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Abstract. Relict dune fields that are found as far south 1 Introduction

as 14N in the modern-day African Sahel are testament

to equatorward expansions of the Sahara desert during

the Late Pleistocene. However, the discontinuous nature ognderstanding the extent and causes of abrupt millennial-
dune records means that abrupt millennial-timescale climatdimescale expansions of the Sahara desert is important for the
events are not always resolved. High-resolution marine cord?opulations of the Sahel region, where dune encroachment
studies have identified Heinrich stadials as the dustiest pecauses major problems (FAO, 2010). In addition, constrain-
riods of the last glacial in West Africa although the spatial ing the size of the Saharan dust plume is important for deter-
evolution of dust export on millennial timescales has so farmining the role of dust as a climate feedback (e.g. Rosenfeld
not been investigated. We use the major-element compositioft al., 2001).

of four high-resolution marine sediment cores to reconstruct Relict dune fields identified in the modern-day Sahel indi-
the spatial extent of Saharan-dust versus river-sediment in¢ate that during the Late Pleistocene, the Sahara desert and
put to the continental margin from West Africa over the last dune-forming conditions were extended further south than
60ka. This allows us to map the position of the sedimenttoday (e.g. Grove, 1958; Talbot, 1980). These relicts which
composition corresponding to the Sahara—Sahel boundaryVere once active are now stabilised by vegetation (Sarnthein
Our records indicate that the Sahara—Sahel boundary reachéid Diester-Haass, 1977) and are found throughout the semi-
its most southerly position (23) during Heinrich stadials ~ arid Sahel (Fig. 1a) as far south asl4’ N (Grove, 1958;

and hence suggest that these were the periods when the saltichel, 1973). This is- 5° south of the modern-day bound-
dunes formed at PAN on the continent. Heinrich stadials ary of dune formation (at-19° N in the Western Sahara),
are associated with cold North Atlantic sea surface temperaWhich we define as the continental Sahara-Sahel bound-
tures which appear to have triggered abrupt increases of arid'y (Fig. 1a) after e.g. Sarnthein and Diester-Haass (1977)
ity and wind strength in the Sahel. Our study illustrates the@nd Kocurek et al. (1991). Certain phases of dune mobil-
influence of the Atlantic meridional overturning circulation isation have been identified (Talbot, 1980), including an

on the position of the Sahara—Sahel boundary and on globafarly” phase ¢ 40ka; Servant, 1983), the “Ogolian” phase
atmospheric dust |Oading_ (12—24 ka, M|Che|, 1973, Servant, 1983, Lancaster et a.l.,

2002), which was the most extensive phase and is often at-
tributed the Last Glacial Maximum (e.g. Talbot, 1980), and a
“late” phase following the mid-Holocene<(5 ka; Swezey,
2001). It has been challenging, however, to determine the
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timing of dune formation because of re-mobilisation of dunesin fact reflect the position of the continental Sahara—Sahel
during subsequent arid periods, and hence destruction dboundary over the last 60 ka. This highlights the importance
the record (Kocurek et al., 1991; Chase, 2009). As suchpf Heinrich stadials for dune formation and the position of
millennial-scale climate changes (such as Heinrich stadial 1the Sahara—Sahel boundary.

15-18.5ka; which occurred within the Ogolian phase) have

not been resolved in these continental records. It may be that i

they have been overprinted during subsequent arid periodé Setting

or, in the case of Heinrich stadial 1, may not have been dis-

o o . : .~ The continental margin off West Africa receives terrigenous
tinguished from variations associated with the Last Glacial o - .
Maximunm. material in the form of two sources: river-suspended sedi-

Pollen from continental records &ine, 1989) and a ma- ment and windblown dust. Rivers originate from the humid,

rine core (Dupont and Hooghiemstra, 1989) have also beerh"gh_aItItUde iOUta .Djallon region _and enter the ocean il
. tween 16 N-5° N (Fig. 1a). The soils of the Fouta Djallon
used to map the continental Sahara—Sahel boundary evo-

) ; ; are deeply chemically weathered and are composed mainly
lution and also infer an equatorward displacement-¢é® : .

. . . of clays (Driessen et al., 2001). As such, river-suspended sed-
latitude at the Last Glacial Maximum. However, these re-

constructions also have a relatively low temporal resolutionIment is relatively enriched in Fe and Al (Supplementary Ta-

and do not resolve abrupt millennial-scale climate chan esbIe 1) and is normally below 10 um in size throughout the
P ges, ar (Gac and Kane, 1986).

Marine sediments have been used to map the Saharan du)g%'The main source of windblown dust is the Sahara, with a

plume, although they have only focussed on certain tme mall contribution from the Sahel (Goudie and Middleton,

slices such as the early or mid-Holocene and the Last Glaci : : .
Maximum (Sarnthein et al., 1981; Grousset et al., 1998; 001). Most of the dust delivered to the West African margin

. is blown from the northern Mali-Mauritania region (Fig. 1b)
Hooghiemstra et al., 2006). . . ; )
by the winter northeast trade winds (Sarnthein et al., 1981;
In contrast to sand dune records and the above low-

resolution studies, marine sediment cores can provide high.l-30ry and Newton, 2000; Skonieczny etal., 2011). Some dust

. i : is also entrained into the Saharan Air Layer by convective
resolution, continuous records of material exported from

the continent. Cores from the tropical NE Atlantic between é;?&eerars]t(()gposs agr% ter?\glaIslggar;ej’m\:\sttzrﬁga::l?g;g ;22
21°N and 12 N (e.g. Jullien et al., 2007; Mulitza et al., P y ' g

2008; Tjallingii et al., 2008; Itambi et al., 2009; Zarriess :ggg\r/]esly Wahr'izhaLorirnthemrgziocr,fsﬁ,uemserfgfcnesﬁeh?(\jlg,\;zn;gg;?d
et al., 2011; Just et al., 2012) and from the Mediterraneal y 9 '

e . ; 995). Therefore, compared to river sediment, dust is rela-

Sea (Moreno et al., 2002) indicate strong increases in dus : S .
: . “tively enriched in Si (Supplementary Table 1) and is normally
export from West Africa during Dansgaard—Oeschger stadi- . ) o
: : - larger (size greater than 10 um; Stuut et al., 2005). This is
als associated with Heinrich events (hereafter referred to as

Heinrich stadials, Mulitza et al., 2008). However, the use omeStIy due to higher content of quartz grains in dust (Moreno

different methods prevents a direct comparison of the rela—et al., 2006) relative to river material. At the coast, the dust

tive magnitude of variations at each site. Thus, mapping Ofplume spans approximately 28-15' N, centred at-20° N

g . . .~ (Fig. 1b). As such, this results in a Si-rich dust source located
the spatial evolution of the Sahara desert at high resolutio . . :
. ; ._ 1o the north of the Al- and Fe-rich fluvial source region. The
to chart the Sahara—Sahel boundary during these millennial- . .
) north—south gradient between the two sources of material
timescale events has not been performed.

i . is reflected in the major-element composition of continental
Here, we analyse a transect of four marine cores spannin

the Sahara to the Guinea coast{BL% N). By analysing ﬂwargln surface sediments (Govin et al., 2012; Fig. 1c), with

. o ) . . the highest Si/Al ratios in the northernmost, dust-dominated
major-element composition using calibrated XRF scanning, art of our study region

a relatively fast technique, we are able to analyse several Surface ocean currents in this region (Fig. 1a) include

cores in high resolution. We unmix the sediment in terms : .
X X . . the southward-flowing Canary Current, its coastal arm the
of Saharan dust and river-sediment material. This allows us, .. .
. . . .. _African Coastal Current, the northward-flowing coastal Mau-
to quantify past changes in dust input, and the associated

. . . . fitania Current and the North Equatorial Countercurrent
uncertainty, which is more informative than commonly pre- . .

: e.g. Mittelstaedt, 1983). The two coastal currents oscillate

sented element ratios. Because we analyse the same param:-

. : along with the trade winds, with the southward-flowing com-
eter across four cores, we can directly compare the climate : o
. . onent dominant in winter and the northward component
response at different latitudes of the Sahara—Sahel. Furthef; ™ . . . . )
. . dominant in summer. Intermediate currents in this region
more, by interpolating between the cores, we are able to . : .
. . - _are dominated by the northward-flowing Antarctic Interme-
map the spatial (north—south) evolution of dust versus river . . X
. ' diate Water and a southward-flowing Mediterranean Interme-
input to the continental shelf over the last 60 ka. Compar-

. . . diate water. Modern bottom currents are dominated by the
ison of our sedimentary records with records of dune for-

mation (which although temporally fragmented are spatialIySOthard'ﬂoWlng North Atlantic Deep Water.
well constrained) suggests that our sedimentary records do
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Table 1.Sediment core transect.

Core Water Age model Age model
Label Core Number Latitude Longitude Depth (m) based on reference
1 GeoB7920-2 2M5.09N 18°34.90W 2278 14c s180  Tiallingii et al. (2008);
Collins et al. (2011)
2 GeoB9508-5 1%9.90N 17°56.88 W 2384 14c s180  Mulitza et al. (2008)
3 GeoB9526-5 126.10N 18°03.40W 3223 14c, 5180  Zarriess and Mackensen (2010);
Zarriess et al. (2011)
4 GeoB9528-3 O0W9.96N 17°39.8TW 3057 s180 Castdieda et al. (2009)
3 Methods centration, and was held constant downcore (after Mulitza et

al., 2010). The contribution of Si from biogenic opal is low

(< 3.5 wt% SiQ), and downcore variations between major
We use four sediment cores (Table 1) spanning frof\2tb  climate regimes (e.g. modern-day, Last Glacial Maximum
9° N off West Africa (Fig. 1) covering the gradient between anq Heinrich stadial 1) are small. Error on the marine end-
dUSt and I‘ivel’ sources. Sediment core Chronology iS ba.sed qﬁhember Composition (Supplementary Tab'e l) was nonethe_
published age models (see Table 1 for references) using botfass integrated into the unmixing analysis and propagated
radiocarbon and benthic foraminifedO correlation. into the final uncertainty on the dust% estimates. We rep-

Sediment major-element composition was measured Usingesent the data as dust%, where dusta00*dust/(river+
the Avaatech X-ray fluorescence core scanner at MARUM,qust). Dust% is the median value of the 500 bootstrap itera-
University of Bremen (Cores 1 and 2; Bloemsma et al., 2012tions, and uncertainty is represented as non-parametric 68%
and Core 4; this study) and at Alfred Wegener Institute, Bre-(14) confidence intervals (16th and 84th percentiles) of the
merhaven (Core 3; Zarriess and Mackensen, 2010; Zarriess @krations. Because of the difficulty of constraining the sed-
al., 2011). XRF scanner elemental intensities were calibrategimentation rate of individual millennial-scale events (Just et
to elemental concentrations (Weltje and Tjallingii, 2008) by 3., 2012), we do not estimate dust accumulation rates.
regression with at least 50 discrete powder samples from Tg determine the modern-day dust% value in the sedi-
each core (Core 1; Bloemsma et al., 2012; Core 2; Mulitzament at the latitude of the Sahara—Sahel boundary N)L.9
et al., 2008; Cores 3 and 4; this study), which were quantie performed a robust linear regression between latitude and
fied using EDP-XRF spectroscopy at MARUM, University dqustos for the late Holocene sections (defined as the mean
of Bremen. The robustness of the calibration is indicated asf the core-top sediment down to an age of 3 ka) of our cores
the fit of the calibrated scanner data with the discrete powde(;:ig, 1c) and for the surface sediments of Govin et al. (2012).
samples (Supplementary Fig. 1). We calculate a mean value for the late Holocene because the
Commonly, major-element data are presented as elementgpre-top does not always correspond to the present day, due

ratios (e.g. Mulitza et al., 2008; Zarriess et al., 2011). Rathetg |oss of uppermost sediments during coring. We include
than interpreting elemental ratios, we directly quantify the qystos calculated for the more extensive compositional data
major element data in terms of the relative proportion of Sa-get of Govin et al. (2012) between28 and 3 N to further
haran dust, river-suspended material and marine-derived Mayerify the spatial pattern of dust% and to assess the compo-
terial by using an endmember unmixing analysis. Details ofsjtional scatter of continental margin sediments. The com-
this analysis are given in Mulitza et al. (2010). Briefly, repre- positional scatter is incorporated into the uncertainty on the
sentative “dust” and “river” endmember major-element com- regression, which is represented as 68 %) (donfidence in-
positions were estimated using a bootstrap with replacementeryals.

routine (500 iterations) based on the relative proportions of Tg determine the position of the Sahara—Sahel bound-
Al, Si, Fe, K, Ti and Ca from 28 Sahara—Sahel dust andary over time, we linearly interpolated each of the four

soil samples and 10 Senegal River suspension samples tak@@diment-core dust% time series into time steps of 250yr.
from close to the river mouth (Supplementary Table 1). Forgor each time step, we performed a robust linear regression
the dust endmember, by considering aeolian material fronhetween dust% and latitude and solved the equation to calcu-
a range of geographical regions and constructing spectra qfte the latitude corresponding to the modern-day Sahara—
endmember compositions via bootstrapping (Mulitza et al.,.sahel boundary dust% value. Propagated uncertainties in-
2010), the variability due to the possibility of shifting source cjyde the following: uncertainty on the endmember composi-

areas is incorporated into the uncertainty of the unmixingtion, uncertainty on the dust% value at the modern-day sedi-
results. The composition of the marine component (Ca angnentary Sahara—Sahel boundary (Fig. 1c) and uncertainty on

Si; Supplementary Table 1) was estimated based on biogenige |inear regression for the past time steps (based on 68 %
silica content (Collins et al., 2011) and measured Ca con-
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Fig. 1. (a) Annual-mean rainfall (mmyrl) for West Africa from the University of Delaware precipitation data set
(climate.geog.udel.edtt/climate; average for 1950-1999). Thick black lines highlight the main African rivers of the study area: the Senegal
River (S), Gambia River (G) as well as numerous small rivers draining the Fouta Djallon. Hatching marks the approximate position of relict
sand dunes in the Sahel, re-drawn after Grove (1958). Black dotted lines mark the approximate boundaries of modern-day dune formation
(Sarnthein and Diester-Haass, 1977) — the southern one is the continental Sahara—Sahel boundary. Red dots mark locations of Cores 1-
(see Table 1). Blue dots mark the locations of cores MD01-2444 (Martrat et al., 2007) and MD03-2707 (Weldeab et al., 2007). Black dots
mark locations of surface samples (Govin et al., 2012) plotted in Fig. 1c. Black arrows mark surface currents: Canary Current (CC), African
Coastal Current (ACC), Mauritania Current (MC) and North Equatorial Countercurrent (NE®)odern-day dust deposition (gerr_l)

for West Africa (Mahowald et al., 2005), highlighting the Saharan dust pl{@)&i/Al (blue) and dust% (black and red) of surface sedi-

ments (Govin et al., 2012) and late Holocene section of Cores 1-4. Solid line represents robust linear regression between latitude and dust¥
(plot is rotated 90) for samples covering the gradient between dust and river materiaNZ®& N). Data have been transformed as log
((100-dust9)/dust%) so that the regression lies in the interval (0, 100). The correl&jos §.51. Black dashed lines represent 68%)(1
confidence intervals, which equates to on avera@2 dust. Grey dashed line represents the interception of the modern-day continental
Sahara—Sahel boundary position {29 with the regression line, at 43 % dust.

confidence intervals on the regression). Examples of the lin- The main features over time are increases in dust% dur-
ear regression for past time steps from a range of climatéeng Heinrich stadials 1 (15-18.5ka), 2 (23.5-25.5ka), 3
states are given (Supplementary Fig. 2). (29-30.5ka), 4 (38.5-40ka) and 5 (47-48.5ka). These in-
creases in dust are strongest in Cores 2 and 3, probably be-
cause they are positioned in the transition zone between dust-
4 Results and river-dominated regions and hence are most sensitive to

For the late Holocene section (last 3ka to core top) Ofphanges in the position of the Sahara—Sahel boundary. There

i i 0
the sediment cores, dust% values decrease from north ti:_?azltsggggd&i?rﬁzgno(fllgfrzegafggr?ljcsggsfrirjse?:ac?rie
south, e.g. from 51% at Core 1 (24) to 3% at Core 4 . ;
(@ N: Fig. 1c). These values are in good agreement Withl and 2, dust values decrease during the Bglling—Allergd
X 314.7—12.9 ka) and increase during the Younger Dryas (12.9—

those based on the _surface sediments (Fig. 1c; G_ovm © 1.6ka). In Cores 2 to 4, dust% values are lowest during the
al., 2012). At the latitude of the modern-day continental .
Holocene (Fig. 2c—e).

Sahara—Sahel boundary (19), the regression between lati-

. _— - 0
tude and dust yields a dust% value of 43 %. The uncertainty The mterpola_\ted latitudinal position of the % .dUSt

: . . - ~“value (the sedimentary Sahara—Sahel boundary) is plotted
on this value associated with the compositional scatter is . o
+9% (Fig. 1c) In Fig. 3d and follows a similar pattern to dust% values

Dust% values in Cores 1-4 exhibit a similar evolution to of the individual Cores 1-4. Over time, the sedimentary

each other over the last 60 ka (Fig. 2). Dust% is closely Corre_Sahara—Sahel boundary reaches its southernmost position

lated to the Si/Al ratios (Fig. 1c, Supplementary Fig. 3); these(ll,‘__jjol\l'\I f 330 )a(tjutﬂgg;?tng:‘;:dﬁ;ﬁhﬁ}: g:g 51' EIJ fgf hes
elements differ strongly between the dust and river endmem-;~ . L ; . .
- . . during Heinrich stadial 3. It reaches its northernmost posi-
bers (Supplementary Table 1). Si is associated with coars? R . . :
. . . ; . e ion (21° N +5°) during the mid-Holocene~6 ka) and at
windblown quartz grains while Al is associated with fine ~51ka (Fig. 3d)
river clays. Consequently dust% and Si/Al are closely cor- '9. >0).

related to grain size and mineralogy (Mulitza et al., 2008).

Clim. Past, 9, 11814191, 2013 www.clim-past.net/9/1181/2013/
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Fig. 3. (a) Boreal summer (July-August-September) insolation dif-
ference between 3N and 30 S. (b) Sea surface temperature
of the Gulf of Guinea (MD03-2707;°3\; Weldeab et al, 2007).
(c) Sea surface temperature of the Iberian margin (MD01-2444;
38 N; Martrat et al., 2007)(d) Latitudinal position of the sed-
imentary Sahara—Sahel boundary (43% dust value) over the last
60 ka. Thick line represents a five-point (1 ka) running average. Un-
0 10000 20000 30000 40000 50000 60000 certainty (grey dashed lines) includes the following: uncertainty on
Age (yrs BP) the endmember compositions (as in Fig. 2), uncertainty on modern-
day dust% at the Sahara—Sahel boundary (based on 68% confidence
d’ntervals; Fig. 1c) and uncertainty on the regression for past time
Steps (68% confidence intervals; examples are given in Fig. SF2).
(e) Sea surface temperature difference (five-point running average)
between the Iberian margin (38!; Martrat et al., 2007) and the

Core (GeoBesz6 5 20 and Coe 4 (Goopsszn sy, S Cunea i eldest ot o 2007 Vercal gy v e
Note that y-axes are inverted. Solid line is the median of 500 it- are marglg(.ed. Y. 0 P

erations. Thick line represents five-point running average. Uncer-

tainty (black dashed lines) includes the following: uncertainty on

dust and river endmember compositions (based on 16th and 84th

percentiles of 500 iterations) and uncertainty on marine componenb  Discussion

(based on variations in opal content). Grey bars highlight Heinrich

stadials (HS), Last Glacial Maximum (LGM), Younger Dryas (Y- 5.1 Oceanic controls on past sediment composition

D), and Bglling—Allergd (B-A). Timing is based on the Dansgaard—

Oescltgger stadials in Gr_eenland ice (Fig. 2f; Svensson et al., 2008}|-he gradient in dust from 26\ to 3 N for the surface sed-

(f) 57O of Greenland ice (NGRIP, 2004, Svensson et al., 2008} o 1 the late Holocene section of the cores (Fig. 1c)

five-point running average). Filled triangles indicate AMS radiocar- % ref] . f he adi .

bon ages. Open triangles indicate tie-points derived from benthicsu_ggeStS that dust% reflects input from the adjacent continent

foraminiferals180 correlation (see Table 1 for references). (Fig. 1a, b). However, the absolute values of dust% from sed-
iments adjacent to the dust-dominated region appear rather
low (e.g. 51% at Core 1; Fig. 2b). Nonetheless, this value is
comparable with estimates of dust% based on grain-size data

Core 4 (GeoB9528-3; 9°N)

N
N
(MOWSA °%) 0,,Q

B-A
Y-D HS1 LGM HS2 HS3

A
=3

Fig. 2. Records of dust% from the West African margin com-
pared with NE Atlantic sea surface temperature and Greenlan
Ice Cores180. (a) Sea surface temperature of the Iberian margin
(Core MD01-2444; 38N; Martrat et al., 2007)(b—e) Dust% val-
ues for Core 1 (GeoB7920-2, 2M), Core 2 (GeoB9508-5; ),

www.clim-past.net/9/1181/2013/ Clim. Past, 9, 1181191, 2013
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(Tjallingii et al., 2008), suggesting it is not due to mischarac- The four cores are from a similar water depth (2278-
terisation of our dust and river endmembers. Instead, becaus#223 m) and so any grain-size fractionation associated with
river-derived material is generally finer than dust (Stuut et al.,transport distance from shore to core site should be similar
2005; Gac and Kane, 1986), it is likely to be due to grain-sizebetween cores. Moreover, any effect of differences in wa-
sorting processes during sediment transport. Specifically, théer depth should also be incorporated in the uncertainty on
low dust% values are thought to be due to lateral ocean adthe composition of the modern-day Sahara—Sahel boundary
vection and aggradation of the river endmember (Tjallingii composition £9 % dust). Just et al. (2012) suggested that
et al., 2008). This suggests that sediments may be generallgeduced sea level during the glacial, which decreased the dis-
slightly biased towards the river endmember, relative to thetance between river mouths and the core site, acted to in-
material exported from the adjacent continent. crease the contribution of river material to their sediment
Ocean currents can act to re-work and partition the sedeore. However, in our cores, we see no systematic increase
iment on the shelf and slope as seen today (e.g. Michel ein river material during the glacial period, when sea level
al., 2009). These processes likely explain some of the comwas lower. Another marine sediment core study (Jullien et
positional scatter between modern-day sediments (Fig. 1c)al., 2007), which is located on a seamount further away from
The uncertainty on the modern-day Sahara—Sahel boundare coast (and thus is expected to be less susceptible to sea-
composition £9 % dust) from this scatter is taken into ac- level changes), also displays increased dust input during the
count in our reconstruction of past Sahara—Sahel boundarglacial relative to the Holocene, and is thus in agreement with
position. Over time, these processes may explain some of theur data. Exposure of the shelf during sea-level lowstands
small differences in the evolution between the four recordswould have contributed an additional source of dust because
(Fig. 2b—e). However, we suggest that over the course oflunes migrated onto the shelf (Sarnthein and Diester-Haass,
the last 60 ka, ocean currents are unlikely to be the mairl977). Hence the dust source would have also shifted closer
control on the large-scale consistent patterns between ouo the core site. As such, perhaps there is little influence of
records and on the position of the sedimentary Sahara—Sahseka level in our cores because the distance to both sources
boundary. Ocean currents would probably only affect thedecreased (i.e. distance to dust sowand distance to river
fine (i.e. river-derived) fraction of the sediment because themouth).
coarser (dust) fraction sinks too rapidly to be transported any It has been suggested that coarse dust-like material during
great distance by ocean currents (Grousset et al., 1998; WeHeinrich stadials might have been delivered to the core sites
fer and Fischer, 1993). Past changes in current speeds aes turbidity currents (Sarnthein and Diester-Haass, 1977).
not well known. If, however, the Canary Current or African Turbidites are indeed a common occurrence in sediments
Coastal Current were enhanced during Heinrich stadials, findrom this region, particularly in canyon settings and are the
(river-derived) material that is today carried north from the main oceanographic method of transporting coarse material
Senegal would have been likely carried south. Similarly, finefrom the shelf to the slope and deep sea (Hanebuth and Hen-
material that is today carried south would have been ad+ich, 2009; Henrich et al., 2010; Pierau et al., 2011). How-
vected further southwards. As such, we would expect a genever, these studies do not document a systematic increase in
eral southwards transport of material and hence a relative inturbidity current activity at the time of Heinrich stadials. As
crease in river material (i.e. a decrease in dust%) in the southsuch it is hard to reconcile that increased dust% during Hein-
ern cores, particularly in Cores 3 and 4, which are south ofrich stadials in our cores, which are not from canyons, would
the Senegal River. However, this is not the pattern displayede due to turbidity currents. In addition, typical deep-water
by our data. Over most of the last 60 ka, we see the saméenthic foraminiferab80 values during Heinrich stadials
response at each of our core sites (for example increases ifinom Core 2 (Mulitza et al., 2008) suggest autochthonous
dust% at all sites during Heinrich stadials), suggesting thatcalcification and deposition rather than downslope transport
changes in a given current are unlikely to be the major confrom shallower and warmer water masses. Similarly the grain
trolling factor on our dust%. Increases in dust% at all coresize data do not show a typical fining-upwards sequence
sites might be explainable by complete removal of fine ma-(Mulitza et al., 2008) as seen in typical turbidites from this
terial from the entire West African margin between®RllL  region (Henrich et al., 2010). Thus, we suggest that the in-
and @ N. However, such a scenario, requiring extreme cur-crease in dust-like material during Heinrich stadials could
rent speeds along the entire margin, seems unrealistic. Borot have been delivered to the core site as turbidity currents
tom currents during Heinrich stadials are thought to haveoriginating from the upper slope, but was rather delivered as
switched from the southward-flowing North Atlantic Deep windblown dust.
Water to the northward-flowing Antarctic Intermediate Wa-  Overall, we suggest that shifts in the sedimentary Sahara—
ter. Again, however, we see no northward shift in the distribu-Sahel boundary are mainly due to continental changes in
tion of fine river-derived material in our dust% data. It seemsdust export and the position of the continental Sahara—Sahel
more likely that if the northward flow of the Antarctic Bot- boundary rather than oceanographic processes. Specifically,
tom Water was significant, it likely acted to counteract the sand dunes (i.e. the continental Sahara—Sahel boundary)
effect of any increase in southward-flowing surface currentswere forming as far south as14° N (Fig. 1a) in Senegal and
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Chad during glacial times (Grove, 1958; Michel, 1973; Ser- pendently from the position of the continental Sahara—Sahel
vant, 1983), a similar latitude to the southernmost positionboundary. However, we suggest that wind strength cannot
of the sedimentary Sahara—Sahel boundary (Fig. 3d). Belovbe the sole control on the sedimentary Sahara—Sahel bound-
(Sect. 5.3) we argue that these periods of dune formation omry because of the latitudinal position of continental dunes,

the continent were coeval with Heinrich stadials. which act as markers for the past position of the continental
Sahara—Sahel boundary.
5.2 Dune formation and dust mobilisation Changes in wind direction might also be expected to con-

trol the trajectory of the dust plume and thus could also
Both dust mobilisation and sand dune formation are a func-control the latitudinal position of the sedimentary Sahara—
tion of vegetation cover (aridity), sediment supply and wind Sahel boundary independently of the continental Sahara—
strength (Sarnthein and Diester-Haass, 1977; Prospero arffahel boundary. However, dune trends in Mauritania dated
Lamb, 2003; Pye, 1989; Chase, 2009). Decreased vegetdetween 15-25ka indicate a more zonal wind trajectory
tion coverage permits mobilisation of sand dunes and de{NE-SW) compared to today (N-S; Lancaster et al., 2002).
flation of dust. However, since both processes also requirén fact, most relict dunes from other regions also display
supply of material, arid (rather than hyper-arid) conditionsa (NE—-SW) trajectory (Grove and Warren, 1968; Talbot,
are thought to provide optimal conditions (Rea, 1994). In-1980). As such, the observed equatorward shifts of the sed-
termittent wet and dry periods may act to replenish and deimentary Sahara—Sahel boundary during the glacial relative
flate dust sources, respectively (McTainsh, 1987). Althoughto today (Fig. 3d) cannot be attributed to a more meridional
sand dunes are normally too coarse to be deflated by windyind direction. Therefore, we suggest that shifts in the sed-
fine material formed by in situ weathering during semi-arid imentary Sahara—Sahel boundary are mainly due to shifts in
phases may be deflated as dust during subsequent arid phagassition of the continental Sahara—Sahel boundary.
and dune re-activation (Pye, 1995). We suggest that aridi-
fication of the Sahel during Heinrich stadials (Niedermeyer
et al., 2010) exposed new dust sources of material, Whict?'
were deflated and contributed to dune formation. Although
Sahelian dust sources are more chemically weathered thafihe main episode of dune formation, when dunes reached
those in the Sahara (Stuut et al., 2005), they are still mucHL4° N, was the Ogolian phase, which has been dated at 15—
less weathered than the river-derived endmember source®4 ka in Mauritania (Lancaster et al., 2002), and slightly
from the Fouta Djallon (Gac and Kane, 1986; see also soilater, at 20-12 ka, in Senegal (Michel, 1973) and Chad (Ser-
maps of Driessen et al., 2001). In addition to dust mobili- vant, 1983). The Ogolian phase is commonly associated
sation, aridity also controls the input of river sediment dis- with Last Glacial Maximum conditions (e.g. Talbot, 1980).
charge, with greater discharge during less arid periods (Ga©ur data indicate that the sedimentary Sahara—Sahel bound-
and Kane, 1986; Coynel et al., 2005). As such, reduced preary was positioned at 2] 4+ 3° at the Last Glacial Maxi-
cipitation would have simultaneously acted to reduce inputmum (19-23 ka), which is also in agreement with estimates
of river material and increase input of dust material. It might from pollen-based studies (Dupont and Hooghiemstra, 1989;
be possible that increased precipitation in arid regions would_ézine, 1989), and was positioned at° N3+ 3° during
have increased river strength and hence increased river inHeinrich stadial 1 (15-18.5ka). Considering that the glacial
put of coarse material. However, this is unlikely to be the dust plume was stronger than today (Sarnthein et al., 1981),
cause of increased dust% during Heinrich stadials becausi is unlikely that the continental dunes could have reached
hydrological proxies (Niedermeyer et al., 2010) and climate14° N while the sedimentary Sahara—Sahel boundary was lo-
models (Mulitza et al., 2008) indicate drier rather than wettercated further to the north (2®). As such, we suggest that
conditions during Heinrich stadials. the southernmost dunes formed when the sedimentary Sahara

As well as aridity and sediment supply, another impor- Sahel boundary was at 1Bl + 3° rather than at 15N + 3°,

tant factor controlling both dust export and dune forma-i.e. at Heinrich stadial 1 rather than the Last Glacial Maxi-
tion is wind strength (Sarnthein and Diester-Haass, 1977mum. Morphological studies have suggested the path of the
Talbot, 1980). Northeast trade winds are thought to haveSenegal River was obstructed by shifting dunes during the
been stronger at the Last Glacial Maximum (Sarnthein etOgolian period (Michel, 1973). Again, based on our data it
al., 1981). During Heinrich stadials they were likely stronger seems likely that this took place, or was most severe, during
still, as implied by the increase in the grain size of the Heinrich stadial 1.
coarse dust endmember (Mulitza et al., 2008). Stronger Another dune building phase at °IM, the early phase
winds may have also acted to deflate new dust sources thgFig. 3), has been dated at40ka (Servant, 1983). During
were previously too coarse to be deflated. It is possibleHeinrich stadial 4 (38.5-40ka) and Heinrich stadial 5 (47—
that a stronger dust plume associated with stronger wind€l8.5 ka), the sedimentary Sahara—Sahel boundary was also
would have increased dust input and hence controlled théocated at a latitude of 2N + 3° (Fig. 3d). This represents a
position of the sedimentary Sahara—Sahel boundary indeshift of at least 7+ 6° latitude from the background glacial

3 Timing of dune formation
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state at this time. As such, we suggest that dunes @N14 stadials 1, 4 and 5; Fig. 3c) and the most intense equatorward

were likely formed during Heinrich stadial 4 and 5. shifts of the polar front (Eynaud et al., 2009) resulted in the
largest equatorward Sahara—Sahel boundary shifts (Fig. 3d).
5.4 Global climate teleconnections Heinrich stadial 2 is slightly anomalous in this regard (most

records show small magnitude cooling) although there is a

The Sahara—Sahel boundary exhibits a gradual equatorwaddrger cooling at Heinrich stadial 2 in the record of Cortijo
shift from 60 ka to the Last Glacial Maximum (Fig. 3d). This et al. (1997). Also, in the record from Martrat et al. (2007),
may be a product of the gradual reduction in July-August-Heinrich stadial 4 is anomalously cool compared to other
September cross-equatorial insolation gradient (Fig. 3a), agecords.
has been proposed (Zarriess et al., 2011). A reduced insola- Sea surface temperature is linked to the position of the
tion gradient is expected to have reduced the northward penSahara—Sahel boundary via its control on precipitation and
etration of the summer monsoon, and caused an equatorwansind strength. The marked cooling in the North Atlantic is
shift of the continental Sahara—Sahel boundary. The graduaghought to have increased the strength of the African Easterly
equatorward Sahara—Sahel boundary shift may also be partlyet, which led to reduced precipitation in the Sahel (Mulitza
attributable to the increasing severity of glacial conditionset al., 2008; Niedermeyer et al., 2010; Bouimetarhan et al.,
from 60 ka to the Last Glacial Maximum and the associated2012). This would have activated dunes and engendered
increases in aridity and wind strength on the continent (Sarndust mobilisation from the Sahel, shifting the Sahara—Sahel
thein et al., 1981). Conversely, during the mid-Holocene, anboundary to the south. Trade-wind strength, on the other
increased July-August-September cross-equatorial insolatiohand, is thought to be controlled by the meridional sea sur-
gradient induced greater northward penetration of the Westace temperature gradient (e.g. Kim et al., 2003). There-
African monsoon (e.g. Kutzbach and Liu, 1997) and would fore, we suggest that the sea surface temperature difference
have increased vegetation coverage in the Sahel and Sahatzetween the Iberian margin (Fig. 3c, Martrat et al., 2007)
shifting the Sahara—Sahel boundary northwards and reduand the Gulf of Guinea (Fig. 3b, Weldeab et al., 2007),
ing the area of dust mobilisation and dune formation (e.g.which was greater by up to°€ during Heinrich stadials
Salzmann and Waller, 1998; Watrin et al., 2009). Our es-(Fig. 3e), mainly due to cooling off Iberia, acted to in-
timate of Sahara—Sahel boundary position during the mid-crease the strength of the northeast trade winds and thus the
Holocene (21N 4+ 3°) is in broad agreement with estimates “strength” of the dust plume.
determined from plant community distribution (28; Wa- The position of the Sahara—Sahel boundary was shifted
trin et al., 2009). The increase in dust% (Figs. 2b—d) andequatorward to 17N £ 2° at the Y-D (Fig. 3d), which is in
southward shift of the Sahara—Sahel boundary (Fig. 3d) frondine with increased dune activity in Mauritania at19° N
the mid- to late Holocene was relatively minor compared toat this time (Lancaster et al., 2002). In most records, there
the rest of our record. This is in line with dune records sug-is a relatively small sea surface temperature decrease in the
gesting that the “late” phase of sand dune formation (Fig. 3)northeast Atlantic (Fig. 3c), although cooling in the northern
was associated with relatively minor mobilisation of sand high latitudes was relatively large (Fig. 2f). This therefore
(Talbot, 1980). Finally, during the transition from the mid- to suggests a different mechanism of transmission compared to
late Holocene, none of our records display an abrupt increasgleinrich stadials, perhaps via an atmospheric teleconnection.
in dust (Figs. 2b—e, 3d) as seen in another record (deMeno- The response of the position of the Sahara—Sahel bound-
cal et al., 2000). Our data thus suggest a gradual response 8y to changes in sea surface temperature was rapid, both
decreasing summer insolation during this period in contrasequatorward and poleward (Fig. 3d). All cores responded co-
to previous interpretations (deMenocal et al., 2000). evally indicating a very rapid expansion and retreat of the

Our data display abrupt changes in Sahara—Sahel boundgahara—Sahel boundary. At Heinrich stadial 5 for example,
ary position during Heinrich stadials. These appear to be thehe Sahara—Sahel boundary migratéds@uth and 7 north
result of a sharp decrease in North Atlantic, and particu-in 4ka, equivalent to a rate of approximately 400 myr
larly, Iberian margin, sea surface temperatures (Figs. 2a, 3qFig. 3d). This may represent southward migration of sand
e.g. Cortijo et al., 1997; de Abreu et al., 2003; Martrat et al.,dunes or re-activation of existing dunes. If it represents dune
2007; Eynaud et al., 2009; Kageyama et al., 2009; Salgueiranigration, it is at least an order of magnitude greater than
et al., 2010). This cooling is thought to have been due tomodern estimates of dune migration rate: 7.5 m-yfor
slowdown of the Atlantic meridional overturning circulation barchan dunes in NW Sudan (Haynes Jr., 1989) and between
and reduced deep-water production during Heinrich stadial®©.17 and 30 myr! for other regions (Mdn et al., 2005;
(e.g. McManus et al., 2004). The cooling was manifestedBristow et al., 2005; Muckersie and Shepherd, 1995). The
as equatorward shifts of the polar front as far south as thespeed of dune migration/re-activation highlights the poten-
Iberian margin (Eynaud et al., 2009). The magnitude of sedial for dune re-activation and increased dust export during a
surface temperature changes during Heinrich stadials appeafsture precipitation decrease in the western Sahel (Meehl et
to be closely coupled to shifts of the Sahara—Sahel boundangal., 2007).
For example, the coolest sea surface temperatures (Heinrich
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