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Abstract Northwest Africa transitioned from a wet/vegetated landscape toward drier/sparser conditions
sometime between the late‐Pliocene and the late‐Pleistocene. However, our understanding of the precise timing
and nature of this transition is hampered by a paucity of paleo‐records which bridge these two intervals. Here we
report new plant‐wax isotope as well as dust and opal flux records from the relatively brief interval ∼1.1–1.0
million years ago (Ma) to evaluate the astronomical timescale controls of Northwest African hydroclimate and
vegetation during the Mid‐Pleistocene Transition (MPT) and, in context with published records, the drivers of
long‐term climate and ecological trends over the Plio‐Pleistocene. The tempo and amplitude of the Northwest
African monsoon rainfall swings closely track low latitude insolation forcings over the last 5 Ma. However, we
demonstrate that a pronounced mean state decline in monsoon strength likely occurred following the MPT most
likely instigated by increasing Atlantic meridional sea surface temperature gradients or declines in the strength
of the meridional overturning circulation. The northward extent of vegetation does not track changes in
monsoon strength over the Plio‐Pleistocene and thus may be more strongly influenced by changes in monsoon
rainfall extent or ecosystem disturbances. Progressively diminished dust fluxes following a decline in monsoon
strength after 1.0 Ma is consistent with reduced production and subsequent depletion of fine‐grained sediments
in the Sahara. Synchroneity between dust and opal fluxes across timescales suggests nutrient delivery to the
surface ocean via dust plays a key role in marine primary productivity off the coast of Northwest Africa.

1. Introduction
The Sahara is the most expansive hot desert on Earth and is the largest source of dust to the atmosphere and the
world's oceans (Ginoux et al., 2012). Moving north to south, barren desert landscapes transition to grassland,
savanna, and forest ecosystems where increasing woody cover is facilitated by rising rates of seasonal monsoonal
precipitation. On time scales of thousands of years, paleoproxy records of terrestrial vegetation from pollen and
plant biomarkers reveal that the spatial distribution and composition of these biomes have varied dramatically in
response to past climate forcings. For example, during the African Humid Period (AHP), ca. 14.5–5.5 thousand
years ago (ka), increased monsoonal precipitation yielded northward expansions of grasslands, savannas, and, to a
lesser extent, forests across what today is a desert landscape (Dallmeyer et al., 2020; Hély et al., 2014; Jolly
et al., 1998; Ritchie et al., 1985). Declines in dust and opal fluxes to marine sediments concomitant with these
rainfall and vegetation shifts demonstrate the strong connection between monsoon strength, dust production/
transport, and surface ocean primary productivity along the Northwest African margin (Bradtmiller et al., 2016;
McGee et al., 2013). The AHP is not a unique event, but the most recent iteration of stronger than normal
monsoon conditions in North Africa long postulated to have resulted from astronomical forcing associated with
variations in the Earth's axial tilt and orbit about the sun (Kutzbach, 1981; Tuenter et al., 2005). In recent years,
multiple lines of paleo‐proxy evidence (Crocker et al., 2022; Hennekam et al., 2022; Kuechler et al., 2018;
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Larrasoaña, 2021; O’Mara et al., 2022; Skonieczny et al., 2019) and climate models (Bosmans, Drijfhout,
et al., 2015; Bosmans, Hilgen, et al., 2015; Mantsis et al., 2014; Rachmayani et al., 2016) alike have begun to
converge on specific astronomical drivers of the magnitude and tempo of such variations in North African
hydroclimate via changes in the strength of the West African monsoon. These paleorecords and simulations show
that the amount of monsoon rainfall is enhanced both when local insolation is high and when there is a strong
insolation gradient between southern and northern hemisphere tropics. Mechanistically, increased local insolation
strengthens the monsoon by increasing convective activity over Northwest Africa, while stronger insolation
gradients across the equator result in enhanced moisture transport into the monsoon region from the subtropical
North Atlantic and equatorial Atlantic Ocean (Bosmans, Drijfhout, et al., 2015). These insolation changes are
controlled by the precession (19/23 kyr period) and obliquity (41 kyr period) of the Earth's orbit and have been
acting as pacemakers for Northwest African wet/dry cycles (Rossignol‐Strick, 1983, 1985) for at least the last
11 Myr (Crocker et al., 2022).

Despite continuous astronomical pacing of the monsoons, on timescales of hundreds of thousands to millions of
years, monsoon strength and ecosystem distributions exhibit secular shifts that cannot be explained by astro-
nomical variability. Under the backdrop of stationary astronomical forcing over the last 5 million years,
Northwest African monsoon strength has declined, and vegetation zones have shifted southward giving way to a
more expansive Sahara (de Menocal, 1995; Leroy & Dupont, 1994; Novello et al., 2015; Ruddiman et al., 1989;
Vallé et al., 2014). The mechanisms within the climate system which govern monsoon strength on astronomical
timescales therefore appear disconnected from those that govern longer‐term shifts. However, the timing of these
shifts as well as their character (i.e., gradual vs. abrupt) are not well constrained in the paleo‐record, hampering
our ability to test hypothesized long‐term drivers of monsoon strength, terrestrial biogeography, dust emissions to
the atmosphere/ocean, and marine productivity.

Here we explore the drivers of the Northwest African late‐Pleistocene monsoon and ecosystem changes with new
marine sediment core data from a 100 kyr interval within the MPT (1.1–1.0 Ma). We use plant‐wax hydrogen
isotopes (δD) to reconstruct monsoon rainfall intensity and plant‐wax carbon isotopes (δ13C) to record changes in
vegetation. We also compute constant flux normalized dust and opal fluxes using the 3HeET‐normalization
technique to investigate how changes in monsoon strength and regional vegetation conditions impact marine dust
fluxes and productivity. We investigate these proxies both individually and in concert and compare the results
with previous estimates from the same or proximal marine records for a series of snapshots across the Plio‐
Pleistocene.

2. Background
Within North Africa, the physical ocean‐land‐atmosphere processes which control West African monsoon in-
tensity also impact and feedback with terrestrial vegetation distributions, wind strength/direction, dust emissions,
and marine productivity on annual to astronomical (104 yr) timescales (Bradtmiller et al., 2016; Chandan &
Peltier, 2020; Claussen et al., 2017; Kutzbach et al., 1996; McGee et al., 2013; Pausata et al., 2016). In this study,
we use the uniquely long histories of climate and environmental change provided by marine sediment core records
to examine how the various components of this system have or have not differentially responded to changes in the
Earth's climate and test various hypotheses for what may be driving observed long‐term shifts. To do so, we
generate new paleo‐records during a 100 kyr time slice (1.1–1.0 Ma) within the extended MPT (∼1.2–0.8 Ma)
when global glaciations became more intense and increased in duration (Pisias & Moore, 1981). In this section,
we review the modern climate system and provide the paleoclimatic context within which we will interpret our
new data.

2.1. Regional Setting

Modern Northwest African vegetation zones primarily track changes in precipitation (White, 1983). North of the
Sahara, forest and steppe environments comprise the principally winter precipitation‐fed Mediterranean eco-
systems. Vegetation cover declines to the south as precipitation wanes giving way to the sparsely vegetated
Sahara delineated by mean annual precipitation rates less than 100 mm/yr. At the southern fringe of the Sahara,
higher and increasingly seasonal precipitation caused by intense monsoonal rainfall during the summer months
(July–September) supports Sahelian grassland ecosystems. Precipitation continues to rise southward resulting in
correspondingly verdant vegetation including Sudanian savannas, Guinean deciduous forests, and the Guineo‐
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Congolian rain forests (White, 1983) (Figure 1). Within the broader con-
straints established by precipitation gradients and rainfall seasonality,
ecosystem disturbances (e.g., by herbivory and fire) are also important de-
terminers of both biome distributions and vegetation structure within eco-
systems (Archibald & Hempson, 2016; Bond et al., 2005; Sankaran
et al., 2005).

Northwest Africa is under the influence of three major wind systems which
impact both material fluxes from the African continent to the ocean and
marine productivity via coastal upwelling (Fischer et al., 2016). The dry
northeasterly trade (or Harmattan) winds blow year‐round in the near surface
across the Sahara toward the West African monsoon region. Southwesterly
monsoon winds—most active during the summer monsoon season (JJAS)—
blow toward the northeast delivering moisture to the African interior. These
two surface winds oppose each other and converge at ∼20°N, in a region
sometimes referred to as the Intertropical Convergence Zone (ITCZ). How-
ever, due to persisting confusion conflating the ITCZ with the zone of
maximum rainfall over continents, this terminology applied over land,
especially over Africa is inadvisable (Nicholson, 2018). Regardless of
moniker, the shallow convection at this convergence can only spur limited
rainfall during the summer months; the core region of monsoon rainfall in fact
occurs ∼1,000 km to the south. The tropical rainbelt (centered on ∼10°N) is
situated between the axes of the zonally flowing mid‐tropospheric African
Easterly Jet (AEJ) and the aloft Tropical Easterly Jet (TEJ). In this zonal band,
deep convection co‐occurs with moisture transported from the eastern
Atlantic by the low‐level West African Westerly Jet (WAWJ) (over the
ocean) (Grodsky et al., 2003; Pu & Cook, 2010) and the African Westerly Jet
(AWJ) (over the continent) (Grist & Nicholson, 2001) producing a regional
maximum in summer monsoon rainfall. Slightly farther south (∼5°N), a third
coastal convection cell associated with sea‐breeze effects from the eastern
equatorial Atlantic converges with the core tropical rainbelt convective cell
delivering a modest amount of moisture and limited rainfall (Nicholson, 2008,
2009).

In addition to shaping hydrological conditions over Northwest Africa, the
transport of terrestrial material (e.g., dust, pollen, plant waxes, etc) from
Northwest Africa to the eastern North Atlantic Ocean is largely controlled by
these wind systems, namely the low‐level northeasterly trades (Harmattans)
and the mid‐level AEJ. During the summer the AEJ mainly transports
terrestrial material westward at mid‐tropospheric altitudes within the Saharan
Air Layer (SAL) to the North Atlantic Ocean as far as the Caribbean (Pros-
pero, 1999; Prospero & Carlson, 1972). Winter and spring Harmattan winds
—more precisely outbreak events during these seasons—are the most

important suppliers of dust to the Northwest African margin (Skonieczny et al., 2013; van der Does et al., 2020).
These mineral dusts are composed of silt and clay particles originating primarily from the Northwest Sahara
(Morocco, Mauritania, Mali, Algeria) with minor contributions from the Central Sahara (Niger, Libya, Chad) (Le
Quilleuc et al., 2021; Skonieczny et al., 2011, 2013; Stuut et al., 2005) (See Text S6 in Supporting Information S1
for further discussion). Dust deposition and wind‐driven coastal upwelling both add nutrients to the surface ocean,
contributing to high primary productivity in the Canary Current system that runs southward along the Northwest
African coast (Fischer, Karakas, et al., 2009; Fischer, Reuter, et al., 2009; Fischer et al., 2016, 2019; Ohde &
Siegel, 2010). Plant waxes delivered to this oceanic area are primarily from the sub‐Saharan Sahelian grassland,
Sudanian savanna, and Guinean deciduous forest ecosystems (Figure 1) (Schefuß et al., 2003) and record
landscape vegetation composition in marine sediments (Huang et al., 2000). Through comparison of pollen and
plant wax isotope values O’Mara et al. (2022) demonstrated that steppe and Mediterranean forest ecosystems
north of the Sahara were not an important source of plant waxes.

Figure 1. Regional setting. The modern distribution of biomes, prevailing
wind patterns, and the modern Saharan Dust plume. Biome distributions are
from Hooghiemstra et al. (2006). Mean annual dust‐specific aerosol optical
depth (2001–2018) (Voss & Evan, 2020). The black circle indicates marine
sediment cores MD03‐2705 and ODP 659. Black arrows schematically show
the direction and atmospheric level of the Northeast Trade Winds (NETW),
the African Easterly Jet (AEJ), and the Southwesterly monsoon flow (SW
Monsoon).
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Rainfall regimes across North Africa are spatially heterogenous, owing to the myriad influences of atmospheric
processes, topographic factors, as well as ocean/atmosphere dynamics stemming from multiple oceans which
operate over a wide range of spatial scales. In general, North Africa can be divided into three main rainfall re-
gimes: (a) the Mediterranean regions characterized by warm dry summers and cool wet winters which dominate
north of the Sahara, (b) the West African monsoon region south of the Sahara from the Sahel to the Gulf of Guinea
and from the Atlantic to roughly 30°E characterized by warm wet summers and cool dry winters, and (c) the
region East of 30°E where the high topography of the Ethiopian highlands and the East African rift delineate the
East African monsoon region characterized by a bimodal rainy season and a much stronger Indian Ocean in-
fluence on rainfall (Nicholson, 2013, 2018; Nicholson et al., 2018). However, within region (b), generally referred
to as North Africa, modern meteorological studies reveal that the Sahel generally has two distinct rainfall regimes,
the western coastal region and a central region demarcated by the 10°W meridian (Lebel & Ali, 2009; Nich-
olson, 1980; Nicholson & Palao, 1993) likely owing to zonal asymmetries in the Saharan Heat Low (Bia-
sutti, 2019; Lavaysse et al., 2010) or independent interannual variability of the AEJ and TEJ (Nicholson, 2013).
Therefore, throughout this study, we refer to region (b) as a whole as North Africa, while we refer to the western
sector of this region (west of 10°W), the dominant source area of the waxes and dust to our core site, as Northwest
Africa. Analogously, we distinguish the western most region of the West African monsoon as the Northwest
African monsoon.

2.2. Paleoclimatic Context

Compared to the late‐Pleistocene, during the Pliocene, 5.33–2.58 Ma, global temperatures were higher (Fedorov
et al., 2013; Haywood et al., 2013, 2020; Westerhold et al., 2020), atmospheric CO2 concentrations were higher
(Cenozoic CO2 Proxy Integration Project (CenCO2PIP) Consortium et al., 2023; Pagani et al., 2010), and global
precipitation was higher (especially in the subtropics) (Burls & Fedorov, 2017; Haywood et al., 2020). In North
Africa specifically, paleo‐proxy records of biogeography and hydrology (Cerling et al., 1997; Feakins et al., 2013;
Leroy & Dupont, 1994; Novello et al., 2015; Ruddiman et al., 1989; Vallé et al., 2014) and climate models
(Berntell et al., 2021; Salzmann et al., 2008; Zhang et al., 2019) agree that landscapes were much wetter and more
vegetated with a significantly smaller Sahara. Long and continuous archives of dust flux to sediments along the
West African margin provided the first estimates of the development of continental aridity in North Africa over
the Plio‐Pleistocene. Stepwise increases of dust fluxes at ∼2.8, ∼1.7, and ∼1.0 Ma were interpreted as declines in
monsoon strength caused by expansions of Northern Hemisphere ice volume (de Menocal, 1995, 2004; Tiede-
mann et al., 1994). Similar increases in dust fluxes to North Pacific (Abell et al., 2021, 2023; Bridges et al., 2023;
Rea et al., 1998), South Atlantic (Martínez‐Garcia et al., 2011), North Atlantic (Crocker et al., 2022; Naafs
et al., 2012) marine sediments broadly coeval with the timing inception of Northern Hemisphere glaciation
(iNHG) reveal this increase in dustiness may have been a global phenomenon. However, the degree to which
secular shifts in dust fluxes as well as their temporal trends are controlled by changes in hydroclimate, wind
strength/positioning, and dust source region characteristics remains unclear. Recent work, using constant flux
proxy techniques (CFPs) such as 230ThXS‐normalization in Northwest African margin sediments showed that
enhanced calcium carbonate dissolution during glacial periods causes spuriously high dust fluxes (Skonieczny
et al., 2019). Moreover, in the North Pacific, long‐term trends in dust flux across the Pleistocene calculated using
traditional dust flux records versus CFP methods (3HeET‐normalization) are at odds (Abell et al., 2023). Thus, in
the North African context, previously reported increased dust fluxes in Northwest African margin sediments
during times of expanding ice sheets may have resulted from methodological artifacts rather than increased
continental aridity. Constant‐flux dust records only extend back ∼500 kyr, thus the long‐term evolution of the
connection between Northwest African dust and hydroclimate remain uncertain.

Paleo‐proxy records sensitive to various aspects of North African aridity yield conflicting timelines for regional
Plio‐Pleistocene hydroclimate evolution. Bulk elemental ratios from Northwest African margin sediments, which
record the degree of soil weathering in dust source regions and the relative abundance of riverine clays in
terrestrial dust, show precession (19/23 kyr) and obliquity (41 kyr) variability as far back as 11 Ma (Crocker
et al., 2022). These records are also characterized by shifts toward more weathered and less riverine clay‐rich dust
sources nearly concurrent with the iNHG (∼3.1 and ∼2.7 Ma respectively). This suggests that the initial
development of Northern Hemisphere ice sheets may have indeed driven aridification in North Africa. In contrast,
factorial climate model simulations isolating the impacts of astronomical, greenhouse gas (GHG), and ice sheet
forcing since 190 thousand years ago (ka) show a strong control of astronomical forcing on hydroclimate and
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vegetation greening in the Sahara with little influence from GHGs and ice sheets (Duque‐Villegas et al., 2022).
However, these simulations explore variations in these parameters between late‐Pleistocene glacial and inter-
glacial conditions, so it is unclear how a state change from little to no permanent Northern Hemisphere ice sheets,
to large permanent ice sheets may have impacted North African aridity across the iNHG. Other proxy data
including increasing dust fluxes and decreased occurrences of sapropel deposits in the Mediterranean Sea
(Almogi‐Labin, 2011; Grant et al., 2022; Hennekam et al., 2022; Larrasoaña et al., 2003) as well as shifts toward
more drought‐tolerant taxa in central Africa (Dupont et al., 2001; Schefuß et al., 2003) in fact suggest a much later
timing of African aridification that more closely corresponds with the Mid‐Pleistocene transition (MPT; 1.2–
0.8 Ma). While these proxy data are related to changes in rainfall, they are all secondary recorders of
hydroclimate.

The hydrogen and carbon isotopic composition of plant epicuticular waxes preserved in marine sediments provide
some of the best direct proxy evidence for regional scale hydroclimate and vegetation compositional changes. In
North Africa, the hydrogen isotopic composition of rainfall (δDPrecip) is highly correlated with mean annual
precipitation amount as precipitation becomes progressively isotopically lighter with increasing cumulative
rainfall (Dansgaard, 1964; Niedermeyer et al., 2016; Rozanski et al., 1993). Plants use precipitated water as their
main hydrogen source incorporating the δDPrecip into the waxes they produce (Sachse et al., 2012) thus allowing
for quantitative reconstructions of monsoon strength. Likewise for carbon isotopes, the C source for plants is
atmospheric CO2. Unlike water vapor, CO2 is well mixed in the atmosphere so δ13CCO2 is relatively spatially
uniform. Instead, the carbon isotopic signature of waxes (δ13Cwax) is predominantly determined by plant
photosynthetic strategy where C3 plants discriminate more strongly against heavy 13C than C4 plants resulting in
lighter δ13C signatures by on average ∼15‰ (Cerling & Harris, 1999). In Northwest Africa, the landscape is
dominated primarily by C4 grasses and C3 woody trees and shrubs, allowing for quantitative estimates of woody
versus grassy cover using the δ13Cwax method (Garcin et al., 2014). There are few records with adequate reso-
lution to resolve astronomical‐scale shifts in monsoon strength and vegetation composition in Northwest Africa
since the Pliocene: 5.0–4.6 Ma (Kuechler et al., 2018), 3.6–3.0 Ma (Kuechler et al., 2018), 0.52–0.36 Ma (O’Mara
et al., 2022), and 0.13–0 Ma (Kuechler et al., 2013). While discontinuous, these records document a marked
decline in the mean state of the monsoon and an increase in C4 grass cover sometime between ca. 3.0 and 0.5 Ma
which are part of longer‐term trends of increasing continental aridity and C4 grass abundance in Northwest Africa
since the late Miocene (Crocker et al., 2022). Here we generate new astronomically resolved records of Northwest
African monsoon strength, landscape C3/C4 balance, dust flux, and opal flux from 1.1 to 1.0 Ma to add new timing
constraints and assess various potential mechanisms impacting environmental shifts in Northwest African climate
and ecology during the Plio‐Pleistocene.

3. Materials and Methods
3.1. Marine Core Sites

Marine sediment core MD03‐2705 (18°05′N, 21°09′W) was taken aboard the RV Marion Dufresne along the
submarine ridge that connects the Mauritanian coast to the Cape Verde Islands at a water depth of 3,085 m below
sea level (Jullien et al., 2007). The core site is located at the apex of a 300 m seamount and is ∼500 km offshore
which severely limits the potential inputs of riverine sediments or major alterations by turbidites or contourites.
The 37‐m‐long core spans the last 1.1 Myrs. The age‐depth model was determined by peak‐to‐peak matching of
δ18O measurements of benthic foraminifera (Malaizé et al., 2012) with the astronomically tuned LR04 benthic
stack (Lisiecki & Raymo, 2005) and was previously published in O’Mara et al. (2022).

In this work, plant‐wax concentration and isotope samples (n = 23) and 3HeET‐normalized dust, opal, and car-
bonate fluxes (n = 24) were measured every 10 cm (∼4 kyr intervals) between 1.1 and 1.0 Ma to capture
astronomical‐scale variability during the MPT. These new data are compared with previously published estimates
from MD03‐2705 (O’Mara et al., 2022; Skonieczny et al., 2019) and ODP site 659 (Kuechler et al., 2013, 2018).
ODP 659 (18°04.6′N, 21°01.57′W, 3,070 mbsl) is within 13 km of MD03‐2705 and is assumed to have equivalent
sources of sedimentary material.

3.2. Organic Biomarker Analysis

Plant‐wax n‐alkanes were extracted from freeze‐dried and homogenized sediment samples using an accelerated
solvent extractor. N‐alkanes were further isolated and purified using silica gel column chromatography and urea
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adduction before quantification using gas chromatography mass spectrometry (see Supporting Information S1 for
detailed procedures). Compound specific δ13C and δD measurements were made on n‐alkanes (chain lengths
C25–C35) using gas chromatography isotope ratio mass spectrometry. N‐alkanes were combusted (pyrolyzed) to
CO2 (H2) gas for carbon (hydrogen) isotope measurements. δ13C and δD values were converted to ‰VPDB and
‰VSMOW scales based on repeated measurements of external authentic standards of known isotope ratios
interspersed throughout sample runs. Uncertainty was calculated following Polissar and D’Andrea (2014). Across
C27–C33 n‐alkane homologs, mean estimated 1σ errors were 0.14‰ for carbon and 4.31‰ for hydrogen.

Two steps are applied to calculate δDPrecip from δDwax. First, the biosynthetic fractionation of hydrogen during
wax formation is estimated using the fraction of C3 trees versus C4 grasses which produced the n‐alkanes. This is
calculated using a two endmember δ13C mixing model (see Supporting Information S1). Second, the change in
the hydrogen isotope composition of sea water which varies as a function of global ice volume change was
corrected for using changes in the LR04 benthic isotope stack (Lisiecki & Raymo, 2005). The last‐glacial
maximum benthic foraminifera δ18O was scaled with the known change in sea water δ18O composition of 1‰
since the last glacial maximum (Schrag et al., 2002) and converted to changes in δD using the global meteoric
water relationship of δ18O:δD of 1:8. This correction is small (mean = 3.3‰) compared to the variability present
in the record (∼20–30‰).

No corrections were applied to the δ13Cwax measurements. Variability in the δ13C of CO2 in the atmosphere
(δ13CCO2) can potentially lead to biases in the carbon isotopic composition of plant waxes, but these are likely to
be very small and are not systematically predictable. See Supporting Information S1 for further discussion.

3.3. Dust and Biogenic Opal Flux Analysis

3.3.1. Sedimentology

Sediment deposition at MD03‐2705 site is dominated by biogenic calcium carbonate, silt and clay particles,
biogenic opal, and very small amounts of organic carbon (Jullien et al., 2007; Skonieczny et al., 2019). CaCO3

percentages were calculated using coulometry and biogenic opal percentages were determined using alkaline
extraction and molybdate blue spectrophotometry following Mortlock and Froelich (1989). Because the detrital
material deposited at MD03‐2705 site is essentially entirely aeolian in origin (Skonieczny et al., 2019), dust
percentages were calculated by subtracting the CaCO3 and biogenic opal mass fractions from one:

Fdust = 1 − FCaCO3
− Fopal (1)

3.3.2. Helium Isotopes and Constant Flux Normalization

Fluxes were determined using the extraterrestrial 3He (3HeET) normalization technique (Farley, 2001; Marcan-
tonio et al., 1996) which calculates instantaneous fluxes for each sample (Costa et al., 2020; McGee &
Mukhopadhyay, 2013). Sediment helium isotopic compositions (3He/4He) were measured in carbonate‐free,
freeze‐dried sediment samples on a MAP‐215 mass spectrometer following the procedure of Winckler
et al. (2005).

The helium isotopic composition of marine sediments represents a mixture of terrestrial dust and extraterrestrial
interplanetary dust particles (IDPs). IDPs have 3He concentrations orders of magnitude higher than terrestrial
material (Nier & Schlutter, 1992). Measured 3He concentrations were converted to extraterrestrial concentrations
(3HeET) using a binary mixing model using an IDP end member 3He/4He ratio of 2.4 × 10−4 (Nier & Schlut-
ter, 1992) and a terrestrial end member for North Africa of 1 × 10−8 as described by (O’Mara et al., 2022):

[3HeET] (pcc g−1) = [3Hemeas] (pcc g−1) ∗

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

1 −
3He/

4HeTerr
3He/

4Hemeas

1 −
3He/

4HeTerr
3He/4HeIDP

⎫⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

(2)

Mass accumulation rates (MAR) were then calculated by diving the flux of 3HeET from space (3HeIDP flux = 0.8
pcc cm−2 kyr−1) (McGee & Mukhopadhyay, 2013) by the measured 3HeET concentration in each sample.
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MAR (g cm−2 kyr−1) = 3HeIDP flux (pcc cm−2 kyr−1) [
3HeET (pcc g−1) (3)

Dust and opal fluxes were calculated by multiplying their mass fraction by the MAR. Uncertainties were
determined via error propagation of analytical error on 3He and 4He concentration measurements (air standard He
concentration uncertainty 1σ = 1%), replicate concentration fractional differences (3He 1σ = 42%, 4He 1σ = 37%),
a nominal 5% uncertainty for mass fraction estimates, and a 1σ = 40% uncertainty in the IDP 3HeET flux (McGee
& Mukhopadhyay, 2013).

3.4. Atmospheric CO2 Estimates

We compare our vegetation records to atmospheric CO2 levels because they affect the competitive interactions
between savanna C4 grasses versus C3 trees. Direct measurements of atmospheric CO2 concentrations from ice
cores extend back only to ca. 800 ka (Lüthi et al., 2008). A recently published approach leveraging the strong
impacts of atmospheric pCO2 on landscape C3/C4 vegetation balance in Northeastern India—as recorded by the
high correlation between δ13C of plant‐wax fatty n‐acids (FA) preserved in Bay of Bengal sediments and at-
mospheric pCO2 over the last 800 kyr—has extended continuous, high‐resolution estimates of pCO2 back to
1.46 Ma (Yamamoto et al., 2022). However, during our study interval (1.1–1.0 Ma) this new CO2

FA record lacks
CO2 estimates between 1.048 and 1.030 Ma missing nearly an entire precession cycle, hampering our astro-
nomical time‐scale analysis. In contrast, the LR04 benthic stack (Lisiecki & Raymo, 2005), which is highly
correlated with atmospheric CO2 concentrations, is resolved at 2 kyr resolution during our study interval. For this
reason, here we opt to leverage the LR04 δ18O versus EPICA pCO2 relationship to generate an estimated time
series of atmospheric CO2 concentration to compare with our MPT δ13Cwax record (See Supporting Informa-
tion S1 for details). We compare our new vegetation record with estimated atmospheric pCO2 during the MPT to
assess the impact of changing CO2 levels on Northwest African ecosystem composition.

3.5. Statistical Analysis

All linear regressions were calculated by first interpolating the higher resolution record to the time scale of the
lower resolution record. Correlation coefficients were calculated using the MATLAB (v. 2021b) command
“fitlm” and corresponding p‐values that take into account autocorrelation between the two time series were
calculated following Ebisuzaki (1997). All multivariate linear regressions were also calculated in MATLAB
using the “regress” command. Insolation and astronomical parameter time series were generated using the
MATLAB package “daily_insolation” (Eisenman & Huybers, 2006) following astronomical solutions from
Berger (1978) and Berger and Loutre (1991). Two sample Kolmogorov‐Smirnov tests (KS test) were performed
using the MATLAB command “kstest2.”

4. Results
4.1. Plant‐Wax n‐Alkane Concentrations and Distributions

The long chain C25–C35 n‐alkanes represent a dominantly terrestrial plant source. Sedimentary n‐alkane con-
centrations are dominated by long chain‐length homologs (C25–C35) ranging from 2.98 to 12.24 μg g−1 dry
sediment (average 6.34). Medium chain length homologs (C16–C22) are also present in significant quantities
(0.37–10.94, average 4.99 μg g−1 dry sediment) indicating contributions from algal and/or moss sources (Baas
et al., 2000; Bush & McInerney, 2013; Ficken et al., 2000; Nott et al., 2000). However, high carbon preference
index values of 5.36–7.53 (average 6.51) for the long chain C25–C35 n‐alkanes confirm these homologs are from a
terrestrial plant source (Bush & McInerney, 2013; Eglinton & Hamilton, 1967). CPI was uncorrelated with any of
the proxy or forcing variables considered in this study. The average chain lengths of the C25–C35 alkanes exhibit a
tight range from 29.87 to 30.16 (average 30.41). The C31 homolog is the most abundant in all samples, as is typical
for modern African vegetation (Garcin et al., 2014).

4.2. Carbon Isotopic Composition of n‐Alkanes

The carbon isotopic composition of the C27–C33 n‐alkanes show similar patterns over the study interval: R27/

29 = 0.72, R27/31 = 0.75, R27/33 = 0.55, R29/31 = 0.86, R29/33 = 0.61, R31/33 = 0.77. We therefore limit the following
discussion to the C31 n‐alkane record (hereafter δ13Cwax) as it is the most abundant of the long chain n‐alkanes in
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our samples and is generally the most abundant homolog in African vegetation (Bush & McInerney, 2013; Garcin
et al., 2014; Polissar et al., 2021). We opted to avoid using a δ13Cwax weighted average approach due to the
potential compounding environmental factors such as temperature (Bush & McInerney, 2015) and aridity (Vogts
et al., 2012) on alkane chain length distributions, which could obfuscate the landscape‐scale vegetation
composition estimates sought here using the δ13Cwax proxy. This decision however does not impact the con-
clusions of the present study as δ13C31 is highly correlated with concentration weighted δ13Cwax estimates across
C27 to C33 homologs (r2 = 0.93, p < 0.001). The range of δ13Cwax values spans −24.9 to −23.4‰ VPDB (average
−24.1‰). Using a linear mixing model between end member values of C4 grasses (δ13CC4 = −19.9‰) and C3

trees (δ13CC3 = −33.6‰) in Africa estimated from a compilation of previous studies (Badewien et al., 2015;
Bezabih et al., 2011; Garcin et al., 2014; Kristen et al., 2010; Magill et al., 2013), these δ13Cwax signatures imply a
range of C4 plants in the n‐alkane source region of 64%–75% (average 70%). This is consistent with modern West
African terrestrial environments dominated by C4 grasslands and mixed C4 grassy/C3 woody savannas, within
which C4 grasses typically represent 60%–100% of vegetation cover (Sankaran et al., 2005; Staver et al., 2011)
and ∼72% of net primary productivity (Lloyd et al., 2008).

4.3. Hydrogen Isotopic Composition of n‐Alkanes

As with the δ13C values of our n‐alkane records, the hydrogen isotopic composition of the C27–C33 n‐alkane
homologs show nearly identical patterns through time and are highly positively correlated: (R ranges from 0.82 to
0.95). Likewise, δDPrecip values (corrected for changes in vegetation and global ice volume) estimated from each
homolog are similarly correlated. We restrict the remainder of the discussion to the estimated hydrogen isotopic
composition of precipitation from the C31 n‐alkane (hereafter δDPrecip). Estimates of δDPrecip range from −52.9 to
−8.1‰ VSMOW (average −32.7‰).

4.4. Dust and Opal Fluxes

Downcore dust percentages range from 21.4% to 86.4% (average 35.8%) and dust fluxes range from 0.69 to
3.15 g cm−2 kyr−1 (average 1.54 g cm−2 kyr−1). Opal percentages and fluxes are substantially lower ranging from
1.3% to 8.2% (average 2.5%) and 0.04–0.22 g cm−2 kyr−1 (average 0.10 g cm−2 kyr−1). Both dust versus opal
percent and flux are linearly correlated with each other (R%dust/opal = 0.83 and RFdust/opal = 0.79).

5. Discussion
5.1. Astronomical Scale Hydroclimate, Vegetation, Dust, and Opal Variability

Monsoon strength, landscape C3/C4 plant balance, dust flux, and marine productivity exhibit strikingly similar
evolutions between 1.1 and 1.0 Ma (Figure 2). All four proxy records are characterized by four cycles, which
correlate with swings in local insolation and the summer inter‐hemispheric insolation gradient (Table S1 in
Supporting Information S1), both of which have been shown to be important drivers of monsoon strength later in
the Pleistocene (O’Mara et al., 2022) and in the Pliocene (Kuechler et al., 2018). These new plant‐wax derived
estimates of δDPrecip are consistent with the hypothesis that the tempo and amplitude of wet/dry cycles in
Northwest Africa have been continuously set by low‐latitude insolation forcings at least as far back as the
Miocene (Crocker et al., 2022). During wet monsoon intervals, grasslands expand into the Sahara resulting in
more positive δ13Cwax values (Kuechler et al., 2013). Concurrently, dust fluxes are reduced as trade wind
(Harmattan wind) influence is minimized, soil moisture is higher, and expanded vegetation cover restricts dust
entrainment into the atmosphere. Opal fluxes are also lower during wet monsoon intervals. Opal flux in West
African margin sediments during the last ca. 20 kyr show that decreases (increases) in paleo‐productivity are
tightly linked with decreases (increases) in trade wind strength and dust fluxes on millennial timescales
(Bradtmiller et al., 2016). Here we show that this relationship between Saharan dust flux and eastern North
Atlantic marine productivity holds on astronomical timescales and across the MPT.

5.2. Variable Effects of Rainfall and CO2 on Landscape‐Scale C3/C4 Balance Reveal Ecosystem Range
Shifts

The regional balance of C3 trees versus C4 grasses in Northwest Africa during the late‐Pleistocene are sensitive to
both changes in monsoon strength and atmospheric CO2 levels (O’Mara et al., 2022). However, no relationship
between estimated atmospheric CO2 concentrations and δ13Cwax exists in our new MPT record (Figures 2f and
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2h). During 0.13–0 and 0.52–0.36 Ma, increases in monsoon rainfall
(δDPrecip) were accompanied by increased δ13Cwax values consistent with
northward expansions of C4 grasslands into the Sahara. Additionally,
increased atmospheric CO2 concentrations co‐occurred with more negative
δ13Cwax values suggesting that higher CO2 facilitated increased C3 tree cover
in savannas (O’Mara et al., 2022). Surprisingly, we find no relationship be-
tween estimated atmospheric CO2 concentrations and δ13Cwax (p = 0.72)
during 1.1–1.0 Ma. This difference likely reflects a shift in the distribution of
grassland and savanna ecosystems between these time slices. Decreased
sourcing of savanna plant‐waxes to the core site would reduce the strength of
any CO2 signal because CO2 will influence C3/C4 balance in savannas but will
not have an impact on grasslands which are perennially dominated by C4

vegetation.

The δ13Cwax values recorded in our core site (MD03‐2705) record an inte-
grated signal of dynamic landscape changes across multiple ecosystems
where the effects of rainfall, CO2, and disturbance on net landscape C3/C4

balance vary. When ecosystem ranges are located at far southerly positions,
the plant waxes supplied to our core site will be sourced in a greater pro-
portion from the moisture limited grasslands along the southern edge of the
Sahara and the δ13Cwax record will be more sensitive to changes in rainfall
(δDPrecip vs. δ13Cwax will have a negative slope; wetter conditions lead to
more C4 grassy vegetation). Rainfall will have a similar, but opposite impact
on the δ13Cwax record when ecosystems are situated at far northerly positions.
In this situation the wax source will have a greater proportion of forests
opposed to grasslands, so increased rainfall will cause tropical forest
expansion (δDPrecip vs. δ13Cwax will have a positive slope; wetter conditions
lead to more C3 woody vegetation). However, when ecosystems are located at
positions intermediate to these two extremes, the wax source area is domi-
nated by mixed woody/grassy savanna vegetation and thus the δ13Cwax record
will exhibit a greater sensitivity to ecosystem C3/C4 balance resulting from
changes in atmospheric CO2. Because the West African margin is geologi-
cally passive, the positions of the core sites of MD03‐2705 and ODP 659 have
remained constant relative to the African continent over the last few million
years while these ecosystem boundaries varied substantially (Dupont, 1993;
Leroy & Dupont, 1994). We can therefore use the relative effects of rainfall
and CO2 on regional C3/C4 balance as a means of estimating the paleo‐
positions of these grassland versus savanna versus forest ecosystems:
strong hydrologic influence indicates extreme positions of ecosystem
boundaries (north vs. south distinguished by the rainfall vs. C3/C4 slope)
while a stronger CO2 influence compared to rainfall indicates more inter-
mediately situated ecosystem boundaries.

Variable relationships between hydroclimate, landscape vegetation compo-
sition, and atmospheric CO2 show a broadly equatorward contraction of

ecosystem ranges over the last 5 Myr with large fluctuations during the late‐Pleistocene. During the mid‐Pliocene
Warm Period (mPWP; 3.3–3.0 Ma) (Dowsett et al., 2010; Haywood et al., 2010) ecosystems were in their farthest
northward position (Figures 3a–3d). Plant wax data from Kuechler et al. (2018) show that δDPrecip and δ13Cwax are
positively correlated (R = 0.29, p < 0.05) while there is no significant relationship between atmospheric CO2 and
δ13Cwax (Figure 3l). In contrast, ecosystems were positioned at their farthest southward position during 1.1–
1.0 Ma (Figures 3a–3d). During 1.1–1.0 Ma we find a strong linear relationship between C3/C4 balance (δ13Cwax)
and monsoon rainfall (δDPrecip) (R = −0.68, p < 0.001) but no clear relationship between δ13Cwax and estimates of
atmospheric CO2 concentrations (R = −0.13, p = 0.72) (Figure 3k). During 0.52–0.36 Ma ecosystems were
situated at an intermediate northward position; δ13Cwax was highly correlated with atmospheric CO2 levels
(R = −0.81, p = 0.001) while only weakly related to δDPrecip (R = −0.22, p = 0.15) (Figure 3j). Between 0.13 and

Figure 2. New records of plant‐wax carbon and hydrogen isotopes and dust
and opal flux from MD03‐2705 compared with potential forcings. (a) Local
summer insolation (23.5°N, June 21). (b) Summer inter‐hemispheric
insolation gradient (23.5°N–23.5°S, June 21). (c) Plant wax‐derived
precipitation hydrogen isotopes. (d) 3HeET‐normalized dust flux. (e) 3HeET‐
normalized opal flux. (f) n‐C31 δ13Cwax (Δ1‰ ≈ Δ7.3% C4). (g) Benthic
foram δ18O from MD03‐2705 (dashed line) (Malaizé et al., 2012) and the
global benthic δ18O stack (solid line) (Lisiecki & Raymo, 2005).
(h) Estimated atmospheric CO2 concentrations (method described in Text S5
in Supporting Information S1) using the global benthic δ18O stack (solid
line) (Lisiecki & Raymo, 2005), and ice core CO2 data from Higgins
et al. (2015) and Lüthi et al. (2008). Shading in (c)–(f), and (h) indicates
estimated 1σ uncertainty. Marine isotope stage boundaries are indicated at
the top of the figure.
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Figure 3. Variable rainfall and CO2 controls on regional C3/C4 balance reveal shifting ecosystem distributions. (a–d) Conceptual diagrams demonstrating how the
northward extent of ecosystems impact the δ13Cwax recorded at ODP 659 (a, d) and MD03‐2705 (b, c). Vegetation boundaries represent approximate mean locations for
intervals based on marine pollen records (Hooghiemstra et al., 2006) (a), (Dupont, 1993) (b), and model simulations (Salzmann et al., 2008) (d) While no pollen or
model evidence provide direct constraints for boundaries in (c). Boundaries between ecosystems will vary with astronomical forcing. (e) δDPrecip (blue) and δ13Cwax
(green) from Kuechler et al. (2013), CO2 (gray) from Lüthi et al. (2008). Note that Δ1‰ δ13Cwax ≈ Δ7.3% C4. (f) δDPrecip (blue) and δ13Cwax (green) from O’Mara
et al. (2022), CO2 (gray) from Lüthi et al. (2008). (g) δDPrecip (blue) and δ13Cwax (green) from (this study), estimated CO2 (gray, this study, see Text S5 in Supporting
Information S1 for calculation). (h) δDPrecip (blue) and δ13Cwax (green) from Kuechler et al. (2013), estimated CO2 from δ11B paleo‐barometer (De La Vega et al., 2020;
Dyez et al., 2018; Martínez‐Botí et al., 2015; Sosdian et al., 2018) compiled and vetted by Cenozoic CO2 Proxy Integration Project (CenCO2PIP) Consortium
et al. (2023). (i) Linear regression (LR) of δDPrecip versus δ13Cwax (R = −0.56, p < 0.001) and CO2 versus δ13Cwax (R = −0.60, p = 0.015); multivariate linear regression
(MLR) of δDPrecip and CO2 versus δ13Cwax (r2 = 0.59, p < 0.001) (not shown) from data in panel (e). (j) LR of δDPrecip versus δ13Cwax (R = −0.22, p = 0.15) and CO2
versus δ13Cwax (R = −0.81, p = 0.001); MLR of δDPrecip and CO2 versus δ13Cwax (r2 = 0.80, p < 0.001) (not shown) from data in panel (f). (k) LR of δDPrecip versus
δ13Cwax (R = −0.68, p < 0.001) and CO2 versus δ13Cwax (R = −0.13, p = 0.72); MLR of δDPrecip and CO2 versus δ13Cwax (r2 = 0.47, p = 0.002) (not shown) from data in
panel (g). (l) LR of δDPrecip versus δ13Cwax (R = 0.29, p = 0.02) and CO2 versus δ13Cwax (R = −0.1, p = 0.45); MLR of δDPrecip and CO2 versus δ13Cwax (r2 = 0.11,
p = 0.03) (not shown) from data in panel (g) Shading about time series indicate 1σ uncertainty. Marine isotope stage boundaries (Lisiecki & Raymo, 2005) are shown
above time series panels.
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0 Ma, ecosystems were situated at an intermediate southward position. During this period, CO2 concentrations
and δDPrecip are similarly related to δ13Cwax (R = −0.60, p = 0.015; R = −0.56, p < 0.001, respectively)
explaining similar amounts of the variance in the δ13Cwax record (r2 = 0.36, r2 = 0.32) (Figure 3i). Together, these
data suggest that during these four intervals, desert/grassland and savanna/forest ecosystem boundaries were at
their northernmost position during the mPWP, contacted to their southernmost position during 1.1–1.0 Ma,
rebounded to an intermediate northerly position during 0.52–0.36 Ma before retreating to an intermediate
southerly location during 0.13–0 Ma (Figures 3a–3d).

We note that lower glacial‐interglacial CO2 variability during the MPT cannot explain the largely absent vege-
tation response to atmospheric CO2 swings. Excluding the post‐industrial period, atmospheric CO2 levels over the
last 500 kyr have varied between 184 and 299 ppm (115 ppm range) while during 1.1–1.0 Ma the range was much
smaller (206–269 ppm, range 63 ppm). If the sensitivity of the ecosystem C3/C4 balance to CO2 concentrations
was similar during the MPT compared to the last 500 years, we would still expect to observe glacial‐interglacial
swings in δ13Cwax on the order of 1‰. Such glacial‐interglacial variability is not present at all in the new δ13Cwax

record. The consistent timing (within ∼1–2 kyr) between swings in atmospheric CO2 and δ13Cwax observed
previously (O’Mara et al., 2022) demonstrates a fairly rapid ecosystem response to CO2 forcing. We would
therefore still expect to observe such a response despite the shorter duration of glacial periods during the 1.1–
1.0 Ma time slice. We thus interpret this strong coupling between increased monsoon rainfall and expanded C4

grasslands, with a simultaneous lack of CO2 forcing during 1.1–1.0 Ma as evidence of southwardly shifted
ecosystem boundaries during this time. The shift from more northerly ecosystem boundaries toward more
southerly boundaries between 0.52–0.36 and 0.13–0 Ma is corroborated by terrestrial ecosystem reconstructions
of the desert/savanna and savanna/forest boundary paleo‐latitudes from a transect of marine core‐based pollen
reconstructions, which show the savanna/desert and forest/savanna boundaries were on average 1.6° and 1.3°
farther northward respectively between 0.52 and 0.36 compared to 0.13–0 Ma (Dupont, 1993) (Figure 6c). Direct
pollen reconstructions of ecosystem boundary paleo‐latitudes, which require a transect of multiple pollen records
along the Northwest African margin, do not exist for time periods earlier than 0.7 Ma. However, the northerly
ecosystem ranges during the Pliocene are evidenced by pollen records from two sites off Northwest Africa, ODP
658 (Leroy & Dupont, 1994) and ODP 659 (Vallé et al., 2014), as well as vegetation model simulations (Sal-
zmann et al., 2008).

5.3. Plio‐Pleistocene Evolution and Potential Drivers of the North African Hydroclimate and Dust Trends

5.3.1. Northwest African Hydroclimate

Our new MPT record and the other δDPrecip records presented here are consistent with a dominantly astronomical
control (via precession and obliquity‐paced changes in low‐latitude insolation) on Northwest African monsoon
rainfall variability since at least 5 Ma (Kuechler et al., 2013, 2018; O’Mara et al., 2022). Yet monsoon strength
declined by ∼30% sometime between 1.0 and 0.52 Ma despite no secular change in these insolation forcings.
Using the data currently available, below we test several proposed mechanisms for what is driving the observed
Northwest African monsoon decline between 1.0 and 0.5 Ma. A definitive driver is not identified. However, the
coincident timing of strengthening North Atlantic SST gradients as well as declining AMOC strength during the
MPT with monsoon intensity decline in Northwest Africa provides circumstantial evidence that this aridification
may have been the result of changes in atmospheric circulation related to reorganizations of North Atlantic
Ocean‐atmosphere processes during the MPT.

Using the discontinuous records of δDPrecip as benchmarks for changes in monsoon rainfall amount, we test
various hypotheses of the potential long‐term drivers of Northwest African monsoon strength by statistically
comparing the trends in potential forcings with the δDPrecip data from the two Pliocene and three Pleistocene time
slices. While the summer inter‐hemispheric insolation gradient sets the tempo and amplitude of monsoon vari-
ability, we show here that the stationary mean of astronomical variability across the Plio‐Pleistocene cannot
explain the mid‐ to late‐Pleistocene monsoon decline. Two sample KS tests reveal that insolation forcing was
statistically indistinguishable in each time slice (Figures 4e and 4k). The onset of a stronger east‐west sea surface
temperature (SST) gradient in the equatorial Pacific, establishing the modern Walker circulation during the early
Pleistocene is thought to have caused drying in Central Africa (Ravelo et al., 2004). However, this shift occurs
∼1 Myr too early to explain the reduction in Northwest African monsoon strength (Figure 4f) (Brierley &
Fedorov, 2010; Ravelo et al., 2004). Cooler tropical sea surface temperatures could result in decreased
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evaporation over the ocean and a reduced land‐sea thermal contrast, both of which have the potential to decrease
monsoon rainfall (Schefuß et al., 2003). While tropical ocean SSTs are statistically indistinguishable between the
late Pleistocene windows (0.52–0.36 Ma and 0.13–0 Ma), the Pliocene through middle Pleistocene windows show
progressive cooling rather than a state change at the MPT, different from the monsoon strength trajectory
(Figures 4d and 4j). Some climate model simulations predict that more expansive Northern Hemisphere ice sheets
result in increased southerly excursions of cool and dry subtropical airmasses into tropical latitudes, potentially

Figure 4. Analysis of MPT monsoon shift forcing. (a) δDPrecip from Kuechler et al. (2013, 2018) and O’Mara et al. (2022) and
this study (b) Global benthic δ18O stack (Lisiecki & Raymo, 2005) (c) Alkenone‐based SST gradient between the tropical
Atlantic (ODP 662 1°S, 11°W (Herbert et al., 2010) and ODP 1077 11°S, 10°E (Schefuß et al., 2003)) and the mid‐latitude
North Atlantic (DSDP 607 (Lawrence et al., 2010) and IODP 1313 (Naafs et al., 2010, 2012)). (d) Alkenone‐derived tropical
SST stack (Herbert et al., 2010). (e) Summer inter‐hemispheric insolation gradient (23.5°N–23.5°S, June 21). (f) Mg/Ca‐
derived tropical Pacific zonal SST gradient (ODP 806–ODP 847) data originally from Wara et al. (2005) and recalculated
based on updated Mg/CaSW by O’Brien et al. (2014). (g–k) Normalized histograms with Gaussian fits for the δDPrecip proxy
(g) and analogous time intervals for each forcing (h–k). The units of the x‐axes correspond to y‐axis of the adjacent panel.
Inset grid shows the results of two sample Kolmogorov‐Smirnov tests: green indicates statistically indistinguishable
distributions, while red indicates statistically different distributions (α = 1%).
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linking increased global ice volume with decreased Northwest African monsoon strength (Chou & Neelin, 2003).
Global ice volume exhibits a similar evolution compared to tropical SSTs, also declining from the Pliocene to
mid‐Pleistocene in the absence of a decline in monsoon strength (Figures 4b and 4h). Climate model simulations
also show that stronger meridional SST gradients which developed over the Plio‐Pleistocene may have also led to
reductions in the intensity of the Northwest African monsoon (Brierley & Fedorov, 2010). Recent insights from
the Coupled Model Intercomparison (CMIP) five experiments demonstrate a clear connection between the
meridional Tropical to Northern Hemisphere Extratropical SST gradients (North Atlantic and Mediterranean Sea)
and Sahel rainfall (Park et al., 2015, 2016). Weakened SST gradients expected in the future under enhanced high‐
latitude warming relative to the tropics was observed in the models to both increase the strength of the TEJ and
shift the AEJ northward, which in conjunction caused enhanced rainfall over North Africa (Park et al., 2015). The
available SST data from the mid‐latitude North Atlantic over the last 5 Ma show an increase in the meridional SST
gradient between the Tropical and Extratropical Atlantic since the Pliocene (though no SST data exist from the
earliest Pliocene time slice) (Figure 4c). Although KS tests show a statistically significant increase in the SST
gradient between 3.6–3.0 Ma and 1.1–1.0 Ma without a corresponding decline in monsoon strength (Figures 4g
and 4i) the particularly stark contrast between the SST gradient pre and post 1.0 Ma is consistent with the shift
toward drier monsoon conditions between 1.0 and 0.5 Ma. Thus, the decline in Northwest African monsoon
strength observed in the δDPrecip paleorecords may have been in part due to a combination of a weakening TEJ and
southwardly contracting AEJ across the MPT. However, more complete Plio‐Pleistocene monsoon records as
well as targeted climate model experiments of the North Atlantic SST gradient using Pleistocene background
climate conditions are required to robustly test this hypothesized mechanism.

It is also possible that other Atlantic SST gradients or Mediterranean SSTs could serve as important controls on
Northwest African monsoon rainfall. Modern observations show that a greater inter‐hemispheric pressure
gradient between 20°S and 20°N results in faster WAWJ and the AWJ and subsequently higher moisture delivery
to the Northwest African monsoon region (Nicholson, 2013). While the astronomically controlled inter‐
hemispheric insolation gradient has no trend over time (Figure 4e), it is possible that independent changes in
cross equatorial SST gradients in the Tropical Atlantic could additionally impact inter‐hemispheric pressure
gradients and thus monsoon rainfall. However, new long‐term SST records from the subtropical North Atlantic
are needed to test such a hypothesis.

One final possible driver of Northwest African aridification—not tested with this statistical analysis—is a change
in the nature of the Atlantic meridional overturning circulation (AMOC) during the MPT. Results from the
Pliocene Model Intercomparison Project Phase 2 (PlioMIP2) indicate that the AMOC was much stronger during
the mPWP (3.3–3.0 Ma) compared to the pre‐industrial, namely due to reduced low salinity water input to the
North Atlantic from the Arctic Ocean (Raymo et al., 1992; Venz & Hodell, 2002; Weiffenbach et al., 2023). On
millennial timescales in the late‐Pleistocene, reductions in AMOC strength driven by enhanced glacial meltwater
discharge into the North Atlantic lead to southward shifts in the ITCZ (McGee et al., 2018) and subsequent drying
in North Africa (Castañeda et al., 2009; Menviel et al., 2021; Mulitza et al., 2008; Tjallingii et al., 2008). Low
resolution records of AMOC strength derived from the εNd proxy show a substantial decline in AMOC strength
during the “MPT‐AMOC Crisis” between ca. 960–860 ka (Kim et al., 2021; Pena & Goldstein, 2014; Tachikawa
et al., 2021; Yehudai et al., 2021), followed by a recovery to pre‐MPT AMOC strength during interglacial periods,
but greatly reduced AMOC strength during glacials. It is thus plausible that a decline in AMOC and by extension a
southward shift in the tropical rainbelt position may partially explain the decline in Northwest African monsoonal
rainfall. However, this mechanism does not explain why the dominant frequencies of rainfall variability are
persistently in the precession and obliquity bands and not paced by glacial‐interglacial changes in AMOC
strength. Future studies which employ transient model simulations or high‐resolution reconstructions of changes
AMOC strength across multiple glacial‐interglacial cycles before, during and after the MPT are needed help
rectify the seemingly conflicting drivers of rainfall change between astronomical and million‐year timescales.

5.3.2. Trends in Hydroclimate and Dustiness Across North Africa

The marked decline in Northwest African monsoon strength between 1.0 and 0.5 Ma may have been part of a
broader scale shift toward more arid conditions across wider North Africa since the Pliocene, but the multitude of
factors which impact terrigenous records makes drawing broad‐scale conclusions difficult. Eastern Mediterranean
Sea sediments from ODP site 967 show a doubling of the terrigenous material input (elevated Ti/Al ratio) and an
initial small rise in dust fluxes ca. 3.2 Ma (Grant et al., 2022; Larrasoaña et al., 2003) (Figure 5e). Elemental ratios
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of [Al + Fe]/[Si + K + Ti] and ln(Zr/Sr) in ODP 659 from the Northwest African margin record a shift from fine
grained and more weathered dust delivered to ODP site 659 during the Pliocene transitioning toward coarser grain
sizes and less weathered dust beginning ca. 3.1–2.7 Ma reaching a new baseline by 2.25 Ma (Crocker et al., 2022)
(Figures 5f and 5g). These data were interpreted to reflect an aridification trend corresponding to the onset of
Northern Hemisphere glaciations (Crocker et al., 2022). However, it is possible that the decreased [Al + Fe]/
[Si + K + Ti] and increased ln(Zr/Rb) ratios in these same sediments, representing the degree of weathering in
dust source regions and dust grain sizes respectively, may have shifted as a result of increased trade winds
following the iNHG ca. 2.8 Ma (Vallé et al., 2014) carrying more dust of larger grain sizes from northerly Saharan

Figure 5. Analysis of MPT monsoon shift forcing. (a) δDPrecip from Kuechler et al. (2013, 2018) and O’Mara et al. (2022) and
this study (b) Global benthic δ18O stack (Lisiecki & Raymo, 2005) (c) Alkenone‐based SST gradient between the tropical
Atlantic (ODP 662 1°S, 11°W (Herbert et al., 2010) and ODP 1077 11°S, 10°E (Schefuß et al., 2003)) and the mid‐latitude
North Atlantic (DSDP 607 (Lawrence et al., 2010) and IODP 1313 (Naafs et al., 2010, 2012)). (d) Alkenone‐derived tropical
SST stack (Herbert et al., 2010). (e) Summer inter‐hemispheric insolation gradient (23.5°N–23.5°S, June 21). (f) Mg/Ca‐
derived tropical Pacific zonal SST gradient (ODP 806–ODP 847) data originally from Wara et al. (2005) and recalculated
based on updated Mg/CaSW by O’Brien et al. (2014). (g–k) Normalized histograms with Gaussian fits for the δDPrecip proxy
(g) and analogous time intervals for each forcing (h–k). The units of the x‐axes correspond to y‐axis of the adjacent panel.
Inset grid shows the results of two sample Kolmogorov‐Smirnov tests: green indicates statistically indistinguishable
distributions, while red indicates statistically different distributions (α = 1%).
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(coarser and less weathered) compared to southerly Sahelian (finer and more
weathered) sources without the need to invoke a change in regional hydro-
climate. Plant‐wax δDPrecip measurements from ODP 967 exclusively from
wet sapropel layers (filtered to remove strong 400‐ and 1200‐kyr eccentricity
modulation) indicate declining rainfall intensity during wet monsoon in-
tervals from 4 to 3 Ma, a gradual return to wetter conditions from 3 to 2 Ma,
followed finally by drying from 2–present marked by a rapid decline ca. 1 Ma
(Lupien et al., 2023) (Figure 5d). However, δDPrecip data from this same core
which include both wet and dry monsoon conditions show no change in mean
value between 1.9–1.6 Ma and 3.1–2.9 Ma (Rose et al., 2016) suggesting the
mean state of the monsoon did not vary much over this interval, perhaps due
to compensatory drying during weak monsoon intervals (Figure 5d). This lack
of mean monsoon strength change is also consistent with recent estimates of
steady monsoon runoff to the Eastern Mediterranean from planktic forami-
nifera δ18O isotope records also from ODP 967 since 5 Ma (Heslop
et al., 2023). A shift toward more negative δ18O values occurred after 2.6 Ma,
but this has been explained by a shift toward more southerly monsoon rainfall
source area following iNHG, which is also supported by model simulations
(De Boer et al., 2021). Thus, increasing terrigenous material in the Eastern
Mediterranean and the Northwest African margin in the late‐Pliocene to early
Pleistocene was likely due to a combination of factors including regional
changes in monsoon rainfall distributions, changes in wind strength, and
potentially also declining vegetation cover (see Section 5.4).

A later more dramatic increase in dust flux in the Eastern Mediterranean Sea
(ODP site 967) ca. 0.95 Ma occurred coeval with a decrease in the regularity
of monsoon‐driven sapropel deposits (Figures 5a and 5e) together suggesting
greater aridity in North Africa as a whole post 0.95 Ma. The increase in North
African aridity inferred from the Eastern Mediterranean records occurred
between the wet Northwest African monsoon interval from 1.1 to 1.0 Ma and
the drier interval 0.52–0.36 Ma recorded by plant wax‐derived estimates of
δDPrecip (Figure 5b). This correspondence allows for the possibility that West
African Monsoon strength may have declined rapidly ca. 0.95 Ma but owing
to the various factors other than aridity that can impact dust fluxes, more
direct measurements of monsoon rainfall, such as δDPrecip, are needed that
bridge this gap to test this hypothesis.

In contrast to the eastern Mediterranean, dust fluxes to the Northwest African
margin show a modest decline (∼13%) between 1.0 and 0.52 Ma (Figure 5c).
This decline could be the result of some or all of the factors that influence dust
fluxes: available sources, atmospheric entrainment, and transport. The
amount of dust available to deflate from the landscape is controlled by the
size, soil moisture, vegetation cover, and amount of fine‐grained material
present in dust source areas (McGee et al., 2010). The speed and positioning
of winds then determine the transport potential of dust to a given core site.

Multiple records of dust flux to Northwest African margin sediments (Crocker et al., 2022; de Menocal, 1995;
Ruddiman et al., 1989; Tiedemann et al., 1994) have shown broadly higher values since the onset of Northern
Hemisphere glaciation ca. 2.8 Ma. While initially interpreted to reflect continental aridification such records have
been more recently interpreted as likely influenced by increasing wind strength owing to higher pole to equator
temperature gradients post‐iNHG (Crocker et al., 2022). Dust records (Abell et al., 2021) as well as models (Li
et al., 2015) suggest that westerly winds have strengthened and migrated equatorward over this interval. If this
were also true for the Northeasterly Harmattan winds, we would expect increasing dust fluxes at our core site. We
observe the opposite trend. Similarly, drier conditions shown by more positive δDPrecip during 0.52–0.36 Ma
should also favor increased dust emissions, yet lower dust fluxes are observed. The more northerly position of
ecosystem ranges in the 0.52–0.36 Ma window necessitates a contraction of the Sahara, and thus a smaller dust

Figure 6. Plio‐Pleistocene ecosystem evolution. (a) δ13Cwax from ODP 659
(Crocker et al., 2022; Kuechler et al., 2013, 2018; Polissar et al., 2019) and
MD03‐2705 (O’Mara et al., 2022, this study). (b) Sahel (yellow) and
woodland/forest (green) pollen flux from ODP 659 (Vallé et al., 2014).
(c) Paleolatitudes of savanna/desert (orange) and forest/savanna (brown)
boundaries in Northwest Africa from Dupont (1993), mean values
corresponding to above δ13Cwax time windows are shown in black. (d) XRF‐
derived estimates of Fe/K elemental ratio from ODP 659 (Crocker
et al., 2022; Vallé et al., 2014), black line is 100‐point moving average.
Geologic epochs from Orndorff et al. (2022) shown above.
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source area, implying that some of the decrease in dust flux between 1.1–1.0 Ma and 0.52–0.36 Ma may have been
due to contracted dust source areas. However, dust flux declines a further ∼28% between 0.52–0.36 Ma and 0.24–
0 Ma despite more southerly ecosystem ranges and expanding dust source areas. Thus, the availability of fine‐
grained sediments—not aridity, wind strength, nor dust source area size—appears to have driven this
declining dust flux trend over the last 1.1 Ma. New fine‐grained sediments are produced by fluvial activity and
lake development during wet monsoon intervals (Trauth et al., 2009). When monsoon strength declined between
1.1–1.0 Ma and 0.52–0.36 Ma the new weaker monsoon baseline resulted in less fine‐grain sediment production
during wet monsoon intervals. Over time, the loss of these fine‐grained sediments from deflation outpaced new
fine‐grained sediment production leading to progressive declines in dust flux. Similar declines in dust flux to the
North Pacific Ocean over the Plio‐Pleistocene have been attributed to the same mechanism, suggesting that the
observed dust flux decline from the Sahara may in fact be part of a larger global pattern (Abell et al., 2023).
However, not all marine Plio‐Pleistocene dust records agree. For example, records from the central North Atlantic
(Naafs et al., 2012) and the Atlantic sector of the Southern Ocean (Martínez‐Garcia et al., 2011) both exhibit
enhanced dust fluxes during the late‐Pleistocene compared to both the Pliocene and early‐ to mid‐Pleistocene.
These discrepancies may arise due to the differences in fine grained sediment production between dust source
regions dominated by monsoonal climates (e.g., East Asia and North Africa) and those dominated by glacial
processes (e.g., Patagonia and North America) (Abell et al., 2023). Future work is thus required to constrain
global scale trends in dust fluxes over the Plio‐Pleistocene with careful attention paid to both the methods
employed for dust flux estimations and the contrasting sedimentary processes controlling fine grained sediment
availability among major global dust source regions.

Strong modulation of North African rainfall and dustiness by astronomical variability as well as generally lower
rainfall in the Pleistocene compared to the Pliocene are common among all the records discussed here, yet the
timing, nature, and spatial variability of the transition from a wet Pliocene North Africa to the dry modern North
Africa remains poorly constrained. Future work generating high‐resolution records of δDPrecip from marine
sediments off Northwest Africa and in the Eastern Mediterranean will be critical to determining whether the
nature of this transition was abrupt or gradual and spatially homogenous or heterogenous. By focusing on both the
western and eastern reaches of the continent, such studies will be able to shed light on potential differences in the
drivers of precipitation in western versus eastern North Africa which may be related to changes in atmospheric
circulation (e.g., the strength of the TEJ vs. AEJ); Indian versus Atlantic Ocean overturning circulation, SSTs, or
SST gradients; or more distal forcings such as Pacific Ocean‐driven shifts in the strength of tropical Walker
circulation and variable teleconnections.

5.4. Plio‐Pleistocene Evolution of Northwest African Vegetation

During the Pliocene, much of the modern‐day Saharan latitudes were covered by extensive grassland and savanna
ecosystems with tropical forests expanded into what is currently occupied by savannas (Berntell et al., 2021;
Cerling et al., 1997; Feakins et al., 2013; Leroy & Dupont, 1994; Novello et al., 2015; Ruddiman et al., 1989;
Salzmann et al., 2008; Vallé et al., 2014; Zhang et al., 2019). If hydroclimate alone determines ecosystem dis-
tributions, one would expect the ranges of these ecosystems to contract equatorward in turn with reductions in
monsoon strength over the Plio‐Pleistocene (Figure 5b). This would manifest as a shift toward grassier vegetation,
recorded by more positive δ13Cwax values following the monsoon strength decline between 1.0 and 0.52 Ma.
However, this is not what is observed. Between 3.0 and 1.1 Ma, δ13Cwax values increased by ∼+1.5‰ indicating
a shift toward grassier vegetation predates the monsoon rainfall decline (Figure 6a). Low resolution δ13Cwax data
from the Northwest African margin show these more positive δ13Cwax values observed during 1.1–1.0 Ma may
have been the culmination of a ca. 2 Myr shift toward grassier vegetation (Figure 6a). As discussed in the previous
section, an early stage of increased dust flux in North Africa likely occurred ca. 3.2 Ma, however this was likely
due to changes in monsoon rainfall distributions, or changes in winds rather than a mean state decline in the West
African monsoon rainfall. The shift toward more grassy vegetation in Northwest Africa between 3 and 1.1 Ma in
the absence of a coincidently large decline in monsoon rainfall suggests other drivers must be more important.
Moreover, across the three Pleistocene time slices, the shifting sensitivities between rainfall and CO2 on δ13Cwax

indicate ecosystem ranges shifted independent of changes in monsoon rainfall, with the rainiest interval (1.1–
1.0 Ma) exhibiting the southern‐most, not northern‐most, ecosystem positions (Figure 3). While it is possible that
falling atmospheric CO2 levels between the Pliocene and mid‐Pleistocene resulted in decreased woody cover in
North African landscapes (Bond & Midgley, 2000; Bragg et al., 2013; Ehleringer et al., 1997; O’Mara et al., 2022;
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Stevens et al., 2016; Yamamoto et al., 2022), the migrations of ecosystems between the two late‐Pleistocene time
slices without a change in mean rainfall or mean atmospheric CO2 conflict with this mechanism. Reconstructions
of the desert/savanna and savanna/forest boundary spanning the last 0.7 Ma determined using a transect of pollen
records along the Northwest African margin show a clear southward shift ca. 0.25 Ma (Figure 6c).

Changes in core sedimentology and pollen fluxes are consistent with broadly southward shifts in ecosystem
ranges since the Pliocene. Shifts toward higher ln(Fe/K) values in ODP site 659 sediments have been interpreted
to represent a southerly shift in dust source regions across three time slices spanning the Pliocene to late‐
Pleistocene (5.0–4.6, 3.6–2.5, 0.14–0 Ma) (Vallé et al., 2014) (Figure 6d). Potassium is leached from soils by
chemical weathering resulting in progressively higher Fe/K ratios in soils that receive high rainfall (Govin
et al., 2012). Accordingly, Saharan soils have low Fe/K ratios, savanna soils have high Fe/K ratios, and Sahelian
grassland soils have intermediate Fe/K ratios (Mulitza et al., 2008). This Plio‐Pleistocene increase in ln(Fe/K) in
ODP 659 sediments was reportedly caused by southward shifts in ecosystem ranges toward more weathered soils
that are depleted in potassium. As vegetation retreated southward more soils with higher Fe/K ratios were
exposed, deflated, and transported to ODP site 659 as dust. Recently published data from the same core filled in
previous gaps in the ln(Fe/K) record showing this retreat was gradual over the duration of the Plio‐Pleistocene
(Crocker et al., 2022) (Figure 6d). Moreover, the total fluxes of pollen from savanna, forest, and woodland
taxa to ODP site 659 have generally declined since the Pliocene, rebounding briefly in the mid‐Pleistocene
contemporaneous with more northerly ecosystem positions inferred from the relationships between δ13Cwax

and CO2/δDPrecip (Figure 6c).

We suggest two possible explanations for the disconnect between the latitude of vegetation zones and monsoon
rainfall. First, δDPrecip records changes in monsoon rainfall amount not necessarily the spatial or seasonal dis-
tribution of monsoon rainfall. It is possible that despite the similar δDPrecip values between the Pliocene intervals
(5.0–4.6 Ma and 3.6–3.0 Ma) and our new MPT interval (1.1–1.0 Ma), monsoon rainfall may have penetrated
deeper into the North African interior or fallen over longer wet seasons during the Pliocene (De Boer et al., 2021;
Heslop et al., 2023). Increased ventilation by subtropical airmasses as Northern Hemisphere ice sheets developed
may have served as an increasingly strong barrier to the penetration of monsoon moisture along its northern edge,
as suggested by some climate model simulations (Chou & Neelin, 2003). However, this mechanism cannot
explain the dominant precession and obliquity pacing of Northwest African hydroclimate observed in the late‐
Pleistocene. Thus, is it difficult to reconcile how this ventilation mechanism would apply on million‐year
timescales, but not glacial‐interglacial timescales. Second, changes in ecosystem disturbance by herbivory or
fire could have acted to hasten woody cover retreat (Archibald & Hempson, 2016; Bond et al., 2005; Sankaran
et al., 2005). While the relationships between wildfires and herbivory on ecosystem compositions are a focus of
modern ecological studies (Lehmann et al., 2014; Sankaran et al., 2005; Staver et al., 2011) how these processes
may have influenced shifting ecosystem distributions on paleo‐timescales has received much less attention (Karp
et al., 2021). Long and continuous records of fire and herbivory in North African ecosystems are needed to resolve
this conundrum.

5.5. Opal Fluxes Implicate Fe Fertilization Control on Marine Productivity

Dust and opal fluxes exhibit a consistent trend over three mid‐ to late‐Pleistocene time slices, which points to an
important role of marine productivity fertilization by dust off the Northwest African margin (Figure 7). In the
modern Canary Current upwelling system, nutrients are delivered to the surface ocean from (a) upwelling of
remineralized subsurface waters and (b) dust deposition from Saharan dust outbreak events (Fischer, Karakas,
et al., 2009; Fischer, Reuter, et al., 2009; Fischer et al., 2016, 2019; Ohde & Siegel, 2010). On millennial to
astronomical timescales, the relative importance of upwelling versus dust delivery on surface ocean nutrient
supplies are difficult to disentangle as both co‐vary with, and are likely mutually determined by, changes in the
strength of the trade winds which wax/wane during dry/wet monsoon states.

Our windowed analysis of the last 1.1 Ma shows that over this interval, opal fluxes progressively decline in step
with dust fluxes (Figure 7) under the backdrop of increases in global wind speeds. In North Africa, trade winds
intensified beginning ca. 2.7 Ma, increasing in strength over the last 2.5 Ma (Vallé et al., 2014). Increased trade
wind strength should result in enhanced coastal upwelling along the Northwest African margin, which could act to
increase primary productivity. However, opal fluxes declined over this time. Thus, the simultaneous decline in
opal and dust flux suggests that declining nutrient loads from dust outweighed any increased nutrient loading from
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enhanced wind‐driven upwelling. Declining dust deposition of key nutrients including Fe, Si, and P was therefore
the dominant control on surface ocean primary productivity in the Canary Current upwelling system on 105–106‐
year timescales.

6. Conclusions
We present new reconstructions of monsoon rainfall intensity (from δDPrecip), vegetation composition (from
landscape C3/C4 balance, inferred from δ13Cwax), and changes in terrestrial dust emissions and marine produc-
tivity (from 3HeET‐normalized dust and opal fluxes) in Northwest Africa during the Mid‐Pleistocene Transition
(1.1–1.0 Ma). Putting these new records in context with previously published literature, we find that the tempo
and amplitude of Northwest African monsoon variability over the last 5 Ma has been consistently governed by
changes in precession and obliquity. However, long‐term changes in monsoon intensity are not caused by as-
tronomical forcing. Northwest African monsoon intensity was high during the Pliocene until the mid‐Pleistocene
when rainfall intensity declined sometime between 1.0 and 0.52 Ma. The cause of this shift toward more arid
conditions in Northwest Africa remains uncertain. The most likely explanation is the increase in the North
Atlantic meridional SST gradient associated with Mid‐Pleistocene Transition cooling of the North Atlantic or a
decline in AMOC strength since the Pliocene.

Our results demonstrate that grassland, savanna, and forest ecosystems reached farther northward into the Sahara
during the warmer, wetter, and higher CO2 Pliocene. However, long‐term ecosystem distributions do not appear
to be controlled primarily by changes in monsoon intensity, temperature, or CO2. Changes in the northward
penetration of the monsoon system into the North African continental interior or changes in the degree of
ecosystem disturbances by herbivory or fire may thus play a previously underappreciated role in setting the
distribution of Northwest African biomes on hundreds of thousands to million‐year timescales.

Finally, constant flux normalized sediment accumulation records exhibit a decreasing trend over the last 1.1 Ma
suggesting that decreased fine‐grained sediment production by a weaker monsoon following the MPT led to
progressive declines in dust availability. The tight coupling between dust and opal flux within and across these
Pleistocene time slices show that nutrient delivery to the surface ocean via dust deposition has been an important
driver of marine productivity both on astronomical and million‐year timescales.

Figure 7. Pleistocene records of dust and opal flux. (a) Northwest African margin (MD03‐2705) CFP‐normalized dust fluxes
from Skonieczny et al. (2019) (230ThXS), (O’Mara et al., 2022) (3HeET), and this study (3HeET), 1σ uncertainty shown in
shading. (b) as in (a) but for opal flux. (c) cross‐plots and linear regressions of dust versus opal flux for each time slice in
(a)/(b).
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Data Availability Statement
All data generated in this study can be found in the supporting data files and archived on figshare.com (https://doi.
org/10.6084/m9.figshare.26004421) O’Mara 2024.
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