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Abstract

Large fluvial systems, such as the Nile River, allow a basin-scale integrated view of
climatological and environmental changes. In this study, we reconstructed the Nile discharge
history for the last 20 ka using molecular ratios of glycerol dialkyl glycerol tetraethers
(GDGTs) and neodymium (Nd) radiogenic isotopes. By characterizing both the organic and
inorganic fractions, we assessed the relevance of the GDGT-based proxies in deltaic
environments as tracers of terrigenous origin. A large increase in Nile discharge is
documented from 14.8 to 8.4 ka BP reflecting enhanced physical erosion and transport
processes from the Ethiopian Traps. We confirmed the primary control of insolation on
precipitation on North East Africa through the last 20 ka. The centennial time resolution
reached on the sedimentary sequence revealed a step-wise onset and termination of the
African Humid Period (AHP) starting at 14.8 ka and ending at 8.4 ka BP, respectively. Our
centennial-millennial records allowed furthermore pinpointing the abrupt periods of arid
conditions corresponding to the Younger Dryas. These data illustrate the linkage between low

and high latitude hydrological variability.
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1. Introduction

African climate varied greatly during the late Quaternary with alternating periods of aridity
and humidity (Singarayer and Burrough, 2015). The last major humid phase in Northern
Africa, i.e., the African Humid Period (AHP, deMenocal et al., 2000; Shanahan et al., 2015;
Tierney et al., 2011), occurred during the early and mid-Holocene (~11-5 ka BP, Gasse,
2000). The development of the so-called “Green Sahara” during the AHP allowed the
establishment of large lake systems in Northern Africa and vegetation in areas that are now
desert. Human colonization was possible at latitudes 800 km further north than now (Kropelin
et al., 2008; Kuper and Kropelin, 2006). This wet African phase has been attributed to the
northward migration of the rain belt associated with the Intertropical Convergence Zone
(ITCZ) induced by precession-forced insolation changes. These changes started at the end of
the Last Glacial Maximum (LGM, Caley et al., 2011; Tuenter et al., 2003). The magnitude of
this wet phase was also exemplified by the deposition of the most recent sapropel (S1) in the
eastern Mediterranean Sea. Enhanced Nile river runoff led to surface water buoyancy gain,
resulting in reduced deep-water ventilation and oxygen deficiency at depth (see Rohling et al.,

2015; Rossignol-Strick et al., 1982; Vadsaria et al., 2019).

The termination of the AHP remains highly controversial, albeit frequently studied at
many locations in and around the African continent (e.g., Collins et al., 2017; Shanahan et al.,
2015; Tierney and deMenocal, 2013). Some studies suggest an abrupt transition that occurred
at ~5 ka BP (Collins et al., 2017; deMenocal et al., 2000; McGee et al., 2013; Tierney and
deMenocal, 2013). Other studies propose that a gradual AHP termination (Berke et al., 2012;
Foerster et al., 2012) or a termination that involved several phases of decreasing humidity
(Liu et al., 2017; Loomis et al., 2015). In contrast, the onset of AHP is less controversial and
began on the African continent around 15-14 ka (Shanahan et al., 2015; Trauth et al., 2018).

However, within the Nile delta, and within the Eastern Mediterranean Sea, there are relatively



few sites with a sufficient time resolution covering the last 20 ka. Thus, the onset of the AHP
is less well described than its termination. On the Pleistocene time scale, humid periods are
characterized by high sedimentation rates and a large proportion of smectite and Fe-rich
silicate minerals within the Nile delta sediment (Caley et al., 2011; Emeis et al., 2000; Kroon
et al., 1998; Revel et al., 2010; Zhao et al., 2011). These characteristics reflect increased
physical erosion and material transport mainly originating from the Ethiopian highland during
higher rainfall regimes related to summer monsoon precessional variability. Thus, the
sediment records preserved at the Nile deep-sea fan provide a suitable archive to study basin-
wide environmental changes in vegetation cover, lithology, and soil erosion/weathering at a
high time resolution mainly during humid periods such as the AHP (Blanchet et al., 2014;

Castafieda et al., 2016; Hamann et al., 2009; Hennekam et al., 2015; Weldeab et al., 2014).

Sedimentary provenance of terrigenous material in the Nile deep-sea fan can be
characterized through its neodymium isotopic signature (¢eNd, Bastian et al., 2017; Blanchet et
al., 2014; Blanchet, 2019; Revel et al., 2015; Weldeab et al., 2002). No significant
fractionation occurs during chemical weathering so eNd reflects the isotopic composition of
the parent bedrock and the origin of the material (Bayon et al., 2015). Since the Nile basin
encompasses the Precambrian African basement as well as the Ethiopian and Somalian
Cenozoic basalts with contrasting Nd isotopic compositions, geochemical studies on its

sediment loads can distinguish between the sources of the material (Figure 1A).

In parallel, glycerol dialkyl glycerol tetraethers (GDGTs), core membrane lipids of
Achaea and Bacteria, are ubiquitous in marine to lacustrine waters and soils (e.g., Karner et
al., 2001; Keough et al., 2003; Weijers et al., 2006). Specifically, the branched to isoprenoid
tetraether ratio (BIT-index, Hopmans et al., 2004) and its first order derivatives are effective
as tracers of continental inputs in estuarine settings (Blanchet et al., 2014; Kim et al., 2015;

Ménot et al., 2006; Soulet et al., 2013). However, their environmental significance is



controversial (French et al., 2015; Kaiser et al., 2015; Zell et al., 2015). The BIT-index
depends on the fluctuations of branched GDGTs (brGDGTs) and variation of the GDGT
isoprenoid crenarchaeol (Hopmans et al., 2004). The index is therefore dependent on
processes that affect these GDGTs. BIT values are not just dependent on the inputs of soil
brGDGTs, but also on the levels of marine Archaea. For example, sites with equal inputs of
terrestrial brGDGTs but different local marine productivity can display different BIT values
(Fietz et al.,, 2011; Herfort et al., 2006; Smith et al., 2010). Furthermore, differential
degradation in the water column may affect the relative preservation of different compounds.
Field and laboratory experiments have tested the stability of brGDGTs from soils to river
mouths (Peterse et al., 2015; Zhu et al., 2011). Exposure of anoxic sediments to oxygen
produced little degradation of brGDGTs. This was likely due to their enhanced protection by
the sedimentary matrix inhered in soils. However, this protection might differ for water-
column produced isoprenoid GDGTs (Huguet et al., 2008; Kim et al., 2009). To avoid these
possible biases, the abundance ratio of the hexa- to penta-methylated brGDGTs ratio (I1IIa/Ila)
was proposed (Xiao et al., 2016) and its modified form XIla/XIla (Martin et al., 2019). In this
study we used the ZIlla/Xlla ratio along with the proportions of tetra-, penta- and hexa-
methylated brGDGTs, and the #ringsewa index defined as the weighted mean number of

pentacycles in tetramethylated brGDGTs (Sinninghe Damsté, 2016).

Using inorganic (Nd isotopes) and organic (GDGTs) proxies, we characterized the
erosion products in the Nile delta to assess past hydrological changes in its basin. We
validated the reliability of the targeted sedimentary archive by testing our toolbox on the
termination of the AHP. We then discuss the timing and pattern of this wet period as recorded

in the Nile delta in GDGT-based indices and clastic eNd signatures.

2. Hydrological/geological settings and materials



2.1 Present day hydrology and lithology of the Nile watershed

The Nile River system has a large drainage basin which extends over more than 30° in
latitude from its sources to the delta (Figure 1A). During its journey through Eastern Africa,
the river crosses hydroclimates ranging from subtropical at 15°N, with high precipitation
(~1400 mm/year) to the Sahara Desert which receives ~5 mm/year (Korecha and Barnston,
2007). The precipitation regime along the Nile catchment is mainly related to the West
African monsoon modulated by the Indian monsoon dynamic. It is characterized by intense
rainfall during the June to September period in Ethiopia at ~15°N (250 mm/month (Korecha
and Barnston, 2007)), and rainy seasons in April (~200 mm/month) and November (~150
mm/month) at 0-6°N latitude (Blanchet et al., 2015). Strengthening summer-season solar
radiation and subsequent heating of the North African landmass creates a low-pressure zone
that drives the inflow of moist air from the Atlantic and Indian tropical oceans to the
landmass. During winter, winds are reversed, creating dry conditions across North Africa
(Verschuren et al., 2009). Over Ethiopia, precipitation is fed by moisture originating from
three sources: the Gulf of Guinea, the Indian Ocean and the northern region which consists of
the Mediterranean Sea, Arabian Peninsula and the Red Sea (Viste and Sorteberg, 2013, light
blue arrows on Figure 1A). A range of 69-95% and 5-24% of the total precipitation is
derived from the Gulf of Guinea and Indian Ocean, respectively (Costa et al., 2014). Most of
the wet months in Ethiopia occur in connection with enhanced moisture inflow through the
northern branches (Viste and Sorteberg, 2013). Variations of the northern sources are less
constrained but they are thought to be prone to greater deviations in the moisture contribution

(Viste and Sorteberg, 2013).
Consistent with the latitudinal migration of the ITCZ through the year, two main
sources of terrigenous material transported by the Nile River can be differentiated. One

sediment source is located on the Ethiopian Traps and corresponds to the Blue/Atbara Nile



basin at 10-15°N. The other source is located on the Precambrian Craton and corresponds to
the Equatorial basin at 0—10°N (Bahr el Jebel and White Nile branches) (Figure 1A). Due to
its southern position, the Equatorial Nile provides a consistent flow of water during 8 months
of the year because of the long wet season in the Equatorial Upland region (Nicholson, 2000).
In contrast, the Blue Nile provides a relatively larger amount of water within a brief 3-month
period when the African Rain Belt moves to the north during summer. Based on sampling
along the Nile and detailed mineralogical and geochemical characterizations (including Nd
isotopes), 96% of the particles deposited in the Nile deep sea fan today are estimated to
originate from the Blue Nile and only 4% from the Equatorial Nile (Garzanti et al., 2015;
Williams et al., 2015). Among the Blue Nile particles deposited, 91% originate from the
Atbara Nile branch (Foucault and Stanley, 1989; Williams et al., 2015). The high degree of
uplift in the East African Rift system, combined with heavy summer monsoonal rains in the
Ethiopian Traps produces the highest erosion rates in the world (> 500 tons/ha/yr, Schiiler et

al., 2012; SCRP, 2000; Tebebu et al., 2010).

2.2 Late Pleistocene origin of terrestrial material on the Nile delta (Rosetta branch)

The western part of the Nile delta, the Rosetta branch, has been active since at least 115 ka BP
and Nile River sediments have continuously and dominantly fed it (Ducassou et al., 2009;
Mascle, 2014; Migeon et al., 2010; Revel et al., 2015). The highest sedimentation rates on the
delta (up to ~400 cm/ka) have been recorded on the upper slope of the Rosetta levee
(Ducassou et al., 2009, 2008) making this area a suitable candidate for high temporal

resolution reconstructions using sedimentary proxies.
The lithology of the Ethiopian Traps includes Cenozoic basaltic Fe-rich silicate rocks
related to the opening of the east African Rift system. These rocks are relatively more

vulnerable to erosion in contrast to old craton metamorphic/granitic rocks of the Equatorial



Nile (Millot et al., 2002, Figure 1A). Thus, sedimentary ¢Nd allows tracking of the temporal
changes in the relative proportions of detrital sediment originating from the Ethiopian Traps
(eNd > 0), the Equatorial craton (eNd = —30), and the Saharan region (eNd = —10 to —15)
(Figure 1A, Revel et al., 2015; Weldeab et al., 2002). Examination of the finest (< 2 um)
clay-size detrital fraction of the sediments provides evidence for rapid transport of clays from
the source to the deltaic sink without significant granulometric or mineralogical sorting
occurring during sediment transport (Bastian et al., 2017). Nd and Li isotope data show that
chemical weathering and subsequent physical erosion in the Nile basin rapidly responded to
hydrological changes (Bastian et al., 2017). The highest clay-eNd values recorded during the
AHP indicate larger proportions of clays derived from the Ethiopian Highland from 14 to ~8
ka BP. Thus, major remobilization and redeposition of original sediments primarily deposited
on the continental shelf, upper slope or flood plain (Box et al., 2011) is likely negligible in the

Nile system.

At the scale of the Holocene and the last deglaciation period, the substantial activity in
the Rosetta system was confirmed by the range of sedimentation rates in sediment cores
obtained on an east-west Nile delta transect (Figure 1B-C, Hennekam et al., 2015). Only
cores taken on the western part of the Nile deltaic system show a large increase in
sedimentation rate with laminated sediments during the AHP, in contrast to cores taken on its

east side (Figure 1B-C).

2.3 Core site and chronology
The selected hemipelagic core (MS27PT — N31°47°90; E29°27°70; depth 1389 m; 7 m
length) was taken less than ~90 km from the Nile Rosetta River mouth (Figure 1B). The age

model of the core was constructed based on accelerator mass spectrometry “C dates. The age

model has been published and refined by additional 14C dates (Table 1, Revel et al., 2015,



2014, 2010). The top 315 cm of MS27PT covers the last 25.4 ka with laminated sediments
from 10 to 7 cal ka BP and bioturbated sediments for the last deglacial period and the Late
Holocene. The linear sedimentation rate (LSR) ranged from 2.8 cm/ka during LGM and 4 to
1.2 cal ka BP to 156 cm/ka during the early Holocene. LSR increased gradually from 6.5 to
120 cm/ka from 14 to 9.8 cal ka BP and a pulse at 3 cal ka BP was recorded (Figure 1C,

Revel et al., 2015).

2.4 Elemental sediment analyses

Core MS27PT was analyzed using an Avaatech X-Ray Fluorescence (XRF) Core Scanner
(Ifremer, Brest). Measurements were performed every 1 mm (cross core slit 10 mm and down
core slit 1 mm) on the wet core surface, which was covered with a 4 um SPEXCerti Ultralene
foil before each analysis. We used a counting time of 20 s and tube energy settings of 10 kV
during the analyses. Increase in sulfur intensity is likely related to authigenic pyrite formation
under anoxic conditions. Taking a ratio to Cl reveals the presence of sulfur related to pyrites
in excess of the constant S/CI sea-salt ratio (Thomson et al., 2006). Hence, sulfur is presented
in Figure 2 normalized to chlorine. These results were confirmed by a few bulk mineralogy
measurements, which indicate around 7% of pyrite at 8.9, 12, 12.2 cal ka BP and no pyrite at

12.5 cal ka BP (Bastian et al., personal com.).

Moreover, sulfur percentages were obtained from 18 discrete samples and were
measured on a LEGO CS 300 carbon sulfur analyzer (LUSAC, Caen Normandie University)
(Revel et al,, 2010). Mn contents were measured by wavelength dispersive X-Ray
Fluorescence (conventional destructive method) performed on 1 g of dry sediment material
fused in glass discs (University of Claude-Bernard, Lyon). Accuracy and precision of Mn

measurement were checked by international standard reference material and replicates of



analyses of selected samples. The analytical accuracy was within 1% of certified values and

the precision was better than 3%.

2.5 Nd radiogenic isotopes

Chemical extractions of Nd isotopes in the core MS27PT (10 additional measurements to
Revel et al., 2015 — in red in Table S1) were conducted at the Laboratory of Tectonophysics
of Montpellier. Nd isotope ratios were measured on carbonate-free < 63 um particle size
using 100 mg of the dried alumino-silicate fraction. Each fraction corresponded to a 1 cm
section cut along the sediment cores. Considering variations in sedimentation rates along
sediment cores, this 1 cm cut corresponded to a time interval ranging from 10-70 years for
humid periods and 400-1000 years for arid periods. Samples were leached for 1 hour with 1N
HCI1 to dissolve biogenic carbonate. Leaching used the analytical sequential leaching
procedure recommended by Bayon et al. (2002). The Fe-Mn oxyhydroxide fraction and
organic carbon were removed using 10 ml 1M Hydroxylamine hydrochloride and 10 ml 5%
H>0», respectively. After leaching, the samples were centrifuged and the supernatant
discarded. The remaining sediment was washed three times with ultra-pure water, discarding
the supernatant each time, to remove the biogenic component and to eliminate any marine Nd
isotope signal absorbed by 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 purification of Nd using HDEHP conditioned Teflon columns.

Nd isotopes were measured at the Ecole Normale Supérieure of Lyon (France) using a
Thermo Scientific Neptune Plus MC-ICP-MS. The **Nd/!**Nd isotopic compositions were
corrected from internal mass bias using an exponential law and a value of 0.7219 for the
146N d/'"**Nd ratio. The external mass bias was corrected using standard bracketing method

using AMES-Rennes analyzed each 2 unknowns. During the course of the study AMES-

10



Rennes (Chauvel and Blichert-Toft, 2001) standards yielded an average 0.512948+6 (20,
n=10) for the '**Nd/'*Nd ratio, respectively. Nd procedural blank measured during the

course of this study was 25pg. Epsilon Nd values (eNd) were calculated using '**Nd/'*Nd =

0.512638 (Bouvier et al., 2008).

2.6 GDGT extraction and analysis

Samples from core MS27PT were treated at LOCEAN (Sorbonne Universités) and also at
CEREGE (Table 2). Additional sampling was conducted, from 207 to 303 cm depths, for
every cm of the MS27PT core. All samples were analyzed in duplicate by high-performance
liquid chromatography-mass spectrometry (HPLC/MS) at CEREGE following the protocols
of Ménot and Bard (2012) and Sanchi et al. (2013). Semi-quantitative concentrations were
calculated using a constant response factor between the Cs standard and GDGTs according to

Huguet et al. (2006) and flux values were inferred.

In addition to these measurements, 60 samples from the MS27PT core (open symbols
Figure 2B-C) were reanalyzed at CEREGE using a new chromatography method. The
method used two ultra-high-performance liquid chromatography silica columns in series,
which improved the separation of GDGTs (Davtian et al., 2018). This new method allowed
the detection of new isomers and defining indices based on tetra-, penta- and hexa-methylated

GDGT relative fractional abundances (Hopmans et al., 2016; Sinninghe Damsté, 2016).

2.7. GDGT-based proxies

The BIT index (Branched and Isoprenoid Tetraether index, range of values between 0 and 1)
was proposed by Hopmans et al. (2004) as an indicator of terrigenous inputs. We calculated
this index, as updated by Davtian et al. (2018), to account for the newest brGDGT isomers

(De Jonge et al., 2013; Ding et al., 2016):
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_ Ia + ITas + las + Hag + [ag + Ia; + Illa,
~ Crenarchacol + Ia + Ilas + Illas + ITag + ITlag + ay + IlIay

BIT

Similarly the IlIa/Ila ratio proposed by Xiao et al., (2016) was calculated according to
the following equation Martin et al. (2019):

Slla  Illas + Illag + Illa,
Yla  llag + llag + Ila,

Roman numerals refer to branched tetraether isomers following the nomenclature of Ding et
al. (2016) (structures are shown in Figure S1). Crenarchaeol is the isoprenoid GDGT specific

for Thaumarchaeota (Sinninghe Damsté et al., 2002).
The proportions of tetra- (I), penta- (II) and hexa- (III) -methylated brGDGTs were

calculated using the fractional abundances of brGDGTs following Sinninghe Damsté (2016)

including the 5 and 6-Me forms .

la+1Ib+Ic
Y%tetra = SHraDaT
g S7slla; + Xosllb; + R8sl
openta = Y. brGDGT
7 . .
%hexa = Z1=2 la; + X5 IIb; + X5 Ilc;

Y brGDGT

Finally, the weighted average number of cyclopentane moieties was calculated for
tetramethylated brGDGTs as follows (Sinninghe Damsté, 2016):

flp+2Xfl,

#ringSerra = 7, rari,

where f1, stands for the fractional abundance of the tetra-methylated brGDGTs.

Mean analytical reproducibility of duplicated analyses of BIT-index and ZIlla/Zlla
ratio were 0.007 and 0.002, respectively. BIT-index reproducibility is consistent with results
from intercalibration activities conducted in 2009 and 2011. The Organic Geochemistry

laboratory of CEREGE participated in these exercises (Schouten et al., 2013, 2009). BIT-

12



index and XIIla/X1la values derived from the new chromatography method exhibited a similar
evolution through the entire core. For the XIlla/~Ila index, lower values corresponded to
larger shifts (without exceeding 0.1). For higher XIIla/ZIla index values, differences were
~0.04. For the BIT-index, no systematic pattern was detected. Larger differences (0.09 unit)
occurred between 220 and 280 cm without an obvious reason. The small shifts between the
two data sets are well below the interlaboratory reproducibility experiment. These differences
may have resulted from using distinct liquid chromatographic systems, atmospheric pressure
chemical ionization conditions, chromatographic columns and solvent programs as well as the

mass assignments for single ion monitoring analyses.

3. Results
3.1. ¢eNd and sedimentation rate

The new ¢Nd measurements (Figure 2A, red open circles) are consistent with previous eNd
results (Revel et al., 2015). The €Nd values varied from ~—4 during the African Humid
Period (AHP) to —11 during Last Glacial Maximum (LGM) and late Holocene arid periods
(Figures 2A, Table S1). From 14.5 ka BP and during the AHP, ¢Nd values approached the
Ethiopian Traps value (about 0). When combined with evidence of correspondingly high
sedimentation rates (Figure 2C, Table S1), the more positive radiogenic ¢Nd signature from

14.5 to 8.37 ka BP suggests enhanced delivery of detrital material from the Ethiopian Traps.

Increase in sulfur intensity (Figure 2E) in phase with the laminated sequence could
be related to authigenic pyrite formation under anoxic conditions (Thomson et al., 2006)
and/or could be related to dilution effect (e.g., decrease of another element). Few
measurements of mineralogy indicate the formation of pyrite (7%) during the laminated

sequence. Thus, the increase in S/CI reveals the presence of additional S associated with
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pyrite in excess of the constant S/Cl sea-salt ratio. The peak in Mn at 6 ka BP is more likely

interpreted as a result of the reestablishment of oxic conditions (Thomson et al., 2006).

3.2. GDGT-based proxies

The BIT-index values ranged from 0.8 during the AHP (14, 12—-8 ka BP) to 0.2 (at 8-7 ka BP)
for core MS27PT (Figure 2C). The ZIIIa/Zlla ratio varied between 0.2 and 0.9 with minimum
values between 6.8 and 14.7 and abrupt positive excursions (> 0.6) at 20-15, 12.5, 3 ka BP
(Figure 2B). Tetra- and penta-methylated fractional abundances ranged between 48—70% and
25-30%, respectively (Figure 3B). Hexa-methylated fractional abundances ranged between
4-12% (data not shown). Values of #ringsewa Were relatively constant along the core record

and varied between 0.35 and 0.20 (data not shown).

Fluxes of brGDGTs and crenarchaeol showed similar patterns with values lower than
200 ug/cm*/ka between the 20 to 15 ka BP interval and between 6.5 ka BP and the core top
(Figure 2D). Maximum values of 2250 pug/cm?/ka were measured between 14.5 and 6 ka BP.
Despite the similar pattern, the crenarchaeol flux was relatively more abundant after 10 ka BP

than before, when the opposite was true for brGDGTs.

The largest feature of the GDGT-based records are the substantial and synchronous
changes that occur from ~12 to 7 ka BP in BIT, XIlla/XIla values as well as brGDGT and
crenarchaeol abundances. These changes are concomitant with higher sedimentation rates and
sulfur contents (Figure 2C and E). Moreover, a similar trend of variation was observed for

eNd and Zllla/Zlla values (Figure 2A-B).

4. Discussion

4.1. Evaluation of GDGTs as a proxy of soil and marine inputs

14



When compared to the available soil and marine sediment global database (Davtian et al.,
2016; Xiao et al., 2016), the sedimentary XIIla/X1la values in core MS27PT clearly reflect a
terrigenous signature (Figure 3). Most of the XIIla/ZIla values ranged below the threshold of
0.59 as do 90% of the world soil values (Xiao et al., 2016). This is further confirmed by the
proximity of most of the XIIla/ZIla values in core MS27PT to the mean value of the few soils
from the Nile watershed contained in the global soil database (0.14, Figure 3). X1lla/X1la
values for periods outside the AHP fall within the deltaic interval as defined by Xiao et al.,
(2016). The XZIIla/ZIla ratio therefore seems to discriminate better than the BIT-index in the

amount of river borne terrestrial supply.

Values of the #ringsiewa index lower than 0.7 confirmed the terrigenous origin of the
tetraethers (Sinninghe Damsté, 2016). Similarly, penta- and tetra-methyl brGDGTs values in
the Nile delta sediment core clustered close to the line of the soil global dataset (Figure 3B).
Only a few data points were scattered towards lower abundances of tetramethyl brGDGTs.
These corresponded to sediments older than the AHP that exhibited higher ZIIla/ZIla ratios
(Figure 3A).

The effect of temperature on brGDGTs largely reported in literature (e.g. (Peterse et
al., 2012; Tierney et al., 2010; Weijers et al., 2007)) seems to be partially overprinted by the
changes in their sources, but it might explain part of the scatter described in the previous
paragraphs. Data-points with higher ZIIla/X1la values indeed correspond to lower tetramethyl
brGDGT percentages (Figure 3B) and therefore low temperatures (Martin et al., 2019;
Tierney et al., 2010; Weijers et al., 2007). As such, some of the higher XIlla/XIla values
during the time interval from 14.7 to 22 ka may be affected by temperature. Still, the similar
variability in the independent proxy &Nd, points to a terrigenous origin of the XIlla/Xlla
signal. The XIIla/XIla variability in the rest of the Holocene cannot be explained by

temperature and, hence, must be due to changes in terrigenous input.
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4.2. Reinterpretation of the BIT-index in estuarine settings

The dominant feature of the BIT-index record is the high values (> 0.4) before and during the
AHP (~15 to 8.5 ka BP). The concomitance of these maxima with high sedimentation rates
and less radiogenic €Nd values supports its interpretation as a terrigenous input and a tropical
Ethiopian soil erosion marker. They are also associated with higher concentrations of
brGDGTs (Figure 2). For the end of the AHP, these results are consistent, both in timing and
amplitude, with those of Blanchet et al. (2014) based on the same proxy. This confirms the

local representativeness of our signal (Figure 4B-C).

The initial interpretation of the BIT-index as a proxy of terrigenous supply is,
however, challenged when different proxies are cross-compared, especially for the end of the
AHP. From 12 to 6 ka, high insolation is associated with large terrigenous supply as
indicated by high sedimentation rates, biomarker fluxes and BIT-index values as well as low
YIla/X1la values (Figure 2B-D). Between 8.5 and 6 ka BP, however, BIT-index decreases
consistently with relatively high fluxes of crenarchaeol relative to brGDGT values and as
well as a maximum in sulfur concentrations (Figure 2D-E). Large concentrations of
crenarchaeol could have resulted from either enhanced marine surface productivity and/or
enhanced deep-sea floor preservation. A high sulfur content in sediments indicates anoxic
conditions at the sea floor and related formation of sulfide minerals (Passier et al., 1999).
These conditions probably led to enhanced crenarchaeol preservation and decreased BIT-
index values (Huguet et al., 2008). Bottom water anoxia is indicated by the laminations of the
sediment deposits during this time period (Figure 2, Ducassou et al., 2008) and the presence
of pyrite (see the methodology). An abrupt peak of Mn at ~6 ka BP reflects deep water re-
oxygenation when the eastern Mediterranean overturning circulation resumed (Figure 2E,

De Lange et al., 2008; Tachikawa et al., 2015; Thomson et al., 2006). The presence of a
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unique Mn peak, instead of an extra “older” Mn peak, only at the end of the anoxic event,
suggests that post deposition oxidation was largely absent. This was likely due to the high
sediment accumulation rates, circumventing post-depositional diagenesis (De Lange et al.,
2008). Associated with the resumption of the eastern Mediterranean overturning circulation,
water column oxidation caused enhanced degradation of crenarchaeol compared to brGDGTs
and possibly an “artificial” increase of BIT-index values (Huguet et al., 2008; Peterse et al.,
2015). The absence of a return to pre-AHP values for the BIT-index, in contrast to I1la/Ila,
may be attributed to the modern sea-level high-stand leading to relatively higher crenarchaeol

production in the water column (Figure 4A).

The difference, both in amplitude of the GDGT signals of the cores collected close to
the Nile mouth (this study and Blanchet et al., 2014) and on the Israeli coast (Castaneda et al.,
2010), probably reflects different origins or different distances to the source material (Figure
4). The surface productivity changes, represented by crenarchaeol concentrations, seem to be
controlled on the basin scale and are homogeneous in the western and eastern provinces.
Similarly, the first-order variations in terrigenous fluxes, as recorded by sedimentation rates,
significantly differ (Figure 1C) and challenge the interpretation that BIT-index variations are
associated with differential responses of soil erosion (Kim et al., 2015, 2014). The lag
between erosion and terrigenous supply reported by previous studies in the Eastern
Mediterranean Sea (Blanchet et al., 2014; Castafeda et al., 2016) could therefore be due to a

misinterpretation of the BIT-index.

The co-evolution of the ¢éNd and ZIIla/ZIla patterns is most likely due to increased
terrigenous inputs, from 14.5 to ~7 ka BP, essentially reflecting enhanced physical erosion
and transport processes from the Ethiopian Traps exposed to a high precipitation regime. For
this reason, we favor the XIIla/ZlIla ratio as a tracer of the terrigenous input from the Nile

River.
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4.3. Stepwise onset of the African Humid Period

Downcore €Nd, XIIla/XIla ratio and sedimentation rates in the Rosetta Nile delta follow the
overall trend of the 15°N summer insolation intensity. Nile sediment cores record apparently
stable humid conditions from 14.5 to 8.4 ka BP confirming the occurrence of strong
monsoons and intense precipitation regimes in the regional tropical Ethiopian Highland
(Figure 5). The direct response of physical erosion and silicate weathering to increased
precipitation is understood based on Nd isotope levels in the clay fraction (Bastian et al.,
2017). The synchronous shift of GDGT-based proxies from a marine to a soil dominated
origin indicates a rapid increase of soil erosion and confirms the high transport efficiency of

suspended matter within the Nile River basin.

The control of insolation on precipitation regimes is well established during the AHP
(deMenocal et al., 2000; Gasse, 2000; Shanahan et al., 2015) and the centennial-resolution of
our record shows a gradual transition from the LGM arid to humid conditions over the Nile
watershed within about 2 ka. The XIlla/ZIla and eNd signals deviate as early as 14.8 ka BP
(immediately after the Heinrich stadial 1) and full humid conditions were reached at 12 ka BP
after the end of the Younger Dryas (YD). The early onset of the AHP exhibited by both
organic and inorganic proxies is consistent with other precipitation records around Africa
independent of the latitude studied (Figure 5). These proxies include leaf waxes, isotopic
records (Costa et al., 2014; Shanahan et al., 2015; Tierney et al., 2008) and reconstructed lake
levels (Armitage et al., 2015). The main discrepancy among the previous studies is the pattern
of variation. The precipitation amount increased faster in the northern than in the southern
latitudes. Furthermore, the East African records show a stepwise evolution that might be
attributed to a different moisture source through the migration of the Congo Air Boundary

(CAB, Figure 1A). Both rapid increases are attributed to CO»-driven deglacial tropical sea
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surface temperature (SST) increase and atmospheric warming. This led to increasing
atmospheric moisture, resumption of the Atlantic Meridional Overturning Circulation
(AMOC) and to an increase in the northern high-latitude SST. All of these factors allowed the

rain belt to penetrate further north (Collins et al., 2017).

4.4. Early stepwise termination of the African Humid Period

The beginning of the modern hydrology of the Nile at the end of AHP has been controversial.
Timing issues have been studied using lacustrine and marine sedimentary records and
modeling experiments (Blanchet et al., 2014; Castafieda et al., 2016; Claussen et al., 2013;
Lezine et al., 2011; Tierney and deMenocal, 2013). Nile delta sedimentary records exhibit a
progressive decrease, both in eNd and GDGT-based proxies, which was initiated as early as
8.5 ka (Figure 5A). This indicates a gradually decreasing influence of erosion materials from
the Ethiopian Traps associated with the southern migration of the rain belt. This is consistent
with studies using 3’Sr/%’Sr records (Cole et al., 2009; Jung et al., 2004) and results of
geochemistry and Li and Nd isotopes measured in the clay fraction (Bastian et al., 2017; Liu
et al., 2017). However, the evolution of inorganic and organic proxies is consistently
indicating a synchronous response of the bedrock and soil erosion to precipitation changes,
which may be contrary to previous studies (Blanchet et al., 2014; Castafieda et al., 2016), but
is in agreement with the initiation of the AHP This is further supported by the XIlla/~Ila ratio
and it is consistent with the progressive decline in the Ba/Ca ratio (core SL112, Weldeab et

al., 2014) that commenced at 7.8 ka BP.

The large catchment area of the Nile allows evaluation, through high-resolution deep-
sea fan sediment records, of the transient onset and termination of the AHP following the
evolution of summer insolation. The latitudinal migration of the ITCZ is the primary factor

controlling the precipitation on the Ethiopian highlands, while the west/east contrast in
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precipitation response might be linked to the Congo Air boundary (Costa et al., 2014). Our
synthesis (Figure 5) indicates that a first manifestation of less humid conditions began almost
everywhere around 8.4 ka BP in Africa. At Lake Tanganyika this was expressed as a short
punctual event. In other records, it clearly appears as a step-by-step decrease until 6.5 ka BP.
Insolation orbital forcing was primarily responsible for the beginning of arid conditions
around 4 ka BP in phase with the maximum of precession and minimum of summer insolation
(Figure 5A). We propose that between 8.5 and 6.5 ka BP, the changes in both XIIla/XIla ratio
and eNd value represent the beginning of the end of the AHP, occurring within 4 ka (Figure

4). This gradual decrease could also be directly linked to the decrease of insolation.

4.5. Strong imprint of the Younger Dryas event

Organic and inorganic records from the Nile delta both exhibit a pronounced shift towards a
decrease in Blue Nile flood discharges, suggesting less precipitation in the Ethiopian
Highlands during the Younger Dryas (Figure 4-5). A different picture emerges from
hydrological records over Africa (Garcin et al., 2007; Gasse, 2000) with northern lake records
indicating a step-wise reduction of precipitation (Costa et al., 2014; Marshall et al., 2011).
The shift towards dryer conditions during the Younger Dryas is well documented in the
central and west African records and for latitudes higher than 8°N (Figure 5). This indicates a
more southward shift of the Intertropical convergence zone (ITCZ) driven by Northern
Hemisphere hydrological changes as well as the influence of distinct moisture sources

contributing to the precipitation.
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Conclusions

A comparison of organic and inorganic signatures in a sedimentary sequence from the Nile
deep-sea fan over the last 20 ka as well as a centennial time resolution for key intervals such

as the onset and termination of the AHP produced the following conclusions:

1. The reliability, with qualifications, of the use of brGDGTs as a terrigenous flux tracer

in a deltaic environment,

2. The diversity of sedimentary settings in the Nile delta based on a synthesis of local

scale publications,

3. The fluctuations of terrigenous inputs as retraced by eNd and brGDGTs records

driven by summer insolation,

4. The stepwise onset of the AHP at 14.8 ka as well as the early initiation of the AHP
termination at 8.5 ka. The stepwise termination pattern to a modern hydrology state

occurred within 4 ka,

5. The imprint of abrupt “North Atlantic events” such as the Younger Dryas in the Nile
sedimentary sequence. To a lesser extent, the 8.2 ka event was a tipping point in the low

latitude paleorecord.

Our conclusions indicate the need for additional high temporal resolution studies
involving coupling of independent tracers and modelling experiments. This information will
better explain the drivers of the abrupt changes recorded in sediments at low latitudes as well
as the propagation of these changes to the Mediterranean Sea area. Also, the effects of Nile
freshwater releases in the Mediterranean Sea on the North Atlantic climate need to be studied

(Swingedouw et al., 2019).
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Table 1. Chronological framework. A reservoir age of 400 years was used for correction, in agreement with the age of 370 + 40 years

obtained for a pre-bomb shell of Muricopsis trunculus collected in Alexandria (Goiran, 2001).

Depth (cm) Lab code Species Corrected *C age (yr BP) +1SD Calibrated age (yr BP) +1SD References
0.5 SacA005001  G. ruber alba 1060 35 577 13 This study
2.5 SacA31699  G. ruber alba 1695 30 1258 20 (Revel et al., 2015)
55 SacA22673  G. ruber alba 2670 30 2325 19 (Revel et al., 2015)
10.5 SacA22674  G. ruber alba 3345 30 3113 49 (Revel et al., 2015)
13.5 SacA16511 G. ruber alba 4160 30 4121 37 (Revel et al., 2015)
22 SacA16513  G. ruber alba 5570 30 5925 17 (Revel et al., 2015)
23.5 SacA22675  G. ruber alba 5795 30 6255 20 (Revel et al., 2015)
25 SacA16514  G. ruber alba 6055 30 6436 30 (Revel et al., 2015)
29.5 SacA005003  G. ruber alba 6415 50 6852 61 (Revel et al., 2015)
34.5 SacA31700  G. ruber alba 6900 30 7430 15 This study
65 SacA10935  G. ruber alba 7945 30 8371 19 (Revel et al., 2015)
70 SacA11797  G. ruber alba 8010 30 8403 15 (Revel et al., 2015)
95 SacA11798  G. ruber alba 8330 30 8712 68 (Revel et al., 2015)
102 SacA11799  G. ruber alba 8385 30 8891 30 (Revel et al., 2015)
120 SacA11800  G. ruber alba 8520 30 9068 19 (Revel et al., 2015)
205.5 SacA10936  G. ruber alba 9185 35 9784 49 (Revel et al., 2015)
274 SacA16516  G. ruber alba 10,835 40 12,282 58 (Revel et al., 2015)
286 SacA16517  G. ruber alba 11,495 40 12,982 69 (Revel et al., 2015)
293.5 SacA10937  G. ruber alba 12,795 45 14,127 71 (Revel et al., 2015)
298 SacA31702  Bulk planktic 13,630 60 15,280 108 This study
300.5 SacA31703  Bulk planktic 15,590 60 17,989 91 This study
303 SacA16518  G. ruber alba 17,470 70 20,588 104 (Revel et al., 2015)
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Table 2. Organic sample flow-through.

TLE separation

GDGT-analysis

2" GDGT-analysis
for methyl separation

MS27PT TLE extracti
extraction
Number of samples
at LOCEAN (Sorbonne
Universités)
159 based on Utida (2016)

ultrasonic bath
(DCM/MeOH, 3:1)

57 at CEREGE
.. . based on Ménot and Bard
(additional sampling (2012)
every cm
. Accelerated Solvent Extractor
for the mtirr;‘;‘l 207303 byionex ASE-200, DCM/MeOH

9:1)

at LOCEAN (Sorbonne
Universités)
based on Utida (2016)
Silica gel chromatography
F1: 4 mL hexane
F2: 2 mL hexane/ethyl acetate
(95:5)
F3: 2 mL hexane/ethyl acetate
(90:10)
F4: 4 mL hexane/ethyl acetate
(70:30)
F5: 4 mL. DCM/MeOH (50:50)

at CEREGE
based on Sanchi et al. (2013)
F1: 4 mL hexane/DCM (50:50)
F2: 6 mL MeOH/DCM (50:50)

at CEREGE
based on Ménot and Bard
(2012) and Sanchi et al. (2013)

60 samples
at CEREGE

based on Davtian et al.,

(2018)
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Figure 1. Geological context of the Nile basin. A: Hydrological context of North Africa and
the present-day active Nile watershed (modified from Skonieczny et al., 2015). Three main
sources of particles deposited into the Nile deep-sea fan are shown: the orange area represents
the main source of aeolian dust coming from the Sahara Desert due to south-easterly winds
(Scheuvens et al., 2013). Nd isotopic compositions of aerosol samples from Libya and Egypt
(Precambrian basement) is from (Grousset and Biscaye, 2005). The Blue and Atbara Nile
tributaries drain the Ethiopian Traps (in purple) composed by Cenozoic basalt (Rochette et al.,
1998). The equatorial tributary of the Nile drains the Precambrian Craton (in green) from
Victoria lake to Khartoum composed mainly by Precambrian metamorphic rocks. The
outcrops of Ethiopian Traps and Precambrian Craton provide sediments characterised by eNd
values of 0 and -30, respectively (Garzanti et al., 2015). The seasonal positions of the
Intertropical Covergence Zone — ITCZ — as well as of the Congo Air Boundary — CAB - over
Africa are also represented in black and grey dotted lines, respectively. The main moisture
patterns over the Nile watershed are illustrated by light blue arrows, their positions are
approximated and are derived from (Viste and Sorteberg, 2013). Locations of sediment cores
and lakes discussed in the regional synthesis are also reported. B: Bathymetric map of the
Nile margin showing the specific location of core MS27PT used in this study (red star). Also
shown the cores from the Levantine basin: P362/2-33 (Blanchet et al., 2013); MS21PC and
PSO09PC (Hennekam et al.,, 2014), SL112 (Weldeab et al., 2014) and GeoB 7702-3
(Castaneda et al., 2010). C: Comparison of the sedimentation rate (cm/ka) of these six cores,

with different x-axis values in each case.

Figure 2. Geochemical records in core MS27PT in the Nile deep-sea fan. A. eNd values;
open symbols correspond to the present study, while closed symbols represent data previously

published (Revel et al., 2015, 2014). Variations of relative sea level (Rohling et al., 2009) are
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plotted B. XIIla/XIla ratio (reversed axis) and 15°N insolation (Berger, 1981), C. BIT-index
values. On panels B and C, closed symbols represent values measured with the the old
chromatographic setting, open symbols represent samples remeasured with the 2D
chromatographic method (cf. Methods); the sedimentation rate expressed in cm/ka is plotted.
D. Fluxes of crenarchaeol (blue shaded area) and brGDGTs (greenish shaded area). E.
Manganese percentage (pink symbols, this study) and sulfur percentage (grey open symbols,
(Revel et al., 2010)) and S/CI intensity in number of counts based on XRF core scanner (grey
line, (Revel et al., 2010)). The red triangles refer to 14C dates (Revel et al., 2015, 2014, 2010).
F. Simplified sedimentary log of core MS27PT after Ducassou et al. (2008) and Revel et al.
(2014). Grey shaded areas correspond to “anoxic” layers as indicated by the sulfur content.
The red section stands for the laminated section of the sedimentary sequence (name clastic
mud beds in Ducassou et al., (2008). These laminations are interpreted as very dense
suspension rich (hyperpycnal) flows formed by reconcentration of particle-laden seasonal
Nile flood plumes in the water column, which were subsequently deposited on the sea floor
(Blanchet et al., 2013; Ducassou et al., 2008). These laminatations indicate the absence of
bioturbation by benthic faunal organisms because of increased of density stratification of the

eastern Mediterranean.

Figure 3. Significance of the XIIla/XIla ratio in the Nile delta as a proxy of the
terrigenous supply. A. Cross plot of BIT-index and ZIIla/XIla ratio. Dataset of core MS27PT
(large circles, colors refer to time interval of deposition) compared with data of Davtian et al.
(2016) and Xiao et al. (2016) (small symbols; blue and brown colors refer to open ocean and
soil samples, respectively). The closed brown symbols refer to soil samples from the
previously cited database collected in Intertropical areas worldwide. The orange and blue

lines refer to the 0.59 and 0.92 values defined as the upper limit for soil XIlla/~Ila values and
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the lower limit for open ocean values, respectively (Xiao et al., 2016). B. Enlargement of the
2IIIa/X1I1a interval from 0.1 to 0.5, which contains most of the data from core MS27PT. C.
Cross plot of the fractional abundance of the tetramethylated brGDGTs versus the
pentamethylated brGDGTs. Large circles refer to the MS27PT dataset and the symbol colors
correspond to the XIIla/X~Ila ratio of the samples. Small symbols refer to published datasets of
soil, sediment and suspended particulate matter samples (open black circles — compilation of
Naafs et al. (2017), open brown circles (De Jonge et al., 2016, 2015), blue triangles (Warden
et al., 2016) and green triangles (Sinninghe Damsté, 2016)). Similarly, on Panel A., the brown

closed symbols refer to soil samples, from the world database, collected in the tropical realm.

Figure 4. Regional significance of the Nile deep-sea fan sedimentary records at the scale
of the Eastern Mediterranean basin. A. Summer 15°N Insolation (Berger, 1981) and
relative sea level (Rohling et al., 2009) curves. Comparison of the BIT-index curves available
on a west-east local transect: B. MS27PT (this study), C. P362/2-33 (Blanchet et al., 2015)
and D. GeoB7702-3 (Castaneda et al., 2010). Similar comparison for the few e¢Nd records: E.

MS27PT (this study) and F. P362/2-33 (Blanchet et al., 2014).

Figure 5. Hydrological changes in Africa through the last 20 ka. A. ZIIla/XIla (reversed
axis) and BIT-index from core MS27PT. East African precipitation records: B. dDwax from
Lake Tana (reversed axis, Costa et al., 2014) and insolation curve (Berger, 1981) and C.
ODwax from Lake Tanganyika (reversed axis, Tierney et al., 2008). West Africa precipitation
records: D. Lake-level history of Lake Chad (Armitage et al., 2015). Closed and open
symbols are for Lake Chad and the Bodélé Basin, respectively. E. dDwax from Lake Bosumtwi
(Shanahan et al., 2015) and from Lake Barombi Mbo (open symbols, Garcin et al., 2018)

(reversed axis in both cases) and F. dDwax from the Congo deep-sea fan, GeoB 6518-1
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(reversed axis, Schefuf3 et al., 2005). Shaded green area underlines the African Humid Period
in its historical definition (5-11 ka,, Gasse, 2000)) and grey areas underline North
Hemisphere climatic events, Hl and YD stand for Heinrich Event 1 and Younger Dryas,

respectively.
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