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Abstract 13 

It has long been known that extreme changes in North African hydroclimate occurred 14 

during the late Pleistocene yet many discrepancies exist between sites regarding the timing, 15 

duration and abruptness of events such as Heinrich Stadial (HS) 1 and the African Humid 16 

Period (AHP). The hydroclimate history of the Nile River is of particular interest due to its 17 

lengthy human occupation history yet there are presently few continuous archives from the 18 

Nile River corridor, and pre-Holocene studies are rare. Here we present new organic and 19 

inorganic geochemical records of Nile Basin hydroclimate from an eastern Mediterranean 20 

(EM) Sea sediment core spanning the past 28 ka BP. Our multi-proxy records reflect the 21 

fluctuating inputs of Blue Nile versus White Nile material to the EM Sea in response to 22 

                                                        

 



2 

gradual changes in local insolation and also capture abrupt hydroclimate events driven by 23 

remote climate forcings, such as HS1. We find strong evidence for extreme aridity within 24 

the Nile Basin evolving in two distinct phases during HS1, from 17.5 to 16 ka BP and from 25 

16-14.5 ka BP, whereas peak wet conditions during the AHP are observed from 9-7 ka BP.  26 

We find that zonal movements of the Congo Air Boundary (CAB), and associated shifts in 27 

the dominant moisture source (Atlantic versus Indian Ocean moisture) to the Nile Basin, 28 

likely contributed to abrupt hydroclimate variability in northern East Africa during HS1 29 

and the AHP as well as to non-linear behavior of hydroclimate proxies. We note that 30 

different proxies show variable gradual and abrupt responses to individual hydroclimate 31 

events, and thus might have different inherent sensitivities, which may be a factor partially 32 

contributing to the controversy surrounding the abruptness of past events such as the AHP. 33 

During the Late Pleistocene the Nile Basin experienced extreme hydroclimate fluctuations, 34 

which presumably impacted Paleolithic cultures residing along the Nile corridor. 35 

 36 

Keywords: African Humid Period, hydroclimate, Nile River, Heinrich Stadial, leaf wax, 37 

deuterium isotopes 38 

 39 

1. Introduction 40 

The paleoclimate history of the Nile River valley in East Africa is of interest due to its 41 

rich history of human occupation (Vermeersch and Van Neer, 2015). Relationships 42 

between climate and the distribution of settlements on the Nile River corridor have long 43 

been recognized and it is hypothesized that extreme changes in African hydroclimate 44 

helped shape the growth and led to the decline of numerous complex societies [Kuper and 45 



3 

Kröpelin, 2006]. One of the most dramatic changes in North African hydroclimate, the so-46 

called African Humid Period (AHP) [deMenocal et al., 2000], occurred during the early 47 

Holocene when increased rainfall allowed vegetation, lakes and human populations to 48 

occupy a “green Sahara”, a region that today is a hyperarid desert [Kuper and Kröpelin, 49 

2006]. Variability in Nile River flow also played an important role in shaping Egypt’s 50 

civilizations with the collapse of the Old Kingdom at 4,160 years before present, attributed 51 

to a 30 year absence of annual Nile flooding [Stanley et al., 2003]. Although lacking direct 52 

evidence, it is hypothesized that HS1, which is recognized as an extreme and widespread 53 

drought in North Africa, also had a major impact on Paleolithic cultures [Stager et al., 54 

2011]. 55 

Previous investigations of North African hydroclimate since the Last Glacial Maximum 56 

(LGM) have documented abrupt and extreme hydrological fluctuations as well as 57 

considerable temporal and spatial heterogeneity. The timing and duration of the AHP varies 58 

with latitude [e.g. Kuper and Kröpelin, 2006] with sites in the north experiencing a shorter 59 

humid phase and earlier termination than sites in the south [Shanahan et al., 2015], 60 

following changes in northern hemisphere summer insolation. However, whether the 61 

transitions leading into and out of the AHP were abrupt, gradual or stepwise (Fig. 1) 62 

remains a highly debated issue [e.g. Kuper and Kröpelin, 2006; Costa et al., 2014; 63 

deMenocal et al., 2000; Kuhlmann et al., 2004; Schefuß et al., 2005; Tierney and 64 

deMenocal, 2013; Tierney et al., 2008; McGee et al., 2013; Junginger et al., 2014; Weldeab 65 

et al., 2014; Marshall et al., 2011; Kutzbach and Street-Perrott, 1985; Claussen et al., 66 

1999]. In East Africa, the role of non-linear biogeophysical climate feedbacks is also 67 

debated with recent studies concluding that non-linear biogeophysical climate feedbacks 68 
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between precipitation and vegetation are absent [Weldeab et al., 2014], that a nonlinear 69 

convection feedback associated with Indian Ocean SST could be an important contributor 70 

to rainfall variability [Tierney and deMenocal, 2013], or that a non-linear change in 71 

vegetation and sediment erosion occurred in the Early Holocene without a significant 72 

decrease in precipitation [Blanchet et al., 2014]. 73 

Presently, a gap in our understanding of North African hydroclimate stems from a lack 74 

of continuous archives in the vast Nile River corridor [Bard, 2013], which spans 35 degrees 75 

of latitude (4°S to 31°N) over its ca. 6670 km course and has a catchment of nearly 3 million 76 

km2. Here, we investigate the spatially integrated temperature and hydroclimate history of 77 

the Nile River Basin by examining the geochemistry of a sediment core collected from the 78 

Eastern Mediterranean (EM) Sea that receives sediment from the Nile River. We measured 79 

multiple organic and inorganic geochemical parameters on the same samples to provide a 80 

robust assessment of past hydroclimate variability and to examine shifts in the dominant 81 

sources of material transported by the Nile River to the EM Sea. We focus the discussion 82 

on two extreme and contrasting hydroclimate events: Heinrich Stadial (HS) 1, an arid 83 

interval driven by an abrupt external forcing, and the AHP, a wet period driven by gradual 84 

changes in insolation. We note that the term abrupt is used qualitatively in many 85 

paleoclimate studies; for the purpose of this study we consider an event as abrupt if its 86 

onset or termination occurs in 1,000 years or less. 87 

 88 

2. Study Location 89 

Sediment core GeoB7702-3 was collected from the continental slope offshore Israel 90 

(31°39.1’N, 34°04.4’E, 562 m water depth) during R/V Meteor cruise M52/2 in 2002 (Fig. 91 
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2) [Pätzold et al., 2003]. The chronology of this 592 cm long core, which spans the past 92 

28,000 years before present (hereafter 28 ka BP), is based on 15 AMS 14C dates on 93 

foraminifera and was previously published along with alkenone and TEX86 sea surface 94 

temperature (SST) estimates [Castañeda et al., 2010]. The surface currents flow in an 95 

anticlockwise direction around the basin and sediment from the Nile River is transported 96 

eastward to the coring site [Weldeab et al., 2002]. 97 

Precipitation over the Nile Basin derives from both Atlantic and Indian Ocean sources 98 

[Gimeno et al., 2010]. Total annual precipitation within the Nile Basin fluctuates widely 99 

(Fig. 2) related to the varying geographical influence of the Intertropical Convergence Zone 100 

(ITCZ), marking the convergence of the northeast and southwest trade winds, and the 101 

Congo Air Boundary (CAB), separating Atlantic and Indian Ocean sourced moisture 102 

[Camberlin, 2009] (Fig. 1). In boreal summer when the ITCZ is at its northernmost 103 

position, the CAB is at its most northerly and easterly extent, drawing Atlantic moisture to 104 

East Africa. Conversely, when the ITCZ is at its southernmost position in boreal winter, 105 

the CAB is located further to the south and does not extend as far eastward, restricting the 106 

flow of Atlantic moisture across the continent [Camberlin, 2009]. From north to south 107 

within the Nile Basin, the length of the rainy season increases as does the total rainfall 108 

amount [Camberlin, 2009] (Fig. 2c). 109 

 110 

3. Methods 111 

3.1. Organic geochemical analyses 112 

Core GeoB7702-3 was sampled at 5 cm intervals (average time step of 209 years) for 113 

organic geochemical analyses using the methods detailed by Castañeda et al. [2010]. 114 
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Freeze dried sediment samples were extracted with 9:1 dichloromethane (DCM)/methanol 115 

(v/v) using an Accelerated Solvent Extractor (ASE 200). Alumina oxide column 116 

chromatography was used to separate apolar, ketone and polar fractions with solvent 117 

mixtures of 9:1 hexane/DCM (v/v), 1:1 hexane/DCM (v/v), and 1:1 DCM/methanol (v/v), 118 

respectively. The apolar fractions were separated into saturated and unsaturated 119 

hydrocarbon fractions using AgNO3-impregnated silica gel. The saturated fractions were 120 

analyzed at MARUM, University of Bremen. A Thermo Trace gas chromatograph (GC) 121 

coupled via a combustion reactor to a MAT252 mass spectrometer (MS) was used to 122 

measure the carbon isotopic composition (δ13C) of n-alkanes while a Thermo Trace GC 123 

coupled to a MAT253 MS was used to determine their deterium (δD) isotopic composition. 124 

Isotope values were measured against calibrated reference gas using H2 for δD and CO2 for 125 

δ13C. δD and δ13C values are reported in ‰ versus VSMOW and VPDB, respectively. The 126 

performance of the systems was checked every sixth analyses by measurement of an n-127 

alkane standard containing 16 compounds ranging from -33‰ to -261‰ VSMOW. 128 

Measurements were only conducted when average absolute deviations against offline 129 

values were <0.3‰ and <3‰ for δ13C and δD, respectively. The H3
+-factor was monitored 130 

daily and was constant at 5.34 ±0.03‰ (n=28) for the measuring time. Further information 131 

is provided by Schefuß et al. [2011]. We measured δ13C and δD on the C31 n-alkane, the 132 

most abundant homologue. Reproducibility (the standard deviations of multiple analyses) 133 

varied between 0‰ and 0.5‰ (average 0.1‰) for δ13C, and 0‰ and 4‰ (average 1‰) for 134 

δD. Leaf wax δD values were corrected for global ice volume changes using the method 135 

described by Wang et al. [2013]. 136 
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Glycerol dialkyl glycerol tetraethers (GDGTs) were analyzed at NIOZ Royal 137 

Netherlands Institute for Sea Research using the methods described by Castañeda et al. 138 

[2010]. We previously examined EM SST using TEX86 [Castañeda et al., 2010]. Here the 139 

newer BAYSPAR calibration [Tierney and Tingley, 2014] is applied to the TEX86 record. 140 

The deep water (>1000 m) Mediterranean Sea TEX86 calibration of Kim et al. [2015] yields 141 

approximately 4°C lower temperatures throughout the Holocene but overall trends remain 142 

the same. We additionally analyzed branched GDGTs to examine the MBT’ and CBT 143 

indices [Weijers et al., 2007; Peterse et al., 2012], proxies for mean annual air temperature 144 

(MAAT) and soil pH. 145 

 146 

3.2. Radiogenic Isotopes 147 

Strontium (Sr) and neodymium (Nd) isotope ratios of bulk sediment samples were 148 

analyzed by thermal ionization mass spectrometry (TIMS) on a Thermo Scientific Triton 149 

Plus instrument at the Isotope Geochemistry Laboratory at MARUM. Homogenized 150 

sediment powders were washed in 18.2 mΩ water and approximately 100 mg were 151 

dissolved in a 5:1 mixture of triple distilled HF and HNO3, dried, and re-dissolved in 1000l 152 

of 2 molar HNO3 for chemical separation. 153 

Sr was isolated from the matrix elements using miniaturized columns with 70 L Sr.Spec 154 

resin (Eichrom Technologies, LLC, USA) following a separation procedure adapted from 155 

Deniel and Pin [2001]. Rare earth elements (REE) were isolated as group from the run-off 156 

of the Sr separation by TRU.Spec resin followed by the isolation of Nd from Sm by 157 

LN.Spec resin. The setup of the REE and Nd separation columns and separation scheme 158 

was adapted from Pin et al. [1994] and Mikova and Denkova [2007]. Total procedure 159 
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blanks of Sr and Nd were below 140 pg and 80 pg, respectively, insignificant with respect 160 

to the amount of sample material used for analyses. 161 

Sr was loaded with Ta-oxide emitter on Re single filaments and Nd with 0.1m 162 

phosphoric acid on a Re double filament configuration and analyzed by TIMS in static 163 

multi-collection mode. Instrumental mass-fractionation of Sr and Nd isotope ratios was 164 

normalized to 87Sr/86Sr of 0.1194 and 143Nd/144Nd of 0.7219, respectively. The external 165 

long-term reproducibility according to the NIST 987 standard material is 87Sr/86Sr 166 

0.710256±16 (2SD, n=33; period: January 2013 to April 2014), according to Nd standard 167 

material JNdi–1 143Nd/144Nd is 0.512104±14 (2SD, n=23; period: December 2011 to June 168 

2014). 169 

 170 

3.3. XRF core scanning 171 

Element intensities were collected every 1 cm over a 12 mm2 area with down-core slit 172 

size of 10 mm using generator settings of 10 kV, a current of 200 mA, and a sampling time 173 

of 30 seconds directly at the split core surface of the archive half with XRF Core Scanner 174 

II (AVAATECH Serial No. 2) at the MARUM. The split core surface was covered with a 175 

3 m thin SPEXCerti Prep Ultralene 1 foil. The data reported here were acquired by an 176 

Amptek XR-100CR detector, the Amptek Digital Spectrum Analyzer PX2T/CR Power 177 

Supply/Shaper and Amplifier, and an Oxford Instruments XTF5011 X-Ray Tube 93057 178 

with rhodium (Rh) target material. Raw data spectra were processed by the analysis of X-179 

ray spectra by Iterative Least square software (WIN AXIL) package from Canberra 180 

Eurisys. 181 

 182 
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3.4. Magnetic susceptibility (Multi-Sensor Core logger) 183 

Magnetic susceptibility (MS) was acquired non-destructively using a GEOTEKTM 184 

(Surrey, UK) Multi-Sensor Core Logger (MSCL) at the MARUM. The measurements were 185 

made in 1 cm steps over an area of 1 cm2 using the BARTINGTONTM point-sensor MS2F. 186 

The resulting data is the volume specific MS in e−5 SI units. 187 

 188 

4. Results and Discussion 189 

4.1. Sources of material to the coring site 190 

Due to its large size, the presence of multiple vegetation zones and contrasting 191 

environmental conditions within the Nile Basin, a first step to interpreting the GeoB7702-192 

3 proxy records was to determine the main sources of terrestrial material to the core site. 193 

The Nile River is comprised of two major tributaries, the White Nile and the Blue/Atbara 194 

Nile, which drain contrasting geologic terranes and climate zones [Krom et al., 2002]. The 195 

Blue Nile, sourced at Lake Tana, and the Atbara, drain catchments in the Ethiopian 196 

Highlands largely consisting of Cenozoic volcanic rocks with low 87Sr/86Sr values (0.7030 197 

to 0.7048) and high ɛNd values [Krom et al., 2002; Box et al., 2011; Blanchet et al., 2013; 198 

Blanchet et al., 2014]. In contrast, the White Nile is sourced at equatorial Lake Victoria 199 

and the Precambrian crystalline basement rocks in its catchment are characterized by a 200 

higher 87Sr/86Sr values (approximately 0.7105) and low ɛNd values [Krom et al., 2002; Box 201 

et al., 2011; Blanchet et al., 2013; Blanchet et al., 2014]. Saharan dust is characterized by 202 

high 87Sr/86Sr values of >0.7173 [Krom et al., 2002; Weldeab et al., 2002] while loess 203 

sequences of the Negev desert (southern Israel; Fig. 2b) have 87Sr/86Sr values of 0.785 to 204 

0.7114 and ɛNd values of -11.6 to -4.6 [Ben Israel et al., 2015]. In GeoB7702-3, 87Sr/86Sr 205 
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values range from 0.7080 to 0.7090 and thus likely represent a mixture of material derived 206 

from the Blue Nile and White Nile (Fig. 3). These results are in good agreement with those 207 

of nearby core 9509 (Fig. 2b) in the EM Sea [Box et al., 2011]. While some locations in 208 

the EM Sea receive significant contributions of Saharan dust, the influence of eolian 209 

material is minimal near the Nile Delta [Box et al., 2011]. A crossplot of 87Sr/86Sr ratios 210 

and ɛNd can further differentiate sources of material from north and east Africa to the EM 211 

Sea [Blanchet et al., 2013] and suggests that Saharan dust is not a significant contributor 212 

to site GeoB7702-3 (Fig. 3a). We acknowledge that significant contributions of Saharan 213 

dust to the core site in the past under different climate regimes cannot be fully ruled out. 214 

We also note that loess sequences of the Negev have a similar radiogenic isotopic 215 

composition to the White Nile [Ben Israel et al., 2015]. Negev loess derives from the Sinai–216 

Negev dune field, which in turn is sourced from the Nile Delta [Ben Israel et al., 2015; 217 

Amit et al., 2011; Muhs et al., 2013]. This material can reach the EM Sea via the Wadi El 218 

Arish and although this drainage is quite dry today it may have provided an additional 219 

source of material during the AHP [Muhs et al., 2013]. 220 

The radiogenic isotope records, which we interpret as mainly reflecting Blue versus 221 

White Nile sources, suggest increased input of Blue Nile material from 28 to 16 ka BP 222 

followed by a shift to increased input of White Nile material at 14 ka BP (Fig. 3b). A return 223 

to increased Blue Nile input occurs at 12 ka BP (the Younger Dryas) and subsequently a 224 

dramatic shift to increased contributions of White Nile material occurs, peaking in the early 225 

Holocene (Fig. 3b). The mid to late Holocene is characterized by an overall shift to 226 

increased inputs of Blue Nile material. These patterns have been previously documented 227 

and are attributed to the role of Ethiopian Highland vegetation on Blue Nile sediment 228 
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supply: during arid climate intervals limited vegetation cover in the Ethiopian Highlands 229 

allowed for greater soil erosion during the summer monsoon rainy season whereas during 230 

humid periods more extensive vegetation cover reduced erosion and led to relatively larger 231 

inputs of White Nile material [Krom et al., 2002; Box et al., 2011]. 232 

 233 

4.2. Hydroclimate proxies 234 

Long-chain n-alkanes form a major component of higher plant epicuticular leaf waxes 235 

[Eglinton and Hamilton, 1967]. The carbon isotopic composition of plant leaf waxes 236 

(hereafter δ13Cwax) can be used to distinguish between plants utilizing the C3 and C4 237 

photosynthetic pathways [e.g. Schefuß et al., 2003; Castañeda et al., 2009]. For the C31 n-238 

alkane, C3 plants (most trees and cool-season grasses and sedges) are characterized by 239 

δ13Cwax values of around -35.2‰ while C4 plants (warm-season grasses and sedges) are 240 

more enriched in 13C and have δ13Cwax values of around -21.7‰ [Castañeda et al., 2009].  241 

Aridity is recognized as the dominant control on the large-scale distribution of C3 versus 242 

C4 vegetation in tropical Africa [Schefuß et al., 2003; Castañeda et al., 2009]. The 243 

deuterium isotopic composition of plant leaf waxes (hereafter δDwax) provides information 244 

on the isotopic composition of precipitation [e.g. Schefuß et al., 2005]. δDwax has been 245 

interpreted to mainly reflect variability in precipitation amount in tropical Africa [e.g. 246 

Schefuß et al., 2005; Tierney et al., 2008; Berke et al., 2012; Tierney and deMenocal, 2013; 247 

Costa et al., 2014; Shanahan et al., 2015] (e.g. the “amount effect”) although more 248 

generally the isotopic composition of precipitation reflects the overall atmospheric 249 

transport history of the airmass from which the moisture is derived (e.g. atmospheric 250 

circulation) [Dansgaard, 1964; Risi et al., 2008]. As will be discussed in section 4.4, our 251 
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data suggest that while mainly reflecting rainfall amount, changes in the dominant moisture 252 

source also contributed to isotopic variability in Nile Basin δDwax. Leaf waxes are 253 

transported by both eolian and fluvial processes but input via the Nile River is the dominant 254 

source to GeoB7702-3. 255 

The δDwax record of GeoB7702-3 reveals large changes of approximately 64‰ during 256 

the past 28 ka BP (Fig. 4f), with ice volume corrected values ranging from -172‰ to -257 

108‰, suggesting significant hydrological variability in the Nile Basin. While δDwax 258 

reflects the isotopic composition of precipitation, additional physiological and 259 

environmental factors can modify the isotopic signal including isotopic enrichment under 260 

arid conditions from evapotranspiration [Sachse et al., 2012] or soil evaporation [Schefuß 261 

et al., 2005; Sachse et al., 2012] as well as isotopic depletion due to increased precipitation 262 

amount in monsoon regions [Risi et al., 2008]. Vegetation type also can exert an influence 263 

on δDwax values as apparent fractionation varies between plant life-forms, which may either 264 

amplify or reduce the signal [Sachse et al., 2012]. In GeoB7702-3, from 11-28 ka BP δDwax 265 

and δ13Cwax are strongly positively correlated (r2 = 0.56) but from 11-0 ka BP only a weak 266 

correlation exists (r2 = 0.19) suggesting that during the Holocene large fluctuations in δDwax 267 

were not driven by changes in vegetation type. Although the δDwax and δ13Cwax track each 268 

other prior to the Holocene, given that δ13Cwax values vary by only 1.5‰ in the interval 269 

from 11-28 ka BP, vegetation changes were not a main factor driving variability in the 270 

δDwax in the older portion of the core (Supplementary Material). 271 

The overall δDwax record suggests arid conditions in the Nile Basin from 28 to 16 ka 272 

BP. Within this interval, the highest δDwax values of the entire record are noted during 273 

Heinrich Stadials (HS) 2 and 1 (Fig. 4). After HS1, a trend to lower δDwax values occurs 274 
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until 12 ka BP when a reversal to higher δDwax values denotes the onset of the Younger 275 

Dryas. Between 11 and 9.1 ka BP, a dramatic shift of ca. -40‰ occurs, marking the AHP, 276 

which is subsequently followed by an overall trend to increasingly higher δDwax values 277 

toward the present. 278 

Continental-scale changes in vegetation type in tropical Africa are mainly driven by 279 

precipitation and thus it might be expected that δ13Cwax should closely track changes in 280 

δDwax. Overall trends in δDwax and δ13Cwax are similar in the interval prior to 11 ka BP with 281 

increased C4 inputs noted concurrently with high δDwax values, indicating arid conditions 282 

(Fig. 4; Supplementary Material). However, the two proxies diverge in the Holocene when 283 

during the AHP a shift to increased contributions of C4 plants is noted followed by a gradual 284 

shift to increased C3 inputs toward the present. This pattern has previously been observed 285 

in the Nile Basin and is attributed to the northward migration of the rain belt during the 286 

AHP, which caused the expansion of C4 vegetation into previously barren regions of the 287 

Sahara [Blanchet et al., 2014]. 288 

We examined branched GDGTs to reconstruct mean annual air temperature (MAAT) 289 

and soil pH within the Nile Basin using the MBT’/CBT [Peterse et al., 2012] and CBT 290 

indices [Weijers et al., 2007], respectively (Fig. 4b and h). The CBT Index provides an 291 

independent hydroclimate proxy and can be used as a relative indicator of wet versus arid 292 

conditions because higher precipitation leads to lower (more acidic) pH values [Weijers et 293 

al., 2007]. Overall trends in the CBT-derived soil pH record (Fig. 4h) track the δDwax record 294 

(Fig. 4f). However, within the AHP interval, the soil pH record reflects a more gradual 295 

onset (starting at ca. 11 ka BP) and termination (at ca. 5.7 ka BP) of maximum wet 296 

conditions in comparison to the δDwax record, which indicates an abrupt shift to the most 297 
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depleted values of the entire record in the early Holocene from ca. 9 to 7 ka BP (section 298 

4.4). Likewise, a gradual onset and termination of the AHP is noted in the MBT’/CBT-299 

derived MAAT record. 300 

Another hydroclimate proxy is provided by elemental data from XRF core scanning, 301 

yielding information on past variability in Nile River flow. High iron (Fe) content in the 302 

EM Sea is attributed to high Nile flood intensity [Revel et al., 2010]. Likewise, the ratios 303 

of titanium (Ti) or iron (Fe) to aluminum (Al) in the EM Sea are attributed to fluctuations 304 

in material deriving from the Ethiopian Highlands [Box et al., 2011]. Ti to calcium (Ca) 305 

ratios are often used to examine terrigenous versus marine input. In GeoB7702-3 the lowest 306 

Fe/Al and Ti/Ca ratios are from ca. 15.7 to 14 ka BP signaling low runoff (Fig. 4a). We 307 

note that the Ti/Al and Fe/Ca ratios (not plotted) yield exactly the same trends as the Fe/Al 308 

and Ti/Ca records, respectively. At around 17-16 ka BP, Lakes Tana and Victoria, the 309 

sources of the Blue and While Nile, desiccated [Lamb et al., 2007; Stager et al., 2011]. The 310 

re-establishment of overflow of Lake Victoria occurred at 14.5-14 ka BP [Williams et al., 311 

2006] while overflow at Lake Tana is dated to 15.3 ka BP [Marshall et al., 2011]. The 312 

desiccation and subsequent overflow of Lakes Victoria and Tana is the main feature 313 

captured by the XRF records rather than the AHP. Likely, the XRF records are mainly 314 

sensitive to conditions at Lake Tana as the majority of Nile River sediment derives from 315 

the Ethiopian highlands [Foucault and Stanley, 1989]. 316 

A final hydroclimate proxy is provided by the MS record. Bulk soil MS provides a 317 

proxy for rainfall based on the premise that MS reflects the degree of pedogenesis, which 318 

increases with increasing rainfall [Balsam et al., 2011]. Furthermore, it has been proposed 319 

that MS provides a quantitative rainfall proxy when appropriate statistical models are 320 
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developed and calibrated for a specific region, necessary because relationships between 321 

MS and rainfall may be either linear or non-linear [Maher and Possolo, 2013]. We find 322 

that the GeoB7702-3 MS record is in close agreement with the δDwax record, supporting its 323 

use as a rainfall proxy (Fig. 4). A modern calibration study and model of the MS-rainfall 324 

relationship has not yet been conducted for the Nile River Basin and thus we cannot 325 

calculate paleo-precipitation amounts from the MS record. However, it appears this is a 326 

promising avenue of future research. To date the MS-precipitation proxy has been studied 327 

in soils but our results suggest it also may be applicable to marine settings receiving a large 328 

influx of terrestrial material, such as the EM Sea. 329 

 330 

4.3. Proxy responses to hydroclimate variability 331 

An interesting feature of our data is that individual proxies analyzed on the same 332 

samples reveal differences in their responses (abrupt or gradual) to the same hydroclimate 333 

events. For example, if we had only examined brGDGTs (MAAT and soil pH), we would 334 

conclude that the AHP in the Nile Basin was a gradual event (Fig. 4). Likewise, if we had 335 

only examined δDwax we might conclude that an abrupt event occurred from ca. 9-7 ka BP 336 

(Fig. 4). Thus the onset and termination of the AHP at a single site may be mutually 337 

registered as both an abrupt and gradual climate transition, depending on proxy used. Such 338 

differences among proxies are not unexpected as each has its own set of associated 339 

uncertainties and potential confounding factors, and different parts of the ecosystem (e.g. 340 

soils versus vegetation) may not exhibit the same response to environmental variability. 341 

Furthermore, different organic compound classes within the same sample can represent 342 
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material of different ages as indicated by compound-specific radiocarbon investigations 343 

[Eglinton et al., 1997]. 344 

A wide variety of proxies have been utilized at different locations to investigate the 345 

AHP, with some studies using a single proxy only, raising the possibility that some of the 346 

disagreement surrounding the abruptness of the AHP between studies may be partially 347 

related to the type of proxy examined. Although the Nile River integrates material along a 348 

vast, climatically diverse, catchment and thus perhaps is a non-ideal setting to examine 349 

differences in proxy response to a single event, multiproxy studies from lacustrine sites 350 

lend support this idea. At Lake Victoria, the transition to the AHP is marked by an abrupt 351 

23‰ shift in δDwax occurring in 600 years and concurrently pollen assemblages indicate an 352 

abrupt shift from a grass dominated ecosystem to a tree and shrub dominated ecosystem 353 

[Berke et al., 2012]. In contrast, δ13Cwax values remain unchanged through this transition 354 

[Berke et al., 2012]. At Lake Tana, Ti XRF counts (a proxy for drought) indicate aridity 355 

during the Younger Dryas but δDwax exhibits little variability at this time; additionally, the 356 

duration of humid conditions recorded by these two proxies differs [Costa et al., 2014]. 357 

The Lake Challa record displays significant differences between δDwax, which indicates an 358 

abrupt onset and termination of the AHP, and the BIT Index (used as a runoff proxy at this 359 

site), which exhibits a more gradual transition from the early- to mid-Holocene [Tierney et 360 

al., 2011a]. These examples demonstrate that different proxies measured at a single site 361 

can record varying abrupt or gradual responses to, or different durations of, the same event. 362 

As more high-resolution paleoclimate records continue to be generated, differences in the 363 

sensitivity of individual proxies to environmental variability is a factor that should be 364 

considered with regard to the debate surrounding the abruptness of the AHP. Future 365 
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multiproxy investigations, as well as compound-specific 14C investigations, will help 366 

further elucidate the responses of individual proxies to hydroclimate events. 367 

 368 

4.4. The African Humid Period 369 

The transition from arid conditions of the Late Pleistocene into the wet phase of the 370 

early Holocene at our core site is documented by multiple hydroclimate proxies although 371 

variability in the timing and duration of the transition into and out of the AHP is evident 372 

(Figs. 4, 5). While a gradual 2◦ C increase in MAAT occurred from 14 to ca. 8 ka BP 373 

followed by a 2.5◦ C decease until 4 ka BP (Fig. 4d), most other proxies indicate a more 374 

rapid or abrupt transition at ca. 11 ka BP. The overall structure of our δDwax record, which 375 

exhibits an appreciable 40‰ decrease from 11 to 9.1 ka, follows the Ba/Ca record of 376 

Weldeab et al. [2014] (Fig. 5), a proxy used to track Nile discharge, reflecting gradual 377 

hydroclimate change in response to orbital forcing and associated migrations of the tropical 378 

rainbelt. δ18O records of the planktonic foraminifer G. ruber from the EM Sea, reflecting 379 

variability in Nile River discharge, indicate a similar pattern with peak runoff in the early 380 

Holocene followed by a gradual decline in runoff tracking insolation [Hennekam et al., 381 

2014; Blanchet et al., 2014]. However, abrupt responses are also evident in our records. 382 

Between 9.7 and 9.1 ka BP, δDwax values decrease by 20‰ in ca. 600 years. Likewise, 383 

between 7.5 and 6.7 ka BP, a 20‰ increase in δDwax is noted. Thus, in the Nile Basin δDwax 384 

record, the peak phase of the AHP occurred from ca. 9 to 7 ka BP and its onset and 385 

termination were abrupt. The soil pH, MS and EM SST records (Fig. 4e, 4g, 4h) also 386 

indicate an excursion during this peak phase of the AHP. In each of these records the abrupt 387 
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transitions into and out of the peak humid phase are superimposed on a longer, more 388 

progressive shift in East African hydroclimate. 389 

The external cause of the AHP is attributed to increased northern hemisphere summer 390 

insolation and associated feedbacks, which intensified land-sea temperature gradients and 391 

summer monsoonal circulation, and shifted the tropical rainbelt to the north during boreal 392 

summer [Kutzbach and StreetPerrott, 1985; Claussen et al., 1999]. However, it is 393 

recognized that migrations of the tropical rainbelt likely were not the sole cause of 394 

hydrological fluctuations [Tierney and deMenocal, 2013; Stager et al., 2011]. Recent 395 

studies have provided evidence for the role of the Congo Air Boundary (CAB) in 396 

modulating precipitation and contributing to abrupt hydroclimate variability in East Africa 397 

[Tierney et al., 2011a; Junginger et al., 2014; Costa et al., 2014]. Precipitation over the 398 

Nile Basin derives from Atlantic and Indian Ocean sources [Gimeno et al., 2010; 399 

Camberlin, 2009; Tierney et al., 2011b]. At the present day, precipitation in the Congo 400 

Basin is depleted (by about -25‰) in comparison to Indian Ocean-derived precipitation 401 

falling at Lake Challa (Kenya/Tanzania) [Tierney et al., 2011b]. A modeling study of 402 

Eemian African tropical and subtropical moisture transport concluded that stronger 403 

moisture advection from the Atlantic resulted in isotopically depleted rainfall in East Africa 404 

[Herold and Lohmann, 2009]. The Eemian scenario can be considered an analog to the 405 

early Holocene AHP. The authors found that differential surface heating occurs driven by 406 

excess NH summer insolation, which warms North Africa and increases the meridional 407 

temperature gradient [Herold and Lohmann, 2009]. In turn, this produces a pressure 408 

gradient and induces increased zonal flow. The enhanced zonal flow delivers a greater 409 

amount of moisture from the Atlantic to East Africa [Herold and Lohmann, 2009]. 410 
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We suggest that the abrupt shift in the δDwax record from 9-7 ka BP could result from a 411 

shift in the dominant moisture source, consistent with the model described above. A switch 412 

in the dominant moisture source is a mechanism that can account for abrupt isotopic 413 

changes thereby contributing to non-linear behavior of δDwax. The Nile Basin δDwax record 414 

points to increased inputs of Atlantic Ocean-derived moisture (i.e., depleted δD) during the 415 

peak phase (9-7 ka BP) of the AHP, which could result from an eastward shifted CAB. 416 

Indeed, recent studies provide evidence that during the early Holocene the CAB delivered 417 

more Atlantic derived moisture to parts of the East African Rift Valley presently located 418 

outside of the influence of the CAB [Junginger et al., 2014; Costa et al., 2014]. The abrupt 419 

excursion to the lowest δDwax values of the entire record from ca. 7-9 ka BP may reflect a 420 

shift to relatively larger inputs of Atlantic Ocean sourced moisture within the Nile Basin, 421 

in combination with increased precipitation amount driven by increased northern 422 

hemisphere summer insolation.  423 

 424 

4.5. Heinrich Stadial 1 425 

Our multiproxy records reveal that a number of striking hydroclimate changes occurred 426 

in the Nile Basin during the transition from the LGM to the Holocene with the most severe 427 

aridity occurring during Heinrich Stadials (HS) (Fig. 4), in agreement with previous studies 428 

[Stager et al., 2011; Mulitza et al., 2008; Tierney and deMenocal, 2013; Tierney et al., 429 

2008]. A remarkable feature is observed during HS1 (ca. 19-14.6 ka BP [Stanford et al., 430 

2011]) as the onset and termination of this event in the δDwax and MS records occurs prior 431 

to the onset of HS1 noted in the soil pH, MAAT, XRF or EM SST records (Fig. 4 & 6), 432 

suggesting two distinct phases occurring within HS1. In nearly all records HS1 is registered 433 
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as abrupt event with the onset and termination occurring over ca. 200 to 1,000 years. We 434 

cannot rule out potential age discrepancies between different proxies; however, the timing 435 

of two phases observed in the Nile Basin records is in good agreement with other studies 436 

that have noted a two-phase HS1 recorded by a single proxy [Bard et al., 2000]. Thus, our 437 

data lend support to a growing body of evidence that HS1 evolved in two [Naughton et al., 438 

2009; Broecker and Putnam, 2012] or three distinct phases [Bouimetarhan et al., 2012; 439 

Stanford et al., 2011; Bard et al., 2000]. Hereafter we refer to the earlier phase of HS1 440 

interval as HS1a (ca. 17.5 to 16 ka BP) and the latter phase (ca. 16-14.5 ka BP) as HS1b 441 

(Fig. 4 and 6). 442 

High δDwax values during HS1a could result from increased temperature, a shift in the 443 

dominant vegetation type, a precipitation reduction or a shift in the dominant moisture 444 

source. Temperature can be excluded as the interval prior to ca. 16 ka BP is characterized 445 

by the lowest SST and MAATs of the entire record. Similarly, vegetation is not the main 446 

factor contributing to deuterium enrichment as discussed previously. As other Nile Basin 447 

proxies and numerous North African paleoclimate records indicate maximum aridity 448 

occurring during HS1b (Fig. 4, discussion below), a precipitation reduction is unlikely to 449 

be the sole cause of the excursion to maximum δDwax values. We therefore suggest that 450 

during HS1a the Nile Basin experienced a shift in the dominant moisture source and 451 

received relatively less inputs of Atlantic-derived moisture or greater amounts of Indian 452 

Ocean-derived moisture. Furthermore, although chronological differences cannot be ruled 453 

out when comparing multiple sites, we note that the excursion in the Nile Basin δDwax 454 

record during HS1a appears to be synchronous with the Lake Tanganyika δDwax record 455 

[Tierney et al., 2008], which mainly falls under the influence of the Indian Ocean, where 456 
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HS1 terminates at 15.8 ka BP (Fig. 5c and f). A westward shifted position of the CAB 457 

could produce such an isotopic shift over the Nile Basin. 458 

The most extreme aridity of the past 28 ka BP in North Africa occurred during HS1b, 459 

coincident with the pronounced interval of minimum SSTs in the EM [Castañeda et al., 460 

2010] and Red Seas [Arz et al., 2003]. The role of EM SST in influencing rainfall in North 461 

Africa, on decadal or longer timescales, is well-established [Rowell, 2003]. Low EM SST 462 

reduces the moisture content of the lower troposphere, leading to reduced southward 463 

moisture advection and decreased low-level moisture convergence over the Sahel, thereby 464 

reducing precipitation [Rowell, 2003]. Synchronous with low EM SST, a major excursion 465 

is seen in the XRF elemental ratios (Fig. 4), attributed to the desiccation of Lakes Tana 466 

[Marshall et al., 2011] and Victoria [Stager et al., 2011] and a dramatic reduction in Nile 467 

flow. During Heinrich Stadials, reduced Atlantic Meridional Overturning Circulation 468 

(AMOC) and associated North Atlantic cooling caused a southward shift of the tropical 469 

rainbelt, stronger NE trade winds, and intensified moisture export by the African Easterly 470 

Jet [Mulitza et al., 2008]. The NE trade winds were particularly strong during the latter part 471 

of HS1, from ca. 16-15 ka BP, as was the African Easterly Jet (AEJ), increasing moisture 472 

export from continental Africa [Bouimetarhan et al., 2012; Mulitza et al., 2008] (Fig. 6). 473 

In the Arabian Peninsula region exceptionally dry and dusty conditions are noted during 474 

HS1b [Deplazes et al., 2014]. 475 

Interestingly, the Nile Basin MBT’/CBT MAAT record indicates increased 476 

temperatures during the HS1b interval, coincident with low SST observed in the EM 477 

[Castañeda et al., 2010] and Red Seas [Arz et al., 2003]. It is unlikely that the Nile Basin 478 

experienced warming at this time. Rather, the apparent warming is attributed to an 479 
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equatorward shift in the dominant source area of material transported by the Nile River 480 

following the desiccation of Lake Tana with decreased runoff from the colder Ethiopian 481 

Highlands and relatively higher contributions of White Nile material (Figs. 3, 4). 482 

 483 

4.6. Influence of hydroclimate variability on human populations 484 

The dramatic hydroclimate changes that took place in North Africa during the AHP had 485 

a major impact on human populations as documented by the archaeological record [Kuper 486 

and Kröpelin, 2006; Vermeersch and Van Neer, 2015]. We note that the peak phase of the 487 

AHP in the Nile Basin corresponds to the abandonment of settlements in the Nile Valley 488 

of Egypt (Fig. 5), likely due to the prevalence of hazardous flood events along the Nile 489 

[Kuper and Kröpelin, 2006]. The termination of the peak AHP phase is consistent with the 490 

reoccupation of Nile Valley settlements at 7.5 ka BP. In the late Holocene, the Old World 491 

Kingdom collapsed at ca. 4.2 ka BP [Stanley et al., 2003]. High variability is observed in 492 

some of the Nile Basin records during the late Holocene, particularly in the soil pH and 493 

δDwax records, likely reflecting alternating floods and droughts that are registered in 494 

Egyptian chronology [Stanley et al., 2003]. 495 

Two main periods of human occupation are recognized in the Upper Egyptian Nile 496 

Valley during the Late Pleistocene; around the LGM (23-20 ka BP) and around HS1 (ca. 497 

16-14 ka BP) [Vermeersch and Van Neer, 2015]. At these times, it is hypothesized that 498 

aeolian sands created dams at several places along the Nile, allowing for the formation of 499 

lakes and suitable environments for human occupation in an otherwise extremely arid 500 

setting [Vermeersch and Van Neer, 2015]. The influence of aridity during HS1 on human 501 

populations is debated [Stager et al., 2011; Thomas et al., 2012]. Stager et al. [2011] 502 
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describe HS1 as “one of the most intense and extensive” droughts of the past 50 ka and 503 

hypothesize that this event had a major impact on Paleolithic cultures. Conversely, Thomas 504 

et al. [2012] note that across the African continent conditions are variable at the time of 505 

HS1 and instead postulate that environmental variability played a major role in influencing 506 

modern human behavior and evolution. While our new records cannot directly address this 507 

debate, certainly a large portion of East Africa north of the equator experienced abrupt and 508 

severe aridity during HS1 including the Nile Basin. 509 

 510 

5. Conclusions 511 

Our multi-proxy study demonstrates that dramatic hydroclimate variability occurred in 512 

Nile Basin during the past 28,000 years. Overall, our new Nile Basin records support other 513 

North African hydroclimate records while providing information regarding shifts in the 514 

dominant sources of material delivered to the EM Sea via the Blue Nile and the White Nile. 515 

While δDwax is often interpreted to reflect precipitation amount in the African tropics, our 516 

data suggest that shifting moisture sources, related to migrations of the tropical rainbelt 517 

and CAB, also contributed to isotopic variability. As δDwax may behave non-linearly due 518 

to the additional influence of changing moisture sources, care should be taken when 519 

interpreting δDwax records from areas falling under the influence of isotopically distinct 520 

moisture sources.  We note that at several North African sites, hydroclimate records reveal 521 

both abrupt and gradual responses to single events and these differential responses appear 522 

to be proxy-dependent, potentially contributing to the debate surrounding the abruptness 523 

of the AHP.  Our new records provide strong evidence for severe aridity in the Nile Basin 524 

during HS1, an event that evolved in two phases, whereas maximum wet conditions 525 
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occurred during the AHP from ca. 9-7 ka BP. Zonal migrations of the CAB likely 526 

contributed to the extreme hydroclimate fluctuations observed during these events, which 527 

may have impacted Paleolithic cultures residing along the Nile corridor. 528 
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Figure Captions 735 

 736 

Figure 1: a) The termination of the early Holocene Humid Period in North Africa. The 737 

colored circles indicate sites where the transition out of the African Humid Period is 738 

observed to be abrupt (orange), gradual (green) or stepwise (yellow). Note that the study 739 

locations depicted by the dots are approximate and in some cases have been shifted slightly 740 

where dots overlapped. See the Supplementary Material for the full list of sites and 741 

references. b and c) Mean surface winds over Africa in January and July/August. The 742 

locations of the Intertropical Convergence Zone (ITCZ) and Congo Air Boundary (CAB) 743 

are illustrated. In b and c, the Nile River catchment is indicated by the area outlined in 744 

green and the orange star indicates the location of sediment core GeoB7702-3. 745 

 746 

Figure 2: a) Location of core GeoB7702-3 in the Eastern Mediterranean Sea. The blue box 747 

denotes the area expanded in b) and the green shaded area indicates the catchment of the 748 

Nile River. b) Close up of the location of core GeoB7702-3. The approximate locations of 749 

cores P362/2-33 [Blanchet et al., 2014], core 9509 [Box et al., 2011] and SL 112 [Weldeab 750 

et al., 2014] are also shown. The approximate locations of the Sinai/Negev dunes and loess 751 

is indicated by the yellow and brown shading, respectively. c) Precipitation regimes within 752 

the Nile River catchment, indicated by colors and numbers. The figure is modified from 753 

[Camberlin, 2009]. The location of the Blue Nile (BN), the White Nile (WN), Lake Tana 754 

(LT), and Lake Victoria (LV) are indicated. From north to south, zone 1 in the northernmost 755 

part of Egypt receives winter rains from the Mediterranean; highest rainfall in January 756 

amounts to 11 mm per month. Hereafter, the precipitation numbers provided represent the 757 

maximum monthly precipitation for each particular zone and the data derives from 758 

[Camberlin, 2009]. Zone 2 receives almost no precipitation throughout the year while zone 759 

3 captures the northernmost part of the summer rainfall peak in August (27 mm). Zones 4 760 

and 5 also experience maximum rainfall in August with zone 5 receiving more precipitation 761 

(169 mm) than zone 4 (92 mm). Continuing to the south, zone 6 in southern Sudan 762 

experiences a longer rainy season with maximum precipitation noted in August (183 mm). 763 

Zone 7 western Ethiopia is similar to zone 6 but sees maximum precipitation in July (301 764 

mm) and August. Equatorial zones 8 and 9 experience two yearly passages of the ITCZ 765 
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and hence two rainy seasons in April (206 mm for zone 9) and November. For information 766 

regarding total annual precipitation within the Nile catchment the reader is referred to 767 

Camberlin [2009]. 768 

 769 

Figure 3: Radiogenic isotopes and sources of material to GeoB7702-3. a) The figure is 770 

based on Blanchet et al. [2013] and modified to include the data of Ben Israel et al. [2015]. 771 

Shaded areas reveal the isotopic values of material derived from the Blue and Atbara Nile, 772 

the Sobat, Negev loess, the White Nile, Erythrean and Nubian dust, Saharan and Lybian 773 

dust and the Victoria and Albert Nile. All samples of GeoB7702-3 are clearly distinguished 774 

from those of dust sources and plot between Blue and White Nile endmembers. b) 775 

GeoB7702-3 neodymium (light green squares) and strontium (teal triangles) isotopes. Note 776 

the close agreement of the GeoB7702-3 strontium isotope record with that from core 9509 777 

(light blue squares; see Fig. 2 for the location of this core), also collected from the Eastern 778 

Mediterranean Sea [Box et al., 2011]. 779 

 780 

Figure 4: Selected geochemical records from GeoB7702-3. The gray shading highlights 781 

Heinrich Stadials (HS) 1 and 2 and the African Humid Period. Two intervals within HS1, 782 

HS1a and HS1b, are indicated by the shading. a) Element intensity ratio of iron (Fe) to 783 

aluminum (Al). b) Element intensity ratio of titanium (Ti) to calcium (Ca). c) Leaf wax 784 

carbon isotopes (δ13Cwax) measured on the C31 n-alkane, the dominant homologue present. 785 

d) Mean annual air temperature reconstructed using the MBT’/CBT proxy. e) TEX86 786 

temperature reconstruction from Castañeda et al. [2010] plotted using the calibration of 787 

Tierney and Tingley [2014]. e) 87Sr/86Sr isotope ratio. The arrow indicates relative 788 

contributions from the White and Blue Nile. f) Leaf wax deuterium isotopes (δDwax) 789 

measured on the C31 n-alkane corrected for ice volume changes. Lower values are 790 

interpreted as indicated increased rainfall or increased input of Atlantic-derived moisture. 791 

g) Volume specific magnetic susceptibility (MS) in e−5 SI units. It has been suggested that 792 

MS provides a rainfall proxy with higher MS values associated with higher rainfall [Balsam 793 

et al., 2011]. h) Soil pH reconstructed from the CBT index. Lower (more acidic) values are 794 

indicative of wetter conditions. i) Summer (June, July and August) insolation at 15◦N 795 

[Laskar et al., 2004]. 796 
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 797 

Figure 5: The African Humid Period (AHP). a) June, July and August (JJA) insolation at 798 

15◦N [Laskar et al., 2004]. b) Ba/Ca record of G. ruber in the Levantine Basin of the 799 

Eastern Mediterranean Sea from Weldeab et al. [2014]. c) Nile Basin δDwax. Note the 800 

abrupt excursion to lower values during the peak phase of the AHP, indicated by the arrow 801 

and gray shading. d) Congo Basin δDwax [Schefuß et al., 2005]. e) Gulf of Aden δDwax 802 

[Tierney and deMenocal, 2013]. f) Lake Tanganyika δDwax [Tierney et al., 2008]. g) Lake 803 

Victoria δDwax [Berke et al., 2012]. δD from the Nile and Congo River Basins was measured 804 

on the C31 n-alkane while the Gulf of Aden, Lake Tanganyika and Lake Victoria δD records 805 

were measured on the C28 fatty acid. The colored bars at the top indicate phases of 806 

occupation (O) and abandonment (A) of Nile Valley (Egypt) settlements [Kuper and 807 

Kröpelin, 2006; Stanley et al., 2003; Weldeab et al., 2014]. 808 

 809 

Figure 6: Selected records of Heinrich Stadials (HS) 1 and 2. a) The reflectance (L*) record 810 

of Arabian Sea core SO130-289KL [Deplazes et al., 2014]. b) TEX86 SST estimates for 811 

GeoB7702-3 [Castañeda et al., 2010]. c) Ice volume corrected δDwax values from 812 

GeoB7702-3. d) Iron (Fe) to potassium (K) ratios from core GeoB 9508-5 near the Senegal 813 

River in West Africa [Mulitza et al., 2008]. The gray shading highlights HS 1 and 2. The 814 

solid and dashed lines indicate the initiation and termination of HS1 in the GeoB7702-3 815 

SST and δDwax records, respectively. Note the ca. 1,300 year offset between HS1 as 816 

recorded in the δDwax and SST records. 817 
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Supplementary Information: Hydroclimate variability in the Nile 

River Basin during the past 28,000 years 

 

1. Figure 1 with full list of sites and references

 

Figure 1 caption: In this version, the full site names and reference details are provided. The 

termination of the early Holocene Humid Period in North Africa. The colored circles indicate sites 

where the transition out of the African Humid Period is observed to be abrupt (orange), gradual 

(green) or stepwise (yellow). Note that the study locations depicted by the dots are approximate and 

in some cases have been shifted slightly where dots overlapped. The sites are as follows: 1. Agean 

Sea core SL143 [Ehrmann et al., 2013]. 2. Nile deep-sea fan core P362/2-33 [Blanchet et al., 2013]. 

3. Eastern Mediterranean Sea core MD 9501 [Box et al., 2011]. 4. Eastern Mediterranean Sea Core 



2 

SL112 [Weldeab et al., 2014]. 5. Eastern Mediterranean Sea core 9509 [Box et al., 2011]. 6. Red 

Sea core GeoB 5844-2 [Arz et al., 2003]. 7. ODP Site 658C off Cap Blanc, Mauritania [deMenocal 

et al., 2000]. 8. Core GeoB 9508-5, located near the mouth of the Senegal River. Note that two 

studies have been conducted on this core [Mulitza et al., 2008; Niedermeyer et al., 2010]. 9. The 

Gilf Kebir Plateau in southwest Egypt [Linstädter and Kröpelin, 2004]. 10. Lake Yoa in the Sahara 

[Kröpelin et al., 2008]. 11. Lake Yoa in the Sahara [Francus et al., 2013]. 12. Lake Chad core LT1 

[Amaral et al., 2013]. 13. Lac Sele in Southern Benin [Salzmann and Hoelzmann, 2005]. 14. Core 

M4 from Lake Mbalang in central Cameroon [Vincens et al., 2010]. 15. Core MD03-2707 from the 

Gulf of Guinea [Weldeab et al., 2007]. 16. Core GeoB 6518 from the vicinity of the Congo River 

outflow. Note that two studies have been conducted on this core [Weijers et al., 2007; Schefuß et 

al., 2005]. 17. Core 03AL3/2 from Lake Ashenge in Northern Ethiopia [Marshall et al., 2009]. 18. 

Lake Tana core 03TL2 [Marshall et al., 2011]. 19. Lake Tana core 03TL2 [Costa et al., 2014]. 20. 

Gulf of Aden core P178-15P [Tierney et al., 2013]. 21. Core 905 from the Arabian Sea, offshore 

Somalia [Jung et al., 2004]. 22. Stalagmite Q5 from Qunf Cave in southern Oman [Fleitmann et 

al., 2003]. 23. Stalagmites H5 and H12 from Hoti Cave in northern Oman [Fleitmann et al., 2007]. 

24. Core CB-01-09 from the Chew Bahir Basin in East African Rift Valley [Foerster et al., 2012]. 

25. The Mt. Porr strand plain along the southeastern shore of Lake Turkana [Forman et al., 2014]. 

26. Abandoned Holocene shorelines from the Lake Turkana basin, northern Kenya Rift [Garcin et 

al., 2012]. 27. Cores LT84-2P and LT84-7P from the southern and northern basin of Lake Turkana 

[Berke et al., 2012a]. 28. Suguta Valley lacustrine deposits [Junginger et al., 2014]. 29. Lake 

Suguta, northern Kenya Rift [Garcin et al., 2009]. 30. Lake Victoria core V95-1P [Berke et al., 

2012b]. 31. Lake Challa, located on the east slope of Mt. Kilimanjaro, Kenya [Tierney et al., 2011]. 

32. Lake Tanganyika cores NP04-KH04-3A-1K and NP04-KH04-4A-1K [Tierney et al., 2008]. 

33-36. Northwest African margin cores OC437-7GC37 (33), OC437-7GC49 (34), OC437-7GC66 

(35) and OC437-7GC68 (36) [McGee et al., 2013]. 37. Lake Bosumtwi ICDP drill core [Shanahan 

et al., 2015].  

 

2. Influence of vegetation change on leaf wax deuterium isotopes 

Following the approach of Kuechler et al. [2013], we use the 13Cwax values to estimate the percent 

C4 vegetation shifts at site GeoB7702-3 along with published apparent fractionation factors of -

123‰ for C3 vegetation and -139‰ for C4 vegetation [Sachse et al., 2012]. We find that the 

maximum shift in Dwax caused by vegetation changes is approximately 2‰ for the older portion 

of the record (Figure 2). Even considering the entire 13Cwax range of 4.1‰ in GeoB7702-3, the 

resulting shift in Dwax of approximately 7‰ is minor in comparison to the large changes noted in 
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the Dwax record. Furthermore, the entire 0-28 ka BP Nile Basin Dwax record displays similar trends 

to Dwax records from the Congo Basin [Schefuß et al., 2005], the Gulf of Aden [Tierney et al., 

2013] and Lake Tanganyika [Tierney et al., 2008] (Fig. 5), sites located vast distances apart and 

characterized by different vegetation types [White, 1983], further confirming that vegetation shifts 

were not a main factor driving variability in Dwax. Indeed, a recent study of 13Cwax and Dwax in a 

transect of cores collected off the coast of western Africa concluded that vegetation changes (C3 

trees and C4 grasses) exert only a minor influence on Dwax in comparison to changes in the isotopic 

composition of precipitation [Collins et al., 2013]. 

 

Figure 2 caption: Leaf wax 13C (purple circles) and D (open green squares) values for core 

GeoB7702-3 plotted on top of each other for comparison. 
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