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CLIMATOLOGY

Monsoon-driven Saharan dust variability over
the past 240,000 years
C. Skonieczny1,2*, D. McGee2, G. Winckler3,4, A. Bory3,5, L. I. Bradtmiller6, C. W. Kinsley2,
P. J. Polissar4, R. De Pol-Holz7, L. Rossignol8, B. Malaizé8
Reconstructions of past Saharan dust deposition in marine sediments provide foundational records of North African
climate over time scales of 103 to 106 years. Previous dust records show primarily glacial-interglacial variability in the
Pleistocene, in contrast to other monsoon records showing strong precessional variability. Here, we present the first
Saharan dust record spanning multiple glacial cycles obtained using 230Th normalization, an improved method of
calculating fluxes. Contrary to previous data, our record from the West African margin demonstrates high correlation
with summer insolation and limited glacial-interglacial changes, indicating coherent variability in the African monsoon
belt throughout the late Pleistocene. Our results demonstrate that low-latitude Saharan dust emissions do not
vary synchronously with high- and mid-latitude dust emissions, and they call into question the use of existing PlioPleistocene dust records to investigate links between climate and hominid evolution.
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monsoon noted above and in the Supplementary Text, existing dust
flux paleorecords thus suggest a strong imprint of changing glacialinterglacial variability on the West African monsoon’s evolution
over the Quaternary.
This central conclusion of previous work is important to the ongoing
debate over the impact of glacial-interglacial changes on monsoon intensity, as some records show evidence for substantial monsoon weakening during glacial periods (13–16), while others, including some
records from Africa, show strong precessional variability and limited
response to glacial-interglacial changes (10, 17, 18). Dust flux records
have also been central to investigations of links between climate and
hominid evolution, with several studies using the records to identify
change points in the mean state and variability of African climate over
the past 5 Ma (4, 5, 12, 19).
However, questions exist about the fidelity of existing long-term
Saharan dust records, which are based either on dust percentages in
the sediment or fluxes calculated using age model–based mass accumulation rates (MARs). In the MAR approach, linear sedimentation
rates (cm ka−1) are first derived from an age model based on benthic
foraminifera d18O values and paleomagnetic reversals. Sedimentation
rates are then multiplied by dry bulk density measurements (g cm−3) to
calculate MARs (g cm−2 ka−1) (3), and dust MARs are calculated by multiplying higher-resolution dust percent data (noncarbonate sediments) by
bulk MARs (Materials and Methods) (3). Of these parameters, dust percentages have the greatest role in driving dust MAR variability (Supplementary Materials), and both dust percentages and dust MARs have
similar power spectra in long-term Saharan dust records (4).
The MAR approach has multiple sources of potential bias (Supplementary Materials). Perhaps most important, because the age-depth relationship is anchored to external age references only at ~20-ka intervals
for most sites (3), terrigenous fluxes are, in reality, limited to this resolution. Multiplying low-resolution MARs by higher-resolution dust
percent data to produce a higher-resolution dust flux record assumes
that changes in dust percent are driven solely by changes in dust supply. However, short-term dust percent changes may also be driven by
variations in biogenic sediment accumulation in the sediments, for example, due to calcium carbonate dissolution.
These problems can be resolved in late Quaternary sediments by
normalizing to the flux of 230Th scavenged from seawater (20). This
approach allows calculation of high-resolution sediment accumulation
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INTRODUCTION

Variations in past mineral dust emissions from the Sahara Desert
recorded in marine sediments are central to our understanding of the
long-term climatic evolution of North Africa (1–5). Observational data
and modeling experiments indicate that dust emissions are tightly tied
to West African monsoon strength, as dust-generating winds and aridity vary in concert on decadal, millennial, and orbital time scales. During wet “Green Sahara” periods, northeasterly winds weaken over the
Sahara, while strong northeasterly winds accompany reduced soil
moisture and vegetation cover during weak summer monsoon intervals (Supplementary Text) (6–8). Saharan dust emissions thus vary in
opposition to West African monsoon strength, acting as an integrated
tracer of regional hydroclimate. In addition to tracing local conditions, windblown dust plays a critical role in Earth’s climate system, interacting with incoming and outgoing radiation, affecting cloud
formation, and supplying nutrients to the surface ocean and soils (9).
As the Sahara is the world’s largest dust source, records of past Saharan
dust deposition offer essential constraints on atmospheric aerosol loads
in past climates.
Long-term dust records indicate an increase in mean Saharan dust
fluxes over the past 5 million years (Ma), tracing the aridification of
North Africa (3, 4). Superimposed on this mean climate change are apparent changes in the time scales of North African climate variability:
Dust fluxes vary on precessional [19 and 23 thousand years (ka)] time
scales during the Pliocene (5 to 2.6 Ma), consistent with a wide range of
monsoon records showing variations in phase with summer insolation
(10, 11), and then shift to glacial-interglacial time scales (41 and 100 ka)
during the Quaternary (past 2.6 Ma) with limited precessional variability (4, 12). Given the ties between dust emissions and the West African
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rates that are relatively insensitive to age model errors, lateral sediment redistribution, and carbonate dissolution (Materials and Methods and Supplementary Materials). 230Th normalization has been
used to produce high-quality, reproducible records of Saharan dust
deposition across the subtropical North Atlantic, but these records
are limited to the past 20 ka (21–23). Here, to clarify the relative role
of glacial-interglacial and precessional variations in pacing North
African climate changes, we measured 230Th-normalized dust fluxes
over the past 240 ka in sediment core MD03-2705 [18°05′N, 21°09′W,
3085 m below sea level (mbsl)] (Fig. 1) (24), reaching the effective
limit of 230Th normalization at this site. The site is located directly
adjacent to Ocean Drilling Program Site 659 (ODP659; Fig. 1), which
provides one of the canonical records of Saharan dust emissions over
the past 5 Ma (3, 4). These data constitute the first 230Th-normalized
Saharan dust flux record spanning multiple glacial-interglacial
cycles.

Throughout the past 240 ka, 230Th-normalized dust fluxes at MD032705 present recurring fluctuations between minima around 0.5 g cm−2
ka−1 and maxima reaching ~1.5 to 1.75 g cm−2 ka−1, with one extreme reaching 2.5 g cm−2 ka−1 (Fig. 2 and table S2). The time history
of dust fluxes parallels summer insolation at 65°N, with dust minima
consistently occurring during insolation maxima (Fig. 2). We compare MD03-2705 dust percentages, which are the dominant drivers
of orbital variability in age model–based MARs (Supplementary
Materials; figs. S2 and S3), against our 230Th-normalized dust fluxes
(Fig. 2). The two records show similar variability for most of the past
240 ka, but important differences emerge between 160 to 140 ka, 70
to 60 ka, and 25 to 20 ka, corresponding to the peaks of the Marine
Isotope Stage (MIS) 6, 4, and 2 glacial stages, respectively (Fig. 2). In
each case, dust percentages indicate high dust deposition, while 230Th
normalization indicates moderate dust fluxes (Fig. 2).
We interpret these differences as reflecting the impact of carbonate
dissolution on dust percentages and thus age model–based MARs. As

Fig. 1. Modern dust over North Africa and core sites discussed in the text. Map of mean annual (2000–2017) dust aerosol optical depth (AOD) over the North
African continent, the northeastern Atlantic Ocean, the Mediterranean Sea, and the Gulf of Aden (off East Africa). Dust AOD data are from the 555-nm nonspherical AOD
retrieval averaged between 2000 and 2017 from the Multiangle Imaging Spectroradiometer (source: Giovanni, NASA EarthData). Cores discussed in the manuscript are
plotted: sites MD03-2705 (this study) and ODP659 (3) in the northeast Atlantic, site ODP967 in the eastern Mediterranean Sea (28), and core RC09-166 in the Gulf of
Aden (17). MD03-2705 and ODP659 are located under the present-day dust plumes transporting Saharan dust across the Atlantic Ocean.
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RESULTS

indicated by the carbon and oxygen isotopic ratios measured on MD032705 benthic foraminifera (d13Cben and d18Oben, respectively) (25), these
three periods correspond to periods when d13Cben is depleted and
d18Oben is enriched (Fig. 2). These isotopic changes have been interpreted as representing deep ocean circulation changes that bring corrosive southern-sourced deep water to the site (25), leading to increased
dissolution of the calcium carbonate deposited at the site. Reconstructions in the low- and mid-latitude North Atlantic indicate decreases in
carbonate ion concentrations at similar depths (3.3 to 3.6 km) during
MIS 2, 4, and 6 (26, 27), consistent with increased carbonate dissolution
at our core site at these times. This hypothesis is supported by decreases
in 230Th-normalized CaCO3 burial fluxes during these episodes (Fig. 2,
Supplementary Text, and fig. S5). As a result of carbonate dissolution,
dust percentages in the sediment rise during glacial periods independent of changes in eolian supply. 230Th-normalized fluxes measured
at high resolution identify that these periods are marked by lower carbonate and total sediment fluxes (Fig. 2), but the drop in total sediment
flux is missed by the age model–based approach (fig. S2) due to its lowresolution MAR estimates, leading to an overestimate of dust fluxes
during glacial maxima.
Spectral analyses were conducted on the MD03-2705 and ODP659
dust percentages (Fig. 3) and dust MARs (Supplementary Materials
and fig. S3) for the past 240 ka. As noted previously for the past 2.6 Ma
(4), ODP659 dust percentage variance over the past 240 ka (Fig. 3) is
concentrated at 100- and 41-ka cyclicities, the same time scales of
variability in global ice volume and atmospheric CO2 levels. While
the length of the studied period (240 ka) is too short to make firm
conclusions about 100-ka cyclicity, the 41-ka variability is robust.
The spectrum for MD03-2705 dust percentages is similar (Fig. 3).
The precessional 19- and 23-ka cyclicities show lower variance in these
spectra, consistent with previous studies on ODP659 that have suggested dominant glacial-interglacial pacing of North African climate
change (Fig. 3) (4). The similarities of the cores’ spectra with each
other and with spectra calculated over the past 2.6 Ma in ODP659
confirm that the two sites register the same regional eolian history
and that the past 240 ka is representative of the balance between
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Fig. 2. Dust and paleoceanographic records from core MD03-2705 off West Africa. (A) 230Th-normalized dust fluxes (red). (B) Northern Hemisphere summer
insolation (June-July-August, 65°N; dashed lines) (29). (C) Dust percentages (gray). (D and E) d18Oben (green) and d13Cben (orange) values from benthic foraminifera
(25). (F and G) 230Th-normalized CaCO3 flux (blue) and total sediment flux (black). All uncertainties are 1-s. Gray bars highlight periods when high dust percentages
occur in association with low 230Th-normalized sedimentation rates and carbonate accumulation rates, indicating that these dust percentage maxima are driven by carbonate
dissolution rather than eolian supply.
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high- and low-latitude impacts on Saharan dust fluxes during the late
Pleistocene.
The 230Th-normalized dust fluxes produce a very different spectrum
of variability over the past 240 ka (Fig. 3). Our record shows a clear
dominance of precessional forcing relative to 41- and 100-ka periodicities, in sharp contrast to the spectra of the dust percentage. While longer
records will be necessary to further test the change in 100-ka cyclicity,
the shift away from 41-ka variability toward precessional time scales is
robust (Supplementary Materials and fig. S4). Further, both the last two
glacial maxima show high dust percentages, while 230Th-normalized
dust fluxes are only similar to Late Holocene dust fluxes (Fig. 2). The
apparent dominance of glacial-interglacial variability on Saharan dust
records in previous studies appears to be an artifact of the methods used
to estimate fluxes, as carbonate dissolution caused by glacial-interglacial
changes in ocean circulation led to overestimation of dust percentages
and thus dust MARs during glacial maxima. This hypothesis is supported by spectral analysis of 230 Th-normalized CaCO3 fluxes, which
indicates the predominance of 41-ka cyclicity (Fig. 3). Our data suggest
that, at least during the last two glacial-interglacial cycles, Saharan dust
fluxes off West Africa were primarily driven by precessional variations
in summer insolation.

DISCUSSION

This finding is consistent with a wide range of other monsoon proxies
from North and East Africa that show high-amplitude precessional variability (Fig. 4). Sapropels in the eastern Mediterranean (Fig. 1), a
marker of high Nile River discharge, occur during each of the dust flux
minima in our record over the past 240 ka and show clear precessional
pacing (Fig. 4) (28). Similarly, dD values in leaf waxes from the Gulf of
Aden (Fig. 1), a tracer of monsoon intensity in East Africa (17), show
Skonieczny et al., Sci. Adv. 2019; 5 : eaav1887
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strong similarities with our record (Fig. 4). Records of the accumulation of windblown freshwater diatoms in Tropical Atlantic sediments, a tracer of the desiccation of Saharan lakes at the end of wet
periods, also show precessional variability with little power at 41- and
100-ka periods (18).
Many of these records also agree in showing “skipped beats” of monsoon intensity during glacial periods (Fig. 4), when there appears to be
muted variability in regional aridity despite fluctuating local summer
insolation. This observation is consistent with modulation of the response to summer insolation changes by eccentricity and obliquity, as
reflected in the combined ETP curve (Fig. 4) (29); in both MIS3 and
MIS6, precessional maxima in local summer insolation occur during
times of low eccentricity and obliquity, leading to reduced heating of
high-latitude Northern Hemisphere land masses, potentially muting
the monsoon response. Alternatively, it may be that glacial boundary
conditions (low CO2, greater ice volume) raise the threshold for monsoon responses to summer insolation changes. Regardless, the convergence between these records indicates coherent changes in monsoon
intensity in both East and West Africa recorded in a wide range of proxy
types on precessional time scales (Fig. 4).
However, the relative importance of glacial-interglacial versus
precessional variations in “monsoon” records may vary across the
continent and between proxies. For example, while the Gulf of Aden
dDwax record shows a precessional signal (Fig. 4) (17), the spectral analysis of this record also indicates a strong imprint of glacial-interglacial
changes (fig. S6). Comparable differences are evident in other monsoon regions as well: In the East Asian summer monsoon region, speleothem d18O records show primarily precessional variability (10), while
precipitation records from Chinese loess (14), a reconstruction of
Yellow River discharge (16), and other records [e.g., (30)] show a stronger role for glacial-interglacial variability. On a global scale, records of
4 of 8
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Fig. 3. Power spectral analysis of Saharan dust and carbonate records. Power spectral analyses (top) and associated coherences (bottom) conducted with the
AnalySeries software (46). (A) ODP659 and MD03-2705 dust percentages, (B) MD03-2705 230Th-normalized dust fluxes, and (C) MD03-2705 230Th-normalized carbonate
fluxes for the past 240 ka. Dashed line represents ODP659 data, and black line represents MD03-2705 data. Gray bars highlight the main orbital cyclicities (100, 41, and
23 ka) for which a peak in power variance is associated with a coherence higher than 0.5. While the length of the studied period (240 ka) is too short to make firm
conclusions about 100-ka cyclicity, the changes in 41- and 23-ka variabilities are robust.
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the isotopic composition of atmospheric oxygen are dominated by precessional variability (31, 32), providing support for a primary role of
summer insolation in modulating globally averaged tropical rainfall
over land. These differences highlight the need for future work to systematically examine the relative importance of precessional and glacialinterglacial forcings for different proxies and regions. This study’s
contribution to these efforts is to demonstrate that apparent glacialinterglacial variation in the previous dust flux records off West Africa
was an artifact of the methodology; more broadly, our work suggests
the importance of considering other aspects of glacial-interglacial
changes that may create apparent 100- and 41-ka variability in proxy
records interpreted as reflecting monsoon intensity or rainfall amount.
Although glacial-interglacial variability does not appear to have
strong effects on dust emissions from North Africa, high-latitude climate does affect monsoon strength during millennial-scale North Atlantic cooling events (stadials). In particular, the MD03-2705 record
shows a millennial-scale peak in dust fluxes during the most recent stadial, the Younger Dryas (12.7 to 11.9 ka; Fig. 4), consistent with dust
records spanning the deglaciation (21, 22, 24, 33, 34). Prior to 25 ka,
the lower sampling resolution (~2 ka) limits our ability to identify
millennial-scale variability, but the dust flux peak at ~40 ka may correspond to Heinrich stadial 4 (Fig. 4).
This study provides a new and clearer picture of late Pleistocene
North African climate variability, with implications for our underSkonieczny et al., Sci. Adv. 2019; 5 : eaav1887
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MATERIALS AND METHODS

Core sites
Sites ODP659 (18°04.63′N, 21°01.57′W, 3070 mbsl) and MD03-2705
(18°05.81′N, 21°09.19′W, 3085 mbsl) (Fig. 1) were drilled on a seamount off the Mauritanian coast, West Africa (3, 25). This seamount
culminates 300 m above the submarine ridge, connecting the Cape
Verde Archipelago to the African margin (24). Relatively distant from
the continent (~500 km) and from potential fluvial sediment sources
(38, 39), as well as far from the main turbidite and contourite deposition
zones (40), this oceanic area is located under the present-day seasonal
Saharan dust plumes (Fig. 1) (41). Considering this setting, it is assumed
that the inorganic fraction recorded at these sites is dominantly from
eolian origin.
230

Th normalization
Th normalization is used to calculate sedimentary accumulation
rates for MD03-2705. The method relies on the fact that 230Th is
produced at a known rate from the decay of dissolved 234U in seawater.
As U is a conservative ion in seawater, with a residence time of ~400 ka
(42), its concentration and isotopic composition are unlikely to have
varied substantially over the past 240 ka. Thorium is highly insoluble

230
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Fig. 4. African monsoon belt records and orbital forcing. (A) Northern Hemisphere summer insolation (65°N; dashed lines). (B) 230Th-normalized Saharan dust
fluxes from core MD03-2705 (red; reversed scale). (C) Sapropel numbers from
ODP967 in the eastern Mediterranean Sea, reflecting peaks in Nile River runoff
(28). (D) dD values in leaf waxes from core RC09-166 in the Gulf of Aden (blue)
(17). (E) Eccentricity-tilt-precession (ETP) parameter (gray) (29). Gray bars highlight
maxima of 65°N summer insolation, demonstrating consistent monsoon responses to
most insolation maxima and skipped beats during glacial maxima.

standing both of African climate evolution and of glacial-interglacial
dust variability. First, our data demonstrate that the primary driver of
North African climate on multimillennial time scales is Northern
Hemisphere summer insolation rather than glacial-interglacial variability. Given the dominance of precession even in the past 240 ka,
when the amplitude of glacial-interglacial variability has been near
its maximum for the past 5 Ma, this finding suggests that North African
climate evolution is unlikely to bear a strong imprint of changes in
the amplitude and timing of glacial-interglacial cycles over the
Plio-Pleistocene. The overall increase in glacial intensity and duration
over the Pleistocene is likely to have increased the number and magnitude of millennial-scale drying events in North Africa associated
with North Atlantic stadials and may have created more skipped
precessional beats as observed in records of the last two glacial
maxima (Fig. 4). However, it appears less likely that these changes
in glacial-interglacial cycles are a dominant pacemaker of North African
climate. Specifically, our results call into question the use of existing longterm dust records for investigations of changes in North African climate
variability and its potential links to hominid evolution (4, 5, 12, 19), as
these records overstate the importance of glacial-interglacial changes
due to biases related to carbonate dissolution.
Second, our findings demonstrate for the first time that Saharan dust
fluxes do not vary synchronously with dust fluxes from high- and midlatitude sources on glacial-interglacial time scales. While emissions from
high- and mid-latitude sources increase by a factor of 2 to 4 during glacial periods (35–37) and thus may play a significant role in amplifying
glacial-interglacial cycles through impacts on radiation or carbon storage in the ocean, low-latitude Saharan dust does not show significant
glacial-interglacial variability. As the Sahara is the world’s strongest
source of dust to the atmosphere, our findings have important implications for efforts to estimate dust loads during glacial periods and to
model the role of dust in glacial-interglacial transitions. Rather than
tracking glacial-interglacial changes, dust fluxes from the Sahara primarily reflect the imprint of precessional variability in local summer insolation, demonstrating coherent variability in the African monsoon
belt throughout the late Pleistocene.
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(“particle reactive”) in seawater, and therefore, 230Th quickly adsorbs to
falling particles after it is produced and has a residence time of only a
few decades (42). 230Th fluxes to the seafloor over multidecadal and longer time scales are thus approximately equal to 230Th production in the
water column and are largely independent of sediment fluxes (20, 43). It
then follows that bulk sediment fluxes are inversely proportional to
concentrations of unsupported, decay-corrected 230Th (230Thxs,0)
F¼

b⋅z

Thxs;0

230

ð1Þ

Calcium carbonate content
CaCO3 percentages for each sample were measured at Macalester
College by coulometry, following methods in (7). Although eolian dust
may contain detrital calcium carbonate, calcium carbonate contents at
MD03-2705 are dominantly of marine biogenic origin, mainly foraminifera and coccoliths (25).
Skonieczny et al., Sci. Adv. 2019; 5 : eaav1887
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SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/1/eaav1887/DC1
Supplementary Material and Methods
Supplementary Text
Fig. S1. MD03-2705 age model for the past 240 ka.
Fig. S2. Sedimentological parameters used in the dust MAR calculation for MD03-2705 and
ODP659 for the past 240 ka.
Fig. S3. Power spectral analysis of MD03-2705 and ODP659 dust MARs.
Fig. S4. Power spectral analysis of MD03-2705 230Th-normalized dust flux records at the
extremes of 1-s uncertainties.
Fig. S5. Comparison between MD03-2705 230Th-normalized CaCO3 fluxes and reconstructed
[CO32−] from Cibicidoides wuellerstorfi B/Ca between 90 and 50 ka.
Fig. S6. Power spectral analysis of RC09-166 dDwax (East Africa).
Table S1. Age control points used to build the chronology of the past 240 ka of core MD03-2705.
Table S2. MD03-2705 core depth, model age, thorium and uranium activities, and carbonate
content as well as sediment, dust, and carbonate fluxes for the past 240 ka.
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where F is the bulk sediment flux (g m−2 year−1), b is the 230Th water column production rate from the decay of 234U (0.0267 dpm m−3 year−1),
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with age and with the detrital content of the samples, making ~240 ka
the effective upper limit for 230Th normalization in these sediments.
U-Th data for the past 26 ka were analyzed at the University of
British Columbia and were published in (44). The samples for this study
were prepared and analyzed at the Massachusetts Institute of Technology (MIT) using standard techniques (23, 45). Samples weighing
~50 mg each were spiked with 236U and 229Th solutions and dissolved in Savillex PFA vials with nitric, hydrochloric, and hydrofluoric
acids as well as hydrogen peroxide. Following conversion to hydrochloric acid and addition of iron in solution, ammonium hydroxide was
added to neutralize the samples and precipitate iron oxyhydroxides,
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removed by centrifugation. The iron oxyhydroxides were then redissolved in nitric acid, and U and Th were isolated using 2-ml anion exchange columns containing AG1-X8 100- to 200-mesh resin.
U and Th fractions were analyzed separately in static mode using a
Nu Plasma II-ES multiple collector inductively coupled plasma mass
spectrometer equipped with a glass spray chamber, with a sensitivity
in wet plasma mode of ~40 V/ppm (parts per million) for U and Th.
230
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Cross-spectral analysis
To interrogate the different dust records for Milankovitch periodicities in the frequency (spectral) domain, we used the AnalySeries software package (46). The data have been processed by spectral analysis
to examine the response of the dust records in the main frequency
bands of orbital forcing, ~1/23 ka−1 and 1/19 ka−1 (precession), 1/41 ka−1
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the Blackman-Tukey method of cross-spectral analysis with a Bartletttype window, providing an 80% confidence interval (47–49) to identify periods where significant variance is concentrated. Spectra and
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past 240 ka to assess the extent to which local and ETP signals are
linearly correlated in each frequency band. Results of the spectral
analysis are presented as variance power. When similar periodicities
are present in any two signals (dust record and ETP), cross-spectral
analysis is used to define the level of coherence at these periods (49).
Coherence is a measure of the degree to which two signals are linearly
related to a zero-base correlation coefficient and is considered significant (at the 80% level) if larger than 0.5. Because of the fact that sedimentation rate and sampling resolution are not constant, the time
spacing between the samples is not regular. To obtain a regular time
sampling, all data were linearly interpolated and resampled on the
basis of the ETP curve resolution (29). The spectral analysis was performed on the past 240 ka time periods, and the studied frequencies
range from 0 to 0.1 ka−1. We note that the temporal window considered in the present work (past 240 ka) is relatively short for reliable
results in the 100-ka frequency range.
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