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Abstract: Increased dust emissions from dryland areas and their effects on human health, ecosystem
viability, and environmental change are a global concern in the face of the growing climate crisis.
Dust plume emissions from the West African landmass, Sahara, and Sahel areas comprise a major
fraction of the global aerosol budget. Dust plume intensity is closely related to regional winds
(e.g., Harmattan, Sahara Air Layer), the Intertropical Convergence Zone, monsoonal seasonality,
marine currents, and physiography. To study terrigenous material emitted from the continent over
the last ~260 kyr (late Quaternary), we used X-ray fluorescence spectroscopy (XRF) to analyze a
~755 cm long marine sediment core from the eastern equatorial Atlantic Ocean, resulting in nearly
1400 discrete measurements. Spectral analysis results suggest that concentrations of elements (Rb, Sr,
Si, Al) preserved in the sediments are correlated to different types of orbital climate forcing. Chemical
weathering intensity indicated by the Rb/Sr ratio was sensitive to seasonal insolation variations
controlled by precession cycles (23–18 kyr), which presumably reflects the relationship between
monsoonal rainfall and sensible heating of the continent. Spectral analysis of silicate mineral grain
size (Si/Al) showed significant 40 kyr cycles that were paced by obliquity. Based on these data, we
infer that winter tradewind activity accelerated in response to the intertropical insolation gradient
induced by high obliquity. High Rb/Sr ratios during the last glacial maximum and penultimate
glacial maximum may have been due to a predominance of mechanical weathering over chemical
weathering under dry/cool climates or the dissolution of Sr-bearing carbonates by corrosive glacial
bottom waters.

Keywords: dust plume; West African monsoon; XRF; terrigenous material; marine sediment core;
insolation variations; obliquity; orbital climate cycles; paleoclimate; quaternary

1. Introduction

Dust is an important environmental component of the atmosphere of Earth and
other planets [1,2]. It can affect global climate change by fertilizing terrestrial and marine
ecosystems and increasing primary productivity [3,4]. Dust aerosol exposure is an ongoing
concern for public health and respiratory illness [5,6]. This is underscored by the recent
United Nations’ commitment to combating sand and dust storms [7].

One of the main sources of atmospheric dust for Earth is the North African Sahara–
Sahel region (Figure 1) and Quaternary sediments of paleo-Lake Chad in the Bodélé
Depression [8,9]. North African dust production and transport relate to the seasonality of
the West African monsoon [10–12]. During the summer wet season (JJA), the monsoonal
front progressively migrates northward and draws in Gulf of Guinea moisture that rains out
over the continent [13,14]. This is associated with the summer dust plumes of the Sahara
Air Layer/African Easterly Jet [15–17]. The summer plume mostly follows a ~subtropical
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latitude over the Atlantic Ocean but also disperses northward into Europe [18,19]. During
the winter dry season (DJF), the position of the front and maximum rainfall moves toward
the south, leaving the Sahara–Sahel windswept by the Northeast Tradewinds and the
Harmattan that carry dust plumes southwestward off the continent [6,20]. Mineral phases
in the dust include fine-silt particles of clay, quartz, carbonate, and iron oxides that impart
the noticeable red and yellow colors in satellite imagery [19,21–23].
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ITCZ; and large arrow is Harmattan. Stippled area is approximate position of the Sahel [16]. Dark 
brown is areas producing significance dust for 21–31 days; yellow is significant dust production 
over 7–21 days [24]. Numbers refer to the potential source areas of Scheuvens et al. [23]. For the 
broader geographic context of VM30–40, the reader is referred to Figure 2. 

On geologic timescales, orbital cycles control insolation variations that change the 
monsoonal intensity and aeolian dust flux from North Africa [25–34]. Orbital precession 
(~20 kyr) is a fundamental driver of tropical insolation; eccentricity modulates the ampli-
tude and timing of precession [35,36]. Precession shifts the location of the solstices and 
equinoxes within the orbit, whereas eccentricity determines the Earth–Sun distance. Rain-
fall increases when precession places monsoonal wet seasons at perihelion [37,38]. How-
ever, obliquity (tilt axis) control on tropical insolation budgets also figures prominently in 
current debates about the role that orbital climate forcing plays in the African monsoon 
[39,40]. These obliquity debates are concerned with the interhemispheric disparities dur-
ing the solstices and may have implications for understanding the summer and winter 
seasonal dust plumes of northern Africa. 

High-latitude climate, polar icesheets, and subsequent effects on low-latitude cli-
mates influence the African monsoon and dust variations [29,41–44]. Icesheet expansion 
in the northern hemisphere creates a stronger north-to-south temperature gradient that 
may weaken the African monsoon through displacement of the Intertropical Convergence 
Zone (ITCZ) [45,46]. Icesheet melting in the southern hemisphere leads to changes in 
ocean water temperature that disrupts the Atlantic Meridional Overturning Circulation 
[47]. This may cool the North Atlantic by reducing meridional heat transport, which is 
associated with a southern shift of the ITCZ and a weaker West African monsoon that 

Figure 1. Study location. Climatological features are idealized, and the reader should note that
positions of the winds, air masses, and monsoonal flows are changing throughout the year: open
arrows are tradewinds; closed arrows monsoonal; high (H) and low (L) pressure; thick, black line is
ITCZ; and large arrow is Harmattan. Stippled area is approximate position of the Sahel [16]. Dark
brown is areas producing significance dust for 21–31 days; yellow is significant dust production over
7–21 days [24]. Numbers refer to the potential source areas of Scheuvens et al. [23]. For the broader
geographic context of VM30–40, the reader is referred to Figure 2.

On geologic timescales, orbital cycles control insolation variations that change the
monsoonal intensity and aeolian dust flux from North Africa [25–34]. Orbital precession
(~20 kyr) is a fundamental driver of tropical insolation; eccentricity modulates the am-
plitude and timing of precession [35,36]. Precession shifts the location of the solstices
and equinoxes within the orbit, whereas eccentricity determines the Earth–Sun distance.
Rainfall increases when precession places monsoonal wet seasons at perihelion [37,38].
However, obliquity (tilt axis) control on tropical insolation budgets also figures promi-
nently in current debates about the role that orbital climate forcing plays in the African
monsoon [39,40]. These obliquity debates are concerned with the interhemispheric dispar-
ities during the solstices and may have implications for understanding the summer and
winter seasonal dust plumes of northern Africa.
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Figure 2. Wet dust deposition during years 2002–2017; winter extends to December of 2001. Wet 
deposition is the removal of atmospheric gases or aerosols by precipitation. Map-model data ac-
cessed through the NASA Giovanni website, from the Modern-Era Retrospective analysis for 

Figure 2. Wet dust deposition during years 2002–2017; winter extends to December of 2001. Wet
deposition is the removal of atmospheric gases or aerosols by precipitation. Map-model data accessed
through the NASA Giovanni website, from the Modern-Era Retrospective analysis for Research
and Applications, Version 2 (MERRA—2). Colors and scale bar at the right of each panel indicate
dust deposition units of kg m−2 s−1. Panels show deposition during: (A) December, January, and
February (DJF); (B) March, April, May (MAM); (C) June, July, August (JJA); and (D) September,
October, November (SON). Warmer colors symbolize increased rate of deposition. For possible source
areas of the dust, the reader is referred to Figure 1. Location of VM30–40 indicated by black circle.

High-latitude climate, polar icesheets, and subsequent effects on low-latitude climates
influence the African monsoon and dust variations [29,41–44]. Icesheet expansion in the
northern hemisphere creates a stronger north-to-south temperature gradient that may
weaken the African monsoon through displacement of the Intertropical Convergence Zone
(ITCZ) [45,46]. Icesheet melting in the southern hemisphere leads to changes in ocean water
temperature that disrupts the Atlantic Meridional Overturning Circulation [47]. This may
cool the North Atlantic by reducing meridional heat transport, which is associated with
a southern shift of the ITCZ and a weaker West African monsoon that reduces moisture
over tropical North Africa [48,49]. Quaternary glacial–interglacial oscillations are paced
by obliquity (~40 kyr) and short eccentricity (~100 kyr). Just prior to the beginning of the
Middle Pleistocene (~0.8 Ma), the main period of these oscillations shifted from obliquity to
eccentricity [50]. This Mid-Pleistocene climate transition is the subject of much debate, and
it appears that obliquity pacing of glacial–interglacial cycles continued into the later part
of the Quaternary [51–53]. West African dust-flux records demonstrate a shift occurring
near the Mid-Pleistocene transition and earlier during the onset (~2.5–3.0 Ma) of northern



Atmosphere 2024, 15, 902 4 of 20

hemisphere glaciations [43,54]. However, there is some debate about the impact of the
onset and intensification of the glaciations on Plio-Pleistocene African climate [55,56]. Some
studies [26,32] have pointed out that, rather than a direct climate imprint, glacial cycles
are known to induce a diagenetic bias on the preservation of West African dust in marine
sediment cores. Glacial conditions may result in changes in Atlantic Ocean chemistry that
influence carbonate preservation and dissolution in deep water sedimentary environments.
This may lead to spurious evidence for glacial controls on monsoonal rainfall and dust in
the marine records. Because of these uncertainties, several outstanding questions remain
for understanding African paleoclimate: (1) Is dust production sensitive to glacial forcing
and its effects on the monsoon rainfall? (2) Considering that marine sediment core evidence
has been collected from subtropical sites under the summer dust plume [20,32,48], what do
the records indicate from equatorial sites under the winter dust plume?

Presented herein is a restudy of the terrigenous sediments in marine core VEMA
core 30–40 (VM30–40). This core was retrieved from the equator (0◦12′ S, 20◦09′ W) at a
water depth of 3706 m. The core spans the last ~260,000 years of the late Quaternary, and
the timespan is well constrained with marine oxygen isotope stages [57,58]. Pokras and
Mix [59,60] studied VM30–40, suggesting that the freshwater diatom fraction of the sedi-
ments derived from monsoonal climate change and aeolian processes associated with the
winter West African dust plume (Figure 2). However, the eastern equatorial Atlantic Ocean
also sees dust deposition throughout the spring (Figure 2), which suggests that VM30–40
may capture multiple seasons of terrigenous input. Eolian-transported, freshwater diatoms
in the marine sediment cores of West Africa derive from the deflation of diatomaceous
sediments in dry North African lakebeds [42]. During times of a dry monsoon, lower lake
levels exposed diatomite beds that then eroded and became entrained by winds. Thus, the
diatom increases in the marine core are thought of as indirect indicators of lake levels and
aridity. Spectral analyses conducted for evidence of orbital climate forcing in the VM30–40
freshwater diatom record revealed strong power at precession periods [59]. However,
Pokras and Mix [59] noted secondary increases in freshwater diatoms coinciding with
marine isotope stages 2, 4, and 6, suggesting that, in addition to climatic precession, glacial
epochs and other orbital periods may be recorded by the terrigenous sediments preserved
in the core. We explored orbitally paced changes in climate by using X-ray fluorescence
spectroscopy (XRF) analysis to reexamine a historic paleoclimate record from sediment
core VM30–40 (Figure 3). Our goal was to assess the influences on late Pleistocene terrige-
nous sediment preservation in the eastern equatorial Atlantic and interpret orbital controls
on African paleoclimate through the spectral analysis of the silicon (Si), aluminum (Al),
rubidium (Rb), and strontium (Sr) composition of the VM30–40 record. These elements
are common to continental detritus and used in African paleoclimate studies to identify
the terrigenous fractions of marine cores [30,48,61–63]. The objectives of this research
were threefold: (1) develop a stratigraphic timeseries for the XRF measurements using the
previously reported sedimentation rate based upon marine isotope stages (MIS); (2) use
spectral analysis to resolve orbital periods from the timeseries; and (3) interpret the origins
of the orbital periods. This dataset provides additional observations that refine our under-
standing of monsoonal paleoclimate change and geological controls on past changes in
African dust production.
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tyre et al. [57,58]. All δ18O units are in per mil (0/00). Lithostratigraphy of the core is based on ar-
chival information of the Lamont Geological Observatory. Lithological symbols: (1) interbedded 
layers of foraminiferal ooze and foraminiferal marl ooze, (2) foraminiferal marl, (3) foraminiferal 
ooze, and (4) foraminiferal marl ooze. The original XRF counts for each record is provided by the 
Supplementary Material. 

2. Materials and Methods 
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Core Repository. Prior analysis of VM30–40 indicates that the recovered sediment record 
has a well-resolved chronostratigraphy (Table 1). The core is 755 cm long, representing the 
last ~256.7 kyr to late MIS 8 [57,58]. We used the MIS age–depth data (Table 1) to construct 
a chronology for the core and linearly interpolate a mean sediment accumulation rate of 
1 cm per 340 years. VM30–40 has the typical sediments of the marine cores of the eastern 
tropical Atlantic dominated by biogenic CaCO3 and a subordinate amount of terrigenous 
detritus [26,30,32,64–66]. Core sediments also contain minor fractions of biogenic opal and 
phytoliths and may preserve pollen [42,67–69]. Previously, VM30–40 has been used for 
paleoceanographic and paleoclimate research based on diatoms, phytoliths, CaCO3, 
color/iron-oxide content, isotopes, and thorium-normalized dust concentrations 
[57,58,64,65,70,71].  

Table 1. VM30–40 core chronology *. 
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nr 1.5 0 
1.1 6.5 12 
2.0 12 33 

2.22 17.8 58.5 

Figure 3. Stratigraphy of VM30—40. Marine isotope stages (MIS) and oxygen isotope curve at
left are after Lisiecki and Raymo [50]. Oxygen isotope curve of VM30–40 is from Imbrie et al. and
McIntyre et al. [57,58]. All δ18O units are in per mil (0/00). Lithostratigraphy of the core is based on
archival information of the Lamont Geological Observatory. Lithological symbols: (1) interbedded
layers of foraminiferal ooze and foraminiferal marl ooze, (2) foraminiferal marl, (3) foraminiferal
ooze, and (4) foraminiferal marl ooze. The original XRF counts for each record is provided by the
Supplementary Material.

2. Materials and Methods
2.1. Marine Core VM30–40

In this paper, we provide new data for VM30–40 (IGSN number DSR000ZD0). This
core was initially split and described in 1973 and has been archived at the Lamont-Doherty
Core Repository. Prior analysis of VM30–40 indicates that the recovered sediment record
has a well-resolved chronostratigraphy (Table 1). The core is 755 cm long, represent-
ing the last ~256.7 kyr to late MIS 8 [57,58]. We used the MIS age–depth data (Table 1)
to construct a chronology for the core and linearly interpolate a mean sediment accu-
mulation rate of 1 cm per 340 years. VM30–40 has the typical sediments of the marine
cores of the eastern tropical Atlantic dominated by biogenic CaCO3 and a subordinate
amount of terrigenous detritus [26,30,32,64–66]. Core sediments also contain minor frac-
tions of biogenic opal and phytoliths and may preserve pollen [42,67–69]. Previously,
VM30–40 has been used for paleoceanographic and paleoclimate research based on di-
atoms, phytoliths, CaCO3, color/iron-oxide content, isotopes, and thorium-normalized
dust concentrations [57,58,64,65,70,71].

Table 1. VM30–40 core chronology *.

MIS Substage ‡ Age (ka) Depth (cm)

nr 1.5 0
1.1 6.5 12
2.0 12 33
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Table 1. Cont.

MIS Substage ‡ Age (ka) Depth (cm)

2.22 17.8 58.5
2.24 21.4 75
3.0 24 91.5
3.3 53 162
4.0 59 183
4.2 65 195
5.0 71 208
5.1 80 241.5
5.2 87 261
5.3 99 297
5.5 122 370.5
6.0 128 387
6.2 135 399
6.4 151 462
6.5 171 522
nr 176 540
6.6 183 555
7.0 186 567
7.1 194 606
7.2 205 627
nr 212 633
7.3 216 642
7.4 228 666
7.5 238 705
nr 257 753

‡ nr = not reported; * based on the SPECMAP oxygen isotope age model [57,58].

2.2. Seasonal Production of the Dust

It is assumed that the seasonal timing of Pleistocene dust input is similar to the
modern dust input at the VM30–40 marine core site. We followed Prospero et al. [72], who
studied the near-equatorial transport of West African dust across the Atlantic Ocean during
calendar years 2002–2017. These authors showed significant increases in dust during
winter and spring months using map-model observations generated from the Modern-Era
Retrospective analysis for Research and Applications, Version 2 (MERRA—2). To illustrate
the modern seasonality of dust plumes over the VM30–40 marine core site, we accessed
2002–2017 wet deposition products from the MERRA-2 generator. This tool is open-access
through the NASA Giovanni website (Figure 2).

VM30–40 was retrieved at about 1400 km SW from the coast of West Africa and
the site lies under the southern part of the winter and spring West African dust plumes
(Figure 2). West African dust plumes are caused by the interrelated factors of the monsoon,
the Intertropical Convergence Zone (ITCZ), and Hadley Cell convection. At the ITCZ,
tradewinds meet as the easterly surface branch of Hadley Cells. Harmattan winds are
part of the system of northeasterly tradewinds over North Africa. Harmattan winds are a
main carrier of the winter and spring West African dust plume that flows southwest off
the continent [12]. During the onset of the monsoon, sensible heating progressively moves
northward across the African landmass to reach a maximum in boreal summer (JJA). The
ocean–land temperature gradient that arises accelerates monsoonal winds landward to
establish a deep tropical convection over northern Africa [73]. Tradewinds and the ITCZ
follow sensible heating to the north. When the ITCZ migrates south during austral summer,
the Harmattan winds extend over North African source areas to carry the winter dust
plume [74]. Winter (DJF) dust plumes following a southwestern trajectory pass over the
eastern equatorial Atlantic marine core site VM30–40 (Figure 2). In spring (MAM), West
African dust activity continues (Figure 2) as the ITCZ migrates from south to north.
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2.3. Analyses

Before the scanning of core VM30–40, the surfaces of its sections were scraped clean
as standard protocol. The core sections were scanned lengthwise along the center of the
core surface using an Itrax Core Scanner (Cox Analytical Systems, Mölndal, Sweden) at
the Lamont-Doherty Earth Observatory Core Repository. Analyses were performed using
settings of 30 kV and 30 mA with a Mo tube, a step size of 5 mm, and an exposure time of
5 s. The XRF data were collected in total counts [75], and we transformed the elemental
data by calculating the log-ratios of the element intensities. Log-ratios have been shown to
be simple linear functions of log-ratios of concentrations that minimize biases introduced
by the analytical conditions of XRF measurements [76,77]. We selected the elements Si,
Al, Rb, and Sr as proxy indicators of terrigenous material and paleoclimate. Si is used
to represent the lithogenic quartz fraction in the dust and Al is probably a measure of
the aluminum silicates of the finer clay minerals [23]. The grain size differences in these
minerals are indicative of changing transport conditions such as wind strength [30]. Rb/Sr
ratios of West African marine sediment cores indicate continental weathering intensity [61].
Sr-bearing carbonate phases are easily removed from soils and rock through dissolution,
whereas the Rb is retained in K-bearing minerals like feldspar that are more resistant to
weathering [78,79].

The log(Si/Al) and log(Rb/Sr) changes according to stratigraphic depth were con-
strained with the established δ18O record of the core between 0 and 755 cm (Figure 3).
Depth positions of MIS datums were used to construct a linear regression age model
and scale the XRF depth series to time. The VM30–40 δ18O record is from the planktonic
foraminifera Globigerinoides sacculifer [57], and the data reported in Table B1 of McIntyre
et al. [58] provide 28 core depths matched to 28 dates based on the SPECMAP oxygen
isotope stratigraphy and marine isotope stages (Table 1). The timeseries for each of the
log(ratio) were calibrated using the mean sedimentation rate of 1 cm per 340 years (Figure 3)

To assess orbital forcing, the log(Si/Al) and log(Rb/Sr) timeseries were resampled to
the median sampling interval of 0.17 kyr, which corresponds to the step size of 5 mm used
for the XRF scan of the core. We then treated each log(ratio) timeseries to spectral analysis
using the Blackman–Tukey cross-coherency comparison method (B–T coherency for short).
This was performed with the AnalySeries software (https://paloz.marum.de/confluence/
display/ESPUBLIC/QAnalySeries-Public, accessed on 16 July 2024) [80]. Spectral analyses
used a Bartlett window, and zero-coherency was set to an 0.5 (80%) level of significance. B–T
coherency comparisons were made with eccentricity-tilt-precession (ETP) generated with
Acycle software v2.8 [81,82].Gaussian and Tanner filters were applied to the XRF timeseries
to isolate the significant orbital cycles identified from the B–T coherency method. The
range of the filter was set based on significant frequencies resolved from the B–T coherency
results and recommended settings [83]. Timeseries isolated from the filtering were then
compared to the XRF stratigraphy, astronomical solutions, and the δ18O proxy record of
global ice volume obtained from the LR04 benthic stack [50].

3. Results

Neither of the two XRF timeseries for the core demonstrated a long-term directional
shift toward higher or lower ratios (Figure 3). In addition to this broad similarity, the
log(Rb/Sr) and log(Si/Al) timeseries had few features in common. Although frequent
fluctuations occurred in both records, none of these appeared to be strongly synchronized,
and the absolute maximum and minimum values were not in alignment or antiphase. As
evident from the spectral analysis data presented below, the two XRF timeseries appeared
to record different responses of West African dust to monsoon climate change over the
last ~260 kyr. At some chronostratigraphic levels, the two records were antiphased but in
different directions (Figure 3, compare MIS 1, MIS 2, and glacial maximum in MIS 6).

B–T coherency comparisons for the log(Rb/Sr) timeseries indicated significant fre-
quencies of 22.7 and 18.2 kyr interpreted as climatic precession (Figure 4). For precession,
the average period is roughly 21.5 kyr with a large dispersion between 14 and 30 kyr [84].

https://paloz.marum.de/confluence/display/ESPUBLIC/QAnalySeries-Public
https://paloz.marum.de/confluence/display/ESPUBLIC/QAnalySeries-Public
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Other estimates suggest climatic precession ranges from 19 to 24 kyr with an average
period of 21.5 kyr [85]. B–T coherency comparisons also suggested the presence of short
eccentricity (Figure 4). This period may be related to the climate cycles indicated by the 18
kyr and 23 kyr precession signals [86]. However, the timespan of the core was probably too
short to confirm the significance of low-frequency periods. Based on these observations,
during the last ~260 kyr, Rb and Sr input to the marine core site was primarily driven by
precessional variations in West African dust. The most likely process connecting precession
to the Rb and Sr variations is orbital insolation changes.
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(100 kyr), obliquity (40 kyr), and precession (23 and 18 kyr). A short eccentricity was probably not
significant over the short timescale (~260 kyr) of this marine core.

Results for log(Si/Al) timeseries suggested a different spectrum of variability over the
~260 kyr record. Obliquity had high significance and was the dominant period indicated
by the B–T coherency comparisons (Figure 4). No eccentricity or precession periods were
demonstrated by the results. Several obliquity frequency components occurred with
periods between ~40 and ~41 kyr, collectively resulting in the prominent ~40 kyr obliquity
cycle [87]. The obliquity signals recognized from studies of late Pleistocene paleoclimate
records had several different origins. For example, obliquity influenced fluctuations of
glacial ice volume and atmospheric CO2 concentrations despite late Pleistocene global
climate change and sea level being dominated by eccentricity [88]. On the other hand,
obliquity is regarded as an important control on intertropical insolation budgets that drive
tropical paleoclimate change independent of glacial–interglacial conditions [39,89].

4. Discussion
4.1. Origin of the Precession Signal in the Rb/Sr Timeseries

Climatic precession affects the intensity of seasonality in the tropics [36]. It sets the
distance from the Earth to the Sun at the summer solstice [84]. Since the monsoon is a
seasonal insolation system, there is a strong relationship among precession, sensible heating
of the African landmass, and tropical rainfall. Moisture and temperature changes during the
late Quaternary of Africa were controlled by precession changes to insolation [29,38,90,91].
Moisture and temperature influence continental weathering rates, reflected in Rb and Sr
concentrations [78,79,92,93].
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Pokras and Mix [59] correlated the freshwater diatom increases in VM30–40 to dry
monsoons during times of decreasing summer insolation (increasing precession). Lower
lake levels in the summer were thought to increase the number of dry lakebeds that supplied
detritus to subsequent winter dust plumes. However, freshwater diatom cycles are out of
phase with precessional summer insolation (Figure 5A,B). Pokras and Mix [59] suggested
that diatom sources were rapidly depleted during the early onset of dryness, accounting for
the correlations between diatom maxima and the increasing limb of precession (decreasing
limb of summer insolation) rather than at precession maxima (insolation minima). To
assess the relationships between precessional insolation and the XRF elemental changes,
we performed a phase analysis between the log(Rb/Sr) timeseries and the astronomical
solution of insolation at 23◦ N for the mean monthly summer season (average over three
months, JJA). Our results demonstrate that the two records are out of phase, with the
XRF timeseries leading the precessional (23 kyr) summer insolation by about 90◦ or 6 kyr
(Figure 6). This is not unlike the results of Pokras and Mix [59]. However, although not
discussed in detail by these authors, it was also noted that the freshwater diatom increases
in VM30–40 are approximately in phase with spring insolation (Figure 5C). An in-phase
relationship with spring environmental processes is not unexpected given that modern
West African dust plumes are active at this time of year [4,94,95]. Severe outbreaks of
West African dust have been documented during March [96–98]. Spring dust deposition
in the Caribbean and South America originates from fast-traveling, on the order of days,
West African plumes that have equatorial trajectories across the Atlantic [72,99]. This
is readily observed by model-map data that show springtime dust deposition over the
core site VM30–40 in the eastern equatorial Atlantic (Figure 2). These low-latitude spring
dust plumes probably relate to the position of the ITCZ and the tradewinds following
SW trajectories off the northern African landmass [74]. To assess the presence of a spring
insolation component to the XRF timeseries, an astronomical solution was generated for
the spring season mean (MAM) at 23◦ N. The comparison suggests a strong in-phase
relationship between the log(Rb/Sr) timeseries and spring insolation at the 23 kyr period
of precession (Figure 6). Such a correlation between increased insolation and log(Rb/Sr)
maxima agrees with observed modes of weathering. We associate increased North African
moisture and temperature with higher insolation [89]. Greater Rb/Sr ratios are assumed
to be indicative of stronger chemical weathering caused by increased moisture available
for hydrolysis and higher temperatures that catalyze reactions [100]. Rb substitutes for
the K ions found within more stable mineral phases [92]. K-rich micas and feldspars
tend to be retained within soils and saprolites during chemical weathering [79,93]. It
is expected that Rb/Sr typically increases with stronger chemical weathering because
soluble Sr is removed or more Rb is retained [78,101]. Therefore, the higher Rb/Sr ratios
correlating with the spring insolation maxima may be explained by stronger chemical
weathering under hotter and wetter monsoonal climates. Moreover, Rb/Sr variations
are well correlated with both increasing and decreasing spring insolation (Figure 7). This
contrasts with the records of freshwater diatoms. The diatoms are physically weathered and
only represent a portion of the insolation cycles, when lake levels drop below a threshold
and detritus of dry lakebeds are incorporated into dust plumes. To explain the out-of-phase
relationship between the diatom record and summer insolation, it has been suggested that
the diatom maxima represent the brief input of Melosira to ocean sediments during the
orbital climate transition between very humid conditions (annually high lake levels) and
very arid conditions (annually low lake levels) [42,59,60].

However, absolute maximum values in the log(Rb/Sr) timeseries (Figure 3) coincide
with the last glacial maximum of MIS 2 and the penultimate glacial maximum of MIS 6.
These are generally regarded as dry times for North African climate [41,44]. This obser-
vation would appear to be in contrast with the above discussion that higher Rb/Sr ratios
correlate with stronger chemical weathering under increased moisture and temperature.
During the changeover from MIS 6 into 5 (Termination II), log(Rb/Sr) values decrease and
reach a local minimum at ~125 Ka to coincide with the interglacial of MIS 5e (Figure 8).
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In the interval through MIS 5 (~130–70 Ka), increased log(Rb/Sr) ratios occur near the
end of stadial 5b and in the middle of stadial 5d (Figure 8). These patterns demonstrate
higher ratios occur during dry glacial epochs, at odds with the higher ratios at increased
temperature/moisture during insolation maxima (Figure 7A). A similar Rb/Sr climate
incongruency was reported by Cole et al.’s [61] study of Pleistocene–Holocene West African
dust from marine core sediments. During the last glacial maximum (MIS 2), increased
Rb/Sr ratios were attributed to an increase in mechanical weathering over chemical weath-
ering under a dry glacial climate [61,63]. “Softer” Sr-bearing minerals are thought to be
readily affected by abrasion and subsequent dissolution. Evidence of glacial forcing from
the B–T coherency data might lie with the significant ~100 kyr period in the log(Rb/Sr)
(Figure 4). However, the core sequence (~260 kyr) is probably too short to make firm conclu-
sions about 100 kyr cyclicity [32]. Furthermore, the ~100 kyr period in the log(Rb/Sr) B–T
results (Figure 4) may represent the modulating effects of eccentricity on tropical insolation
rather than a glacial signal [85,86]. Unambitiously, the spectral analyses (Figures 4, 6 and 7)
demonstrate precessional insolation as a main control on the long-term variability in the Rb
and Sr values. Variations in the log(Rb/Sr) timeseries during the aforementioned substages
of MIS 5 are in phase with orbital precession (Figure 8). However, late Quaternary glacial
cyclicity was sensitive to precession forcing of summer insolation [102]. The two records
(Rb/Sr and glacial δ18O, e.g., Figure 8) may thus be indicative of separate responses to
precession, rather than the Rb and Sr variations responding to the effects of global ice
volume. There may be an underlying glacial imprint of mechanical weathering on the Rb
and Sr data, but the magnitude of that remains to be determined.
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during increasing precession (decreasing insolation) quickly erodes and depletes sources of diatoms
in the exposed lakebeds when lake level is low. In “c”, very little diatom detritus is remaining for
transport at the precession maximum (insolation minimum). (B) Pokras and Mix’s [59] preferred
chronostratigraphic correlation between diatom increases in the core (Melosira/g) and summer
insolation. Example is shown for Melosira increase in the core near 75 ka. (C) Same as in (B) but
spring insolation is now shown for comparison.
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4.2. Obliquity and Windiness in the Si/Al Data

Numerous types of marine core data have been used to study the Plio-Pleistocene
terrigenous material and dust of North Africa, from rock magnetic parameters to pollen
analyses [54,103]. Variation in the Si and Al contents of these cores represents changes
in grain size, transport mode, and weatherability of continental detritus [48]. In the
Mediterranean Basin, marine core sediments with increased Si/Al ratios are interpreted
as proxy records of the intensified transport of (Si) eolian materials over the transport of
(Al) fluvial materials from northern Africa [62]. Because West African river sediments
are unlikely to reach the site of VM30–40, which is positioned near the crest of the Mid-
Atlantic Ridge (2500 km west of Africa), the Al-rich fluvial materials may be wind-blown
detritus from dry riverbeds/floodplains. Studies of Pleistocene West African marine
core records have interpreted variations in Si/Al as proxy indications of Sahara–Sahel
windiness [30,104].

Significant B–T results for the obliquity period (Figure 4) suggest the Si/Al ratios
may be related to glacial–interglacial climate change. The glacial-related cooling of the
sea surface temperature (SST) of the North Atlantic may weaken southwesterly winds
carrying moist monsoonal air from the Gulf of Guinea [43]. A colder North Atlantic SST
may lead to a slower/stoppage of the Atlantic Meridional Overturning Current (AMOC)
and decreased transport of heat from southern to northern tropical waters [105]. Less
warm water transport northward under slower AMOC causes a warmer South Atlantic
Ocean [47]. This may lead to a more southern ITCZ position and dryer conditions over
North Africa. Atlantic Ocean water heat transport affects the strength and location of the
ITCZ and thus monsoonal rainfall over North Africa [49].

An ensemble of West African marine core sediment records [48] show that Al/Si ratios
increase during a wet North African climate and decrease under dryness. Similar findings
from other marine sediment core data suggest increased Si/Al ratios (dry) during glacial
epochs and decreased Si/Al ratios (wet) during interglacials [30]. Over the last ~410 kyr of
the Quaternary, high obliquity (interglacial) caused AMOC strength to increase and the
ITCZ had a more northern position [106]. A more northern ITCZ suggests a wetter North
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African monsoon [49]. A Tanner filter was used to isolate the significant obliquity period
from the log(Si/Al) timeseries in Figure 4. Plotting these filtered data and comparing the
timing with the Laskar et al. [82] solution reveals that the Si/Al variations are in phase
with obliquity over the last ~260 kyr (Figure 9). This relationship is incongruent with the
above expectations, as our data suggest Si/Al maxima during obliquity maxima (~wet
interglacials) and minima during obliquity minima (~dry glacials). Therefore, the Si/Al
variations in VM30–40 appear to reflect a paleoclimate control different from glacial forcing.
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Instead of moisture variations, the Si/Al data may be indicative of Harmattan speed/
strength. In modern times, the seasonal peak of Harmattan dust is thought to be more
closely related to the ITCZ location and surface winds as compared to rainfall [28,74]. Cli-
mate model simulations indicate that the ITCZ position and the strength of the tradewinds
is sensitive to cross-equatorial temperature gradients [107,108]. Obliquity insolation influ-
ences such gradients and causes differential warming of the northern and southern African
tropics [39,89]. Increased obliquity is thought to be a cause of North Africa winters with
stronger cross-equatorial winds [39]. Under increased obliquity, Hadley Cell convection
over the winter hemisphere expands and intensifies, pushing the ITCZ and ascending
branch of the Hadley Cell into the summer hemisphere [108]. This is accompanied by the
enhancement of the tradewinds’ intensities of the winter hemisphere and predominantly
northerly surface wind anomalies near the equatorial latitudes [107]. These relationships
may explain why the filtered log(Si/Al) timeseries is practically in phase with obliquity
(Figure 9). A stronger/weaker Harmattan incorporates a greater/lesser amount of the
larger silt-sized quartz particles into the dust plumes [30,104]. Obliquity affects the intensity
of Harmattan winds by modulating the cross-equatorial insolation gradient [39].

4.3. CaCO3 Dissolution Bias?

Some current studies on West African marine sediment core records of terrigenous
material suggest that the glacial signals indicated by the dust fraction originate from
the dissolution of carbonate phases in the core sediments [32]. The glacial–interglacial
oscillations may be influencing the dust’s sedimentary preservation context at the ocean
bottom but not the dust production/transport from the Africa landmass [26]. During glacial
epochs, deep ocean circulation changes bring corrosive southern-sourced deep waters to
the eastern equatorial Atlantic [109]. The dissolution of the marine carbonate fraction
leads to an overrepresentation of the terrigenous silicate fraction, which may cause a false
positive for increased African dustiness. If carbonate dissolution has indeed impacted
the VM30–40 core, then we expect to find evidence of decreased carbonate during glacial
epochs and more carbonate during interglacials. Pokras [71] noted that for core VM30–40,
carbonate percentages increase after glacial-to-interglacial shifts and decrease prior to
interglacial-to-glacial transitions. A direct stratigraphic comparison (Figure 10) between



Atmosphere 2024, 15, 902 14 of 20

the LR04 δ18O benthic stack (proxy of global ice volume) and the VM30–40 core percent
carbonate (%CaCO3) record reveals that many of the low %CaCO3 values are associated
with glacial epochs. A pronounced decrease to ~65% CaCO3 occurs in MIS 2 (the last glacial
maximum) and a decrease to <70% occurs in MIS 4. The transition from warm MIS 7 to
glacial MIS 6 (penultimate glacial maximum) is marked by decreasing percentages that
continue through to the late part of MIS 6. The MIS 7-to-MIS 6 transition is characterized
by high maximum %CaCO3 values in mid MIS 7, a pronounced drop to <65% in late MIS 7,
intermediate maximum %CaCO3 values in early MIS 6, a drop to <65% in mid MIS 6, and
low maximum %CaCO3 values in late MIS 6, followed by a pronounced drop to the lowest
values of the core (<60%) in late MIS 6.
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log(Rb/Sr) timeseries indicates this was not a reoccurring disturbance, at least not on 
obliquity timescales. To further investigate the possible carbonate dissolution effects, we 
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ative, representing greater weathering. The decreased Sr could be an indication of the dis-
solution of the carbonate-bearing phases that carry the Sr. However, the Rb counts are 

Figure 10. (Upper) The solid blue line is the %CaCO3 record of the core (https://doi.org/10.1594/
PANGAEA.51365) and the dotted line is the global ice volume record over the last ~260 kyr [50]. The
scale along bottom depicts the MIS stages/substages. (Lower) Same as above except now the dotted
line is the astronomical solution for obliquity [82].

In MIS 6, CaCO3 variations follow the phase timing of orbital obliquity, in the manner
predicted by the carbonate dissolution hypothesis. If carbonate is being dissolved during
glacial epochs, then we should observe decreased %CaCO3 at obliquity minima, when
the icesheet volume expands. The VM30–40 record demonstrates increased %CaCO3 near
obliquity maxima and decreased %CaCO3 during the obliquity minima of MIS 6.

Although we do not possess the data to completely understand the terrestrial and
marine origins of carbonate in VM30–40, our Si/Al record should not be as affected by
dissolution in comparison to CaCO3. We are not measuring the total terrigenous fraction
as calculated by terrigenous subtracted from carbonate; we are only measuring relative
elemental ratios. Sr, however, replaces calcium in CaCO3. Glacial dissolution on calcium-
bearing Sr in VM30–40 may help to explain why the two largest Rb/Sr ratios of the
core correlate with MIS 2 and MIS 6 glacial maxima. However, the B–T analysis of the
log(Rb/Sr) timeseries indicates this was not a reoccurring disturbance, at least not on
obliquity timescales. To further investigate the possible carbonate dissolution effects, we
plotted individual Rb and Sr counts for the intervals of ~17–19.5 ka and ~133.5–137.5 ka
(Figure 11). Each of these intervals constrain the two greatest weathering intensity maxima
of the core. In both cases, the Sr decreases as the log(Rb/Sr) values become more negative,
representing greater weathering. The decreased Sr could be an indication of the dissolution
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of the carbonate-bearing phases that carry the Sr. However, the Rb counts are antiphase
with the decreased Sr at ~17–19.5 ka yet have an in-phase decrease with decreased Sr at
~133.5–137.5 ka. This may suggest different Rb modes of weathering during glacial maxima.
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maximum (MIS 6).

5. Conclusions

XRF measurements were used to assess the late Quaternary (last ~260 kyr) elemental
composition of marine sediment core VM30–40 from the eastern equatorial Atlantic Ocean,
where the modern terrigenous input is dominated by winter and spring West African dust
plumes associated with seasonal monsoonal dryness over the Sahel. A chronostratigraphic
timeseries was constructed with previously determined marine oxygen isotope stages.
Ratios of Rb to Sr (a proxy indicator of weathering) and Si to Al (grain size) revealed
different orbital forcing patterns and correlations with proxy records of paleoclimate
change. Although further work is necessary to independently validate our findings with
other proxy records, the following conclusions are made from the collected data:

• Chemical weathering intensities (Rb/Sr) appear to be in phase with the timing of
spring (MAM) insolation, presumably because of the moisture and temperature
changes associated with the precession forcing of the West African monsoon.

• Grain size (Si/Al) maxima correlate to obliquity maxima, suggesting intensified winter
tradewinds during interglacial epochs. This is inferred to reflect the sensitivity of the
ITCZ over Africa to obliquity forcing of the intertropical insolation gradient [39].

• Maximum Rb/Sr values of the core coincide with the last glacial maximum (MIS 2)
and the penultimate glacial maximum (MIS 6). Most paleoclimate reconstructions
suggest that late Quaternary glacial epochs in northern Africa were cool and dry,
which is at odds with chemical weathering intensities increasing (increasing Rb/Sr
ratios) during warm and wet monsoons at spring insolation maxima. This may be
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explained either by an increase in mechanical over chemical weathering during glacial
epochs [61,63] or the dissolution of Sr-bearing phases of carbonate by corrosive glacial
Atlantic bottom waters [32].

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/atmos15080902/s1: Table S1: Rb, Sr, Si, and Al XRF measurement values.
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