons (Bailey et al., 2015; Sakellariou et al., 2019) — of
the adjacent carbonate shelf likely prolonged its hydrographic isolation
despite ongoing postglacial transgression. Modern oceanographic ob-
servations from the Farasan Deep document persistently near-anoxic
bottom waters (<2 pmol O2 kg'l; (Klein et al., 2025)), suggesting that
during the early Holocene isolation similarly anoxic, if not more
extreme, conditions would have prevailed.

Discrete macroplant fragments embedded within the finely lami-
nated sequence of Unit B (Fig. S1) - tentatively identified as bark or
woody tissues — exhibit exceptional preservation, consistent with
strongly reducing conditions and limited microbial degradation.
Although their precise botanical origin remains uncertain, the proximity
of widespread mangrove and saltmarsh systems along the modern Far-
asan Archipelago (Alharbi, 2019) suggests that similar vegetation likely
fringed the palaeolake during the early Holocene, contributing plant
detritus to the basin. Evidence from characteristic mangrove-associated
molluscs suggests that mangrove ecosystems were established along the
Egyptian coast during the Last Interglacial, subsequently retreating
during the arid conditions of the LGM, and re-expanding throughout the
Red Sea basin following postglacial sea-level rise (Mayer and Beyin,
2009; Vermeersch et al., 2005).

Notably, this depositional phase unfolded within the broader
framework of the African Humid Period (AHP; ca. 15-5 kyr), a climat-
ically dynamic interval with intensified summer monsoon activity across
the Arabian Peninsula that promoted widespread ecological reactivation
and hydrological connectivity in regions now arid (e.g. (Foerster et al.,
2012; Gasse, 2000; Tierney and DeMenocal, 2013). Reactivated wadis
along the Saudi Arabian coast (Alharbi et al., 2016; Paraschos et al.,
2025) may have episodically delivered freshwater and terrigenous ma-
terial to the Farasan Deep — most likely during the summer monsoonal
peak - briefly perturbing the water column while delivering bioavailable
nutrients to the photic zone and potentially reinforcing basin stratifi-
cation through freshwater capping. These nutrient-rich terrigenous
inputs, together with enhanced organic matter preservation under
persistent anoxia, likely contributed to the elevated organic matter
values observed during this interval.

Hydrographic isolation, stable stratification and seasonal external
forcing likely favoured episodic phytoplankton growth, particularly
episodic diatom blooms. Elevated Br/Ti (Fig. 5d) and LOI values
(Fig. 13a) reflect enhanced accumulation and preservation of organic
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matter, while high Si/Ti ratios (Fig. 5e) and the abundance of well-
preserved diatom mats (Fig. 7) point to substantial biogenic silica
input and heightened productivity. These mats form densely packed
aggregates of centric and pennate taxa, particularly chain-forming spe-
cies such as Thalassiothrix spp. (Fig. 7) and are the volumetrically most
significant microfossil feature of this phase. Their formation likely re-
flects brief, but intense blooms in the photic zone, stimulated by episodic
nutrient input and stabilized by water-column stratification that sup-
pressed vertical mixing. Upon senescence, the diatom assemblages
rapidly aggregated and sank, efficiently transferring particulate organic
matter and biogenic silica to the basin floor. As evidenced by the intact
frustules and lack of post-depositional dissolution, the persistence of
strongly anoxic bottom waters enabled their exceptional preservation at
the sediment—water interface, where they accumulated as distinct layers
within the finely laminated sequence.

Both water-column turbulence, driven by external forces such as
wind, tides, or upwelling, and nutrient availability are key factors in
shaping phytoplankton community composition in open-ocean settings
(Cullen et al., 2002; Margalef, 1978). In the modern Red Sea, however,
where picophytoplankton accounts for over 90% of primary produc-
tivity (Weisse, 1989), Pearman et al. (2017) observed a notable increase
in Bacillariophyceae (diatoms) in the southern sector during the fall.
This seasonal rise occurred under stratified, low-turbulence conditions
coinciding with elevated nutrient availability, likely introduced by the
summer incursion of nutrient-rich GAIW. Under these conditions, the
enhanced nutrient supply favored the proliferation of larger, fast-
growing diatoms, which effectively outcompeted smaller -cells
(Pearman et al., 2017). By contrast, the early Holocene Farasan Deep
was likely hydrographically isolated from open marine circulation,
rendering direct influence from GAIW improbable. Within this context,
episodic freshwater influx via wadi discharge or internally driven ver-
tical mixing emerges as a more plausible mechanism for surface-layer
nutrient delivery.

The persistent bottom-water anoxia that favored the preservation of
diatom mats in the Farasan Deep also imposed severe ecological con-
straints on foraminiferal communities. Foraminiferal counts during this
phase remain exceedingly low, yet their sporadic occurrences suggest
potentially brief periods of ventilation. The low planktic-to-benthic (P/
B) ratios (Fig. 13c) and the dominance of epifaunal over infaunal taxa
(Fig. 13d) point to a water-column structure characterized by a shallow
oxycline and steep redox gradients, with only the upper water column
and upper sediment-water interface intermittently habitable. Conse-
quently, low planktic abundances during Phase I primarily reflect
restricted pelagic habitat rather than reduced surface-water productiv-
ity. This interpretation is supported by the low Ca/Ti, Fe/Ti, and S/Ti
ratios (Fig. 5a—c), which reflect limited marine carbonate input, minimal
authigenic sulfide formation, and a general lack of ventilation to the
basin floor. However, evidence for intermittent disruptions of the pre-
vailing redox stratification is recorded by a series of distinct light-
colored layers (L1-L9; Fig. 3 and Fig. S1), which coincide with subtle
enrichments in Ca/Ti and Fe/Ti (Fig. 5b, c). These deviations may reflect
ventilation events, sufficient to temporarily deepen the oxycline and
introduce more oxygenated conditions. Though insufficient to sustain
stable faunal communities, such events offer insight into the dynamic
nature of redox boundaries and their potential modulation by external
forcing during this final stage of isolation.

Microbial lipid signatures in the Farasan Deep sediments
further highlight the ecological distinctiveness of Phase I, from
Phases I and III. The overall low concentrations of both isoprenoid and
branched GDGTs (Fig. 13f) suggest lower contributions of microbial
lipids to the sedimentary pool. While the scenario of increased GDGT
degradation is possible, we believe that this is unlikely since the highly
anoxic conditions would most likely enhance the preservation of these
lipids. At the same time, GDGTs are considered to be resilient to
degradation on our timescale (Schouten et al., 2013). On the contrary,
these low concentrations are consistent with conditions that favored
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large, fast-growing eukaryotic phytoplankton, such as diatoms, over
microbial loop-dominated communities (Cullen et al., 2002). As modern
observations from the southern Red Sea indicate, in stratified, nutrient-
enriched but low-turbulence systems, diatoms tend to outcompete
smaller picoplankton, thereby reducing the relative abundance of
GDGT-producing Archaea and Bacteria (Pearman et al., 2017). Since
microbial community structure is tightly linked to GDGT distributions
(Chen et al., 2024), these low GDGT signals likely reflect both sup-
pressed microbial productivity and a fundamentally altered microbial
assemblage. For instance, the deep, dark, and hypersaline environments
of modern Red Sea brine pools, which could be functionally analogous to
the early Holocene Farasan Deep, are thought to potentially harbour
only heterotrophic and halotolerant microbial taxa (Qian et al., 2011).
Furthermore, recent studies in stratified lakes have highlighted that the
position of the oxycline in the water column strongly influences the
ecological niche available to Thaumarchaeota and, thereby, the abun-
dances and composition of the exported isoGDGT pool (Baxter et al.,
2024; Baxter et al., 2021b; Zhang et al., 2016). Intense stratification
during this isolated phase presumably led to the establishment of a
shallow oxycline, which further limited Thaumarchaeotal blooms, while
potentially facilitating the distribution of anaerobic archaea (e.g.,
methanogens and anaerobic methanotrophs).

In this context, the elevated GDGT-0/crenarchaeol ratio (Fig. 13g)
observed during Phase I offers critical insight into the prevailing redox
and archaeal community dynamics of the Farasan Deep. This index,
traditionally used to infer methanogenic activity due to the preferential
production of GDGT-0 by methanogenic archaea (Blaga et al., 2009;
Koga et al., 1993) has also been interpreted as a signal of intensified
stratification and a vertically expanded anoxic zone, particularly in
lacustrine systems such as Lake Chala in Africa (Baxter et al., 2024;
Baxter et al., 2021b). In a peat core from Lake Diatas in Sumatra,
(Hallberg et al., 2023) identified higher GDGT-0/cren ratios in the
organic rich interval of the core, suggesting anoxic conditions and
methanogenesis. Although the GDGT-0/cren values in the Farasan Deep
do not exceed diagnostic thresholds for active methanogenesis (see
Section 5.1.1), their marked increase during this interval is nonetheless
consistent with a prolonged period of suppressed deep-water ventilation
and the dominance of anaerobic microbial processes. Elevated concen-
trations of GDGT-0 have also been documented in hypersaline envi-
ronments, where they are often found in association with high levels of
archaeol, suggesting a potential link to halophilic or methanogenic
microbial communities (Li et al., 2016; Turich and Freeman, 2011).

High GDGT-0 concentrations in this anoxic and stratified phase
further coincide with the preferential production of 6-methyl (6Me)
brGDGT isomers, as reflected by increased IR6Me values; an index that
captures the relative contribution of the 6-methyl to 5-methyl brGDGTS
(Fig. 13h). While we do not have Farasan Deep water-column GDGT
profiles, we observe some distributional similarities with other studies
that have attributed these brGDGTs to in situ production (Baxter et al.,
2024; Kirkels et al., 2022a; Pan et al., 2025). For example, (Kirkels et al.,
2022b) attributed the combination of high GDGT-0/cren and high 6-
methyl inputs to in situ production in the Godavari River, in India,
during low-oxygen conditions. In Lake Chala, the 5Me and 6Me isomers
seem to be distributed in spatially distinct parts of the anoxic lower
water-column and subsequently the IR6Me ratio is predominantly
controlled by lake water depth (Baxter et al., 2024; Van Bree et al.,
2020). According to (Sinninghe Damsté, 2016), the higher primary
productivity and associated organic matter fluxes of this phase could
promote benthic in situ brGDGT production in the Farasan Deep.
However, the possibility of a fluvial transport of brGDGTs produced in
the local wadis and transferred to the Farasan Deep basin, cannot be
excluded.

Finally, the very high brGMGT abundances (Fig. 13i) during this
phase may also reflect preferential in situ bacterial production of GMGTs
under persistently stratified and anoxic conditions. These results align
with previous findings showing brGMGT in situ production in anoxic
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systems such as the deep water-column and sediment of Lake Chala
(Baxter et al., 2021a) and the water-saturated anoxic zone of peatlands
(Naafs et al., 2018). brGMGT presence in Holocene marine sediments
from the Bay of Bengal also supports a marine origin, likely from in situ
production in anoxic deep waters or sediments (Kirkels et al., 2022a),
reinforcing the interpretation for the Farasan Deep.

6.3. Phase II — transitional dynamics and episodic connectivity

Phase II captures an interval of hydrological reorganization, between
ca.8.7 and 6.7 ka, during which the Farasan Deep began transitioning
from an isolated, anoxic basin towards increased intermittent connec-
tivity with the open southern Red Sea. This period is marked by a
gradual breakdown of the stable stratification and a restructuring of
biogeochemical processes, coinciding with a continued rise in regional
sea level (Fig. 13j). Sedimentologically, this phase differs from the finely
laminated, flocculent textures of Phase I. The sediments become increas-
ingly compacted, with a clear absence of laminations and a substantial
decline in sedimentation rates (Unit C; Fig. 3 and Fig. S1). The distinct
lighter-coloured layers (L10-L15) likely represent marine pulses and
brief disruptions in density stratification, leading to ventilation events
within the water-column (Fig. 3 and Fig. S1). Geochemically, the
increased variability in Ca/Ti, Fe/Ti, and S/Ti ratios (Fig. 5a—c) further
corroborates the episodic marine influence and subsequent dynamic
redox conditions. Concurrent variability in Br/Ti and Si/Ti ratios (Fig. 5d,
e) as well as LOI559 (Fig. 13a) reflects less stable surface productivity
regimes, with intermittent peaks hinting at reduced but still episodic
biogenic silica export.

Consistent with this geochemical signal, decreases in diatom mat
formations (Fig. 13b) suggest a deterioration of the stable, diatom
bloom-favoring conditions of the preceding phase. Episodic marine in-
trusions likely disrupted stratification in the photic zone and intermit-
tently deepened the oxycline. Simultaneously, this phase coincided with
the regional peak of the African Humid Period, when intensified pre-
cipitation could have sustained intermittent fluvial input to the Farasan
Deep, as observed in both the southern (Paraschos et al., 2025) and
central Red Sea (Ehrmann et al., 2024). Such freshwater inflow may
have diluted the marine signal while delivering pulses of nutrients to the
surface waters. The resulting variability in redox and productivity
proxies may thus reflect a dynamic interplay between marine incursions
and terrestrial runoff, each modulating stratification, nutrient delivery,
and microbial ecosystem structure in an alternating fashion.

Micropaleontological indicators also capture this ecological transi-
tion. Planktic foraminifera become increasingly abundant, marking the
intermittent return of open-water connectivity and improved surface-
water oxygenation (Fig. 6¢ and Fig. 13c). Benthic foraminifera appear
in distinct pulses (Fig. 6d), with both epifaunal (Fig. 6g) and infaunal
(Fig. 6f) taxa sporadically present. The alternating dominance of
epifaunal versus infaunal groups (Fig. 13d) may reflect unstable redox
conditions at the sediment-water interface. These fluctuations were
likely driven by shifting oxycline depths, with alternating periods of
enhanced oxygen penetration and more reducing conditions.

GDGT trends support the ecological restructuring observed during
this transitional interval. The total abundance of both isoprenoid and
branched GDGTs shows marked fluctuations (Fig. 13f), contrasting the
suppressed levels under the low-mixing, diatom-dominated regime of
Phase I. Similar patterns have been observed in Lake Chala, where a rise
in GDGT concentrations coincided with the disappearance of benthic
diatoms, interpreted as evidence for sustained bottom-water anoxia and
the expansion of suboxic to anoxic niches favorable for aquatic GDGT
production (Baxter et al., 2024). Furthermore, key redox- and source-
sensitive proxies, including the GDGT-0/crenarchaeol ratio, IR6Me,
and brGMGT abundances decline abruptly in our record, signaling a
shift away from Archaeal and Bacterial groups adapted to low-oxygen
and highly stratified conditions (Fig. 13g-i). More specifically, the
noticeable IR6Me decrease (Fig. 13h) suggests a microbial shift from
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more 6-methyl brGDGT to a more 5-methyl brGDGT-producing
community.

This transitional phase, which persisted for ca. 2 kyr, likely reflects
the breakdown of persistent stratification and the onset of more dynamic
photic zone conditions, with increased mixing and nutrient recycling
favoring a microbial loop-dominated system, as has also been observed
in the southern Red Sea during the spring months (Cullen et al., 2002;
Pearman et al., 2017). The rising %GDGTgs values, periodically sur-
passing the 30 % threshold, characteristic of modern Red Sea surface
sediments (Inglis et al., 2015), further underscore a growing marine
overprint and the restructuring of Archaeal niches. Pronounced vari-
ability in the GDGT-2/GDGT-3 ratio (Fig. 8d), typically used to infer
Archaeal depth export (Taylor et al., 2013), potentially suggests varia-
tions in the Archaeal water-column composition resulting from fluctu-
ating water column stratification and ventilation. Together, these
patterns reflect a basin in transition: no longer a fully isolated basin, yet
not a fully established marine system.

6.3.1. Phase III — Establishment of modern marine conditions

The onset of Phase III at ca. 6.7 ka marks the transition of the
Farasan Deep into a persistently marine basin. This shift reflects the
stabilization of postglacial sea-level rise and the basin’s full hydrological
connection to the southern Red Sea. However, while marine conditions
were clearly established, the Farasan Deep remained a morphologically
and biogeochemically distinct sub-basin, as its hydrographic and
microbial signatures continued to deviate from both global marine sig-
nals and broader regional Red Sea trends (Fig. 10).

Sedimentological evidence indicates a marked difference from the
laminated, organic-rich textures of Phase I and the transitional layered
sequences of Phase II that capture episodic fluctuations in water-column
dynamics. The sediments of Phase III (Unit D; Fig. 3 and Fig. S1) become
more homogeneous and structurally compact, devoid of lamination,
reflecting a regime of stable sedimentation under persistently stratified
conditions. This lithological stabilization is also mirrored in the
geochemical record. Marine and redox-sensitive elemental ratios,
including Ca/Ti, Fe/Ti, and S/Ti (Fig. 5a—c), remain consistently
elevated, indicating persistent marine influence and a sustained suboxic
to anoxic bottom-water environment. Br/Ti and Si/Ti ratios (Fig. 5d—e)
decline and remain consistently low, indicating reduced aquatic
productivity and diminished input of biogenic silica. The LOI profile
(Fig. 13a) further supports this trend, showing low and stable organic
matter content, consistent with a decrease in primary productivity and
less favorable conditions for organic matter preservation.

Diatom mats (Fig. 13b), a dominant feature in earlier phases,
vanish entirely, pointing to both altered photic zone dynamics and
increased degradation potential under changing redox conditions. In
contrast, planktic foraminifera become generally more abundant than in
preceding phases, albeit with notable fluctuations in their concentra-
tions (Fig. 6¢). These patterns nonetheless suggest a broad trend toward
improved surface-water ventilation and sustained marine influence.
Data from (Klein et al., 2025) show that even under modern conditions
the Farasan Deep remains severely anoxic below ca. 100 m, with a
sharply defined oxycline that has likely controlled the distribution and
abundance of planktic communities. Meanwhile, benthic foraminifera
remain comparatively sparse and are predominantly composed of
infaunal species (Fig. 13d), reinforcing the interpretation of a persis-
tently suboxic sediment-water interface despite enhanced surface
exchange.

Lipid biomarker trends further underscore the ecological transition
associated with Phase III. A pronounced decline in the GDGT-0/
crenarchaeol ratio (Fig. 13g) signals the deepening of the oxycline,
paralleling observations in stratified lacustrine environments, where
such shifts mark transitions in archaeal community composition trig-
gered by intensified water-column mixing (Baxter et al., 2024).
Concurrently, the f(cren’) index (Fig. 8e) stabilizes at relatively elevated
values, potentially reflecting an increased contribution from



F. Paraschos et al.

Thaumarchaeota Group I.1b (Baxter et al., 2021b). While the precise
taxonomic source remains uncertain in the absence of molecular data,
the trend points to a restructuring in Thaumarchaeotal niches under
increasingly ventilated conditions. Meanwhile, branched lipid proxies
such as the IR6Me (Fig. 13h) reflect the sustained 5-methyl brGDGT
production, while the persistent low %brGMGT values (Fig. 13i) may
imply that brGMGT-producing organisms are outcompeted by brGDGT-
producing ones.

This restructuring is further reflected by the increase in the %
GDGTRg index (Fig. 8a), which remains above the modern Red Sea
threshold (Inglis et al., 2015), suggesting that Thaumarchaeotal com-
munities more typical of well-mixed, oxic Red Sea environments had
become ecologically dominant. However, despite this similarity to
modern Red Sea %GDGTgs values, the Farasan Deep continues to
diverge from the regional trends. Hydroxylated GDGT-derived indices
such as %OH (Fig. 10b) and RI-OH’ (Fig. 10d) as well as the TEXgg
(Fig. 10a) values remain offset from both the global and existing Red Sea
datasets, reinforcing the basin’s persistent unique character even in its
modern marine state.

In sum, Phase III marks the establishment of modern Farasan Deep
conditions from ca. 6.7 ka onwards; permanently marine, hydro-
graphically connected, yet still biogeochemically distinct from the
rest of the Red Sea basin. While the stratification and isolation that
characterized the early Holocene decreased, the Farasan Deep retained a
highly anoxic character with a microbial ecology not fully represented
in existing calibration datasets.

7. Conclusions

The Holocene evolution of the Farasan Deep reveals a prolonged and
complex transition from an isolated saline palaeolake to a permanently
stratified marine system, shaped by sea-level rise, climatic forcing, and
basin morphology. Despite proximity to reactivated fluvial systems
during the African Humid Period, the basin remained consistently saline
throughout its isolated phase, underscoring the persistence of restricted
exchange and evaporative dominance in marginal marine depressions.

The atypical GDGT distributions, distinct archaeal signals, and
diatom-rich intervals highlight the influence of redox stratification,
microbial restructuring, and internal nutrient cycling on lipid biomarker
production and preservation. These findings underscore the need for
caution when applying conventional GDGT-based paleoclimate proxies
in marginal marine or hydrographically restricted settings, where mi-
crobial community shifts and environmental isolation can significantly
alter GDGT production and export. Proxy thresholds established in fully
marine or lacustrine systems may not directly apply to such transitional
environments, while to improve the applicability of these proxies, future
research should combine seasonal water column sampling with molec-
ular microbial analyses (e.g., 16S rRNA sequencing, metagenomics) to
identify GDGT-producing taxa and refine the applicability of GDGT-
based proxies in marginal marine systems like the Farasan Deep.

Beyond the regional framework, the Farasan Deep offers a globally
relevant analogue for understanding stratification feedbacks, redox-
sensitive carbon cycling, and microbial lipid responses in semi-
enclosed systems. Its depositional archive serves as a valuable tem-
plate for evaluating biogeochemical evolution in submerged coastal
basins and contributes to the growing recognition of their palae-
oenvironmental and geoarchaeological significance. These results
emphasize the need for integrative multiproxy approaches and micro-
bial characterization to refine climate reconstructions and assess early
human-environment interactions in now-submerged landscapes.
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