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Climate conditions in Africa have varied substantially during the Late Quaternary with alternating humid
and arid periods controlled mainly by the African monsoonal regime. However, the duration and
termination of the last African Humid Period (14—6 ka BP) and its internal climatic variability are still
debated. Using a laminated sequence from the Nile Deep-Sea Fan, we reconstruct for the first time the
monsoon-induced frequency of exceptional Nile floods at centennial resolution during the African Humid
Period. By combining sedimentological, geochemical and microscopic tools and comparing our record
with two proximal piston cores and with regional paleoclimatic records, we show: a) the occurrence of
recurrent high-energy floods between 10.1 and 9 ka BP, during the height of the African Humid Period; b)
a shift in the hydro-climatic regime as early as 9 ka BP, with a progressive reduction in flood frequency
and magnitude until 8.2 ka BP, likely related to a southward migration of the monsoon rainfall belt; ¢) a
drastic reduction of flood activity between 8.2 and 7.8 ka BP; d) an unstable Ethiopian-Nile hydrological
system from 7.8 ka BP, followed by a further decrease in river runoff until ~4 ka BP. The occurrence of a
stepwise hydro-climatic deterioration over the Ethiopian Highlands from ~9 ka BP brings into question
the climatic linkages and feedbacks between low and high latitudes during the Early to Mid-Holocene
and in particular around the 8.2 ka BP North Atlantic cooling event. Our unique record of flood fre-
quency at centennial-resolution therefore allows us to draw new insights on fluvial and geomorphic
feedbacks of the Nile hydrologic system to monsoonal regimes during a period of major environmental
shifts.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

subtropical latitudes between 30°N and 30°S. Hydro-climatic con-
ditions in the current Sahel area (Fig. 1b) have varied in the past

Monsoons are the dominant seasonal mode of climate vari-
ability in the tropics, acting as the main driver of climate world-
wide. At present, the tropics concentrate the maximum amount of
energy and redistribute it in the form of air and moisture masses to
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following a precessional pacing (i.e., every 21,000 years; Mohtadi
et al., 2016). Periods that were more humid in the past compared
with present-day conditions have been attributed to the northward
migration of the rainfall belt associated with the Inter Tropical
Convergence Zone (ITCZ; Mohtadi et al., 2016). This migration is
governed by precession-driven insolation changes and modulated
by the eccentricity (deMenocal et al., 2000; Gasse, 2000; Rossignol-
Strick et al., 1982; Skonieczny et al., 2019). Past humid periods were
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Fig. 1. a) Bathymetric map of the Western Nile Deep Sea Fan (NDSF; proximal Rosetta upper slope, C10 Rosetta canyon, DSF6) showing the locations of the studied cores MD04-2726
(31°51.00' N, 29°47.49' E, 1058 m water depth) and MS27PT (N31_47.90’; E29_27.700, 1389 m water depth; red dots), the bathymetric profile presented in Fig. 7, and the P362-2-33
core (Blanchet et al., 2013, black dot). b) Hydrological context of North Africa and the present-day active Nile watershed (modified from Skonieczny et al., 2015). Three main sources
of suspended sediment load are identified in the Nile Deep-Sea Fan: the basaltic rocks (purple) of the Ethiopian Traps (Highlands), which are drained by the Blue Nile, Atbara and
Sobat rivers located at tropical latitude (around 5 to 15°N); the Precambrian metamorphic rocks (green) of the Central African Craton located in the equatorial latitude of Lakes
Albert and Victoria in the Ugandan headwaters region of the White Nile; the Saharan Metacraton (Abdelsalam et al., 2002) which produces aeolian dust representing the source
region of most deflation documented by (Prospero et al., 2002; Scheuvens et al., 2013). The outcrops of the Ethiopian Traps, Precambrian Craton and Saharan Metacraton provide
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characterized by enhanced discharge and sediment export from the
large African river systems to surrounding ocean margins. The most
recent period of more intense rainfall, the African Humid Period
(AHP: from ~14 to ~6 ka BP; Shanahan et al,, 2015), led to the
expansion of continental water bodies (Gasse, 2000), the devel-
opment of vegetation cover over the present-day Sahelian-Saharan
desert (Hopcroft et al., 2017) and very high riverine-induced
terrigenous inputs. Many recent studies conducted at high tem-
poral resolution (100 years) in lake and deltaic sediment records
across the East African Rift System and over the North African
continental margins suggest that gradual long-term monsoon 0s-
cillations (controlled by external orbital forcing) were often punc-
tuated by millennial-scale episodes of hyper aridity (Bastian et al.,
2017; Chalié and Gasse, 2000; Costa et al., 2014; Foerster et al.,
2012; Tierney and deMenocal, 2013; Verschuren et al., 2009).

The most recent arid episodes occurred during the AHP and at
the onset of the AHP (8.2 and 12.8 ka BP), coinciding with the
melting of icebergs from the Laurentide ice sheet into the Arctic
(Collins et al., 2017, 2011). It has been proposed that the reduction
of Atlantic thermohaline circulation could have induced a reduction
of African monsoon activity (Mulitza et al., 2008). In order to un-
derstand the mechanisms linked to these abrupt climate changes
between low and high latitudes, it is crucial to work on natural
archives with a centennial to decadal temporal resolution.

The main goal of this work is to investigate Nile river discharge
over the last ~10.3 thousand years at a centennial time resolution,
with the aim of documenting the internal dynamics of the AHP in
East Africa. A particular focus will be set on the 8.2 ka BP arid event,
to better understand the timing, mechanism and feedback of Afri-
can monsoon activity in the Ethiopian-Nile basin.

Sediment deposition in deltas is dominated by terrigenous
material delivered from flooding rivers and is highly sensitive to
changes in precipitation rate and the extension of vegetation cover
in drainage basins. The sediment records preserved in the Nile
Deep-Sea Fan (NDSF) provide suitable archives for reconstructing
past continuous climate variations (Ducassou et al., 2009). Previous
studies on the NDSF have demonstrated that past humid periods
were systematically accompanied by higher deposition rates and
enhanced terrigenous supply, reflecting strong physical erosion and
transport processes from the Ethiopian Highlands related to African
monsoon activity (Blanchet et al., 2014; Ducassou et al., 2009; Krom
et al., 2002; Revel et al., 2010, 2014, 2015). In addition, the prove-
nance of particles exported to the NDSF has been inferred from the
application of Nd and Sr radiogenic isotopes in sediment cores (See
section 2.2).

Over the NDSF, the variability of lithological facies includes
pelagites/hemipelagites, turbidites, debrites, slide/slump deposits
and clastic muds (Ducassou et al., 2009, 2008; 2007; Migeon et al.,
2010). During strong flood events, fine-to coarse-grained beds
named hyperpycnites can be deposited at ocean and sea margins
(Mulder et al., 2003, 2001; Parsons et al., 2001). However, in the
NDSF, Nile flood events seem to be recorded through the
emplacement of the so-called “clastic-mud beds” (Ducassou et al.,
2008; Revel et al., 2010; Blanchet et al., 2013). The deposition of
these beds is explained by the reconcentration of surface plumes
originating from terrigenous river discharge by convective pro-
cesses leading to the formation of hyperpycnal flows at depth
(Ducassou et al., 2008; Parsons et al., 2001).

In this study, we focus on well-preserved turbidite beds located

in the Western Province of the NDSF (MD04-2726 core, Fig. 1), that
we interpret to be a potential instantaneous and direct record of the
Nile-river floods during the AHP, related to African paleo-monsoon
activity.

Integrating multiproxy sedimentological and geochemical
(major elemental and Nd isotopes) data, we address four chal-
lenges: a) distinguishing between beds deposited by hyperpycnal
flows and those induced by failure-triggered gravity flows or by
density convective processes (clastic-mud beds) along the Rosetta
Canyon and the continental slope; b) confirming the coherency of
these hyperpycnal-flow deposits over the western NDSF by
comparing them with similar laminated and well-dated records in
the Rosetta System (MS27PT and P3622-33 cores; Revel et al., 2015;
Blanchet et al., 2013, respectively); ¢) characterising the frequency
and magnitude of Nile paleo-floods over the last 10.1 kyr; and d)
finally, discussing the meaning of Nile-flood frequencies at
centennial resolution and their links with paleo-monsoon activity
during the AHP, with a particular focus on the Early to Mid-
Holocene and on the 8.2 ka BP hyper-arid event (Rohling and
Palike, 2005).

These results will be of interest to better constrain identification
of hyperpycnal-flow deposits within mud-prone turbidite systems
similar to the Nile Deep-Sea Fan and to better constrain African
paleo-monsoon dynamics for integration within broader climate
modelling.

2. Regional settings
2.1. The NDSF Western Province morphology

Core MD04-2726 was collected in the upper part of the Rosetta
Turbidite System, located on the western NDSF (Ducassou et al.,
2009; Mascle et al., 2006), off the Rosetta branch of the Nile sub-
aerial delta (Fig. 1a). Here, the continental shelf is about 30 km
wide, and the head of the Rosetta Canyon lies on the outer conti-
nental shelf at a water depth of about 70 m (Fig. 1a). It is about
25 km long and 200—250 m deep, and is straight following the
main slope angle of the continental slope. In cross section, the
Rosetta Canyon is characterized by U- to poorly-developed V-sha-
ped profiles where a large number of small-scale failures affected
the canyon flanks (Fig. 1a). The Rosetta Canyon connects to a
meandering channel-levee system named DSF6, which was initi-
ated during Marine Isotopic Stage 3 (MIS 3) (Ducassou et al., 2009)
and potentially recorded the Holocene activity of the Nile flood-
induced inputs.

2.2. The NDSF Western Province sediment sources

The sedimentary provenance of terrigenous material in the
western NDSF can be characterized through its neodymium iso-
topic signature (eNd) (Bastian et al., 2017; Blanchet et al., 2014;
Blanchet, 2019; Migeon et al., 2010; Revel et al., 2010; Weldeab
et al., 2002). Since the Nile basin encompasses the Precambrian
African basement as well as the Cenozoic Ethiopian traps, which
have contrasting Nd isotopic compositions, geochemical studies on
its sediment loads allow us to distinguish between the sources of
the material (Fig. 1b). 96% of the particles deposited in the NDSF
today are estimated to originate from the Blue Nile and Atbara
rivers and only 4% from the White Nile (Be’eri-Shlevin et al., 2018;

sediments characterized by eNd values of >0, > —30 and from —10 to —14 respectively (Garzanti et al., 2015; Grousset and Biscaye, 2005; Skonieczny et al., 2011). The seasonal
positions of the Intertropical Convergence Zone (ITCZ; red dotted line, Viste and Sorteberg, 2013) as well as of the Sahel zone (orange area) are shown, as well as the Nile catchment
mica sources (Dabus and Diesda rivers, orange dots; after Garzanti et al., 2015). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)



4 C. Mologni et al. / Quaternary Science Reviews 247 (2020) 106543

Garzanti et al.,, 2015; Padoan et al., 2011). The Bahr el Jebel and
Victoria-Albert Nile-derived fluvial muds are characterized by eNd
(0) =-25 (Padoan et al., 2011), whereas the White Nile mud
reaching Khartoum could have a Saharan Metacraton imprint with
eNd around —13 (Fig. 1b; Skonieczny et al., 2011). Aeolian dust from
the western to central Saharan region are characterized by rela-
tively constant values of eNd ranging between —10 and -15
(Grousset and Biscaye, 2005; Scheuvens et al., 2013).

Thus, temporal changes in both Nd signature and sedimentation
rate from sedimentary records in the NDSF allow us to track past
temporal changes in relative proportions of detrital sediment
originating from the Ethiopian Traps located in tropical latitudes
between 5°N and 15 °N (eNd > 0), the Central Africa Craton located
in equatorial latitude (eNd = —30), and the Saharan Metacraton
located in the present Sahara (Abdelsalam et al., 2002) and which is
an important aeolian dust producer (eNd = —10 to —15).

3. Materials and methods

The present study is based on the analysis of the MD04-2726
core (N 31°51.00', E 29°47.49’) collected during the VANIL
campaign (2004). The total MD04-2726 piston core length mea-
sures 26.5 m and is composed of 18 sections. Because of the good
preservation of the hyperpycnite sequence and according to the
aim of this and previous studies (Revel et al., 2015) we focused our
investigation on the upper five sections (732 cm; Fig. 2e). The core
was extracted on the right-hand levee of the upper Rosetta Channel
at a water depth of 1058 m (Fig. 1a), and represents the closest core
from the coastline to have been collected on the Nile margin, i.e.
<60 km away from the Rosetta-river mouth. This core is charac-
terized by high accumulation rates and thus provides high-
resolution temporal information on the links between hydro-
climate and erosion processes on continents.

Identification of individual depositional beds was based on the
integration of various methods including visual description at
millimetre scale, grain-size, XRF-CS, Nd isotopic composition and
thin-section analyses that are described below.

3.1. AMS ™C measurements

The age model of the MD04-2726 sequence was constructed
using thirty Accelerator Mass Spectrometry (AMS) 'C dates
(Table 1). In order to improve the age model for core MD04-2726
(Revel et al., 2015), a set of 18 additional radiocarbon ages was
obtained (Table 1, Fig. 2a). The scarcity of planktonic foraminifera
shells in sections III-IV-V precludes the addition of new radiocarbon
measurement on biogenic carbonates. We therefore obtained seven
new AMS 'C measurements on bulk organic matter (bulk OM) for
this part of the core and 11 new AMS C measurements of plank-
tonic foraminifera shells in sections I-II-III (Fig. 2, Table 1).

Calibrated ages were obtained with the OxCal software (v4.3.2,
Bronk Ramsey, 2017), while the age-depth modelling was per-
formed using the Bacon software (v3.6.3, Blaauw and Christen,
2011). Conventional ages on foraminifera assemblages were cali-
brated using the MARINE13 calibration curve, which includes a
mean global reservoir correction of 400 yrs (Reimer et al., 2013;
Siani, 2001). Paired measurements of AMS '“C of planktonic fora-
minifera and bulk OM on the same depth interval (658 cm, section
V; Table 1) allows us to estimate the age reservoir correction of the
continental OM. Inversely to classical methods to determine the
local age reservoir for marine sediments (Dewar et al., 2012; Reimer
etal., 2002; Reimer and Reimer, 2017), we used the calibrated age of
planktonic foraminifera (to MARINE13, 9736 cal yr BP) to determine
the apparent age of contemporaneous organic matter (from

IntCal13, 8766 cal yr BP) and calculated the difference with the
radiocarbon age of bulk OM (10,620 yr BP). The calculated offset of
1854 yr was used as a constant reservoir age to correct all radio-
carbon ages on organic matter (Table 1). Owing to the dominantly
continental origin of bulk OM in sediments from the NDSF depos-
ited during the African Humid Period (Blanchet et al., 2014; Ménot
et al., 2020), the ages on bulk OM and on organic macro-remains
were calibrated using the IntCal13 curve (Reimer et al., 2013). The
reliability of the age model and inherent limitations will be further
discussed in section 4.1.

3.2. XRF core scanner on soft sediment

X-Ray fluorescence core scanning (XRF-CS) was performed us-
ing an Avaatech core scanner at the EDYTEM laboratory (CNRS-
Université de Savoie Mont-Blanc). The XRF-CS analyses were per-
formed on core MD04-2726 with a 1 mm sampling step and with a
10 kV voltage (Al Si, S, K, Ca, Ti, Mn, Fe) for sections I-1I (Revel et al.,
2015), and with a 10 KV and 30 kV voltage (Al, Si, S, K, Ca, Ti, Mn, Fe;
Cu, Zn, Br, Sr, Rb, Zr, Pb) for sections III-IV-V (this study). Each in-
dividual power spectrum was transformed by deconvolution into
relative contents (intensities) expressed in counts per seconds
(cps). In this study we principally used the logs of elemental ratios,
following a well-established methodology to circumvent problems
associated with the closed-sum constraints (Croudace and
Rothwell, 2015; Weltje and Tjallingii, 2008).

A principal component analysis (PCA) was performed on
geochemical results using the R® software. This statistical pro-
cedure uses an orthogonal transformation to convert a set of ob-
servations of possibly correlated variables (our elements) into a set
of values of linearly uncorrelated variables called principal com-
ponents (dimensions). This analysis has been thus applied to XRF
results in order to decipher sedimentary processes controlling
MDO04-2726 geochemical variations (Sup. Mat. Figure S1).

3.3. Particle grain size analysis and LOI

Grain-size analyses were performed using a Coulter-LS2000
following two sampling strategies: a) a centimetre-scale sampling
step over the total core length (733 c¢cm); b) a millimetre-scale
sampling step (2 mm) in selected individual beds identified using
the mm-XRF major elemental variation and centimetre-resolution
grain-size distribution data. To avoid clay flocculation and to
dissociate mineral particles, we used sodium hexametaphosphate
(NaHMP) and ultrasonic treatment. Sediment was previously
decarbonated (HCI, 1 mol), while the organic matter was main-
tained (no H,0, dissolution), considered as a grain-size marker of
river-induced instantaneous deposits. SEM and light microscopic
qualitative analyses on this section and on bulk decarbonised
sediment (see 3.4 for methodology) showed the near-absence of
diatom frustules, which are thus considered as a negligible factor
for grain-size measurements and interpretations.

We determined the grain-size of the intercepts for 10%, 50% and
90% of the cumulative grain-size curves (named Q90, Q50 and Q10
values; Folk and Ward, 1957). The ratio Q90/Q10 is used to identify
the coarser-grained beds (hyperpycnites) along the studied inter-
val, while the Q90/Q50 ratio and Gaussian curves are used to
discriminate between the bed types and to propose a hydrody-
namic interpretation.

Loss On Ignition (LOI) was performed on 2 g sediment samples
by heating for 24 h at 100 °C for residual water and gypsum content
and then 4 h at 550 °C for organic carbon total content measures
(Santisteban et al., 2004).
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3.4. Light and electron microscopy analyses

Microscopic analyses were performed on 11 thin sections
sampled in selected individual beds (Fig. 3). Thin sections were
analysed using the Zeiss Axioskop 40 Pol/40 petrographic micro-
scope with UV light used to detect phosphate materials. Pictures of
total thin sections presented in this article were obtained from
high-resolution transmission scanning in crossed (XPL) and direct
polarized light (PPL).

Qualitative and semi-quantitative geochemical analysis on un-
covered thin sections was performed using scanning electron mi-
croscopy (SEM). SEM was also used for the surface textural analyses
of quartz grains, following Vos et al. (2014) sampling processing
and analysis settings. SEM observations and Energy Dispersive X-
Ray spectroscopy (EDX) analyses were carried out with a Tescan
Vega3 XMU scanning electron microscope (TESCAN FRANCE,
Fuveau, France) equipped with an Oxford X-MaxN 50 EDX detector
(Oxford Instruments, Abingdon, U.K.). Thin sections were observed
and analysed with no prior metal or carbon coating, using the low
vacuum mode (N2 pressure ~35 Pa) and at a 20 kV accelerating
voltage. Imaging was performed using backscattered electrons. EDX
spectra were processed with the Aztec software (version 3.1, Oxford
Instruments). Surface textural analyses of quartz grains were per-
formed on 10 to 20 grains for each of the beds identified in thin
sections, with a grain-size range between 100 pm and 1 mm,
randomly selected under a binocular microscope and then analysed
using the SEM. Quartz grains were coated with platinum (3 nm)
prior to SEM observations at a 5 kV accelerating voltage.

3.5. Nd radiogenic isotope analyses

[sotope ratios were measured on carbonate-free <63 um particle
size both on hemipelagic and turbidite deposits, using 100 mg of
the dried aluminosilicate fraction. Chemical extractions for Nd
isotopes were carried out at the Laboratory of Geoscience Mont-
pellier. Samples were leached for 1 h with 1 N HCl to dissolve
biogenic carbonates. The Fe—Mn oxyhydroxide fraction and organic
carbon were removed using 10 ml 1 M Hydroxylamine hydro-
chloride and 10 ml 5% H,0,, respectively (Bayon et al., 2002). After
leaching, the samples were centrifuged and the supernatant dis-
carded. The remaining sediment was washed three times with
ultra-pure water, discarding the supernatant each time to remove
the biogenic components and to eliminate any marine Nd isotope
signal adsorbed on to the silt-clay fraction. The chemical separation
of Nd included a first separation step using AG50W-X-8 cation
exchange resin to collect rare earth elements followed by purifi-
cation of Nd using HDEHP conditioned Teflon columns. Nd isotopes
were measured using a Thermo Scientific Neptune Plus MC-ICP-MS
from the AETE-ISO geochemical platform (OSU-OREME, Mont-
pellier University). The “*Nd/™“Nd isotopic compositions were
corrected for internal mass bias using an exponential law and a
value of 0.7219 for the “®Nd/™4Nd ratio. The external mass bias
was corrected using the standard bracketing method using AMES-
Rennes and analysing each of the 2 unknowns. During the course of
the study AMES-Rennes standards yielded an average 0.511946 + 6
(20, n = 10) for the >Nd/'**Nd ratio (Chauvel and Blichert-Toft,
2001). The Nd procedural blank measured during the course of
this study was 25 pg. Epsilon Nd values (¢Nd) were calculated using
143Nd/144Nd = 0.512638 (Bouvier et al., 2008).

4. Results
4.1. Age model, lithology and sedimentation rates

According to the age model, the upper 7.3 m of core MD04-2726

span the last 10 kyr, covering the Holocene period (Fig. 2a). Both the
range (between 0.2 and 3.5 mm/yr) and the timing of changes in
sedimentation rates are coherent with previous reports from
nearby archives (Blanchet et al., 2013; Revel et al., 2014, 2015;
Hennekam et al., 2015). A large variability in radiocarbon ages
(including several reversals) is observed in sections III-IV-V, where
the highest sedimentation rates are computed (>1 mm/yr). This is
probably related to unaccounted changes in the reservoir age of
bulk OM through time, due to varying proportion of terrestrial and
marine OM in the sediments as well as to the incorporation of
terrestrial OM of varying ages. Complex interplay between storage
and erosion processes in fluvial basins can indeed lead to the
release of pre-aged OM as old as 2000 yrs, as shown by Schefuf3
et al. (2016) for the Congo River. A reservoir age of ~1200 yr has
been obtained for a layer dated at ca. 9 ka BP in nearby core P362/
2—33 (unpublished results, C. Blanchet), which is 650 yrs younger
than the reservoir age of ~1850 yrs obtained for core MD04-2726 at
ca. 9.8 ka BP. We therefore consider that uncertainties on radio-
carbon ages obtained on bulk OM associated with likely variations
in reservoir age through time are in the order of ~500 yrs. For all
other ages, uncertainties range between ~30 and ~100 yr, see
Table 1). Accounting for these inherent limitations and for the
generally lower temporal resolution of regional records, we limit
our interpretations to centennial-scale changes.

Based on the lithology, four sedimentological intervals were
identified in core MD04-2627, depicted here from bottom to top.
The first interval lies between 732 and 700 cm and is dated be-
tween ~10.3 and ~10.1 ka BP (Fig. 2a). It is composed of muddy non-
laminated sediment (Fig. 2e). The second interval ranges from 700
to 132 cm and is dated between ~10.1 and ~7.2 ka BP. It is charac-
terized by sandy-silt to silty-mud turbidites and laminated hemi-
pelagic muddy beds, with sedimentation rates between ~1 and
~3.5 mmy/yr. The total carbonate content never exceeds 10%. The
whole interval corresponds to the Sapropel S1, formed under
anoxic bottom-waters conditions which circumvented the bio-
turbation (Thomson et al., 1999). Thus we observe a high organic
content (8—9%; Fig. 4a), low Mn/Al values (Fig. 2d) and the lack of
bioturbation features. The third interval lies between 132 and
70 cm and is dated between ~7.2 and ~5.8 ka BP (Fig. 2a). It rep-
resents the transition from sapropelic to pelagic conditions with no
turbidite beds, corresponding to the increase of deep and inter-
mediate water ventilation in the Eastern Mediterranean during the
termination of the AHP. The fourth interval corresponds to the
upper 70 cm and spans the last 5.8 kyr. A reduction of S/Cl (Revel
et al,, 2015) and two peaks of Mn/Al ratio at 6.8 and 4.3 ka BP
mark the reestablishment of Mid-Holocene oxic conditions (Fig. 2d;
De Lange et al., 2008). This interval has a sedimentation rate of
~0.15 mmy/yr (Fig. 2a) and consists of yellowish-brown bioturbated
pelagic mud devoid of turbidite beds with a great number of
planktonic foraminifera.

4.2. Nd isotopic composition

In core MD04-2726, €Nd values measured on the <63 um sili-
cate fraction range between —2 and —6 and three isotopic trends
are distinguished (Fig. 2b). Values of ENd between —2.5 and —4 are
observed between 700 and 400 cm, indicating a larger proportion
of particles derived from the Ethiopian Traps. These are followed by
values of ENd between —4 and —5 observed between 400 and
70 cm. Finally, distinctly low ENd values (<-5.5) are measured be-
tween 70 and 20 cm in phase with the low values of the Ti/Ca ratio.
ENd values from turbiditic beds show a systematic offset by ~ +0.6
compared to the hemipelagic facies (Fig. 2b).
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Table 1
Calibration of new and previous ages on MD04-2726 core, and results from age model building using the Bacon software (v3.6.3, Blaauw and Christen, 2011) based on Marine13 and IntCal13 calibration curves (Reimer et al., 2013).
Bulk OC = Bulk Organic Carbon; * = new ages (this study).

Lab. Code Depth (cm) Material Radiocarbon Carbon content (mg) Reservoir correction (yr) Cal Curve Calibrated age (cal yr BP + 20) Bacon median age (cal. yr BP + 20)

age (14C yr BP+

10)
SacA16520 2 G. ruber alba 970 +30 0.8 0 Marine13 564 + 32 601 + 71
SacA53733 * 5 Planktonic for. 1115 +30 0.44 0 Marine13 670 + 28 662 + 62
SacA53734* 9 Planktonic for. 1315 +30 0.59 0 Marine13 858 + 41 829 + 100
SacA53735 * 13 Planktonic for. 1595 +30 0.94 0 Marine13 1162 + 46 1094 + 177
SacA53736 * 17 Planktonic for. 1865 +30 0.72 0 Marine13 1409 + 47 1392 + 204
SacA16521 20 G. ruber alba 2105 +30 1.2 0 Marine13 1684 + 52 1568 + 227
SacA53737 * 25 Planktonic for. 2425 +35 1.02 0 Marine13 2062 + 55 2136 + 152
SacA53738 * 27 Planktonic for. 2855 +30 1.03 0 Marine13 2633 + 61 2435 + 312
SacA35503* 31 G. ruber alba 3220 +30 1.28 0 Marine13 3028 + 56 2986 + 158
SacA22281 35 G. ruber alba 3365 +30 0.96 0 Marine13 3229 + 52 3226 + 98
SacA53739* 39 Planktonic for. 3505 +30 0.95 0 Marine13 3398 + 40 3360 + 89
SacA22280 41 G. ruber alba 3525 +30 0.99 0 Marine13 3409 + 41 3425 + 99
SacA53740 * 45 Planktonic for. 3735 +30 1.04 0 Marine13 3657 + 52 3582 + 139
SacA53741 * 49 Planktonic for. 3915 +30 0.78 0 Marine13 3894 + 50 3877 + 218
SacA22279 55 G. ruber alba 4590 +30 0.69 0 Marine13 4813 + 41 4651 + 318
SacA53742 * 61 Planktonic for. 4870 +30 0.64 0 Marine13 5186 + 66 5260 + 236
SacA16523 70.5 G. ruber alba 5465 +30 0.26 0 Marine13 5845 + 47 5801 + 154
SacA35504 * 108.5 G. ruber alba 6700 +30 0.61 0 Marine13 7229 + 37 7100 + 158
SacA16524 128 G. ruber alba 7085 +35 0.3 0 Marine13 7564 + 38 7233 £ 123
SacA35505 142 Bulk for. 6790 +30 1.11 0 Marine13 7317 + 40 7300 + 87
SacA38937 191 Vegetal macrorest 8160 +30 0.751 1854 IntCal13 7227 + 35 7445 + 52
Poz-108962 * 228 Bulk OC 8670 +40 0.873 1854 IntCal13 7649 + 33 7629 + 103
Poz-108961 * 365 Bulk OC 9020 +50 0.477 1854 IntCal13 7989 + 52 8130 + 151
Poz-108959 * 477 Bulk OC 10,210 +50 0.973 1854 IntCal13 9380 + 66 8707 + 152
SacA53743 * 499 Planktonic for. 6395 +30 0.46 0 Marine13 6870 + 49 8804 + 148
Poz-108958 * 551 Bulk OC 9720 +50 0.759 1854 IntCal13 8713 + 104 9070 + 111
Poz-105356 * 653 Bulk OC 9890 +50 2.391 1854 IntCal13 8897 + 94 9743 + 182
SacA16525 658 G. ruber alba 9045 +45 0.6 0 Marine13 9736 + 90 9785 + 159
Poz-105342 * 658.5 Bulk OC 10,620 +50 2.014 1854 IntCal13 9781 + 117 9793 + 160
Poz-105341 * 728 Bulk OC 10,930 +60 2.891 1854 IntCal13 10248 + 74 10353 + 153

£1S901 (020T) 2bT SMaAdy ualds ADULIIDNY / ID 12 1S0jo D
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4.3. Description of T1 and T2 event-layers

The integration of sedimentological and geochemical data al-
lows the identification at millimetre-scale of 102 coarser grain-size
beds within the sapropelic interval (~7.2—~10.1 ka BP; Fig. 3a). Two
types of beds are distinguished: 83 are characterized by an increase
of Ti/K, Mn/Al and Q90/Q10 ratio (T1 event-layers; Figs. 3, 4 and 6)
and 19 are characterized by an increase of both the Ti/K and Q90/
Q10 ratios, without Mn/Al peaks (T2 event-layers; Figs. 3, 5 and 6).

4.3.1. T1 event-layer description

T1 event-layers (1—6 cm thick) are characterized by a mixed
grading, consisting of a basal inverse grading overlaid with an up-
per normal grading (Fig. 4a). Each T1 bed consists of the super-
position of a maximum of 5 facies named I to V from base to top
(Fig. 4a).

The Facies I (Fig. 4a) consists of a basal coarsening-upward unit
with high amounts of clay minerals. Organic-matter micro-remains
of continental origin and primary minerals (micas >20 p) are also

a MDO04-2726 Thi .
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Fig. 3. a) Lithology and texture of the turbidity sequence in core MD04-2726 (sections II to V), with the location of the sampled and studied thin sections (orange boxes) and of new
and previous calibrated radiocarbon ages (see Fig. 2). b) Detail of the lithology for the interval 542—624 cm depth with the location of thin section N°7 (orange box, see Fig. 4), the
Q90/Q10 and Log (Ti/K) and Log (Mn/Al) ratios. The T1e, T1p and T2 event-layers are identified by yellow, green and red highlights, respectively. (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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the Web version of this article.)

present and they coarsen from the bottom to the top of the facies.
Facies I is poorly laminated, with an alternation between muddy
and silty laminae, the latter thickening upward (Fig. 4a). Together
with an inverse grading, Facies I exhibits a gradual upward increase
of the Ti/K ratio (Fig. 4a). Facies Il is characterized by a sharp basal
contact, the disappearance of clay and fine-silt fractions and an
increase in grain-size (Fig. 4a). Horizontal parallel laminations are
present, with a coarsening-up pattern. Facies Il is also characterized
by high peaks in Ti/K and Mn/Al ratios, associated with higher Q90/
Q10 values. The transition between Facies Il and Il is gradual. Facies
Ill is the coarsest interval of the T1-type beds. It consists of lami-
nated and cross-laminated intervals (Fig. 4a). Sedimentary struc-
tures change upward from horizontal parallel laminations to
oblique laminae then back to horizontal laminations. Cross-
laminations are interpreted to have been formed during deposi-
tion of climbing ripples. Coarse fragments of organic-matter
(100—300 p) are abundant and organised following the sandy
laminations (Fig. 4b). Similar distribution and orientation patterns
are observed for primary minerals, particularly for micas recog-
nised by their third-order birefringence, by typical phyllosilicate
morphology and by EDX elemental analyses (Fig. 4c). Angular and
sub-angular grains of quartz present common small to large
conchoidal microfractures and V—shaped percussion cracks
(Fig. 4d). The Ti/K ratio remains high and constant, and the Mn/Al
ratio decreases in phase with the coarser material. The transition
between Facies Il and IV is marked by a sharp contact. Facies IV is a
normally graded and laminated interval (Fig. 4a). Horizontal lami-
nations thin and become fine upward. Additional features of Facies
IV include an absence of clay and fine-silt material, high amounts of
mica minerals and continental organic-matter fragments at the top.
Both the Ti/K and Mn/Al ratios increase upward and suddenly
decrease at the transition with the overlaying Facies V (Fig. 4a). The
transition between Facies IV and V is sharp. Facies V is structureless

or poorly-laminated (Fig. 4a). It consists of clay and fine-silt min-
erals mixed with coarse-grained particles, following a normal
grading. Both the Ti/K and Mn/Al ratios decrease upward.

The identification of 83 T1 event-layers along the studied
laminated interval is therefore based on a combination of Ti/K, Mn/
Al and Q90/Q10 peaks. Thicker T1 events are bracketed by Mn/Al
peaks (as shown in Fig. 4), while thin T1 events presented only
punctual Mn/Al peaks, because of analysing resolution effect. The
plot of Q90 versus Q50 (Fig. 6a) and grain-size distributions (Fig. 6¢)
shows two different groups of T1: the first one (T1a) with a
Q90max of 100 um and a Q50max of 12 pum and a bimodal distri-
bution with a dominant mode at 20—30 um; the second (T1) with
a Q90max of 50—250 pm and a Q50max of 12—100 um and a
bimodal distribution with the main well-sorted mode at 50—70 pm.

4.3.2. T2 event-layer description

The beds of type T2 (0.2—2 cm thick) are either massive or
laminated silty to very-fine sand intervals (Fig. 5a, b, ), with a sharp
basal contact, and are not composed of a superposition of subse-
quent facies. The clay fraction is abundant, while the coarse-
grained fraction is well sorted. In contrast to T1 event-layers, the
few organic-matter fragments follow random organisation and
orientation patterns, while rare foraminifera and coccolithophore
shells are fragmented (Fig. 5¢). Within the whole sapropelic lami-
nated interval (~7—10.5 ka BP), beds of type T2 are characterized by
more or less pronounced Q90/Q10, Ti/K peaks and by the lack of or
very low Mn/Al peaks (Figs. 3b and 6b). All these characteristics
suggest a mixed material probably caused by reworked sediments.
The plot of Q90 versus Q50 is mainly comprised between 60 um
(Q90max) and 40 pm (Q50; Fig. 6b and c) with a grain-size distri-
bution similar to T1a beds (bimodal with a main mode around
20—-30 pm).
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5. Interpretations and discussion

Recurrent Nile exceptional floods trigger high detrital inputs in
the Rosetta channel-levee system, resulting in the frequent occur-
rence of turbidites during the AHP (Fig. 3). Using a multi-proxy
method, we are able to distinguish between deposits resulting
from “classical” landslide-triggered turbidity currents and hyper-
pycnal flows (Sec 5.1). We present an estimation of the frequency of
T1 hyperpycnal event-layers in core MDO04-2726 which is
compared with two well-dated sediment intervals already identi-
fied in cores from the Rosetta System (Sec. 5.2). Finally, from this
comparison, we validate the reliability of the Nile flood frequency
reconstruction at the scale of the Rosetta System and we propose a
robust index of the exceptional flood frequency of the Nile River
during the AHP (Sec. 5.3). We then discuss the timing and pattern of
this flood frequency in comparison with hydro-climatic data from
the Nile basin and East Africa.

5.1. T1 and T2 event-layers: interpretation and formation processes

The full T1 event-layers consist of the superposition of five in-
tervals with different types of sedimentary structure and an inverse
then normal grading (Fig. 4). In a turbidite system, superposition of
an inverse then a normal grading reflects deposition by a waxing
(accelerating) then waning (decelerating) flow. First, waxing flows
can be generated both by an increasing slope angle and/or by an
increasing entrainment of seafloor sediment. Because T1 event-
layers were recovered from an almost-flat levee (Figs. 1a and 7b)
on which overflow energy should be low, these two hypotheses of
waxing flow formation processes are unlikely. Second, waxing
flows can be generated at a river mouth during severe floods, such
as hyperpycnal flows (Mulder et al., 2001). In this case, the mixed
grading together with occurrence of sedimentary structures should
record the rapid succession over time of a depletive waxing flow
generated during river rise, and a depletive waning flow generated
during river fall (Migeon et al., 2001; Mulder et al., 2001). T1 event-
layers are similar in both grading and sedimentary structures to

hyperpycnites first described in the Var Turbidite System (Migeon
et al.,, 2001; Mulder et al., 2001).

Additional observations reinforce the flood-related hypothesis
for T1 layers. The fluvial origin of T1 layers is supported by both
sedimentological and geochemical tracers. First, quartz grains show
small to large fresh conchoidal microfractures and V—shaped per-
cussion cracks, typical of fluvial transfer processes (Fig. 5c¢; Vos
et al,, 2014). Furthermore, ENd values from T1 event-layers (—3
to —2) are systematically higher than corresponding hemipelagic
sediments (Fig. 2b), indicating a large proportion of particles
deriving from the Ethiopian Traps, which have ENd values of 0—7
(Fig. 8c, e; Ménot et al., 2020). Higher Ti/K ratios in T1 layers also
support a higher contribution of basaltic rocks from the Ethiopian
Traps, with primary minerals enriched in Ti, while secondary clay
minerals are enriched in K (Croudace and Rothwell, 2015). The good
correspondence between Ti/K and Q90/Q10 ratios suggests that the
Ti/K ratio traces the silt versus clay fraction (Fig. 3b). In addition to
coarser volcanic-derived particles, T1 event-layers contain large
non-weathered mica minerals (>150 pm, Fig. 4b and c), which
suggests a rapid terrigenous transfer from Blue Nile sources,
potentially from the Dabus, Didesa (Blue Nile Basin) and Gash
(Atbara basin) rivers (Fig. 1b; Garzanti et al., 2015).

Owing to this converging array of evidence, we propose that T1
event-layers represent the successive deposition of hyperpycnal
flows overflowing on the right-hand levee of DSF6 (Fig. 7) during
exceptional and near-instantaneous flooding events, which rapidly
transferred sediments eroded in the Ethiopian Highlands to the
western NDSF. This depositional model can even explain the dif-
ference observed between Tla and T1B layers (Figs. 6 and 7):
during the low energy flood-induced phase, thin hyperpycnal flows
are constrained at the channel floor, producing a graded-suspended
sedimentation restricted to the levee crest (Tla). During the
highest magnitude flood-induced flow phase, thick hyperpycnal
flows expand within the whole channel conduit and overflow the
levee crest, generating tractive processes that bring the coarsest
grains over the levee area (T18; Fig. 7).

In T1 event-layers, an increase of Mn/Al was systematically



pum

um

C. Mologni et al. / Quaternary Science Reviews 247 (2020) 106543 1
300, 20000
a b
250 * -
16000 -| ¢ * .
- IR © W
] RE TR
*® o .
200 - — L] .
b .
£ 12000 |® >
o R?=0,649 f::,_, .
g o0 o 5 {1 ="
o 8
&
i * .
T2 Uniform suspension * = 8000 Tia
(R= Graded suspension to tractive current <
100 - R? =0, P! |a * T1B
= T2
4000
507 R2=0,6277
Tla 1
¥ Uniformto graded suspension
0+ \ . . . . ) 0 . . ” ; "
20 40 60 80 100 120 0 2000 8000 12000 16000 20000
Q50 Mn (XRF count numbers)
C 5 g : . . "
Tla - Uniform to graded suspension T1pB - Graded suspension to tractive current T2 Uniform suspension
8 8 8
b i & T
6 6 6
5 5 5
% . .
3 V=V lIK 3
/ - )
NN
2 /// = "’\N\)\ 2 2
S s | | AL 0 i L
1 10 100 1 10 100 10 100

Fig. 6. a) Q90 versus Q50 plot of all the T1 and T2 event-layers from MD04-2726 core, showing the distinction between T1a. types suggesting a uniform to graded suspension, and
T1P types suggesting a graded suspension to tractive current sedimentation mode and T2 event-layers indicating a uniform to graded suspension sedimentation mode. b) Mn/Al
plot (XRF count numbers) of T1a, T1p and T2 event-layers from III-IV-V sections of MD04-2726 core; c) Grain-size distribution of T1a, T1p and T2 event-layers (volume percentage
vs. log of grain-size in pm) showing the grain-size sorting effect of the different sedimentation processes.

Surface
Water
|

N

00 m

Water
|

—_— Intermediate T
«
8
3

R R |

Sapropel Intermediate Water

1450 m

Skm 10km

/ :
/reconcentrat‘lon b

reconcentration

moly |eudAdiadAy

15km 20km 25km

30km

35km

Fig. 7. a) Bathymetric profile of the proximal Rosetta upper slope (A’-A”, shown in Fig. 1a) with the positions of the MD04-2726 and MS27PT cores; the Sapropel Intermediate
Water, Intermediate Water, Surface Water limits (after Zirks et al., 2019), and a schematic model of the formation process of the mud clast deposits (after Ducassou et al., 2009). b)
Detail of the bathymetric profile of the C10 Rosetta channel (shown in Fig. 1a) with the position of the MD04-2726 core; and a schematic model of the formation process of the T1
event-layers (this study).



12 C. Mologni et al. / Quaternary Science Reviews 247 (2020) 106543

detected (Figs. 3, 4a and 6b). This enrichment in Mn might be
related to the delivery of oxygen to the bottom waters by hyper-
pycnal flows (oxic freshwater front) that could be trapped in the
porosity of the T1 beds. Mn would then be oxidized and precipi-
tated in the form of Mn-oxyhydroxides (e.g. Deflandre et al., 2002;
Torres et al., 2014; Wilhelm et al., 2016). Thus, we use here Mn/Al
peaks as a marker of flood-induced deposit.

Regarding the T2 deposits, the presence of non-oriented organic
matter, the more or less pronounced Ti/K ratios and the Q90/Q10
peaks suggest a continental origin, but the systematic absence of
Mn/Al peaks (Figs. 3, 5a and 6b) also indicate a lack or lower
amounts of fresh-water input. We propose that normally-graded T2
layers result from low-energy turbidity currents generated by
landslides triggered at the Rosetta-Canyon head that reworked
terrigenous and biogenic deposits from the outer continental shelf
(Fig. 5¢). This hypothesis seems to be confirmed by Q90/Q50 values
in T2, which are consistent with uniform suspension processes
resulting from a mixing of suspended material (Fig. 6b and c). T2
beds will thereafter be excluded from the climatic interpretations.

5.2. Coherence of Nile flood records over the upper slope of the
Rosetta System

The frequency and the Nd isotopic signature of the hyperpycnal
deposits (T1 event-layers recorded in MD04-2726 core) and clastic-
mud beds (recorded in MS27PT core; Fig. 1a; Sup. Mat. Figs. S2 and
S3 Fig. A2, A3) are compared, with the aim of testing the coherence
of these different Nile flood records over the Rosetta upper slope. A
similarity in elemental composition (increase of Ti/K and Mn/Al,
Sup. Mat Fig. A3) a temporal coherence can be observed between
the T1 event-layers and the clastic-mud deposits recorded in core
MS27PT (Fig. 8d, f; Revel et al., 2015). During strong floods, two
types of processes can be generated synchronously: a low-
concentrated hypopycnal plume at the sea surface and a high-
concentrated hyperpycnal flow plunging at the bottom (Mulder
et al, 2003; Mulder and Alexander, 2001). During exceptional
Nile floods, we therefore suggest that the resultant hyperpycnal
flows are trapped within the Rosetta Canyon and channels and
form T1 event-layers on levees (MD04-2726 core site). Low-density
hypopycnal plumes spread at the sea surface while their fine-
grained suspended particles are affected by decantation and con-
vection processes along the water column, resulting in the depo-
sition of clastic-mud beds over more than 30 km on the continental
slope (MS27PT and PS3622-33core sites; Fig. 7; Ducassou et al.,
2009). The exceptional nature of the Tla and T1B floods, occur-
ring at an average of 1—7 events every 100 yr (Fig. 8b), suggests an
intermittent high-energy hydrological activation. As described in
detail in paragraph 5.1, T1B could indicate higher-energy floods
than T1a event-layers.

5.3. Holocene hydro-climatic shifts over the Blue Nile basin

Our results document the frequency of exceptional (high-en-
ergy) Ethiopian Nile flood events during the Early and Middle
Holocene (~10.1—~7.3 ka BP; Fig. 9e). This multi-centennial paleo-
flood chronicle seems to be uniformly recorded in two piston-cores
as hyperpycnal-flow deposits and clastic-mud beds over the
proximal Rosetta System (western NDSF; Fig. 8). We compared this
flood frequency record with the precipitation-induced runoff ac-
tivity recorded at Lake Tana, as derived from the Ti concentration
profile (Figs. 1b and 9g; Marshall et al., 2011), and with the K and Ti
events recorded at Lake Dendi (Figs. 1b and 9f; Wagner et al., 2018)
interpreted as an intense erosion and rainfall runoff at the head of
the Blue Nile Basin. Precise correlation between single runoff and
flood events would be hazardous because of the chronological

uncertainty when comparing regional archives. However, general
trends of the selected proxies seem to be coherent at centennial-
scale.

Fluctuations of radiogenic ENd values in both T1 layers and
hemipelagic sediments in all cores from the western NDSF (Fig. 9c
and d, for MD04-2726 and MS27PT and Blanchet et al., 2014 for
P362/2—33) reflect changes in the proportion of eroded material
from Ethiopian Traps. Similar source-to-sink flood/runoff trends,
combined with the high radiogenic ENd signature of T1 event-
layers and clastic mud deposits (Fig. 9c and d) demonstrate the
capacity of the Nile drainage system to rapidly connect the Ethio-
pian Traps source to its deep delta, and discredit the hypothesis of
autogenic sediment transport anomalies (non-linear geomorphic
system; Jerolmack and Paola, 2010). Decrease in ENd values could
be explained by a higher contribution from the Equatorial-White
Nile (African craton ENd = —30) or from the lower-course White/
Blue Nile sources (Saharan Metacraton imprint; Abdelsalam et al.,
2002; Grousset and Biscaye, 2005; Skonieczny et al., 2011). How-
ever, the Early to Mid-Holocene relative elevated eNd values of the
silt fraction show that the proportion of Ethiopian Traps material
remained high even during more arid periods (such as the 8.2 ka
event; ENd = —4; Fig. 9c and d), hence clearly suggesting persistent
inputs from the Ethiopian Traps and/or on-going sediment trans-
port via the Blue Nile and the Sobat/Atbara rivers to the NDSF.

Based on correlation with other paleoclimatic and paleoenvir-
onmental regional studies, the centennial time resolution of flood-
induced event-layers reveals three trends in Early to Mid-Holocene
hydro-climatic dynamics.

5.3.1. From 10 to 9 ka BP: a strong and stable hydro-climatic
activity

From 10.1 to 9 ka BP, more radiogenic ENd values of hemipelagic
sediment (around —4.5), T1 event-layers (—3 to —2; MD04-2726
core) and clastic mud beds from MS27PT core (—4 to —3, Fig. 9c
and d) demonstrate the dominant contribution of Ethiopian Traps
material to the sedimentation in the western NDSF. This is
accompanied by high sedimentation rates in all three deltaic cores
and therefore suggests major erosional activity in the Nile water-
shed (Figs. 1a, 8d and 8f). The paleo-flood frequency reconstruction
shows a strong increase of the Nile River’s hydrological activity
from 10.1 ka BP onwards, which is in phase with maximal June
insolation at 15°N (Fig. 9a). Exceptional Nile flood events culminate
at 9.5—-9 ka BP with seven high-energy floods every 100 yrs
(Fig. 9e).

High precipitation-led runoff at Lake Dendi (Ti and K events,
Fig. 9f, Wagner et al., 2018) and Lake Tana (Ti content, Fig. 9g,
Marshall et al., 2011), both located at the source of the Blue Nile,
seem to occur synchronously with intervals of the strongest Nile
flood events (T1B layers; Fig. 9e). Additionally, continental
geomorphological data from the Blue and White Nile lower courses
(Khartoum region; Williams, 2009; Williams et al., 2015) seem
coherent with our results: high energy exceptional T1p event-
layers are in phase (within age uncertainty) with enhanced Nile
flood periods recorded until 9 ka BP (Fig. 9h). This temporal co-
herency in runoff activity along the Nile River drainage basin sug-
gests strong erosion dynamics from the source to the sink of the
fluvial system.

This strong erosional activity during the Early Holocene occurs
during an interval of intense monsoonal precipitations recorded
from 10 ka BP onwards by low and constant dDy,x values at Lake
Tana (Fig. 9b; Costa et al., 2014), Lake Victoria (Berke et al., 2012)
and by stable high water-levels of East African lakes (Gasse, 2000;
Junginger et al., 2014; Khalidi et al., 2020). We therefore propose
the occurrence of enhanced erosional activity within the whole
drainage basin of the Nile River during the Early Holocene, largely
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related to high and stable monsoonal rainfall on the Ethiopian
Highlands.

5.3.2. Stepwise Early Holocene hydro-climatic degradation from 9
ka BP

From 9 ka BP onwards, ENd values of hemipelagic sediment and
Ti layers from cores MD04-2726 and MS27PT start to decrease
following the progressive decrease in frequency of T1 event-layers
and of sedimentation rates in cores MS27PT and P362/2—33
(Fig. 8c—f). A lower frequency of T1a layers, rare T1p event-layers
and less radiogenic ENd values indicate that Nile hydrologic ac-
tivity had reduced very gradually from 9 until 7.8 ka BP, with an
emphasis of reduction between 8.2 and 7.8 ka BP (Fig. 9c—e).

After a short-lived drop in flood frequency at 9 ka BP, the
thickness of T1 event-layers and clastic-mud beds slightly decrease,
indicating a reduction of flood particle discharge and/or shorter-
lasting floods (Fig. 8a) while the higher Q90/Q50 ratio of T1
event-layers points to reduced flow energy (Fig. 8b). The combi-
nation of reduced flood particle discharge, weakened transport
energy and decreasing flood frequency suggests a switch of the Nile
River hydrological regime from episodic high-energy flood
discharge dynamics (between 10 and 9 ka BP) to low-energy and
shorter-lasting flood discharge dynamics (after 9 ka BP). This pro-
gressive shutdown of flood frequency and intensity, with more
negative ENd, culminates between 8.2 and 7.8 ka BP, suggesting an
~800 year-long stepwise Early Holocene aridification interval
(Fig. 9).

A distinct interruption of the Blue and White Nile flooding
events was also recorded around 9 ka BP in the Khartoum region
(Fig. 9h; Williams, 2009), in phase with an interruption of rainfall-
induced runoff events at Lake Dendi (Fig. 9f; Wagner et al., 2018).
Similarly, at Lake Tana a slight reduction in precipitations is evi-
denced by dDywax values around 9 ka BP (Fig. 9b; Costa et al., 2014)
interpreted as reflecting either a southward retreat of the
monsoonal rain belt or an eastward shift of the Congo Air Boundary.
Changes in erosion and monsoonal dynamics as early as ~8.7 ka BP
have already been pointed out by previous studies (Blanchet et al.,
2014; Ménot et al., 2020).

Subsequently, around 8.2 to 8 ka BP, a period of marked aridi-
fication was reported elsewhere in North East Africa as a single
event (Costa et al., 2014; Garcin et al., 2012; Gasse, 2000; Marshall
et al,, 2011). A classical scenario suggests that high latitudes fully
drove low-latitude hydrology at millennial timescales (Collins et al.,
2017). The onset of aridification in the Nile catchment would then
result from the release of freshwater in the North Atlantic during
the 8.2 ka BP event, leading to a slowdown of the Atlantic Merid-
ional Overturning Circulation (AMOC) and/or a decrease in arctic air
temperatures which induces a decrease on the Tropical Easterly Jet
(Collins et al., 2017). These processes, together with a reduction in
summer insolation, might have led to drier conditions in tropical
monsoonal areas.

However, this scenario does not account for a destabilization of
the monsoonal system as early as 9 ka BP, as seen in our record. The
observed time lag between the beginning of the hydrologic shift in
East Africa at 9 ka BP and the North Atlantic 8.2 ka BP cooling event
casts doubt on the mechanisms linking high- and low-latitude
hydrological changes (Collins et al., 2017; Mohtadi et al., 2016).
We propose here that an early shift of the main climatic boundaries
above the Ethiopian Highlands (Costa et al., 2014) linked with the
gradual decrease in summer insolation might have been sufficient
to initiate a drier period in the tropics between 9 and 8 ka BP.
Accordingly, recent modelling experiments suggest that an
obliquity-driven change in insolation gradient at low latitudes
might have directly enhanced monsoonal rainfall (Bosmans et al.,

2015b; Mantsis et al., 2014). Consequently, the insolation on the
tropics could have largely contributed in generating air moisture
masses over the oceans without the influence of the indirect
energy-balance inputs from high-latitude internal forcing and from
North Atlantic ice-sea interactions (Bosmans et al., 2015b, 2015a;
Clement et al., 2015). Finally, it has even been argued that the high-
latitude cooling events would be further enhanced by the decrease
in African precipitation and by Saharan aridification, which may
have contributed to a tipping point behaviour between low and
high latitudes (Clement et al., 2001; Davies et al., 2014).

5.3.3. Unstable and anomalous Nile hydrologic conditions from 7.8
ka BP

The low ENd values observed from 7.8 ka BP in both T1 layers
and hemipelagic sediments in all cores from the western NDSF
(Fig. 9c and d; for MD04-2726 and MS27PT and Blanchet et al., 2014
for P362/2—33) indicate a lower contribution of Ethiopian Trap
detrital particles suggesting a White Nile or lower-course White
and Blue Nile source contributions, characterized by a Saharan
aeolian Metacraton imprint (ENd from —10 to —14; Abdelsalam
et al., 2002; Grousset and Biscaye, 2005; Scheuvens et al., 2013).

After low flood activity around 8 ka BP, T1 event-layers resume
from 7.8 ka BP onwards, with a frequency of five event-layers/
100 yr, thereby characterizing higher particle discharge (increase in
T1 thickness; Fig. 8a), reduced flow energy (increase of Q90/Q50
ratio produced by Q50 drop) and a reduction of Ethiopian Traps
source inputs (lower ENd values; —4.5, Fig. 9c and d). Higher flood
frequency is associated with a high amount of T1 layers until 7.6 ka
BP, and a reduction of flood frequency to ca. 2.5 event-layers/
100 yrs is associated with a dominance of Tla layers (Fig. 9e).
Contemporarily, leaf wax deuterium isotopes at Lake Tana indicate
lower precipitation over the Ethiopian Highlands, at the source of
the Blue Nile (Fig. 9b; Costa et al., 2014).

The occurrence of higher flood frequency and higher particle
discharge during a lower rainfall period shows a decoupling be-
tween erosive activity and climatic forcing, suggesting the devel-
opment of an “out of equilibrium” geomorphic system (i.e., the
sedimentary input into the system is not equal to the system
output, Ahnert, 1994; Hoffmann, 2015). This anomaly could be
explained by a process during the entire 8.2—7.8 ka BP arid period
whereby low precipitation favoured fluvial riverbed aggradation
(i.e., storage effect; Phillips, 2003). The subsequent slight resump-
tion of precipitation post-7.8 ka BP (reduced dDwax at Lake Tana,
Fig. 9b, f) led to a rapid erosion of the previously deposited sedi-
ment with low radiogenic €Nd values along the Nile course, pro-
ducing a dense plume at the river mouth and the large amount of
T1 event-layers.

This is supported by other geomorphological data, which indi-
cate the resumption of White Nile floods in the Khartoum region
from 7.8 ka BP, in phase with the numerous low radiogenic T1
event-layers (Fig. 9h and e; Williams, 2009; Williams et al., 2015).
Following this scenario, drastic reduction in vegetation cover over
the Saharan Nile and the Sahelian belt (Hopcroft et al., 2017) during
the 8.2 ka BP event could have accentuated this process with an
enhanced soil erosion (Blanchet et al., 2014).

Our results therefore show how at the end of abrupt arid cli-
matic events, such as those occurring around 8.2—7.8 ka BP, an “out
of equilibrium” fluvial effect may occur, characterized by a
disproportionate sediment delivery to the continental margins and
resulting in an autogenic sedimentation process relatively decou-
pled from climatic forcing.

From 7 ka BP, re-oxygenation of bottom waters in the Levantine
area mark the end of S1 (De Lange et al., 2008) and the end of the
hyperpycnite-prone interval due to resumed bioturbation in
MDO04-2726 and MS27PT cores (Fig. 1d and e). The input of Blue Nile
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suspended material, as well as the flood energy, decreased pro-
gressively until ~4 ka BP, thus preventing the formation of high
dense plumes capable of inducing hyperpycnal flows. Accordingly,
the lowest ENd and Ti/K values were measured from hemipelagic
sediment (—6.5; Fig. 1b and c), corresponding to the ~4.2 ka BP
drought event (Bini et al., 2019).

6. Conclusion

This study presents the first continuous reconstruction of
exceptional Nile floods at centennial resolution from a well-
preserved sedimentary interval from the Nile Deep-Sea Fan dur-
ing the Early to the Middle Holocene. A multiproxy approach using
sedimentological, geochemical (elemental contents and Nd iso-
topes) and microscopic methods have allowed us to identify
instantaneous deposits (as hyperpycnites and clastic-mud beds)
related to exceptional floods from the Blue Nile recorded in two
cores from the upper slope of the Rosetta System. Similar trends
between the occurrence of flood layers at centennial scale and
changes in terrigenous input at Lake Tana (the source of the Blue
Nile under direct influence of the African summer monsoon), as
well their ENd signature, suggest their direct relationship to high-
intensity and exceptional monsoon-related erosive and runoff
events in the Ethiopian Highlands.

Our results enable us to draw some hydro-climatic inferences, in
particular: a) the occurrence of recurrent (5—7/100 yr) high energy
instantaneous floods between 10.1 and 9 ka BP during the height of
the African Humid Period; b) a noticeable shift in the hydro-
climatic regime around 9 ka BP characterized by a progressive
reduction of Blue Nile input and by lower frequency and magnitude
of floods until 8.2 ka BP; ¢) a low precipitation regime from 8.2 ka
BP expressed in very low river runoff; d) the installation of an
unstable and reduced Ethiopian-Nile hydrological regime from 7.8
ka BP where erosive activity and sediment transport is decoupled
from climatic forcing, followed by a gradual reduction in precipi-
tation intensity until ~4 ka BP.

In conclusion, we highlight the occurrence of a stepwise aridi-
fication process during the Early Holocene in the Blue Nile basin
that questions the climatic linkages and feedbacks between low
and high latitudes around the 8.2 ka BP North Atlantic cooling
event. We also show how hyper-arid climatic episodes such as the
8.2 ka BP event might produce a destabilization of the fluvial
geomorphic system, inducing an anomaly of sediment transfer and
the consequent autogenic sediment recording over the continental
margin basins.
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