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Abstract

A detailed (ca. 100 yr resolution) and well-dated (18 AMS 14C dates to 23 cal. ka BP) record of latest Pleistocene-Holocene
variations in terrigenous (eolian) sediment deposition at ODP Site 658C off Cap Blanc, Mauritania documents very abrupt,
large-scale changes in subtropical North African climate. The terrigenous record exhibits a well-defined period of low influx between
14.8 and 5.5 cal. ka BP associated with the African Humid Period, when the Sahara was nearly completely vegetated and supported
numerous perennial lakes; an arid interval corresponding to the Younger Dryas Chronozone punctuates this humid period. The
African Humid Period has been attributed to a strengthening of the African monsoon due to gradual orbital increases in summer
season insolation. However, the onset and termination of this humid period were very abrupt, occurring within decades to centuries.
Both transitions occurred when summer season insolation crossed a nearly identical threshold value, which was 4.2% greater than
present. These abrupt climate responses to gradual insolation forcing require strongly non-linear feedback processes, and current
coupled climate model studies invoke vegetation and ocean temperature feedbacks as candidate mechanisms for the non-linear
climate sensitivity. The African monsoon climate system is thus a low-latitude corollary to the bi-stable behavior of high-latitude deep
ocean thermohaline circulation, which is similarly capable of rapid and large-amplitude climate transitions. © 1999 Elsevier Science

Ltd. All rights reserved.

1. Introduction

During the latest Pleistocene and early Holocene, the
now hyperarid Saharan desert was a verdant landscape
nearly completely vegetated with annual grasses and
shrubs (COHMAP Members, 1988; Jolly, 1998; Sar-
nthein, 1978). At that time, subtropical North Africa
was characterized by numerous large and small lakes
which supported abundant savannah and lake margin
fauna such as antelope, giraffe, elephant, hippopotamus,
crocodile, and human populations in regions that today
have almost no measurable precipitation (McIntosh and
Mclntosh, 1983). The Holocene African Humid Period
occurred between ca. 9 and 6 cal. ka BP (Ritchie et al,
1985; Roberts, 1998), but humid conditions had initially
commenced by ca. 14.5 cal. ka BP following full glacial
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hyperarid conditions during the latest Pleistocene (CO-
HMAP Members, 1988; Street and Grove, 1979; Street-
Perrot, et al., 1990; Sarnthein et al., 1982).

The early Holocene greening of North Africa has been
linked to an intensification of the African monsoon due
to earth orbital changes which increased summer season
insolation forcing of the African monsoon. By 10-11 cal.
ka BP, summer insolation in the Northern Hemisphere
had risen to peak levels approximately 8% greater
than today due to earth’s orbital precession which
gradually aligned the boreal summer solstice with
perihelion (Berger and Loutre, 1991). Monsoonal climate
is effectively a thermodynamic heat engine response
to seasonal radiation forcing (Webster, 1987). During
boreal summer, the North African land surface is
heated more efficiently than the adjacent oceans and
this establishes a strong low pressure center over North
Africa. It is this land-sea pressure gradient which
largely drives the strong cyclonic inflow of moist mari-
time surface winds and brings the heavy and highly
seasonal monsoonal precipitation during the boreal
summer months.
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Climate modeling studies have abundantly
documented the strong sensitivity of monsoonal climate
to orbital changes in summer season insolation
(deMenocal and Rind, 1993; Kutzbach and Guetter,
1986; Kutzbach and Otto-Bliesner, 1982; Pokras and
Mix, 1987; Prell and Kutzbach, 1987). Orbital variations
cause changes in the seasonal distribution of incident
solar radiation, and resulting changes in summer season
insolation affect the strength of the summer monsoon.
Using an atmosphere-only climate model, Prell and Kut-
zbach (1987) found that precipitation over North Africa
increased by a factor of five over the proportional in-
crease in summer radiation. For example, North African
rainfall increased by approximately 40% (relative to the
control experiment) resulting from the 8% increase in
summer radiation forcing. These orbital variations in
monsoonal surface wind and precipitation fields affected
not only African terrestrial climate, but also the surface
circulation of adjacent tropical and subtropical which are
dynamically linked to the associated monsoonal surface
wind field perturbations (Anderson and Prell, 1992;
Clemens et al,, 1991; Clemens and Prell, 1990; McIntyre
et al, 1989; Molfino and Mclntyre, 1990b; Rossignol-
Strick, 1985; Tiedemann et al., 1994).

Despite the very high sensitivity of African monsoonal
precipitation to orbital insolation forcing in atmo-
sphere-only models, the calculated increases in the sur-
face hydrological budget were apparently insufficient to
have established large standing lakes in simulations of
the early Holocene (Brostrom et al., 1998; Coe and Bon-
an, 1997; Kutzbach, 1996). It is only when coupled ocean
model and responsive land surface (vegetation) model
elements are incorporated into the simulations that Afri-
ca can become sufficiently humid year-round to support
numerous large perennial lakes in the Sahara as the
geologic data document, such as Lake MegaChad which
spanned 330,000 km? (Brostrom et al., 1998; Coe and
Bonan, 1997; Kutzbach, 1996). Parallel early Holocene
increases in surface ocean temperature, vegetation cover
(lower albedo), and moisture availability are positive
feedback amplifications which locally match or exceed
radiative effects due the initial insolation forcing alone
(Brostrom et al., 1998; Coe and Bonan, 1997; Foley et al.,
1994; Hoelzmann et al.,, 1998; Kutzbach, 1996; Kutzbach
& Liu, 1997; Masson and Joussaume, 1997; Kohfeld and
Harrison, 1999 this issue). Land surface climate and
coupled ocean-atmosphere responses to boundary con-
dition changes are notoriously non-linear. In these more
complex model simulations, gradual boundary condition
forcing such as orbital insolation change commonly re-
sults in a rectified integrated climate response which is
rapid and abrupt (Claussen et al, 1998; Manabe and
Stouffer, 1995; Rahmstdorf, 1995).

How abrupt were the climate shifts associated with the
onset and termination of the African Humid Period?
Geologic evidence documenting the mid-Holocene ter-

mination of the African Humid Period suggests a rela-
tively abrupt shift toward more arid conditions which
occurred between ca. 5 and 6 cal. ka BP associated with
the gradual decline in summer season radiation (Gasse
and Van Campo, 1994; Petit-Maire and Guo, 1996;
Street and Grove, 1979; Street-Perrott and Harrison,
1984). Lake levels fell sharply (Street and Grove, 1979),
fossil pollen records from African lake basins show
a rapid retreat of mesic taxa (Lamb et al., 1995; Lezine,
1991; Lezine et al, 1990; Sarnthein et al, 1982) and
sedentary, lacustrine-tradition human populations in the
central and southern Sahara were rapidly replaced by
mobile, pastoralist-tradition cultures (MclIntosh and
Mclntosh, 1983). Terrestrial geologic records of the Afri-
can Humid Period are commonly incomplete due to
subsequent desiccation and erosion of paleolake basin
sequences, which furthermore can be difficult to date due
to local hard water reservoir effects. With a few notable
exceptions, marine sediment sequences commonly lack
the temporal resolution needed to define century-scale
climatic shifts. Our strategy here is to reconstruct a de-
tailed marine sediment record of the export of windborne
African dust and document its variability over the last
25 cal. ka BP.

2. Site location and climatic setting

We present a continuous, well-dated, and high-resolu-
tion (50-100 yr sampling) marine sediment record of Late
Pleistocene-Holocene changes in West African climate
which records both the timing and abruptness of the
onset and termination of the African Humid Period.
Ocean Drilling Program Site 658C was cored off Cap
Blanc, Mauritania (20°45'N, 18°35'W, 2263m; Ruddiman
et al,, 1988) during ODP Leg 108. This core has a high
accumulation rate (18 cm/kyr average) due to the dual
influences of high regional surface ocean productivity
and high supply of windblown Africa dust (Fig. 1) (Sar-
nthein and Tiedemann, 1989). Northeast Trade winds
parallel the Northwest African margin and resulting sur-
face water divergence promotes upwelling of cold, nutri-
ent-rich waters which support high surface productivity
and high biogenic particle fluxes to the seafloor through-
out the year (Fischer et al., 1996).

Site 658C is ideally situated to monitor past variations
in northwest African climate. The site is positioned dir-
ectly below the axis of the summer African dust plume
which transports an estimated 400 x 10° tons of mineral
aerosol dust annually from the sub-Saharan and Sahel
regions of Northwest Africa to the adjacent eastern sub-
tropical Atlantic (Fig. 1) (Tetslaff and Wolter, 1980; Pye,
1987). Mineralogic and geochemical data document the
dominant influence of these windborne African dusts on
the composition of marine sediments in the eastern
subtropical Atlantic, particularly along the Northwest
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Fig. 1. Seasonal climatology of surface winds, rainfall, and atmospheric dust trajectories over subtropical West Africa. During boreal winter months
the land surface cools relative to the ocean and regional atmospheric circulation is dominated by the NE trade winds which advect African dust to the
eastern equatorial Atlantic. The winter African dust trajectory (stippled pattern) follows the NE-SW pattern of the transporting winter trade winds
(Pye, 1987). During boreal summer increased sensible heating over central North Africa drives the cyclonic inflow of moisture-laden air from the
adjacent eastern equatorial Atlantic which brings sporadic but intense monsoon rains to the sub-Saharan and Sahel regions of West Africa. The
summer African dust plume (stippled pattern) results from strong surface turbulence associated with monsoonal frontal systems and entrained particles
are convectively lifted to mid-tropospheric levels and then transported westward by the African Easterly Jet (Pye, 1987; Schiitz et al., 1981). Interannual
variations in African dust export are highly correlated to regional precipitation anomalies (Prospero, 1981; Prospero and Nees, 1977; Prospero and
Nees, 1986). The location of Ocean Drilling Program Site 658 off Cap Blanc, Mauritania is shown.
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African margin between 20 and 30°N (Sarnthein et al,,
1982; Grousset et al., 1998; Kolla et al.,, 1979). During
boreal summer, frontal systems associated with the east-
erly-propagating jet generate strongly turbulent surface
winds which entrain mineral aerosols from immature
soils and desert sands (Pye, 1987). The combination of
turbulent suspension and vertical convection lifts aero-
sol-laden airmasses to the middle troposphere which are
then entrained into the African Easterly Jet and carried
westward (Fig. 1). African dust crosses the Atlantic in
roughly six days. In the vicinity of Site 658, the wind-
borne terrigenous sediment is composed of fine silt-sized
subrounded quartz and feldspar grains with an asso-
ciated illitic matrix reflecting the highly weathered dust
source areas of the African desert (Grousset et al., 1998;
Schiitz et al., 1981).

Interannual increases in the export of African mineral
aerosols to the subtropical Atlantic marine boundary
layer are closely linked to negative annual precipitation
anomalies in the dust source areas of West Africa
(Middleton, 1987; Moulin et al., 1997; Prospero and
Nees, 1977). A continuously monitored atmospheric
aerosol sampling station in Barbados has been measur-
ing year-to-year variations in African dust loading for
many decades, and these data have documented greatly
increased aerosol dust loading associated with drought
conditions in Northwest Africa (Prospero and Nees,
1986). These drought periods reflect reductions in the
strength and duration of the summer African monsoon
which is the dominant source of annual precipitation to
the region. Interannual variations in West African pre-
cipitation and atmospheric dust loading are evidently
linked to persistent sea-surface temperature anomalies in
the North Atlantic and tropical Atlantic sectors (Henn-
ing and Flohn, 1981; Druyan, 1987, Fontaine and Bigot,
1993; Moulin et al., 1997).

3. Analytical methods and age control

Core 1H from Site 658C was continuously subsampled
at 2cm intervals using a polycarbonate spatula; the
sample interval is equivalent to between 50 and 150 yr
depending on the interval sedimentation rate. The 658C
depth scale used in this study was based on the cumulat-
ive section lengths which were recorded by ODP when
Core 1H was first split for analysis (Core 1H: Section
1 (153 cm), Section 2 (154 cm), and Section 3 (155 cm)).
We adopted this depth scale so that all analyses could be
positioned subsequently and unequivocally within the
context of the original archived sediments.

Samples were freeze-dried, weighed and a small por-
tion of each sample was powdered and measured for
carbonate and biogenic opal concentrations. Calcium
carbonate was measured in all samples (n = 227) by
coulometry to within 0.3% absolute by weight, and bio-

genic opal was measured in every other sample using
the wet reduction spectrophotometric technique (Mor-
tlock and Froelich, 1989) which had an absolute pre-
cision of 0.48% by weight for these sediments. Organic
carbon was not measured for all samples but ranged
between 0.5 and 1.5% in these samples. The residual
terrigenous (detrital) sediment fraction was determined
by first interpolating the opal data to obtain opal percent
values for all samples, and residual terrigenous percent-
ages were calculated by differencing. Average carbonate,
opal, and terrigenous percentages at Site 658C were
42, 5, 53%, respectively (Fig. 2). Sediment wet bulk den-
sity was measured shipboard using the gamma-ray at-
tenuation porosity evaluator (GRAPE), and these data
were converted to dry bulk density using the shipboard
physical property data for Site 658 (Ruddiman et al.,
1988).

A benthic oxygen isotope stratigraphy was established
by analyzing between 5 and 8 picked individuals of
Cibicides wuellerstorfi from the washed > 150 um frac-
tion of each sample. All samples were first sonicated in
dionized water then analyzed on the Wood Hole
Oceanographic Institution Finnigan MAT252 mass
spectrometer with the Kiel automated carbonate prep-
aration device. Samples were not roasted prior to analy-
sis. The external precision of the isotopic analyses was
+ 0.03%, for 8'3Cand + 0.07%, for 30 based on more
than 1200 measurements of NBS19 standard.

Age control was established by accelerator mass spec-
trometry (AMS) radiocarbon dating of picked, mono-
specific samples of the planktonic foraminifer
Globigerinoides bulloides over 18 levels spanning the last
23 cal. ka BP. Analyses were conducted at the Center for
Accelerator Mass Spectrometry (CAMS) facility at Law-
rence Livermore National Laboratory. Between 1000
and 1500 G. bulloides individuals were picked from the
> 150 pm fraction of each sample and individual sam-
ples were sonicated in dionized water several times and
leached in dilute HCI prior to AMS radiocarbon analy-
sis. The precise reservoir correction to be applied for this
region is uncertain but should be larger than the surface
ocean average of 400 yr due to the upwelling of older
subsurface waters, so we used a conservative reservoir
correction of 500 yr which was subtracted from the raw
radiocarbon ages. Additional '*C ages measured on
G. inflata were consistently younger than ages obtained
for G. bulloides in the same sample (by 400-600 yr,
(Knaack, 1997; Papenfuss, 1999)), so the G. bulloides ages
listed in Table 1 must be considered maximum age esti-
mates. Corrected radiocarbon ages were calibrated to
calendar ages using the Calib 3.03 program (Stuiver and
Reimer, 1993); the radiocarbon dates and calibrated ages
(with + 2 sigma ranges) are listed in Table 1. Dates and
ages referred to in this paper are calibrated calendar
ages (rounded to the nearest decade) unless otherwise
specified.
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Fig. 2. Sediment composition data and AMS radiocarbon age control from Site 658C. Samples were taken continuously at 2 cm intervals, which is
roughly equivalent to 50-150 yr based on the 18 cm/ka average sedimention rates at Site 658C. A brief hiatus between 14.8 and 17.2 cal. ka BP is
indicated by two closely spaced AMS radiocarbon dates at 324 and 328 cm (Table 1). Note the very abrupt changes in sediment composition which
occur at 326 cm (ca. 14.8 cal. ka BP), 260 cm (12.3 cal. ka BP), and 125 cm (ca. 5.5 cal. ka BP).

Table 1

AMS radiocarbon dating of Site 658C planktonic foraminifera. All values were measured at the Center for Accelerator Mass Spectrometry (CAMS) at
the Lawrence Livermore National Laboratory. Samples of between 1000 and 1500 picked, monospecific planktonic foraminifera (G. bulloides) were
sonicated in deionized water prior to analysis. Calibrated ages were rounded to the nearest decade (Stuiver and Reimer, 1993)

Site/core/type/sect./depthl & 2 Depth (cm) Species 14 + error 14 Calib. Age 2-sigma calib.

C age C age (yr BP) age range

(yr BP) (yr), corr.®
658C* 1 H 1 16 18 17 G. bulloides 1130 50 630 600 549-653
658C 1 H 1 28 30 29 G. bulloides 1390 40 890 780 732-899
658C 1 H 1 352 54 53 G. bulloides 1600 40 1100 980 952-1057
658C 1 H 1 o4 66 65 G. bulloides 2550 40 2050 1990 1944-2040
658C 1 H 1 74 76 75 G. bulloides 2100 40 1600 (1510) 1393-1555
658C 1 H 1 88 90 89 G. bulloides 4290 40 3790 4150 4088-4230
658C 1 H 1 100 102 101 G. bulloides 4220 40 3720 4030 3983-4092
658C* 1 H 1 122 124 123 G. bulloides 5080 40 4580 5300 5098-5313
658C 1 H 2 4 6 158 G. bulloides 7100 40 6600 7470 7393-7518
658C 1 H 2 32 34 186 G. bulloides 7590 40 7090 7850 7826-7918
658C 1 H 2 48 50 202 G. bulloides 9280 60 8780 9710 9650-9885
658C 1 H 2 76 78 230 G. bulloides 10 520 40 10020 11210 11 047-11 646
658C 1 H 2 105 107 259 G. bulloides 11780 40 11 280 13190 13 122-13 260
658C 1t H 2 124 126 278 G. bulloides 11780 40 11280 13190 13 122-13 260
658C* 1 H 3 16 18 324 G. bulloides 13030 40 12 530 14 690 14 518-14 873
658C* 1t H 3 20 22 328 G. bulloides 14 860 60 14 360 17 210 17 103-17 320
658C 1 H 3 4 44 350 G. bulloides 16 490 80 15990 18 870 18 749-18 992
658C* 1 H 3 104 106 412 G. bulloides 19 960 80 19 460 22910

*PDates used to constrain the “nominal” age model (see text).
bRadiocarbon ages after 500 year reserver corection.






