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1. Introduction

ABSTRACT

Sediments deposited on deep-sea fans are an excellent geological archive to reconstruct past changes in
fluvial discharge. Here we present a reconstruction of changes in the regime of the Nile River during the
Holocene obtained using bulk elemental composition, grain-size analyses and radiogenic strontium (Sr)
and neodymium (Nd) isotopes from a sediment core collected on the Nile deep-sea fan. This 6-m long
core was retrieved at ~ 700 m water-depth and is characterized by the presence of a 5-m thick section
of finely laminated sediments, which were deposited between 9.5 and 7.3 ka BP and correspond to the
African Humid Period (AHP). The data show distinct changes in eolian dust inputs as well as variations
in discharge of the Blue Nile and White Nile. Sedimentation was mainly controlled by changes in fluvial
discharge during the Holocene, which was predominantly forced by low-latitude summer insolation
and by the location of the eastern African Rain Belt. The changes in relative contribution from the Blue
Nile and White Nile followed changes in low-latitude spring/autumn insolation, which highlights the
role of changes in seasonality of the precipitation on the Nile River regime. The relative intensity of the
Blue Nile discharge was enhanced during the early and late Holocene at times of higher spring
insolation (with massive erosion and runoff during the AHP at times of high summer insolation), while
it was reduced between 8 and 4 ka at times of high autumn insolation. The gradual insolation-paced
changes in fluvial regime were interrupted by a short-term arid event at 8.5-7.3 ka BP (also associated
with rejuvenation of bottom-water ventilation above the Nile fan), which was likely related to northern
hemisphere cooling events. Another arid event at 4.5-3.7 ka BP occurred as the apex of a gradually drier
phase in NE Africa and marks the end of the AHP.

© 2013 Elsevier B.V. All rights reserved.

populations from the so-called ‘Green Sahara’ (Gasse, 2000; Kuper
and Kropelin, 2006). Paleoenvironmental and archeological studies

Due to the fact that atmospheric temperatures remained near
constant during the Holocene (last 10 kyr), this interval is generally
considered as climatically stable as compared to the rest of the
Quaternary (Grootes et al., 1993). However, environmental and
hydrological reconstructions have revealed that subtropical regions
have drastically changed during the course of the Holocene (Haug
et al.,, 2001; Ruddiman, 2003). In particular, the progressive drying of
North Africa led to the retreat of the vegetation cover and of human
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documented the occurrence of a very wet phase in North Africa
between 10 and 6 ka BP, which led to the development of extensive
lake and river systems and of a savannah-type of vegetation within
what is nowadays one of the most arid areas on Earth (Drake et al.,
2011). This pronounced Holocene wet phase is known as the African
Humid Period (AHP) and favored the settlement of Neolithic human
populations within the present-day Saharan Desert (Kuper and
Kropelin, 2006). Additionally, the highly increased Nile River runoff
had a major impact on the marine environment in the Eastern
Mediterranean, as evidenced by the deposition of organic-rich sapro-
pel layers (Rossignol-Strick et al., 1982). Stratification of the water
column and high primary productivity in the surface waters induced
oxygen depletion of the bottom waters in the Eastern Mediterranean
basin, which stimulated the accumulation and preservation of organic
matter in the sediments (De Lange et al., 2008).
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The termination of the AHP was marked by a southward shift of
the African monsoon and associated rainfall belts causing a retreat
of the extensive Saharan grassland and the desiccation of vast
system of lakes and rivers within the Sahara (Pachur and Kropelin,
1987; Lézine et al., 2011). The primary forcing for this wet/arid
transition is thought to be the precession-forced low latitude
insolation, which gradually decreased between 8 and 4 ka BP
(Rossignol-Strick, 1983). However, the rate of the paleoenvironmen-
tal changes appears to be highly variable depending on the archives
and on the studied area (Lézine et al., 2011). Consequently, the
response of continental environments and ecosystems to a gradual
orbital forcing is still under debate. Some authors reported a gradual
transition, which implies a linear response of the ecosystem to the
orbital forcing (Brovkin et al., 2002; Fleitmann et al., 2003; Renssen
et al., 2003; Kropelin et al., 2008), whereas others reported a more
abrupt transition, which suggests the existence of complicated
feedback processes and threshold responses between the ecosystem
and the climate (Gasse and Van Campo, 1994; Claussen et al., 1999;
deMenocal et al., 2000a; Liu et al., 2007).

Here we focus on changes in the regime of the Nile River during
the Holocene by investigating a laminated sediment sequence
corresponding to the youngest sapropel layer (S1) from the Nile
deep-sea fan, which provides a very detailed record of the AHP and
its termination. The changes in river runoff and main sources of the
river waters have been previously investigated using sediment cores
(Krom et al., 2002; Revel et al., 2010; Marriner et al., 2012),
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geomorphology (Adamson et al., 1980; Williams, 2009) and lake
levels (Gasse, 2000; Stager et al., 2003; Garcin et al., 2009, 2012;
Marshall et al., 2011). However, these reconstructions only provide a
fragmentary and/or low-resolution picture of the changes in river
regime that prevents their comparison and does not allow assessing
the response of the Nile River system to changes in orbital config-
uration and in seasonality. We thus aim at providing an integrated
reconstruction of changes in Nile River runoff and freshwater source
at high temporal resolution during the past 9.5 kyr from a single
sediment archive. This will help evaluating the impact and the
response of the Nile River system to changes in orbital parameters
as well as to more abrupt climatic events previously recognized in
North Africa (Gasse, 2000; Thompson et al., 2002; Kim et al., 2007).
Finally, we aim at evaluating the impact of changes in the hydro-
logical regime of Nile River on the marine environment (especially
on the bottom-water oxygenation).

2. Regional settings

The drainage area of the Nile River extends from ~4°S to
~30°N and from 20°E to 40°E and the river flows northward over
a total length of over 6700 km (Fig. 1). The main stream integrates
contributions from four main tributaries, which are from South to
North: the White Nile, the Sobat, the Blue Nile and the Atbara
(Fig. 1a and b). The White Nile originates from the equatorial
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Fig. 1. Climate and regional settings. (a) and (b) Seasonal climatic patterns over Africa,
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with precipitation rates (green shading) and wind fields in August (a) and January (b).

ARB: African Rain Belt, AM: African Monsoon, WAM: Western Asian Monsoon. A, B and C refer to the White Nile, Blue Nile and Atbara sources, respectively. (c) Relative
contribution from the White Nile (A), the Blue Nile (B) and the Atbara (C) throughout the year. Redrawn from Williams et al. (2006), with permission from Elsevier. (d) Blow-up
from the red squares in (a) and (b) and showing the location of core P362/2-33 on the Nile deep-sea fan (star). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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uplands of Uganda, Rwanda and Burundi, and in particular from
the outflow of Lake Victoria and Lake Albert. The Sobat, the Blue
Nile and the Atbara rivers originate from the Ethiopian Highlands.
Prior to the construction of the Aswan Dam (which presently
traps most of the particulate matter), the sedimentation on the
Nile delta was largely controlled by seasonal variations in pre-
cipitation onto the Nile watershed. The White Nile and Sobat
rivers contribute a relatively continuous amount of water
throughout the year given that the wet season in the Equatorial
upland region lasts for more than 8 months (Fig. 1a and b)
(Nicholson, 2000). The Blue Nile and Atbara tributaries contribute
large amounts of water in summer when the African Rain Belt
migrates to its northernmost location (Fig. 1a). Most of the
sediment transported by the Nile River originates from the
marked summer floods of the Blue Nile and the Atbara Rivers
(Adamson et al., 1980; Williams et al., 2006). Therefore, although
the White Nile is responsible for a third of the annual flow of the
Nile (and up to 80% in the drier months), it provides only about
3.5% of the annual sediment load (Fig. 1c). In contrast, the Blue
Nile and Atbara together supply ~ 65% of the annual flow and
96.5% of the annual sediment load (Adamson et al., 1980). The
Blue Nile and Atbara also run through mantle-derived volcanic
rocks that are more susceptible to erosion than the crystalline
basement of the White Nile catchment.

Eolian dust is deposited on the Nile Delta at a rate of 20-
40 gm~2yr~! and mostly originates from North African sources
and especially the Lybian desert (Herut et al., 2001; Prospero
et al., 2002). This source is mainly active during the spring and is
related to the North Atlantic Oscillation on interdecadal scale
(Guerzoni et al., 1997; Moulin et al., 1997).

3. Material and methods
3.1. Sediment core P362/2-33

Marine sediment core P362/2-33 was recovered on the Nile
deep-sea fan (31°40.51N; 29°45.00E) during R/V Poseidon cruise
P362/2 in August 2008 (Fig. 1d) (Feseker et al., 2010). This 559-cm
long gravity core consists of undisturbed laminated hemi-pelagic
sediments of which the upper 40 cm show a gradual change from
brownish to grayish color with yellowish oxidation spots and
traces of bioturbation (Fig. 4). Faint laminations are observed
between 75 and ~ 105 cm core depth within a layer of gray to
green colored sediments. Well-preserved (sub)millimeter-scale
laminations are observed below 140 cm core depth and consist of
sediments alternating between dark-gray and light-gray colored
layers and are similar to laminated sediments at around 2000 m
water-depth on the Nile deep-sea fan (Ducassou et al., 2008;
Revel et al., 2010). These laminations were interpreted as very
dense suspension-rich (hyperpycnal) flows formed by reconcen-
tration of particle-laden seasonal Nile flood plumes in the water
column, which were subsequently deposited on the seafloor
(Ducassou et al., 2008). In this interval, high amount of pyrite
and an absence of benthic foraminifera were observed during
sediment wet sieving (data not shown).

3.2. Methods

3.2.1. Core scanning

The bulk major element composition was measured through-
out core P362/2-33 using an AavatechTM X-ray fluorescence
(XRF) core scanner at the Institute of Geosciences of the Uni-
versity of Kiel (Germany). Non-destructive XRF core-scanning
measurements were performed at 10, 30 and 50 kV in order to
measure the relative content of elements ranging from aluminum

(Al) to barium (Ba) (Tjallingii et al., 2007). Measurements at
10 and 30 kV were acquired every 1 cm, whereas measurements
at 50 kV were performed every 1 cm for the upper meter and
every 2cm for the remaining part of the core. Initially, the
elemental composition obtained by XRF core-scanning is provided
as count rates, which depend on elemental concentration but are
also susceptible to down-core variations of physical properties
and sample geometry (Tjallingii et al., 2007). Therefore, we will
use log ratios of elemental count rates, which provide the most
readily interpretable signals of relative changes in chemical
composition free of constant-sum constraint (which is due to
the fact that elements are de facto correlated to each other in
compositional datasets) and minimize the effects of sample
geometry and physical properties (Weltje and Tjallingii, 2008).
The relationships between major elements were explored using
principal component analyses (PCA), which was calculated using
the freeware R (R Development Core Team, 2011) (Fig. 3a and b).
The PCA is a multiple regression method that allows examining
the statistical relationships between several variables (Everitt and
Hothorn, 2006). In order to avoid the constant-sum constraint, we
performed an R-mode PCA on the centered log-ratio correlation
matrix (Kucera and Malmgren, 1998).

The volumetric low-field magnetic susceptibility measure-
ments were performed every 1 cm on split half-sections of the
core using the Geotek multi-sensor core-logger (MSCL). The mag-
netic susceptibility (reported in 10~> SI) was measured using a
susceptibility meter Bartington MS2E mounted on the Geotek
MSCL at the GEOMAR (Germany).

3.2.2. Elemental carbon and carbonate content analyses

Total organic carbon (TOC) and total calcium carbonate
(CaCOs3) contents (in %) were measured every 5cm for the
uppermost meter and every 3 cm for the rest of the core using a
Carlo Erba NA 1500 elemental analyzer at the GEOMAR. Accuracy
and precision of the measurements were checked using replicate
analysis of acetanilide (C=71.09%) and of an internal standard.
The total carbon (TC) content (%) was measured in duplicate using
3-20mg of freeze-dried and ground sediment samples. The
carbonates were then removed using a 0.25 M HCI solution and
the TOC content was measured in duplicate using the decarbo-
nated samples. The total inorganic carbon (TIC) content was
estimated by the difference between TC and TOC and the CaCO3
contents were calculated using the equation: CaCO3=TIC x 8.33
(Verardo et al., 1990).

3.2.3. Grain-size distribution of the siliciclastic particles

The siliciclastic fraction of the sediments was isolated from the
bulk sediment samples by removing subsequently the carbonates
using a buffered acetic acid solution, the authigenic ferromanganese
coatings using a hydroxylamine solution (Gutjahr et al., 2007) and
the organic matter using concentrated hydrogen peroxide. In order
to prevent the neoformation of particle aggregates, the residual
samples were shortly boiled with a sodium pyrophosphate solution
before measuring the grain-size distribution using a Coulter Laser
Seizer (LS230) at the NIOZ (The Netherlands).

Statistically meaningful end-members (EMs) were calculated
from the total set of grain-size measurements (n=24) using the
end-member model algorithm (EMMA) of Weltje (1997). In this
case, a three-EM model explains 99.5% of the total amount of
variance (Fig. 3d). The small amount of samples used here might
reach the limit of the statistical significance. Therefore, the EMMA
was applied on the complete core as well as on the laminated part
only and the similarity of the EMs obtained in both calculations
attests the reliability of the modeling (not shown). The grain-size
distribution obtained by EM modeling was used to separate the
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siliciclastic fraction prior to analyzing the neodymium and stron-
tium radioisotope signatures. The changes in proportion of the
EMs were explored using log ratios in order to avoid the constant-
sum constraint.

3.2.4. Radiogenic isotopes

The radiogenic isotope composition of neodymium (Nd) and
strontium (Sr) was measured on the siliciclastic fraction of the
sediments. Based on the results of the EMMA, the siliciclastic
fraction was separated into three different grain-size fractions
(<2 wm,2-10 pm and > 10 pm) using a centrifuge. Centrifuga-
tion time was calculated using the freeware ‘Sedicalc’ (Krumm,
2006). Those fractions of about 0.05 g were totally dissolved using
subsequently: (i) concentrated nitric and hydrofluoric acid
and (ii) concentrated nitric, hydrofluoric and perchloric acids.
Standard column-chromatography procedures were applied to
separate and purify Nd and Sr (Cohen et al., 1988; Horwitz et al.,
1992). The Nd and Sr isotope composition was measured on a
Nu Instruments multi-collector inductively-coupled plasma mass
spectrometer (MC-ICP-MS) at the GEOMAR. Blank levels were
negligible for analyses of both radiogenic Nd and Sr isotopes
(<03 ng for Nd and <3.4 ng for Sr). The isotope results were
normalized to the accepted values of the JNdi standard for Nd
('*3Nd/'**Nd =0.512115) and of the NBS SRM 987 standard for Sr
(87Sr/®5Sr=0.710245) to account for analytical shift. The Nd
isotope ratios are reported as eNd, which is the corrected
143Nd/44Nd ratio normalized to CHUR (**Nd/!**Nd=0.512638,
Jacobsen and Wasserburg, 1980) and multiplied by 10,000.
External reproducibility was first estimated by repeated measure-
ments of in-house SPC and SPEX standards for Nd and the AA
standard for Sr, and the isotope ratios are reported with 2¢
uncertainties of +0.52¢Nd units ( + 30 ppm, n=10) for Nd and
+ 0.00005 ( + 65 ppm, n=20) for Sr. External reproducibility was
further assessed by repeated measurements of JNdi standard for
Nd and NBS SRM 987 standard for Sr, and yielded 2¢ uncertainties
of + 0.3eNd units ( + 30 ppm, n=10) and + 0.000025 ( + 25 ppm,
n=20) for Sr. It should be noted that the uncertainties reported
here are the highest obtained, i.e. for the samples and standards
with the lowest concentrations (50 ppb for Nd and 25 ppb for Sr).

4. Age model

The chronology of the sediment core was determined by “C
measurements of planktonic foraminifera shells (Globigerinoides
ruber and Globigerina bulloides). Approximately 10 mg of hand-
picked shells collected from 14 samples was analyzed at the
Leibniz-Laboratory for Radiometric Dating and Stable Isotope
Research of the University of Kiel (Germany) (Table 1). The
uppermost 3 cm of the core contains steamboat cinder remnants
indicating that these sediments were deposited between AD1800
and AD1950 (i.e., 75 + 75 yr BP) and the sediments at the bottom
of the core were dated at ~ 9000 “C yr BP. The ages younger than
6500 '“Cyrs were corrected for the average reservoir age of
seawater (400yr), which is in agreement with the age of
370 + 40 yr obtained for a pre-bomb shell of Muricopsis trunculus
collected in Alexandria (Goiran, 2001). Ages between 9200 and
6500 '“C yr were corrected using a reservoir age of 515 + 20 yr
determined by Facorellis and Maniatis (1998) for the early
Holocene in the Eastern Mediterranean. Higher reservoir ages
at this time are probably associated with the large amount of
14C_depleted freshwater delivered by the Nile River during the
African Humid Period (Siani et al., 2001). Overlapping and partly
reversed ages occur at 400 and 557 cm (Fig. 2), which are probably
related to the very high sedimentation rates of 60-650 cm/ka in
the laminated part of the core. In order to provide a continuous

Table 1

Age model for core P362/2-33 based on 14 '“C ages. All "*C ages were obtained on
mixed planktonic foraminifera (G. ruber and G. bulloides). The uncertainties on the
ages are reported as 2¢. Ages marked with an asterisk (%) were corrected for a
marine reservoir age of 400 yr (Goiran, 2001) and all other ages were corrected for
515 yr (Facorellis and Maniatis, 1998; Siani et al., 2001) (see text for details). All
reservoir-corrected '#C ages were then adjusted on the calendar scale using the
online freeware Calib 6.0 (Stuiver et al., 2005) and the Marine09 curve (Hughen
et al.,, 2004; Reimer et al., 2009). Numbers in bracket in the calibrated age range
column represent the probability areas. Mean '“C ages and their uncertainty were
rounded to the lower or the upper 5 yr.

Depth 14C age Reserv.-corr.  Cal. '4C Mean cal.

14C age age range 14C age

(cm) (yr) (yr) (cal. yr) (cal. yr)
30+0.5 3825+30 3425* 3676-3876 3775 + 100
50+0.5 5695+30 5295* 5993-6193 6110 + 100
75+0.5 6855+35 6340 7141-7347 7325 +105
100+ 0.5 7340+45 6825 7558-7778 7655 +110
151.5+25 7920+45 7405 8123-8363 8240 + 120
200+0.5 8115+55 7600 8313-8565 8430 + 125
2515425 8360+40 7845 8574-8928 8725 + 180
300+0.5 8375+60 7860 8567-8964 8750 + 200
327+3 8495 +35 7980 8744-9058 8925 + 160
399+1 8440 +45 7925 8646-8991 8845 +175
463 +2 8680 +40 8165 9007-9309 9165 + 150
499 +1 8805 +45 8290 9164-9166 (0.002) 9330 + 145

9173-9456 (0.998)

54743 9010+35 8495 9428-9629 9515 + 100
557+1 8780 +50 8265 9122-9437 9300 + 160

chronostratigraphy, a best-fit model was calculated for the lower-
most 200 cm of the core using the Bayesian approach developed by
Blaauw and Christen (2011) and implemented in the freeware
‘Bacon’ (Fig. 2). All ages were converted into the calendar age scale
(ka BP) using the Marine09 curve (Reimer et al., 2009) implemen-
ted in the software Calib 6.0 (Stuiver et al., 2005). Sedimentation
rates vary from ~ 650 cm/kyr in the lower part of the core to
~ 8 cm/kyr in the upper part (Fig. 2).

5. Results and interpretations

5.1. Changes in sediment composition: sediment supply and
diagenetic modifications

According to the results of the PCA, we show the loadings of
the elements on PC1, PC2 and PC3 as these three principal
components (PCs) explain more than 80% of the total variance
(Fig. 3a and b). The first striking characteristic of the dataset is the
strong anti-correlation of the elements calcium-strontium-man-
ganese (Ca-Sr-Mn) to the other elements on PC1 (Fig. 3a). On PC2
and PC3, Mn is anti-correlated to Ca-Sr, which suggests that Mn
has a distinct behavior (Fig. 3a and b). The second important
characteristic is the existence of two clusters for the ‘terrigenous’
elements that are anti-correlated on PC2: a potassium-aluminum-
silicon (K-Al-Si) cluster and a zirconium-titanium-iron-rubidium
(Zr-Ti-Fe-Rb) cluster (Fig. 3a). This may either be related to
different sediment sources and sorting or different sensitivities
toward weathering. The elements sulfur (S), bromine (Br), chlorine
(C1) and barium (Ba) are close to the Zr-Ti-Fe-Rb cluster on PC1
and PC2 (Fig. 3a). On PC3, Ba and Cl are strongly anti-correlated
and S is close to Zr (Fig. 3b).

Based on these results, we selected a number of elemental
ratios and geophysical parameters to reconstruct the down-core
changes in sediment composition (Fig. 4). First, we used the
magnetic susceptibility (MS), the Mn/Al and Ba/Al ratios, as well
as the TOC contents to characterize the relationships between
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Fig. 2. Lithology and age model for core P362/2-33. (a) Log of lithologic changes
against depth, with horizontal lines representing the laminations and dashed
horizontal lines representing faint laminations. Thick dark and gray layers refer to
thicker dark-colored or light-color layers. (b) Changes in sedimentation rates
along depth. (c) Violin plot of the calibrated “C ages, which gives an estimation of
the statistical density of the age-depth relationship for each age. The gray shading
represents the age-model obtained by a Bayesian approach that was realized
(as well as the plot) using the Bacon software (Blaauw and Christen, 2011). The star
at the top of the core represents the estimated age of remnant steamboat cinders.

sediment composition, lithology and diagenesis (Fig. 4a-d).
The MS gives an estimation of the amount of iron oxides, in
particular of magnetite (Fe304) in the sediments, which originate
from continental surface erosion and can be depleted during early
diagenesis (Jargensen and Kasten, 2006). The Mn/Al and Ba/Al
ratios are used to identify layers of diagenetic accumulation of Mn
and Ba (Reitz et al., 2006) and Ba/Al is also related to changes in
export production (Mercone et al., 2000). The Mn/Al and Ba/Al
ratios have been widely used to identify the extent of the sapropel
layers and the occurrence of burn-down processes (De Lange
et al., 2008). The downward-migration of the redox front after the
sapropel deposition might indeed lead to complete removal of the
TOC in the upper part of the sapropel layers, whereas Ba/Al
remains unaffected (Froelich et al., 1979). In core P362/2-33,
enrichments in Mn/Al and Ba/Al are observed in the upper 25 cm
(at 5 and 20 cm) and are accompanied by high values in the MS
(200 x 1075 at ~10cm) and in the TOC content. This probably
reflects the on-going reduction of manganese and iron oxides
during the microbial degradation of organic matter (Jgrgensen
and Kasten, 2006). The peak in Mn/Al and Ba/Al at 25 cm most
likely indicates the location of the present redox front, where
upward-migrating Ba?* and downward-migrating Mn?* did
precipitate. The laminated interval is characterized by low MS
values ( <50 x 107> SI), low Mn/Al ratios and higher TOC content

(~1.1%). The Ba/Al ratio increases upwards throughout the
laminated interval and is high between 60 and 90 cm. Both the
Ba/Al ratio and the TOC content start to decrease at 80 cm (which
is the last occurrence of laminations) but show a major decrease
at 60 cm. This suggests that burn-down processes were of minor
influence in core P362/2-33 on the TOC content and that the
sapropel layer extends up to 60 cm. The absence of extensive
burn-down processes was already observed for cores with high
accumulation rates in this region (Mercone et al., 2000).

The changes in marine/terrigenous material and within the
detrital material are investigated by comparing the Ti/Ca and
Ti/Al ratios (Fig. 4e and f). These ratios show a relatively similar
pattern, with higher values in the sapropel layer, lower values
between 40 and 20 cm and high values in the upper 10 cm. The
enrichment of the sapropelic sediments in Ti most probably
indicates a higher contribution by Nile particulate matter (Krom
et al., 1999). The Ti/Ca and Ti/Al ratios decrease gradually
between 100 and 25 cm, which suggest a progressive reduction
of river input.

5.2. Grain-size distribution: sources and transportation mechanisms
of terrigenous particles

Terrigenous particles deposited in marine sediments generally
originate from distinct sources and underwent different modes of
transport, which are characterized by specific grain-size distribu-
tions (Weltje and Prins, 2003). For our dataset, a three end-
member (EM) model explained about 99.5% of the total variance
and allowed the definition of a coarse multimodal EM (EM1) and
two bimodal hemipelagic EMs (EM2 and EM3) (Fig. 3d). The
poorly sorted grain-size distribution of EM1 ranges from 0.1 to
200 pm with two main modes between 15 and 30 pum. The grain-
size distributions of the two hemipelagic EM2 and EM3 range
between 0.1 and ~40 um, with distinct modal grain-sizes of
3—4 pum and 2 pm, respectively. The grain-size distribution of the
EMs matches that of present-day fluvial and eolian material
collected in the region. Like the EM1, the grain-size distributions
of Mediterranean aerosols range from 1 to 100 um and are
typically poorly sorted with a modal size of 10-30 pum
(Guerzoni et al., 1997). Like the hemipelagic EM2 and EM3, the
Nile River particles fall into the mud size-fraction, with particles
originating from the Blue Nile being generally coarser than those
originating from the White Nile (Billi and el Badri Ali, 2010).
Coarser particles are indeed produced by the intense erosion
occurring during summer floods in the erodible volcanic
watershed of the Blue Nile. In contrast, the year-round precipita-
tion pattern at the source of the White Nile enables the develop-
ment of a vegetation cover that tends to protect the more
resistant crystalline basement from erosion. Furthermore, the
sediment load of the White Nile is filtered when passing into
the large swamps of the Sudd, before the convergence with the
Blue Nile and Atbara Rivers (Williams et al., 2006). These climatic,
geographic and geologic differences also explain that most sedi-
ment presently delivered to the margin originates from the Blue
Nile drainage area (Adamson et al., 1980). Therefore, we assume
that EM2 is enriched in coarser particles originating from floods of
the Blue Nile River as compared to EM3.

In order to further assess the provenance of the EMs, we
separated four samples into three grain-size fractions ( <2 pm,
2—-10pm and > 10 pm) and measured their Nd and Sr radio-
isotope composition (Table 2 and Figs. 5 and 6). The samples
collected at 30, 85 and 221 cm depth contain dominant propor-
tions of EM1, EM3 and EM2, respectively (Fig. 5). The sample
collected at the core-top (0 cm depth) contains an equal propor-
tion of EM2 and EM3. The EM2 and EM3 have ¢Nd values that are
not significantly different and comprised between ~0 and
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of this article.)

~ —4 ¢Nd units but these EMs can be clearly distinguished by
their 87Sr/86Sr signatures of ~0.710 and ~ 0.707, respectively
(Table 2). When compared to the radiogenic isotope composition
of present-day Nile and dust particles (Fig. 6), the radiogenic
isotope compositions of EM2 fall close to those of particulate
matter from the Blue Nile and Atbara River. The radiogenic
isotope compositions of EM3 fall between those of the Blue Nile
and the White Nile (Padoan et al., 2011). The EM1 has the least
radiogenic ¢Nd (=7.99 +0.52) and most radiogenic 87Sr/%6Sr
values (~0.712) falling between the White Nile and the
Saharan/Lybian dust end-members (Revel et al., 2010). Therefore,
the radiogenic isotope signatures of the EMs support the inter-
pretation that EM1 is mostly composed of dust-borne particles
and that EM2 is enriched in particles originating from Blue Nile
floods as compared to EM3, which probably represents the back-
ground sediment load of the Nile River.

Down-core variations in grain-size distribution are compared to
changes in the relative proportion of the three EMs (Fig. 5a and b).
The EM1/(EM2+EMS3) ratio is used to estimate the variations of
eolian versus fluvial input to the sediments (Fig. 5¢). The EM2/EM3
ratio is used to estimate the changes in relative intensity of the Blue
Nile discharge (Fig. 5c). Four depth intervals can be distinguished:
(i) from 560 to 200 cm, EM2 dominates and indicates a major input
from the Blue Nile; (ii) from 200 to 60 cm, EM3 is the most
abundant and suggests a relatively low Blue Nile discharge and
perhaps a larger contribution from the White Nile; (iii) from 60 to
15 cm, EM1 is the most abundant and indicates higher contribution
of eolian material to the siliciclastic fraction of the sediments; (iv)

the upper 15 cm, where EM1 and EM2 prevail, which suggest mixed
eolian and fluvial input at comparable amounts.

5.3. Fluvial control on sedimentation

At the site of core P362/2-33, the changes in sediment
composition and accumulation rate have directly been controlled
by changes in fluvial source and discharge. Changes in terrige-
nous/marine contributions as indicated by the Ti/Ca ratio are
similar to changes in the fluvial/eolian contributions that are
monitored by the EM1/(EM2+EM3) ratio (Fig. 7a-c). Between
9.5 and 7.3 ka BP, high terrigenous contribution are indicated by
high Ti/Ca ratio and are predominantly of fluvial origin as
suggested by the low amount of EM1. From 7.3 to 3.7 ka BP, the
decrease in Ti/Ca ratio suggests that the proportion of terrigenous
material in the sediments decreased, whereas the proportion
in eolian-derived EM1 gradually increased. These decreases in
fluvial/eolian and terrigenous/marine contributions to the sedi-
ments are likely related to a decrease in fluvial discharge as shown
by the decrease in the level of the Nile River between 8 and 4 ka BP
previously observed by Williams and Adamson (1974). The pro-
portion of terrigenous particles in the sediments and the fluvial
contribution both increase again from 4 ka until 1 ka BP.

The synchronous change between 9.5 and 7 ka BP in both the
EM2/EM3 ratio (Fig. 7e) and the sedimentation rates (Fig. 7f)
suggest that during periods of high fluvial discharge, the sediment
supply to the margin has been mainly controlled by switches in
the fluvial source. Indeed, the abrupt reduction in the proportion
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Table 2
Radiogenic Nd and Sr isotope composition of grain-size fractions. All numbers are
reported with 2¢ uncertainty.

Fraction Depth Nd/"Nd ¢Nd 20 %sr/%%sr 20
(cm)
EM3 (<2 um) 0 0.512604 —0.67 0.52 0.710261 0.000046
85 0.512444 —3.79 0.52 0.709444 0.000046
221 0.512457 —3.52 0.52 0.709974 0.000046
EM2 0 0.512549 —1.74 0.52 0.707660 0.000046
(2—10 pm) 221 0.512457 —3.53 0.52 0.707346 0.000012
EM1 (=10 pm) 30 0.512223 —7.99 0.52 0.712723 0.000016

of coarse sediments originating from the Blue Nile between
8.5 and 7.3 ka BP as indicated by the decrease in EM2/EM3 ratio
(Fig. 7e) is synchronous with a rapid decrease in sedimentation
rate (Fig. 7f). The Blue Nile was obviously the principal contri-
butor of fluvial sediments from 9.5 to 8.5 ka BP, after which its
influence decreased abruptly to reach a minimum at 7.3 ka BP.
The relative contribution from the Blue Nile remained low until
~ 6 ka BP while the relative contribution from White Nile was
perhaps enhanced. Interestingly, the increase in proportion of
material from the Blue Nile between 3 and 1ka BP was not
accompanied by an increase in sedimentation rate. These obser-
vations suggest that switches in the fluvial source areas con-
trolled the sedimentation supply only during periods of high
fluvial input, such as the AHP. Our reconstructed changes in
relative intensity of the Blue Nile discharge to the Nile deep-sea
fan agree with previous studies. Higher Blue Nile sediment flux
during the early and late Holocene was estimated from marine
sediments from the Levantine Basin based on their Sr isotopic
signature (Box et al., 2011) (Fig. 7d). Enhanced supply of material

from the White Nile between 8 and 6 ka was also hypothesized
from Eastern Mediterranean sediment cores (Revel et al., 2010;
Box et al., 2011). The Late Holocene increase in Blue Nile
contribution was observed using Sr isotopic signature of sedi-
ments from the eastern Nile Delta (Krom et al., 2002) (Fig. 7e).

6. Climatic implications
6.1. Influence of low-latitude insolation

The changes in fluvial discharge and source areas as recorded
by core P362/2-33 have apparently been primarily controlled by
summer and spring/autumn low-latitude insolation changes. The
river runoff gradually decreased between 8 and 4 ka BP (Fig. 8b
and c) following the summer insolation at 20°N (Fig. 8a).
Precession-forced insolation changes at low latitudes are the
principal control on the position and strength of monsoonal
systems and related precipitation belts (Gasse, 2000; Haug
et al, 2001; Wang et al., 2001; Tjallingii et al., 2008). We therefore
postulate that the total runoff of the Nile has mainly been
controlled by changes in precipitation within the overall drainage
area, which was related to a contraction of the African Rain Belt
around the Equator following the changes in summer insolation
after 10 ka BP (Gasse, 2000; Collins et al., 2011).

The changes in relative intensity of the Blue Nile discharge
have mainly been driven by variations in spring/autumn low-
latitude insolation (Fig. 8e and f). Sediment supply by the Blue
Nile was enhanced during the early and late Holocene at times of
higher spring insolation, and was reduced between 8 and 4 ka at
times of low spring insolation and high autumn insolation (Fig. 8e
and f). Additionally, periods of enhanced supply from the Blue
Nile positively correlate with high sedimentation rates during the
early Holocene, but this is not observed during the late Holocene
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the references to color in this figure legend, the reader is referred to the web
version of this article.)

et al.,, 2011; Garcin et al., 2012). At 6 ka BP, summer insolation in
the North Hemisphere tropics was also higher relative to today
(by ~6%) but was shifted toward the autumn equinox. We
speculate that the decrease in summer insolation and the increase
in autumn insolation led to a decrease in relative intensity of the
Blue Nile discharge and perhaps to a relative increase in White
Nile runoff (which occurs today mostly in autumn). Changes in
lake levels in the African equatorial band have been related to
changes in summer and spring insolation before (Garcin et al.,
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2009; Verschuren et al., 2009) and Lake Victoria, which is located
at the source of the White Nile, had a high stand between 7.8 and
5.8 ka BP (Stager et al., 2003). The decrease in autumn insolation
and the shift of the insolation peak toward the summer during the
Late Holocene (i.e., between 4 and 0ka BP) probably favored
runoff from the Blue Nile, but the decrease in summer insolation
most likely reduced the precipitation and erosion in the whole
Nile drainage basin. Higher runoff and erosion were also observed
in the Lake Tana basin (at the source of the Blue Nile) and were
interpreted to result from higher seasonal rainfalls and enhanced
catchment instability due to the recession of the vegetation cover
(Marshall et al., 2011).

6.1.1. Millennial-scale climatic fluctuations: influence of high
latitude climate?

The long-term and gradual changes observed and discussed
previously were accelerated during a short-term event at 8.5-
7.3 ka BP characterized by an abrupt decrease in contributions
from the Blue Nile and a decrease in sedimentation rate at
~ 8.5 ka BP (Fig. 8f and g). Such a decrease in delivery of material
from the Blue Nile was also deduced from geochemical analyses
in a nearby core (Revel et al., 2010). Low-stands were observed for
the same period of time in the Lake Tana and Lake Turkana
records, which are located at the source of the Blue Nile (Marshall
et al., 2011; Garcin et al., 2012). There is growing evidence that a
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large-scale hydrological perturbation occurred in equatorial and
tropical Africa around 8.5 ka BP, which was characterized by low-
stands in most lake records from northern Africa (Gasse, 2000).
Additional evidence for a dry event around 8.5 ka BP was deduced
from an increase in wind-blown deposits recorded by ice cores on
the Kilimanjaro (Thompson et al., 2002). However, it is still
debated whether this event resulted from meridional teleconnec-
tions with a contemporaneous freshwater release in the North
Atlantic that was linked to the abrupt cooling event observed in
the Greenland ice-sheets at 8.2 ka BP (Alley et al., 1997). Rapid

drainage of Lakes Agassiz and Ojibway through the Hudson Strait
occurred between 8.56 and 8.42 ka BP and the resulting sea-level
rise has been dated at 8.45 ka BP (Hillaire-Marcel et al., 2007;
Hijma and Cohen, 2010). It has been speculated that the reduction
of the Atlantic meridional overturning circulation resulting from
the freshwater release may have induced anomalous cooling
events off northern Africa (such as the one observed at 8.5 ka
BP off the coast of Morocco, Kim et al.,, 2007) and potentially
triggered arid events in western Africa (deMenocal et al., 2000b;
Renssen et al., 2007; Tjallingii et al., 2008). Conversely, the early



108 C.L. Blanchet et al. / Earth and Planetary Science Letters 364 (2013) 98-110

occurrence of the North African event, which has consistently
been dated between 8.6 and 8.4 ka BP, led other authors to
propose that the large hydrological change in low latitudes was
a potential trigger for the 8.2 ka cooling event (Shanahan et al,,
2007; Marshall et al., 2011). Our record shows a disruption of the
AHP at 8.5 ka but does not provide any further support in favor of
any of these scenarios.

Another remarkable climatic event of our record is the highly
arid period between 4.3 and 3.7 ka BP, which represents a
culmination in the gradual development of arid conditions in
the drainage area of the Nile River. This event was characterized
by a marked increase in dust contribution and by a slight decrease
in relative intensity of the Blue Nile discharge (Fig. 8b, c and f).
Many terrestrial records in North Africa depict the existence of a
short-lived arid period centered at ~ 4 ka BP, such as indicated by
low lake levels (e.g., Gasse, 2000), enhanced dust deposition in
Kilimanjaro ice cores and in the Gulf of Oman (Cullen et al., 2000;
Thompson et al., 2002) and the cessation of runoff in the Wadi
Howar river system, which was a major tributary of the Nile River
during the AHP (Pachur and Krépelin, 1987). A growing number of
studies have reported a short period of intense drought occurring
as the apex of a gradual aridification. For instance, the decrease in
runoff to the Lake Tana Basin (Marshall et al., 2011), the devel-
opment of aridification on the Somalian coast (Jung et al., 2004)
and the vegetation transition at Lake Yoa (Kropelin et al., 2008) all
took place between 6.5 and 4.2 ka BP. The mechanisms under-
lying this drought event are highly complex and may involve
meridional teleconnection such as those discussed for the 8.2 ka
event (deMenocal et al., 2000b; Wang et al., 2004). In addition,
threshold responses of environmental systems (e.g., lake over-
flows) may have been responsible for the abruptness of changes
in some climatic records. This drought event has been proposed to
represent the actual end of the AHP (Marshall et al., 2011).

It is noted that both events were so severe that they had a large
impact on population dynamics in northern Africa as illustrated by
the changes in phases of human settlements reconstructed by
Kuper and Krépelin (2006). The drought event at 4.2 ka BP was also
linked with the end of the Akkadian society in Mesopotamia and of
the Old Kingdom in Egypt, which have both been dated at 4.17 ka
BP (Cullen et al., 2000; Stanley et al., 2003).

6.2. Influence of changes in the Nile River regime on the bottom-
water oxygenation

Millimeter-scale laminations prevail in core P362/2-33 for the
period between 9.5 and 7.3 ka BP (Fig. 8). The lithology of this part
of the core is similar to laminated sediments described in another
sediment core from the Nile deep-sea fan, which were interpreted
as hyperpycnal flows forming during seasonal Nile floods (see
Section 3.1) (Ducassou et al., 2008). The preservation of these
seasonal laminations implies that bioturbation was prevented due
to very high sedimentation rates and low bottom-water oxygen
levels (Rossignol-Strick et al., 1982; Ducassou et al., 2008). The O,-
depletion occurred throughout the Mediterranean Basin and has
been related to the large influx of fresh water and nutrients from
the Nile River, which essentially shut down the Mediterranean
thermohaline circulation and enhanced primary productivity
(Rossignol-Strick et al., 1982; De Lange et al., 2008).

At the location of core P362/2-33, a short period of re-
oxygenation of the bottom waters occurred between 8.2 and
7.8 ka BP, as indicated by the non-laminated or faintly-laminated
sediments that contain opportunistic benthic foraminifera (such
as the genii Uvigerina, Bolivina and Bullimina), which are intolerant
to O,-depleted conditions (Jorissen, 1999). This period of re-
oxygenation coincided with the pronounced decrease in Blue Nile
discharge (and erosional activity) at 8.5-7.3 ka BP (Fig. 8f and g).

Permanent improvement of oxygenation conditions occurred at
7.3 ka BP, as indicated by the clear evidence of bioturbation in
younger sediments younger than 7.3 ka BP. This transition coin-
cided with a marked decrease in both river runoff and relative
intensity of the Blue Nile discharge at 7.3 ka BP (Fig. 8b, c and f).
Therefore, our record clearly demonstrates that changes in Nile
runoff accompanied by important switches in the fluvial source
areas exerted a major control on bottom-water oxygenation on
the Nile deep-sea fan.

7. Conclusions

We present a continuous and high-resolution record of changes in
the Nile River regime that covers the past 9.5 kyr. By combining bulk
elemental content, grain-size distribution and Nd and Sr radiogenic
isotopes in a marine sediment core recovered on the Nile deep-sea
fan, we were able to reconstruct changes in river runoff as well as
changes in contribution from the two main sources, the Blue Nile and
White Nile. The gradual decrease in river runoff between 8 and 4 ka
BP was likely related to the decline in monsoonal precipitation, which
followed the decrease in summer insolation at low latitudes. The
changes in the source of fluvial sediments show a different picture
with the Blue Nile being the main contributor during the early
Holocene (10-8.5 ka BP) and the White Nile being a significant
contributor between 8 and 4 ka BP. We propose that these changes
were mainly forced by changes in autumn/spring insolation at low
latitudes. Enhanced relative contribution from the Blue Nile occurred
during the early and late Holocene, but was associated to high
erosional activity only during the early Holocene, at times of high
river runoff. This is best explained by the changes in orbital config-
uration during the Holocene, with the seasonality being in phase with
that of today during the early Holocene but with insolation levels
increased by ~ 10% compared to today. The increase in relative
contribution from the White Nile between 8 and 4 ka BP might be
related to the shift of the peak of insolation toward the autumn, with
insolation levels being ~ 6% higher than today.

Our reconstruction of changes in river regime also documen-
ted a more abrupt centennial climatic fluctuation at 8.5-7.3 ka BP
and a peak in aridity at 4.3-3.7 ka BP. The event at 8.5-7.3 ka BP
has already been identified in other records from northeastern
Africa and was generally associated to drier conditions. In our
record, it is characterized by an abrupt decrease in contributions
from the Blue Nile and in erosional activity and by an improve-
ment of bottom-water oxygenation, which confirms the major
influence of changes in Nile regime on the marine environment.
Although our record does not allow to state whether this abrupt
changes did lead or lag the 8.2 ka BP cooling event in the North
Atlantic, it clearly highlights the existence of climatic teleconnec-
tions between high- and low-latitudes. The drought event at
4.3-3.7 ka is characterized by an increase in dust input and by a
slight decrease in relative intensity of the Blue Nile discharge and
represents the culmination of the long-term gradual drying of the
Nile watershed. This drought event was already proposed to
represent the actual end of the African Humid Period.
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